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ABSTRACT

Using Spitzer photometry at 4.5 microns, we search for rings and satellites around the long period transiting planet CoRoT-9b. We
observed two transits in 2010 and 2011. From their non-detection, we derive upper limits on the plausible physical characteristics of
these objects in the planet environment. We show that a satellite larger than about 2.5 Earth radii is excluded at 30~ for a wide range of
elongations at the two epochs of observations. Combining the two observations, we conclude that rings are excluded for a wide variety
of sizes and inclination. We find that for a ring extending up to the Roche limit, its inclination angle from the edge-on configuration
as seen from the Earth must be lower than 13° in the case of silicate composition and lower than 3° in the case of material with water

ice density.

Key words. planetary systems — stars: individual: CoRoT-9 — techniques: photometric

1. Introduction

Satellites and rings are common features in the solar system.
All the solar system planets apart from Mercury and Venus
host satellites; more than 80 satellites with diameters larger than
10km are known today, including the six largest ones with di-
ameters between 3000 and 5300 km. Some dwarf planets (Pluto,
Eris, and Haumea) also host satellites. Rings are also present
around the four giant planets Jupiter, Saturn, Uranus, and Nep-
tune; recently, narrow and dense rings have been discovered
around Chariklo, a small Centaur object beyond Saturn. Further,
the Cassini spacecraft revealed evidence for the possible past
presence of rings around the Saturnian satellites Rhea and Iape-
tus (Sicardy et al. 2017).

The detection of thousands of exoplanets since the mid 90’s
has triggered the search for extrasolar satellites and rings around
them. Exomoons and exorings are expected to allow constraints
to be put on small body formation and evolution processes in
planetary systems. Many models describe the formation of so-
lar system satellites (e.g., Ogihara & Ida 2012); some implying
impacts or captures (e.g., Agnor et al. 2004, 2006; see also Barr
& Syal 2017; and Barr 2016). Satellites are also found to play a
key role in the evolution of the orbital parameters of some plan-
ets, as in the case of Uranus (Morbidelli et al. 2012). In addition
to allowing similar studies for exoplanetary systems, exomoons

Article published by EDP Sciences

could also provoke interest in terms of potential habitability
(e.g., Williams et al. 1997; Heller 2012; Heller et al. 2014). In-
deed, whereas only a few habitable rocky planets are known,
numerous giant exoplanets are known and characterized in the
habitable zone of their host stars (Diaz et al. 2016). The detection
of a satellite around one of them would have a particularly high
impact. In addition to the question of habitable moons, the pres-
ence of satellites could also play a role in the habitability of their
planets. A famous case is the Moon, which is known to stabilize
the Earth’s obliquity and thus helps to avoid dramatic climate
changes, which impact the evolution of life (Laskar et al. 1993).
Finally, the detection of satellites and rings could be a way to
probe the nature of transiting planets, their formation, and evo-
lution history. So the detection of exomoons and exorings would
be of high interest.

Several detection methods have been proposed. All are chal-
lenging as the expected signals are extremely small. The first of
them is the transit method in photometry, which is well adapted
to searching for material in the close environment of transiting
planets. Transits of satellites and rings would present clear signa-
tures in light curves (e.g., Sartoretti & Schneider 1999; Barnes
& Fortney 2004; Arnold 2005; Ohta et al. 2009; Heller 2017).
More elaborated methods based on transits could improve the
sensitivity for exomoon detection; they include variation scat-
ter peak (Simon et al. 2012) or the orbital sampling effect
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(Heller 2014). Still based on transits, dynamical effects could
also reveal the presence of satellites; they would produce TTV
(transit timing variations: Simon et al. 2007; Lewis et al. 2008;
Kipping 2009a; Lewis 2013) and/or TDV (transit duration vari-
ations: Kipping 2009a,b; Awiphan & Kerins 2013). Other pro-
posed methods to detect exomoons include microlensing (Han &
Han 2002; Bennett et al. 2014), spectroscopy (Simon et al. 2010;
Kaltenegger 2010), and even direct imaging (Agol et al. 2015).
Reflected light and spectroscopy have also been proposed in
the search for exorings (Arnold & Schneider 2004; Santos
et al. 2015).

