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Abstract. It is expected that the next generation of high-contrast imaging instruments will deliver the first unresolved image of
an extrasolar planet. The emitted thermal infrared light from the planet should show no phase effect assuming the planet is in
thermal equilibrium. But the reflected visible light will vary with phase angle. Here we study the photometric variation of the
reflected light with orbital phase of a ringed extrasolar planet. We show that a ring around an extrasolar planet, both obviously
unresolved, can be detected by its specific photometric signature. A simple quantitative model is discussed, taking into account

the basic optical and geometrical properties of the ringed planet.
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1. Introduction

The discovery of extrasolar planets by radial velocity measure-
ments has provided the first dynamical characteristics of plan-
ets (orbital elements and mass). The next step will be to in-
vestigate physical characteristics (albedo, temperature, radius
etc.) and planet surroundings. Among the latter are the satel-
lites and rings of planets. Here we present the first of a se-
ries of papers on the detectability of exoplanet surroundings,
namely rings and satellites. It would seem a priori that their
detection will require imaging at very high angular resolution,
beyond the capabilities of the most ambitious imaging projects
such as Darwin/TPF (Léger et al. 1996; Angel & Woolf 1997;
Beichman et al. 1999). On the contrary, we show in these pa-
pers that angularly unresolved rings and satellites are de-
tectable by the transit method and by the same imaging and
polarimetric detection projects in preparation for extrasolar
planets. In this paper we start the study of the detectability of
rings.

The detection of rings would not constitute just an astro-
physical curiosity, it would have some impact on the under-
standing of planetary systems and on the strategy for their
detection.

— Dynamics of planetary systems. The existence of a ring
would reveal indirectly the existence of satellites around the
planet. Indeed the latter (so-called confining or shepherd satel-
lites) confine the rings and prevent them to dilute rapidly.
The mass of a confining satellite can be extremely small. For
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instance, the 3.4 x 10”7 M, satellite Janus confines the outer
edge of the Saturn A ring. In the absence of resonances, and de-
pending on the ring viscosity, the confinement is, for a satellite
mass Ms and distance to the planet ds, proportional to Mé /d‘sl
(Borderies et al. 1982). In this sense, the detection of rings can
be considered as an indirect detection of extremely small extra-
solar bodies.

Satellites of giant planets in the habitable zone are
also of interest because they are potential abodes of life
(Williams et al. 1997). In addition, it will be interesting to
search for a correlation between the presence of rings and the
planet orbit in order to understand if migration has an impact
on the formation of rings: for instance a correlation of the fre-
quency of rings with closer Jupiters could reveal that migration
favors their formation (by a stronger disk-protoplanet mass ex-
change), while an anti-correlation could reveal that migration
inhibits ring or satellite formation. These are just suggestions
to be investigated by detailed formation models.

— Strategy for planet detection. The radius r,, of planets de-
tected in the thermal infrared by the future Darwin/TPF space
mission is expected to be inferred from the thermal flux Fpr
through the relation F g o rg (Schneider 2001, 2002). How-
ever, the latter relation holds only for spherical bodies, so that
the presence of a ring (non-spherical by definition) would give
a wrong value for rp. In particular, one cannot exclude that
small (e.g. Earth-like) planets have giant rings (Sect. 4.2.3). In
addition, as will be explained in the discussion (Sect. 4), a ring
may hide the planet in some configurations during some parts
of its orbital revolution (Des Marais et al. 2002a,b). We discuss
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in Sect. 4.2.2 the operational consequences of this effect: in re-
flected light, if there is no planet detection at a given period of
observation, this non-detection does not constitute a proof that
there is no planet.

It is expected that the next generation of space or ground-
based high-contrast imaging instruments (with adaptive optics,
coronagraphy, pupil apodization) will be able to deliver the first
image of an unresolved extrasolar planet. Two options are cur-
rently under consideration for TPF: thermal infrared and visible
light. The emitted thermal infrared light from the planet should
show no phase effect assuming the planet is in thermal equilib-
rium. But the reflected visible light will vary with phase angle,
as should be shown by a broad-band photometric follow-up of
the planet during its orbital motion.

Therefore we argue that it is of interest to study how the
presence of a ring around a planet would influence its magni-
tude as a function of its orbital position. The aim of this paper
is to show that the reflected light curve of a ringed planet is sig-
nificantly different from that of a ringless planet, thus revealing
the presence of a ring. The specific signature of a ring was dis-
cussed by Schneider (2001). Here a more quantitative model
is discussed, in which the basic optical properties of the planet
and the ring are taken into account, together with all geometri-
cal parameters describing the ringed planet.

In Sect. 2, we first briefly review the known rings in the
Solar System. In Sect. 3, we describe our numerical model and
list our different assumptions. Section 4 discusses first the case
of the photometry of a Lambertian ringless planet, so that we
can always refer to this basic case during the discussion of our
ringed planet simulations. We finally show selected sets of light
curves of a ringed planet for different geometrical and optical
parameters that demonstrate the specific photometric signature
of a ring around an extrasolar planet. Following papers will
discuss the detection of satellites and rings by direct imaging,
transits, astrometry and polarimetry.

2. Rings in the solar system

All giant planets of the Solar System have rings, ringlets or
arclets. Those of Saturn are brighter than the planet at visible
wavelengths, while those of Jupiter, Uranus and Neptune are
much fainter.

At methane absorption wavelengths, the albedo of
these planets is lower than in the visible: rings appear
brighter, as for Saturn, where the planet reflectivity be-
comes one order of magnitude lower than the ring’s almost
unchanged reflectivity (Clark & McCord 1980; Allen 1983;
Prinn et al. 1984; Poulet & Cuzzi 2002). For Uranus, the rings
of geometric albedo ~0.05 (Cuzzi 1985; Karkoschka 1997)
appear with a brightness comparable to the planet in the
CH,4 band (Allen 1983; Roddier et al. 1998; Karkoschka 1998;
Lellouch et al. 2002). In contrast, if emitted rather than re-
flected light is considered, the atmosphere of Saturn at 4.8 ym
becomes transparent, allowing internal heat to escape, thus
making the planet much brighter than the ring (Allen 1983).

Rings around Earth-like planets must also be considered.
Indeed several authors suggest that our planet might have been
surrounded by a ring during 10° to several 10° years (Myr).
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Table 1. Geometric and optical parameters of the model.

Parameter Notation
Orbit inclination wrt* sky i
Planet:
Radius p
Bond albedo A,
Ring:
Inner radius T
Outer radius o
Single scattering albedo (Bond) @,
Normal optical thickness T
Obliquity iy
Ring inclination longitude A

“ With respect to.

The assumption of a temporary orbiting debris ring follow-
ing a large object impact on Earth is made to explain at least
two Earth glaciations, the ring shadowing and cooling the win-
ter hemisphere. This theory is proposed for the cooling which
starts just after the Eocene/Oligocene boundary 35 Myr ago
(O’Keefe 1980a,b). Although the date of the cooling and the
age of Eocene/Oligocene identified impact craters do not corre-
spond stratigraphically (Claeys 2003), a ring-induced cooling
mechanism remains possible (Fawcett & Boslough 2002). The
excess of *He in the sediment of that period is interpreted as an
abnormally high cometary bombardment rate lasting 2.5 Myr
(Farley et al. 1998). This may have created temporary rings.

The Neoproterozoic global glaciation about 590 Myr ago
is also supposed to have been induced by a debris ring
(Crowell 1983; Fawcett & Boslough 2002); this event may be
connected to an impact structure in Australia called the
Acraman crater (Williams 1994).

At the very beginning of the Solar System, around 4.4 Gyr
ago, the Earth was impacted by a Mars-size object. Current
simulations show that the resulting debris disk condensed into
the Moon core in less than one year (Takeda & Ida2001;
Morbidelli 2003 review). But we do not know if an uncon-
densed residual debris disk of 1/1000th of the Moon mass,
although corresponding to the actual mass of the Saturn ring,
might last much longer, outside or inside the Earth Roche lobe,
than the Moon core condensation time.

We consider that a ring might be a common feature of an
extrasolar planet, at least for giant planets, since for the Earth
a ring might have been present for only about 1/1000th of the
time since its formation.

3. The ringed planet model

Nine photometric and geometric parameters are used to define
the ringed planet (Table 1 and Fig. 1) and several assumptions
are made to derive theoretical light curves of the ringed planet
along its orbit.
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Fig. 1. Reference orthogonal frames and angles definition. Angles are
positive in the counterclockwise direction. The direction (O, Z) is to-
wards the observer. The angle i defines the inclination of the real orbit
in (0O, X’,Y") with respect to the projected orbit on the sky (0, X, Y).
Here we have i < 0. The angle ¢ represents the orbital phase of the
planet along its circular orbit. The obliquity i, and longitude A, define
the orientation of the ring normal. Here we have 4, < 0.

A circular orbit is considered for simplicity. An elliptical
orbit adds a modulation proportional to the major/minor axis
ratio squared, if one considers the reflected flux versus the or-
bital phase angle ¢. Astrometric measurements of the discov-
ered extrasolar planet will give the orbital parameters, making
possible the derivation of the measured magnitude as a func-
tion of the orbital phase ¢, rather than the position angle mea-
sured on the sky. This will simplify the comparison of theoret-
ical photometric curves of a ringless or ringed planet with the
data.