Despite several attempts, neither exomoon nor exoring de-
tections have been clearly established up to now. One of
the deepest searches for satellites was presented by Kipping
et al. (2015) who reported no compelling detection in a survey
of tens of systems using Kepler data and a photodynami-
cal model using both the transit method and dynamical ef-
fects. Bennett et al. (2014) reported the detection of the mi-
crolensing event MOA-2011-BLG-262Lb, which could be due
to a sub-Earth-mass satellite orbiting a free-floating gas giant
planet, but another scenario with no satellite cannot be ex-
cluded. A deep search for exorings surrounding 21 planets,
mostly hot-jupiters, using Kepler photometry also yields non-
detection (Heising et al. 2015). Solid surrounding material has
been proposed around some exoplanets, including B Pictoris b
(Lecavelier des Etangs et al. 1995, 2016) and Fomalhaut b (Kalas
et al. 2013). The case of 1ISWASP J140747.93-394542.6 is par-
ticularly rich but uncertain, as the possible ring around the un-
seen planet J1407b could be sculpted by the presence of a satel-
lite (Kenworthy & Mamajek 2015). So, whereas the existence
of exomoons is more than likely, their existence is not demon-
strated up to now. Their occurrence rate and their properties re-
main unknown.

CoRoT-9b (Deeg et al. 2010) is a particularly favorable case
for satellite and ring exploration. Indeed, it was the first discov-
ered planet to present all the properties of being transiting, giant,
and far enough from its host star to have an extended sphere of
gravitational influence (Hill sphere). CoRoT-9b is a 0.84 Jupiter-
mass planet orbiting a G3 main sequence star on a nearly cir-
cular orbit with a semi-major axis of 0.402 au (a Mercury-like
orbit). The orbital period is 95.3 days, and the impact parameter
of the transits is almost zero, resulting in an 8-h transit duration.
To have stable orbits, the rings and satellites must be included
well within the Hill sphere where the gravity of the planet dom-
inates the gravity of the star. The stable prograde orbits are typi-
cally within about 0.4 times the radius of the Hill sphere (Hinse
et al. 2010 and reference therein). The size of the Hill sphere
is proportional to the periastron distance (Lecavelier des Etangs
et al. 1995). Most of the transiting planets known before CoRoT-
9b were hot-Jupiter types, or pass close to their star at the short
periastron distance of their orbit, like HD 80606b, causing them
to be strongly irradiated and to have confined Hill spheres. For
instance, the radius of the Hill sphere around HD 209458b is
about 0.4x 10° km, or four planetary radii. In contrast, CoRoT-9b
is a much cooler planet, with a periastron not shorter than 0.33 au
(Bonomo et al. 2017). As a consequence, CoRoT-9b has an ex-

tended Hill sphere Ry ~ a(1—e) | % ~ 3.5%10° km, where a
and e are the semi-major axis and the eccentricity of its orbit and
M, and M, the planetary and stellar masses, respectively. This
Hill sphere radius is two to three times larger than the orbit of the
major Jupiter and Saturn satellites like Callisto and Titan, which
have orbital distances of 1.8 and 1.2 x 10° km, respectively. We
highlight also that all satellites of Jupiter and Saturn, including
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minor satellites, are within half of the Hill sphere radius of their
planet. By analogy, CoRoT-9b presents good prospects for hav-
ing rings and satellites in the inner part of its Hill sphere. More-
over, the brightness of the CoRoT-9b host star (V = 13.7) is high
enough to allow accurate photometry. Consequently, this giant
planet is one of the most favorable cases to search for transiting
solid material such as rings and satellites in its environment.

With that in mind we observed photometric transits of
CoRoT-9b with the Spitzer space observatory using the IRAC
camera at 4.5 um on the post-cryogenic mission. A sufficiently
large satellite around CoRoT-9b would have a clear signature in
the transit light curve with a duration similar to the planetary
transit, that is, about 8 h. A 2-Rg,y, satellite would produce a
transit depth of ~4 x 107*. Rings would have signatures in the
shape of the light curve during ingress and egress, with a transit
depth that could be up to 1073 Thanks to its high sensitivity and
its Earth-trailing heliocentric orbit allowing long-duration con-
tinuous observations, Spitzer is particularly well adapted for the
search of tiny signals in a light curve of a planetary transit.