The illuminating parent star is assumed to be at infinity and
unresolved from the planet. The planet thus receives a flux den-
sity of parallel radiation. This flux is taken to be unity. We de-
fine the illumination angle ; as the angle seen from a point (on
the ring or the planet) between the star and the surface normal
at that point. We define the emission angle a; as the angle seen
from a point (on the ring or on the planet) between the observer
and surface normal at that point. Following several authors, we
note the quantities cos(a) = uo and cos(az) = u. Thus puy > 0
means that the ring shows its illuminated side, while uyy < 0
means it shows its dark side.

To compute the light curve of the ringed planet as a function
of the orbital phase angle, we build radiance maps of the ob-
ject (Lester et al. 1979; Fairbairn 2002), since the detector ir-
radiance from which the photometry is derived is proportional
to the radiance of the object. We assume that the planet is an
isotropic (Lambertian) gray diffusor. Although known planets
do not have a pure Lambert-like phase function, it is out of the
scope of this paper to discuss a detailed model of the planet
atmosphere, whose brightness could be described for instance
by a Minnaert law (Minnaert 1941). A Lambert sphere nev-
ertheless is a good first approximation for a gas giant planet,
as it reproduces the limb darkening of a perfect spherical
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diffusor. Therefore each irradiated (zo > 0) point of the planet
surface has a radiance of f X ug. The bidirectional reflectance-
distribution function f is a constant y for a Lambertian diffu-
sor and is related to the planet Bond albedo A, by A, = 7y
(Lester et al. 1979). Thus an irradiated point of the planet has a
radiance
L, = Do, 1)
s
We assume that the ring is a planar, homogeneous and
anisotropic (non-Lambertian) gray scattering layer. Isotropic
(Lambertian) scattering is observed at the outer zone of
Saturn’s A ring (Dones et al. 1993). An isotropic scattering as-
sumption neglects any “opposition effect”, i.e. a brightness in-
crease near opposition due to stronger backscattering, which
is ~0.25 mag in V when @ < 2° in the case of Saturn’s rings
(Franklin & Cook 1965). The phase angle « is the angle seen
from the planet between the star and the observer.

In first approximation, the ring brightness is estimated by
assuming only single scattering in the ring. Multiple scatter-
ing would require a much more elaborate ring model (parti-
cle size distribution, spatial distribution along the ring thick-
ness, etc.). Diffuse reflected and transmitted radiances from
single scattering are respectively, per unit incident flux density
(Chandrasekhar 1960),

el )|
Ig = ———— [l —exp|[-7|[— + — 2
B o | U T @
@0 ol
= ———— |1 — exp(—Tpa 3
T+ puop ||~ P ©)
with Tpath = T(ﬁ + ﬁ) and
@y ol
= 2O BO T exp(—7/|ul) — exp(—7/luol) 4)
r 4<|m—|uo|)[ =/l ~ exp(=/luo))
if |ul # |uol, and
wo T .
Ir = —— exp(—/|uol) if |l = |uol. (5)
Aol

Mutual lighting (i.e. planet-shine on the ring, or ring-shine on
the planet) is neglected here. It is negligible especially if one
of the bodies (planet or ring) has an albedo significantly lower
than the other, or if both have low albedos. But at high phase
angles (planet seen as a thin crescent) and when the ring does
not show its illuminated side, our model may compute a fainter
magnitude than reality, because we do not compute the planet-
shine on the observed dark side of the ring. For Saturn, this
planet-shine flux can be comparable to the light flux transmit-
ted by the ring (Smith et al. 1982; Poulet et al. 2000).

Mutual shadowing is computed because with rings of large
optical thickness and for given illumination and emission an-
gles, the ring projects its shadow on the planet making the
planet parts in the shadow of the ring fainter. If we consider
a unit incident flux on the ring, then the transmitted flux in the
incident direction is exp(—7/|uol). Thus a planet region in the
shadow of the ring has a radiance

Lys =L, exp(—7/|uol). (6)
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Fig. 2. Magnitude variation of a ringless planet shown for different
inclinations i of the orbital plane with respect to the sky. All curves are
normalized to the flux of a ringless planet seen at half phase. When i =
0°, the phase angle is a constant equal to 90° and the planet is always
seen as a half globe of constant brightness (because the orbit is circular
in our model). For positive values of i, the graph is the time-inverse of
the one plotted and we have for a ringless planet: magnitude(—i, ¢) =
magnitude(i, —¢).

The planet parts also appear fainter when they are observed
through the ring. Following the same reasoning as above, these
regions have a radiance

)

where Ly, = Ly or L, depending of whether the region is
in the shadow of the ring or not, respectively. The planet also
projects its shadow on the ring and this can correspond to a sig-
nificant part of the ring surface (see figures below): ring regions
in the shadow of the planet are set to zero.

The planet is spherical for simplicity. The oblateness of
Saturn is 0.1 which represents a magnitude difference of less
than 0.1 with respect to a spherical planet (for photometry of
ellipsoids, see Fairbairn 2003).

Lpr = Lps,p exp(—7/|ul)

4. Discussion

4.1. The photometry of a Lambertian ringless planet

Figure 2 shows the magnitude versus the orbital phase ¢ for
a ringless planet observed at different inclinations i ranging
from 0 to —80°. For i = 0° (pole-on view), « is always equal
to 90° and the magnitude is a constant. For i = +90° (edge-
on view), all phase angles can in principle be probed except
around « = 0° where the planet is behind the star and around
a = 180° where the planet transits. In our reference frame
(Fig. 1), for all i we have @ = 90° at ¢ = 0°. For a given i # 0,
the minimum « (full or near full phase) is reached at ¢ = 90°
and maximum « at ¢ = 270°. Therefore, with our assumption
of a circular orbit, the planet maximum brightness occurs at
¢ = 90° and minimum at ¢ = 270°.
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Fig. 3. Pole-on ringed planet photometry. A Saturn-like planet is con-
sidered, with different optical thicknesses of the ring (Table 2). The
planet is always seen at half phase and the ring shows its illuminated
face during the first half-orbit. During the second-half, the system
brightness results from the light transmitted through the ring, but also
from the planet partially dimmed by the ring shadow. For a thick ring
(tr R 3), the transmitted light is negligible and the light curve varia-
tions are dominated by the effect of the ring shadow on the planet. The
curve 7 = 2 is illustrated by Fig. 4. All curves are normalized to the
flux of a ringless planet seen at half phase.

It must be noted here that the Lambertian planet brightness
changes by a factor 2100 for systems seen at high inclination
(Fig. 2). These brightness extrema occur when the position of
the planet projected on the sky becomes closer to the star: the
planet may disappear in the residual star halo, especially at high
phase angle when it becomes a thin and faint crescent. The
planet will thus remain below the detection level for a long time
but this obviously would not constitute a proof of the absence
of planets around that star. From an operational point of view,
this means that a given star must be monitored over a period of
time of the order of the expected orbital period, especially if it
is suspected that the system is observed at high inclination.

4.2. The photometry of a Lambertian ringed planet
4.2.1. A Saturn-like planet

Let us first consider a Saturn-like planet (Table 2). When the
system is observed pole-on, the planet is always seen at half
phase (@ = 90°), while the ring alternately shows its illumi-
nated and dark side. The light curves of Fig. 3 thus show slope
changes occurring at the equinoxes, due to the two observation
regimes of the ring, seen either reflecting or transmitting the
light. For Saturn, with typically 7 = 1, the curve is almost sym-
metrical: reflected and transmitted radiances are of the same
order of magnitude. But for a thicker ring, the curves in Fig. 3
become highly non-symmetrical as illustrated in Fig. 4: the re-
flected radiance is much larger than the transmitted one. The
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Fig. 4. Pole-on planet for different orbital positions ¢ (labels). Since
i = 0°, the planet is always seen at half phase, while the ring, with an
obliquity of i, = 26.73° (Saturn-like, Table 2), shows its illuminated
face during the first half-orbit. During the second half-orbit, the back-
illuminated ring becomes fainter. The corresponding light curves are
given in Fig. 3. For figure clarity, here T = 2, thicker than Saturn’s
ring. Image scale = radiance®33.

Table 2. Parameters for different ringed planets. Definitions are given
in Table 1 and Fig. 1.

Parameter Saturn-like Large and Ringed
thick ring  Earth-like

Ap 0.34 0.34 0.30

A, (CHy) 0.05t00.15 - -

T L.5r, Llr, 1.3r

o 231, 277, 10 rp

W, 0.7 0.7 or 0.05 0.7 or 0.05

T 1 1to5 0.02t0 0.5

iy 26.73° 40° 23.43°

A -90° —-40° 30°

ring shadow projected on the planet is responsible for bright-
ness changes too, as shown especially for high optical thick-
ness. Moreover, with a low-obliquity ring, the transmitted light
a fortiori remains low and the ring shadow on the planet be-
comes small, making the system brightness almost constant for
the second half of the orbit (Fig. 5). Note that the reflected light
is almost independent of 7, because the exponential term in I
(Eq. (3)) becomes small with respect to 1 when 7,1, > 1. The
light already intercepts many particles, so adding or removing
more particles does not change the ring radiance significantly
(Dones et al. 1993).