Observations have been carried out in 2010 and in 2011.
These observations are presented in Sect. 2, and the data anal-
ysis is described in Sect. 3. The search for satellites and rings
are presented in Sects. 4 and 5 together with the derived upper
limits, before concluding in Sect. 6.

2. Observations

The long orbital period of the planet and the observability win-
dows make CoRoT-9b transits observable with Spitzer particu-
larly rare. Only two transits were observable between 2010 and
2013; we observed both of them.

We first observed' the transit centered on June 18, 2010 at
01h (UT) with the IRAC camera of Spitzer (Fazio et al. 2004).
Only two infrared channels of the IRAC camera are available in
the post-cryogenic Spitzer. We chose to observe with only one
of the two channels in order to avoid repointing the telescope
during the transit, thus reducing overheads. This allows the tar-
get to be located on the same part of the detector during all the
observation sequence and thus to reduce systematic effects due
to imperfect flat-field corrections and intra-pixel sensitivity vari-
ations. We chose the Channel 2 at 4.5 um for the observation
since it has the best noise properties. This wavelength also has
a lower limb-darkening effect than Channel 1 at 3.6 ym. This,
as well as the lower uncertainty on the limb darkening effect,
favors the search for ring signatures in the ingress and egress
light curves. The observations were executed using IRACs stel-
lar mode. While planning the observation in the Astronomical
Observing Request (AOR) format, we carefully selected a pixel
area avoiding dead pixels. We also purposely did not dither the
pointing in order to keep the source on a given pixel of the detec-
tor, and increase the photometric accuracy. This common obser-
vational strategy matched that of our previous Spitzer observa-
tions of HD 189733 (Ehrenreich et al. 2007; Désert et al. 2009,
2011a).

The run#1 observation was secured between June 17 at 10h
and June 18 at 15h (UT), 2010. We acquired 3338 consecutive
images, each of them obtained in whole array with a 30-s inte-
gration time (26.8-s effective integration time per pixel). Such
exposure time clearly avoids saturation of the pixels. The 29-h
total duration of the sequence covers the transit of the half inner
part of the planetary Hill sphere where the rings and large satel-
lites are supposed to be located. This includes 10.5 h before and
10.5 h after the transit to cover ~1.7 x 10° km around the planet.

! DDT program #546.
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The second transit observed during run #2 was centered on
July 04, 2011 at 03h (UT)?. We acquired 4376 consecutive im-
ages between July 03 at 8h and July 04 at 21 h (UT), with the
same IRAC setting as for the first transit. This provides more
than 37 h’ coverage corresponding to ~2.2 x 10®km around
the planet. The longer duration of this second observation run
was chosen to improve the coverage of the out-of transit light
curve and increase the chance of detecting a putative satellite at
large distance from the planet: the ingress/egress of the satel-
lite at large elongation may require the observation at about
~15 h before/after the central time of the transit of the planet
(see Sect. 4).

3. Data analysis
3.1. Spitzer photometry

The analysis was done using the Spitzer/IRAC Basic Calibrated
Data (BCD) of the 7714 frames. These frames are produced by
the standard IRAC calibration pipeline and include corrections
for dark current, detector nonlinearity, flat fielding, and conver-
sion to flux units. To extract the light curves, we first find the cen-
ter of the point-spread function (PSF) of the star to a precision
of 0.01 pixels by computing the weighted centroid of the star. To
obtain the photometric measurement, we then used the APER
routine of the IDL Astronomy Library® to perform a weighted
photometry within an aperture of a given radius (Horne 1986;
Naylor 1998). After various tests, we decided to use a radius of
2.3 pixels, which minimizes the final rms of the light curves. The
background level for each image was determined with APER by
the median value of the pixels inside an annulus, centered on the
star, with an inner and outer radius of 10 and 15 pixels, respec-
tively. The PSF, used for weighting, is estimated as the median
of the background-subtracted fluxes. The estimated error on the
weighted integrated flux is calculated as the square root of the
photon-noise quadratic sum (Horne 1986; Naylor 1998). After
producing a time series for each observation, we iteratively se-
lect and trim outliers by comparing the measurements to a transit
light curve model. Doing so, we remove any remaining points af-
fected by transient phenomena. At the end, we discarded 170 ex-
posures in run #1 and 522 in run #2; we ended up with a total of
3168 photometric measurements in run#1 and 3854 in run#2.
The decrease of the measured rms when binning the measure-
ments up to 100 pixels showed that the red noise is negligible at
least on a timescale of one hour.

For the 2010 data, we considered the time given in barycen-
tric modified Julian Date (BMJD), from which we removed a
constant value of 55364. This yields a zero reference time on
June 17, 2010 at 0hOO UT. For the 2011 data, we removed a con-
stant value of 55 745, which yields a zero reference time on July
3,2011 at Oh0O UT.

3.2. Correction of systematics

The Spitzer/IRAC photometry is known to be systematically af-
fected by the so-called pixel-phase effect. This effect produces
an oscillation of the measured fluxes due to the Spitzer telescope
jitter and the intra-pixel sensitivity variations on the IRAC detec-
tor (see e.g., Charbonneau et al. 2005; Désert et al. 2009, 201 1b).
To correct for these systematics, we used the method developed
by Ballard et al. (2010). A map of the sensitivity function is

2 GO7 program #70031.
3 http://idlastro.gsfc.nasa.gov/homepage.html

calculated using the residuals of the measurements in a non-
corrected light curve compared to a theoretical light curve in the
neighborhood of each pixel (see Eq. (1) in Ballard et al. 2010).
For each measurement, we obtained a weighted-sensitivity cor-
rection factor W, which is used to correct the measurements as
a function of the barycenter position of the target. The typical
length scale of the Gaussian used to smooth the sensitivity map
is characterized by o, and o, in the x and y direction. The val-
ues of o, and o, are obtained by minimizing the rms in the final
light curve.

We also implemented the BLISS algorithm, which uses a bi-
linear interpolation on a grid to map the sensitivity variation as a
function of the position of the target on the detector (Stevenson
et al. 2012). We concluded that the BLISS algorithm does not
provide significant improvement compared to the Ballard et al.
algorithm: we found that the improvement in the rms vanished
if, for each corrected measurement, the residual of that measure-
ment was excluded from the map calculation. We therefore de-
cided to use the Ballard et al. algorithm for all our photometric
measurement extractions.

3.3. Light curves

The final light curves for run#1 (2010) and run#2 (2011) obser-
vations are plotted in Figs. 1 and 2. The flux measurements are
fitted using a theoretical transit light curve given by the equations
of Mandell & Agol (2002) in the small planet approximation.
The limb darkening coefficients for the bandpass of the Spitzer
Channel 2 at 4.5 ym are obtained from the table of Sing (2010).
For a star with T = 5630 K, [Fe/H] = 0, and logg = 4.5 and
fixing ¢; = 0, interpolation of Sing’s Table gives ¢2 = 0.8071,
3 =-0.9785, and c4 = 0.3973.

A first fit reveals a bump in the light curve of run #1 (Fig. 1).
It could be due to an instrumental artifact or to the planet tran-
siting in front of a stellar spot, however we make no conclusions
as CoRoT-9 is not known to be particularly active. The bump is
seen from # = 24 h to t = 25.5 h, and hereafter the corresponding
data have been excluded for the analysis presented here.

The fits to the light curves have six free parameters: b, the
impact parameter in units of stellar radius, T, the central time of
the transit, R,/R,, the planet to star radius ratio, v the tangential
transit velocity in stellar radius per unit of time, and A ; the two
parameters of the first degree polynomial fitting the light curve
baseline. The tangential transit velocity v is related to the semi-
major axis a by the equation v/R, = (1 + ecos@)/( V1 — €2) X
2n/P X a/R., where e, @, and P are the eccentricity, the longi-
tude of periastron, and the period of the orbit, respectively. The
eccentricity is not a parameter of the model because it does not
affect the shape of the light curve (see Hébrard et al. 2010); it
is only needed to convert the measured v/R, into an estimate of
a/R.. We also let the weighted-sensitivity W free to vary in cal-
culating the parameter and its error bar estimates. This ensures
that the error bars are not underestimated by a bias introduced
by a miscalculation of W.