Figures 3 and 5 thus show that, when a ring is present, the
light curve presents four extrema, instead of two for a ring-
less planet (Fig. 2). This light curve dichotomy was already

1157

L e
L system pole—on: i=0° |
>0.5 Y P
1.0+ label=T —
i 63 1
L e A 02 i
’ \ - ~
L / 3 p . ]
—~ —0.8 4 5T~ A g : -
E L fooom 0 s ,'//,,/* =~ \’\ ]
£ i s * I AN |
o / \ 17 SR
> r / \ /,/ AN B
= / \ ; 3 "
o -06- \ ,‘// ! 0.5\ \\’\ T
= L 4 \ : \ 4
s} ) 1/ \
- i \
o r K 1 \ T
~ i ,/ Y
v [ i L.
S —0.4F I W
= H /i W
o - IF . \.‘f‘
o r 0.02 i !
E L il A
i 1
-0.2H L i
! 2 R
L ji 1
| -¥
«V 3 A
ringless 4
0.0 S SR
cevv e e b e e b e e
0 90 180 270 360

planet orbital phase ¢ (°)

Fig. 5. Pole-on ringed planet photometry. We consider here a Saturn-
like planet, but with a lower obliquity of i, = 5° (Table 2). The planet
is always seen at half phase and the ring shows its illuminated face
during the first half-orbit. During the second half-orbit, the brightness
increases again thanks to the light transmitted through the ring. But
for a thick ring (r R 3), the transmitted light is negligible and the
light curve becomes almost flat, dominated by the planet seen at half
phase, the ring shadow being very small due to the low obliquity. Note
also that the overall magnitude range is lower for i; = 5° than for
ip = 26.73° because higher ring illumination angles (i.e. higher |uo|)
are reached when i, increases, for a given inclination i. All curves are
normalized to the flux of a ringless planet seen at half phase.

identified as a ring photometric signature and qualitatively
discussed by Schneider (in Des Marais et al. 2002a).

The planet and the ring may have different chemical com-
positions, and dual-band photometry (or spectroscopy if the ob-
jectis bright enough) greatly helps to detect the ring by observ-
ing for instance in the (visible) continuum and in a methane
absorption band, where a Saturn-like planet becomes much
fainter than the ring (Fig. 6). The corresponding photometry
(Fig. 7) shows that in the CH4 band the magnitude variation
can be twice the variation in the (visible) continuum. Note that,
with A, = —90° during the second half-orbit when the phase
angle is above 90°, the ring brightness and planet brightness
vary in opposite directions. These variations can partially com-
pensate each other, making the light curve almost flat, if we
consider for instance a higher ring optical thickness or a lower
obliquity (Figs. 8 and 9).

Therefore, the light curves at different wavelengths can
be significantly different. In the methane band, stronger slope
changes occur at the equinoxes (here at ¢ = 0 and 180°, since
A = —90°), here again due to the two observation regimes of
the ring, either seen reflecting or transmitting the light. Note
that when the ring disappears at the equinoxes, the object spec-
trum can be the spectrum of the planet only (Fig. 6), but it can
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Fig. 6. Saturn-like planet for different orbital positions ¢ (labels). The
picture above represents the planet in the continuum (A, = 0.34) and
below in a CH, absorption band (A, = 0.05). In the latter case, the fig-
ure shows that the main contribution to the total light comes from the
ring. The corresponding light curves are given in Fig. 7. The two sets
have the same brightness scale. Inclination i = —60°. Image scale =
radiance®.
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Fig.7. Saturn-like planet photometry for two different wavelengths:
CH, absorption band and continuum (Table 2 and Fig. 6). Note the
different variation amplitude in the CH4 band and the continuum.
Note also the strong slope change at the equinoxes, occurring here
at ¢ = 0° and 180°, when the ring comes to be seen illuminated or
back-illuminated, respectively. All curves are normalized to the flux
of a ringless planet seen at half phase.

also be composite if a part of the planet is seen through the
unilluminated ring (Fig. 8).
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Fig.8. Ringed planet for different orbital positions ¢ (labels).
Obliquity is 5° instead of 26.73° as for Saturn (Table 2). The pic-
ture above represent the planet in the continuum (A, = 0.34) and be-
low in a CH4 absorption band (A, = 0.05). The corresponding light
curves are given in Fig. 9. The two sets have the same brightness scale.
Inclination i = —60°. Image scale = radiance®**.
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Fig.9. Ringed planet photometry for two different wavelengths:
CH,4 absorption band and continuum. We consider here a Saturn-like
planet, but with a lower obliquity of i, = 5° (Table 2 and Fig. 8). Light
curves are significantly different, especially during the second half-
orbit: the ring and planet vary in opposite directions and by the same
order of magnitude, making the light curve almost flat. All curves are
normalized to the flux of a ringless planet seen at half phase.