We found that these light curves are well fitted by b =
0.00+0.25, Toruns#1 = 24.645+0.020 h, Topynsr = 26.795+0.025 h,
v/R. = 02717009 h™!. We found a slightly different R,/R, ra-
dius ratio in the two light curves: Ry/R.uun#1 = 0.1167 £ 0.0011
and Ry /R.run#2 = 0.1140 £ 0.0015. This small difference (1.50°)
could be linked to the bump seen in run#1. If the bump is due
to an occulted spot, this would yield a higher relative surface
brightness of the spot-free transited part of the stellar disk used in
the fit (we recall that we excluded from the fit the measurements
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out a satellite as a function of the satellite size and central time of transit,
measured in the light curve of the 2010 transit. The red iso-curves are
for negative values of Ay?, where the fit with a satellite is better than
the fit without satellite. The vertical lines show the central time (short-
dashed) and the time of first and fourth contact (long-dashed lines) for
the transit of the planet. The upper x-axis provides the projected dis-
tance of the satellite to the planet (elongation) for the corresponding
central time of the satellite transit (7).
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Fig. 4. Same as Fig. 3 using the light curve of the 2011 transit.

obtained during the bump, see Fig. 1) and therefore a bias to-
wards a higher transit depth.

The determination of refined parameters for the CoRoT-9
planetary system is beyond the scope of the present paper. This
is done by Bonomo et al. (2017), who use the present Spitzer
data as well as other datasets.

4. Search for satellites
4.1. Method

In all of the following, we search in the light curves for the signa-
ture of the transit of an additional body in front of the star, which
could be a satellite. If a satellite is present in the environment of
the planet, it will produce an additional occultation when it tran-
sits the star. The satellite transit depth depends on the satellite

to star radius ratio Ry, /R.. The transit epochs or central time of
the satellite (7s) depend on the elongation of the satellite rela-
tive to the planet projected on the sky and on the direction of the
planet’s trajectory.

To perform the search for the satellite, we fitted the light
curves of 2010 and 2011 observations with theoretical light
curves including a satellite with the two additional fixed pa-
rameters defined above (Ry/R. and T(s) whilst keeping the
other parameters describing the planet and its orbit free to
vary. For each satellite configuration, we calculated the result-
ing ,\/Z(Rsat /R., Tys) and its difference with the best )(8 of the fit
without a satellite: Ay? = x*(Ru/Rs, Tos) — xj- Although the
light curve noise may not be exactly Gaussian, this Ay? can be
used to quantify the improvement in the fit when introducing a
satellite in the model. A more rigorous treatment would require
modeling the data covariance matrix, which is also beyond the
scope of this paper. Furthermore, we estimate that the effect on
our results would be small. Moreover, to see if the possible im-
provement of the y? (when Ay? < 0) could be due to features in
the light curve that are not related to a satellite (i.e., correlated
red-noise on transit duration timescale, or simply the decrease of
the number of degrees of freedom with the addition of two pa-
rameters in the model), we also considered the theoretical light
curves with an increase of the flux with the same shape as the
flux decrease due to a satellite of a given size and elongation:
we parametrize those test light curves (“bright-satellite”) with a
negative planet size Ry /R, < 0.

In these calculations to search for a perturbation in the light
curve due to a satellite (or a ring in the Sect. 5), we also left the
sensitivity correction factors W free to vary. This ensures that if a
ring or a satellite is detected it cannot be due to a bias introduced
by a miscalculation of W.

4.2. Results

The resulting Ay? difference as a function of the satellite size
and elongation are plotted in Figs. 3 and 4 for the 2010 and 2011
observations, respectively.

In the fit to the 2010 data, an improved yx? is found with
Ay? S -4 for Ry /R, ~ 0.026 and Tos ~ 36.5h, and for
Rgat/R. ~ 0.025 and T in the range 16 h-21 h (Fig. 5). However,
it can be seen in Fig. 3 that similar Ay? can be found for nega-
tive values of Ry /R., with even Ay? < =9 for Ry /R, ~ —0.028
and Ty, ~ 27.6h. We conclude that in the cases where there is
an improvement in the fit by including a satellite in the transit
model, this improvement is likely due to correlated noise and
other features in the light curves that are not related to the transit
of a satellite in front of the star. We note that although Bonomo
et al. (2017) stated that the correlated noise is practically neg-
ligible, here we are considering correlated noise on the very
long timescale of the transit duration, which cannot be quanti-
fied within the present data.

The observations of 2011 yield similar results (Fig. 4). The
% improvement is Ay? ~ =3.4 at the best for Ry /R, ~ 0.020
and Ty ~ 20.5h (Fig. 6). Again this is not a significantly better
fit to the data compared to the fits that include a (fake) “bright-
satellite” like the one at, for instance, Ry /R, ~ —0.020 and
Tos ~ 35h, which yields Ay?> ~ —5. Therefore, we conclude
that this best fit including a satellite is most likely a false posi-
tive signature for a satellite transit in the light curve.

Nonetheless, we can derive upper limits on the size of a satel-
lite that can be detected in the present data. Using 2010 data
(Fig. 3), we derive an upper limit at 30 (Ay? > 9) for the radius
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Fig. 5. Light curve of the transit on June 18, 2010, and the fit including
a satellite with a radius of 0.026 times the planet radius, and with a
central time of transit 16.0 h after June 17, 2010, O0hOO UT (blue solid
line). This fit has a y? of 3162.4, that is smaller by ~6.4 than the y? =
3168.8 of the fit without a satellite. The data have been rebinned by 31
into 100 individual measurements. The red dashed line shows the transit
model without a satellite. The model light curve with the satellite has an
additional occultation starting at about 12 h and ending at about 20 h.
The bottom panel shows the residuals of the data (filled squares) and the
light curve of the model including the satellite, after subtraction of the
best fit without a satellite.

ratio of Ry /R, < 0.025 (Rsyt < 2.5 Rg) if Tos ranges from 8 h to
12h and from 27h to 31.5 h. These Ty, correspond to projected
distances to the planet of 3.0—2.2 x 10° km (0.9—0.6 Hill radius)
ahead of the planet and 0.4—1.2 X 10° km (0.1-0.3 Hill radius)
after the planet at the epoch of observation. For other elonga-
tions, correlated noise leading to a fake positive signature signifi-
cantly increases the upper limit, and the transit of the planet itself
hides the possible signature of a satellite for [T, — Tp,| < 2.0h,
corresponding to a projected distance lower than 0.35 x 10° km
(0.1 Hill radius).

The 2011 data yields approximately similar upper limits:
we derive the same upper limit of 2.5 Rg for Ty ranging from
29h to 38 h, that is for a projected distance of 0.4-2.0 x 10® km
(0.1-0.6 Hill radius) after the planet at the epoch of observation.

We did not compute upper limits using the 2010 and 2011
transits simultaneously as any potential satellite is expected to
have a different position at different epochs.

5. Search for rings
5.1. Method

We also searched in the light curves for the signature of the tran-
sit of rings surrounding the planet. If rings are present in the envi-
ronment of the planet, they affect the shape of the light curve ob-
served during the ingress and the egress: at first order, the rings,
which are elongated occulting bodies, make the ingress/egress
last longer than a spherical body producing the same occultation
depth. To avoid an additional degree of freedom in the consid-
ered ring models, we hypothesize that the ring has an ascending
node close to the plane of the sky and thus is oriented such that,
as seen from the Earth, the main axis of the elliptic ring shadow
is in the direction of the planet trajectory. For a ring that has
a different orientation, at first order, a ring configuration with
the same extension and thickness would produce a very simi-
lar light curve. In the case of a positive detection, it would be
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Fig. 6. Same as Fig. 5 for the transit of 2011 and the fit including a
satellite with a radius of 0.020 times the planet radius, and with a central
time of transit 19.0 h after July 3, 2011, 0h00 UT. This fit has a x? of
3938.8, that is smaller by ~2.5 than the y? = 3941.3 of the fit without
a satellite. Here the additional occultation by the satellite starts at about
15h.

interesting to explore various inclination configurations in the
three-dimensional space that match the detection. But with no
detection, this is not the purpose of the work presented here.