Let us now consider the Saturn-like planet shown in Fig. 10.
As soon as A, is different from +90°, the ring brightness ex-
trema will not occur simultaneously with the brightness ex-
trema of the planet, i.e. at ¢ = +90°. Consequently, as Fig. 11
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Fig. 10. A Saturn-like planet for different orbital positions ¢ (labels). The planet (Table 2) is represented here with A, = 0° (above left), A4, = 30°
(above right), A, = 60° (below left) and A, = 90° (below right). This figure shows that respective ring and planet brightness extrema do not
always occur simultaneously: for instance, when 4, = 30° (above right), a ring minimum occurs at ¢ = 300°, while the planet minimum occurs
at ¢ = 270°. This difference induces a shift of the system light curve as illustrated in Fig. 11. The four sets have the same brightness scale.

Inclination i = —60°. Image scale = radiance®33.

shows, the brightness extrema of the ringed planet are shifted
in ¢ with respect to the extrema occurring at ¢ = +£90° in Fig. 2
for a ringless planet.

We consider this ¢-shift of the light curve a photometric
signature of a ring. This signature is unambiguous for a ringed
planet on a circular orbit. A ¢-shift can be observed if the orbit
is elliptical, whether the planet has a ring or not, when bright-
ness variations are induced by distance changes from the planet

to its star. But we assume that the astrometry of the discovered
planet will make possible the correction of the measured re-
flected light photometry for the effect of orbit ellipticity.

4.2.2. A planet with a larger and thicker ring

We now consider a planet with a ring larger than that of Saturn
(Table 2). With the chosen i, and A, angles, the sequence in
Fig. 12 starts with the back-illuminated ring projecting its



1160

N2 NI AT W

AN

i=—60° L Lo
label=A, (°) L P/

magnitude (arbitrary offset)

ringless:,

R e A IR v

90 180 270 360
planet orbital phase ¢ (°)

(@]

Fig. 11. Saturn-like planet photometry (Table 2). Light curves for dif-
ferent values of A, showing the shift of brightness extrema with re-
spect to a planet without ring. The curve for a ringless planet is plot-
ted for comparison. All curves are normalized to the flux of a ringless
planet seen at half phase. Curves are plotted for —90° < A, < 90°
and illustrated in Fig. 10. See also Fig. 6 where 1, = —90°. Note that
we have the relation: magnitude,, (¢) = magnitude;gp-_,, (180° —¢), all
other parameters being unchanged.

shadow over the planet polar region. For a given obliquity,
the smaller the gap between the inner edge of the ring and
the planet equator, the lower the latitude of the shadow on the
planet. Also, the larger the ring outer diameter, the longer the
polar region remains in the ring shadow. The ring thus hides
the planet: the light curves (Fig. 13) show that for a thick ring
with 7 £ 3, the light from the planet blocked by the ring be-
comes stronger than the light transmitted by the ring, making
the system fainter than a ringless planet. A thick and large ring
can almost completely hide the planet, as shown here around
¢ = 270° in Fig. 12. Note that when the planet is hidden, the
object spectrum is dominated by the ring spectrum.

On the other hand, when 50 £ ¢ < 230°, the illuminated
side of the ring is visible and induces a significant increase of
brightness of ~2 mag of the system when the ring has a high
albedo. At both equinoxes, here again, we observe a strong
slope change of the light curves.

When the ring is thick and has a low albedo comparable
to the albedo of asteroids (Ferndndez et al. 2003), the trans-
mitted or reflected light contribution from the ring decreases.
Moreover when the ring hides the planet, the brightness of the
system decreases by a factor of 15 in our example, making the
system fainter than a ringless planet for about the half of the or-
bit (Fig. 14). As pointed out in Sect. 4.1, from the operational
point of view this means that a given star must be monitored
for a time of the order of the orbital period.

We consider that such a strong and quite long extinction
occurring at phase angles @ > 90° constitutes another specific
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signature of a ring around an extrasolar planet. It was qualita-
tively discussed by Schneider (in Des Marais et al. 2002a).

4.2.3. Aringed Earth-like planet

We mentioned in Sect. 2 that some authors have proposed that
the Earth may have been surrounded by temporary rings, cre-
ated after the encounter with comets or asteroids. We study here
two kinds of rings: 1) a dark dusty ring, considering that at only
1 AU from the Sun, a ring of ice would not survive for a long
time, and ii) a Saturn-like bright ring, assuming an exo-Earth
at a larger distance from its star (>1.5 AU), where ice particles
would survive. Here we consider a large ring of outer radius
ro = 10 r, (Table 2). The brightness of a planet with such a
large ring can be much higher than that of a ringless planet. In
our example (Figs. 15 and 16), the ringed planet is typically
5 mag, i.e. 100x brighter than a ringless planet. But it is known
that the flux of the reflected light from the planet F, divided by
the stellar flux F is given by (Schneider 2001, 2002)

Fo_ 4

F.- 4 ®)

p\2
(2] r@

a
where a is the distance of the planet to its star and f(¢) a phase
factor. Therefore, a 100x overestimated flux ratio would give
a planet radius 10 times too large, which would be incorrectly
estimated as r, = 7, Vlul. If the mass of the planet is known
(by radial velocity for instance), the overestimated planet ra-
dius would lead to a planet density underestimated by a factor
of 1000. Thus a big planet of very low mass, i.e. with a very
low apparent density, could be a signature of a ring.