In the light curve, the ring transit depth and transit duration
depend on the apparent thickness and size of the elliptic shadow
of the ring. The ellipse figure of the ring is characterized by its
extension from the planet limb (L;) and its apparent thickness
or height (H;), both expressed in units of stellar radius. From
these parameters, we can derive the semi-major and semi-minor
axis of the shadow ellipse occulting the stellar disk to be a; =
L; + R, and b, = H,/2. Therefore, the inclination of the ring axis
relative to the plane of the sky, i, is given by H;/2/(L; + R,) =
sin(90° — i;).

To perform the search for rings, we fitted the light curves
of 2010 and 2011 observations with theoretical light curves in-
cluding a ring with the two additional parameters defined above
(L:/R. and H;/R.). The area of the rings shadow occulting the
stellar disk was calculated using a generalization of equations
given by Zuluaga et al. (2015) and equations for the sector
and segment areas of an ellipse given by Cavalieri’s Princi-
ple* to obtain an analytical derivation of the area of the in-
tersection of the stellar disk, the planetary disk, and the ring’s
shadow. For each ring configuration, we calculated the resulting
Y*(L;/R.,H,/R,) of the fit with the given ring and the corre-
sponding difference with the best X% of the fit without a ring:
Ax* = x*(L:/R.,H:/R.) — x3. To see if the possible improve-
ment of the y? (when Ay? < 0) could be due to features that are
not a ring, we also considered the theoretical light curves with
an increase of the flux as we have done in the search for a satel-
lite. We parametrize those test light curves (“bright-ring””) with
a negative ring thickness H;/R, < 0.

4 Alexander Bogomolny, Area, Sector Area, and Segment Area
of an Ellipse, from Interactive Mathematics Miscellany and
Puzzles, http://www.cut-the-knot.org/Generalization/
Cavalieri2.shtml
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Fig. 8. Same as Fig. 7 for the light curve of the 2011 transit.

5.2. Results

The resulting Ay? difference as a function of the ring size and
ring thickness is plotted for the 2010 and 2011 observations in
Figs. 7 and 8. Because the rings are not expected to have changed
between the two observations, we also produced the same plot
obtained by combining the two sets of data (Fig. 9). A plot of
the light curve and the corresponding fit including a ring is given
in Fig. 10.

None of the fits including rings yield a significantly better
fit to the light curves (2010, 2011 or combined) than the best fit
without a ring. The best improvement in the y? is lower than a
unity: Ay?> > —1. The Ay? is found to be closely related to the
equivalent occulting area of the ring, which is proportional to
L, X H, (light blue curves in Figs. 7-9).

As for the satellite, despite a non-detection, we can derive
upper limits on the size of a ring that could have been detected
in the present data as a function of its thickness. Using the com-
bined data set (Fig. 9), we derive an upper limit at 30~ (Ay? > 9)
for the ring size. For thickness of H;/R. = 0.015, the 30 upper
limitis L./R, < 0.25; for H,/R, = 0.030 and H,/R, = 0.050, the
upper limits are L,/R, < 0.16 and L./R. < 0.12, respectively.