Moreover, the planet radius can in principle be deduced
from its infrared thermal flux Fjr, assuming the planet tem-
perature has been inferred from the matching of a Planck func-
tion to the observed thermal spectrum (Schneider 2001, 2002),

Fp,lR = 471'0'5 T; I’g, (9)

where o is the Stefan constant and T, the system temperature.
If planet and ring have the same temperature, then the deduced
radius will be overestimated as in the visible. But if the planet
has its own thermal emission, like Saturn (Allen 1983), the
planet is much warmer than the ring which consequently does
not contribute significantly to the thermal flux. In that case, the
planet radius deduced from the IR flux would be smaller that
the value found at visible wavelengths. The disagreement be-
tween the planet radii at visible and infrared wavelengths could
thus be another signature of a ring.

5. Conclusions

This work demonstrates that a ring around an extrasolar planet
significantly affects the reflected light curve of an extrasolar
planet during its orbital motion. A ring could thus be detected,
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Fig. 12. Ringed planet for different orbital positions ¢ (labels). Here
the ring inner edge is close to the planet and consequently this large
hides the planet around ¢ = 270° (Table 2, here 7 = 3 and @, = 0.05).
Light curves showing the behavior of this system are given in Figs. 13

and 14. Inclination i = —60°. Image scale = radiance®33.
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Fig. 13. Ringed planet photometry versus ¢ for a large ring of albedo
@y = 0.7 and different 7 values (Table 2 and Fig. 12). The ring hides
the planet with a maximum around ¢ =~ 265°. Curves for a Saturn-
like planet with i, = 40° and 1 < 7 < 5 are shown for comparison.
All curves are normalized to the flux of a ringless planet seen at half
phase.

although both planet and ring would obviously remain unre-
solved. This may be achieved simply by photometric monitor-
ing of the planet reflected light. We identified the following
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Fig. 14. Ringed planet photometry versus ¢ for a large and dark ring
with albedo @y = 0.05 and different 7 values (Table 2 and Fig. 12).
This dark ring hides the planet with a maximum around ¢ ~ 265°
and makes the system fainter than a ringless planet for about one half
orbit. A curve from Fig. 13 for a planet with a large, bright and thick
ring (@wy = 0.7 and 7 = 5) is shown for comparison. All curves are
normalized to the flux of a ringless planet seen at half phase.

signatures, which would require only moderate photometry ac-
curacy to be observed (around 30 = 0.5 mag):

i) Light curve dichotomy, with strong slope changes at the
equinoxes, due to the ring being alternately seen in reflec-
tion and in transmission.

ii) Light curve dependence on wavelength in dual-band pho-

tometry (methane band and continuum for instance), or

spectral variations if spectroscopy is possible.

The ¢-shift of the light curve extrema, due to the longitude

of the ring obliquity.

iii)
iv) Temporary extinction of the planet during the orbital mo-
tion, due to the rising shadow of the ring on the planet.

v) High brightness in the reflected light, leading to abnor-
mally large planet radius, or/and abnormally low mass
density.

vi) Disagreement between the planet radii measured from

reflected light and thermal infrared emission.

Although future space missions studies concentrate mainly on
infrared instruments for technical and scientific reasons, this
work shows the additional interest of shorter wavelengths (vis-
ible band) for extrasolar planet characterization.

Acknowledgements. The authors are grateful to J. Berthier, M.
Fairbairn, T. Guillot, D. Hestroffer and J. Tatum for helpful discus-
sions about planets and radiometry.
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Fig. 15. Ringed Earth-like planet for different orbital positions ¢ (la-
bels). The ring outer radius is r, = 10 r,. Here, A, = 30°, @y = 0.05
and 7 = 0.5 (Table 2). Note the ring shadow on the planet, and also the
planet seen through the ring, at ¢ = 90° for instance. At the equinoxes
¢ = 120° and 300°, part of the planet is obscured by the unilluminated
ring (1o = O for the ring). Light curves are given in Fig. 16. Inclination
i = —60°. Image scale = radiance®**.
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Fig. 16. Ringed Earth-like planet photometry versus ¢ for a large ring
with albedo @y = 0.7 and 0.05 (Table 2 and Fig. 15). All curves are
normalized to the flux of a ringless planet seen at half phase.