The Roche limit for the ring size in the fluid approximation is
about 2.4Rg \/Pp/pr, Where R, is the planet radius, and p, and p,
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Fig. 9. Same as Fig. 7 using the combination of both the light curves of
the 2010 and 2011 transits.

are the density of the planet and the ring material®, respectively.
For a ring composed of silicates (o, ~ 2.6 gcm™>) or water ices
(or ~ 1 gcm‘3), we have a Roche limit of 1.7R,, and 2.4R,,, re-
spectively. Because here the ring size, L, is counted from the
planet limb, these latter values correspond to the ring sizes of
L, =0.7R, =0.08R, and L, = 1.4 R, = 0.16 R... For these ring
sizes, the combined data set yields 30~ upper limits on the thick-
ness that are H;/R, < 0.090 and H,;/R. < 0.030, respectively
(Fig. 9). The ring thickness H, is related to i, the ring inclina-
tion to the line of sight by H,/2/(L; + Rp) = sin(90° — i,); we
therefore conclude that in the case of a ring extending up to the
Roche limit, our non-detection constrains its inclination to be
lir — 90°| < 13° in the case of silicates and |i; — 90°| < 3° in the
case of material with water ice density.

It is also interesting to know if rings similar to Saturn’s and
not fully opaque could be detected. Here forward scattering is
negligible because observable signals require scattering surfaces
that subtend a significant angle as seen from the star, as would
be the case for objects on shorter orbital distances. An exam-
ple for an observable scattering signal is from KIC 12557548
(Rappaport et al. 2012), an evaporating transiting planet on a
16-h orbit, but scattering cannot be observable for a ring around
CoRoT-9b at 0.33 au from the star (see also the marginal scatter-
ing amplitude compared to the extinction for a comet-like object
at 0.3 au from the star, in Fig. 4 of Lecavelier et al. 1999). Sat-
urn’s inner A-D rings extend to a distance of 137 000 km from
Saturn’s center. This corresponds to L; = 1.3 Rgyum, Where we
use a Saturn equatorial radius of 60 000 km. For a corresponding
value of L, = 1.3 R, = 0.15R,, we have a 30~ upper limit for the
thickness of H,/R, < 0.032 or H; < 0.28 R,. Based on profiles of
the Saturn rings’ optical transmission at 0.9 microns (Nicholson
et al. 2000), we use an average optical depth of 7 = 0.3. The
transmittance 7; of the rings at a given inclination i, (where 0°
inclination is for face-on rings) is given by the usual equation
T; = e=7/csi)_ For a face-on disk, we obtain a transmittance
Ti—o = 0.75. For inclined translucent rings, we have an occulta-
tion similar to rings with H; = 2X (1 —T;) X (L; +R}) sin(90° —iy).
Assuming an optical depth of 7 = 0.3 and aring size L, = 1.3 R,,,
from the 30 upper limit of H; < 0.28 R, we therefore derive

5 We note that rings may be larger than the Roche limit, as is known
from the presence of Saturn’s E ring and the still wider Phoebe ring.
However, these rings are very tenuous (the denser E Ring has an optical
depth of <1075, Showalter et al. 1991), making the detection of such
wide rings in transit observations highly unlikely.
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Fig. 10. Light curve of the transit on June 18, 2010, and the fit including
a ring with a size L, = 0.2 R, and a thickness H, = 0.07 R., where R.
is the star radius (blue line). This fit has a y? of 3204, that is larger by
~35 than the y? of the best fit without a ring (thin red line). Such ring
is thus excluded at about 60 confidence level. The bottom panel shows
the residuals after subtraction of the best fit without ring.

that Saturn-like rings with inclination as large as 4° could still
have been detected around CoRoT-9b. The chance of missing a
Saturn-like ring system is therefore relatively low.

6. Conclusion

Through detailed analysis of two transit light curves of CoRoT-
9b, we searched for the signature of a satellite and rings in the
planet’s environment. Despite the non-detection, we have been
able to derive upper limits for the satellite and the ring sizes.
The upper limits on the satellite size are not very constrain-
ing, nonetheless the presence of satellites may have been jeop-
ardized by the dynamical instability, which could be at the ori-
gin of the planet eccentricity (Bonomo et al. 2017). Since the
discovery of CoRoT-9b, a few other exoplanets have been dis-
covered in transit at large orbital distances. To enlarge the ex-
ploration of the giant exoplanets’ environment, these targets de-
serve to be observed at high photometric accuracy. In this spirit,
it is expected that the forthcoming new space facilities, such as
the ESA/Cheops photometric observatory, will allow a deeper
search of perturbation in the light curves that can be due to small
bodies in orbit around those planets.
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