References

Allen, D. A. 1983, Sky and Telescope, 65, 110 (also 1984, in Planetary
rings, ed. R. Greenberg, & A. Brahic, 62 and 749 (Univ. of
Arizona Press))

Angel, J. R. P., & Woolf, N. J. 1997, ApJ, 475, 373

Beichman, C., Lindensmith, C., & Woolf, N. J. 1999, The Terrestrial
Planet Finder, JPL Publication, 99-3

L. Arnold and J. Schneider: The detectability of extrasolar planet surroundings. 1.

Borderies, N., Goldreich, P., & Tremaine, S. 1982, Nature, 289, 209

Chandrasekhar, S. 1960, Radiative Transfer (New York: Dover
Publications)

Clark, R. N., & McCord, T. B. 1980, Icarus, 43, 161

Claeys, P. 2003, in Des atomes aux planetes, sur les chemins de la vie,
CNRS Exobio’03 school, 20-27 Sept. 2003, Propriano, France,
1 (CIII)

Crowell, J. C. 1983, Trans. Geol. Soc. S. Afr., 18, 238

Cuzzi, J. N. 1985, Icarus, 63, 312

Des Marais, D. J., Harwit, M., Jucks, K., et al. 2002a, JPL Publication,
01-008, Rev. A, June 2002, 37 and 44

Des Marais, D. J., Harwit, M., Jucks, K., et al. 2002b, Astrobiology,
2,153

Dones, L., Cuzzi, J. N., & Showalter, M. R. 1993, Icarus, 105, 184

Fairbairn, M. 2002, J. Roy. Astron. Soc. Can., 96, 18

Fairbairn, M. 2003, J. Roy. Astron. Soc. Can., 97, 92

Farley, K. A., Montanari, A., Shoemaker, E. M., & Shoemaker, C. S.
1998, Science, 280, 1250

Fawcett, P. J., & Boslough, M. B. E. 2002, J. Geophys. Res.
(Atmospheres), 107, 1

Fernandez, Y. R., Sheppard, S. S., & Jewitt, D. C. 2003, AJ, 126, 1563

Franklin, F. A., & Cook, A. F. 1965, AJ, 70, 704

Karkoschka, E. 1997, Icarus, 125, 348

Karkoschka, E. 1998, Icarus, 133, 134

Léger, A., Mariotti, J. M., Menesson, B., et al. 1996, Icarus, 123, 249

Lellouch, E., Encrenaz, T., Cuby, J. G., & Jaunsen, A. 2002,
ESO Press Release and Photos 31a-b/02, 20 December 2002
(http://www.eso.org/outreach/press-rel/pr-2002/
phot-31-02.html)

Lester, P. L., McCall, M. L., & Tatum, J. B. 1979, J. Roy. Astron. Soc.
Can., 73, 233

Minnaert, M. 1941, ApJ, 93, 403

Morbidelli, A. 2003, in Des atomes aux planétes, sur les chemins de
la vie, CNRS Exobio’03 school, 20—27 Sept. 2003, Propriano,
France, 1 (CII)

O’Keefe, J. A. 1980a, Nature, 285, 309

O’Keefe, J. A. 1980b, Nature, 288, 104

Poulet, F., Sicardy, B., Dumas, C., Jorda, L., & Tiphene, D. 2000,
Icarus, 145, 147

Poulet, F., & Cuzzi, J. N. 2002, Icarus, 160, 350

Prinn, G. P, Larson, H. P., Caldwell, J. J., & Gautier, D. 1984, in
Saturn, ed. T. Gehrels, & M. S. Matthews (Univ. of Arizona
Press), 130

Roddier, F., Roddier, C., Close, L., et al. 1998, ESO Conf. Workshop
Proc., ed. D. Bonaccini, 56, 401

Schneider, J. 2001, in Scientific Highlights 2001, SF2A Conf. Proc.,
Lyon, France, May 28—June 1, 2001, ed. F. Combes, D. Barret, &
F. Thévenin (EDP Sciences) 489

Schneider, J. 2002, in Scientific Highlights 2002, SF2A Conf. Proc.,
Paris, France, June 24-29, 2002, ed. F. Combes, & D. Barret
(EDP Sciences), 597

Smith, B. A., Soderblom, L., Batson, R. M., et al. 1982, Science, 215,
504

Takeda, T., & Ida, S. 2001, ApJ, 560, 514

Williams, D. M., Kasting, J. F., & Wade, R. A. 1997, Nature, 385, 234

Williams, G. E. 1994, in Large Meteorite Impacts and Planetary
Evolution, ed. B. O. Dressler, R. A. F. Grieve, & V. L. Sharpton,
Spec. Pap. Geol. Soc. Am., 293, 209



