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Pas forcement utile : se focaliser sur les cibles les moins observées



• Observations du transit spectroscopique 
(effet Rossiter-McLaughlin)


• Besoin de suivi photométrique pour 
déterminer la date exacte du transit
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2- Accompagnement 
d’observations spectroscopiques

Fig. 5.— Illustration of the Rossiter-McLaughlin (RM) effect. The three columns show three successive phases of a transit. The
first row shows the stellar disk, with the grayscale representing the projected rotation velocity: the approaching limb is black and the
receding limb is white. The second row shows the corresponding stellar absorption line profiles, assuming rotation to be the dominant
broadening mechanism. The “bump” occurs because the planet hides a fraction of the light that contributes a particular velocity to the
line-broadening kernel. The third row shows the case for which other line-broadening mechanisms are important; here the RM effect is
manifested only as an “anomalous Doppler shift.” Adapted from Gaudi & Winn (2007).

Fig. 6.— Using the RM effect to measure the angle λ between the sky projections of the orbital and stellar-rotational axes. Three
different possible trajectories of a transiting planet are shown, along with the corresponding RM signal. The trajectories all have the
same impact parameter and produce the same light curve, but they differ in λ and produce different RM curves. The dotted lines are for
the case of no limb darkening, and the solid lines include limb darkening. From Gaudi & Winn (2007).
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cludes N = 100 radial velocity measurements that we fitted with
Keplerian models. They did not provide a significant detection
of any eccentricity: we measured e = 0.021 ± 0.016 and ! =
40 ± 70�. The 3-� upper limit we derived is e < 0.07. In agree-
ment with the data and the fact that hot Jupiters are expected to
be circularized, we assumed a circular orbit for the final fit. The
derived radial velocity semi-amplitude is K = 144.0 ± 2.6 m/s
corresponding to a mass Mp sin i = 1.21± 0.06 MJup. The planet
HD 143105b orbits a slightly metal-rich star, in agreement with
the tendency found for stars harboring Jupiter-mass planets (see,
e.g., Santos et al. 2005).

The residuals around the Keplerian fit show a dispersion of
10.6 m/s. That quite large value is not due to the activity level
of the star, which is low, nor the assumption for a circular or-
bit. That dispersion is mainly explained by the uncertainties of
the radial velocities which is 9.2 m/s on average. The relatively
low level of radial velocity accuracy obtained for that star by
comparison to the other ones is due to the broadening of the
lines cause by the stellar rotation. Moreover, HD 143105 is the
hottest among the eight stars studied here and granulation e↵ects
might be higher. No significant linear drift nor particular struc-
tures were found in the residuals as a function of the time.

4.2.2. Transit search

Together with 55 Cancri, HD 143105 is the second brightest star
known to host a planet with a period shorter than three days
(55 Cancri e being a super-Earth). Since HD 143105 is bright
and the transit probability as high as 14 % for its hot Jupiter,
that system was particularly interesting for photometric follow-
up studies. So after the first SOPHIE observations on that star in
July 2013 which rapidly showed it hosts a hot Jupiter, we started
a transit search the following month using three di↵erent tele-
scopes: Oversky, CROW, and ROTAT.

The Oversky Observatory (35 cm f/11 Schmidt-Cassegrain)
telescope unfortunately had bad weather and the photome-
try could not be used to constrain any transit model. The
CROW observatory in Portugal (28 cm f/10 Schmidt-Cassegrain,
KAF1603ME CCD, 25 sec exposures, Ic filter, defocused im-
ages) produced three photometric series on August 15, August
26, and September 17, 2013. The dispersions are 4.0, 3.7, and
4.6 mmag, respectively, and 2.3, 2.1, and 2.7 mmag when data
are binned to have a point approximatively every 120 sec. The
ROTAT telescope at OHP (60 cm f/3.2 Newton, KAI11000M
CCD) was also used for three nights in 2013: August 26 (4-
sec exposures, Luminance filter, defocused images), September
6 (20-sec exposures, R filter, defocused images), and September
17 (4.5-sec exposures, Luminance filter, defocused images).
On September 6, the dispersion is 10.7 mmag, and 7.8 mmag
when binned to have a point approximatively every 120 sec. On
September 17, cirrus were present sometimes and the dispersion
is 20.1 mmag, and 8.1 mmag when binned.

The light curves are shown in Fig. 5. Di↵erential photome-
try has been measured and the data have been detrended with
smooth second order polynomials. Assuming a stellar radius
1.15 R� typic of a F5V star, values for a and P from Table 3, and
a central transit (impact parameter b = 0), we evaluate the transit
maximum duration to ⇠ 2.37 hours, i.e. between transit phases
�0.022 and +0.022. The uncertainty on the epoch of each tran-
sit mid-time is of the order of ±10 minutes (see Table 3). A light
drop of about 15 mmag has been observed with ROTAT for about
one hour on August 26 at the expected time of transit (these
data were not detrended as they show that feature). Outside that
event, the dispersion is 7.3 mmag, or 3.1 mmag when binned.

Fig. 5. Photometric search for transits of HD 143105b. The di↵erential
photometry is plotted as a function of the phase of the searched transits.
The telescopes (CROW or ROTAT) and the dates are indicated for each
of the six observations, which have been shifted in y-axes for clarity.
The horizontal lines represents the mean of the data (or mean outside
the event for 2013-08-26 with ROTAT). The original data (plus signs)
have been binned to have a point approximatively every 120 seconds
(diamond signs) to help their comparison. The vertical dashed lines
represent the hypothetical ingress, center, and egress phases for cen-
tral transits. The transit-like event observed on 2013-08-26 with ROTAT
was not confirmed by other observations.

Comparison stars (significantly fainter) do not show such event,
so the hint for a transit detection was high. However, that event
has not been observed at the other dates. Even more, the CROW
observation secured on August 26 did not show the feature seen
with ROTAT the same night. We conclude thus that no transit
deeper than 10 mmag was detected. The event observed with
ROTAT remains unexplained. A possibility could be a sporadic
event due to stellar activity accidentally occurring at the time of
of possible transit.

On September 17 the reality of the transit was still unclear,
so we attempted a spectroscopic detection of the transit with
SOPHIE through the Rossiter-McLaughlin e↵ect (e.g. Hébrard
et al. 2011). As the star is rotating (v sin i? = 9.1 ± 1.0 km/s),
the amplitude of the Rossiter-McLaughlin anomaly is expected
to be as high as ⇠ 100 m/s and thus easily detectable. No devia-
tion from the Keplerian curve was detected during that night (see
Fig. 4, upper-left panel). So, even if a transiting planet on a polar
orbit and a null impact parameter would produce no Rossiter-
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Fig. 1. Top: Extracted light curve for EPIC201505350, showing significant stellar variability. Middle: Flattened and detrended lightcurve, showing
transits of the inner planet (b), outer planet (c) and simultaneous transits of both planets. Some outlier points are not shown for clarity. Bottom
Left: The phase folded transits of planet b, excluding simultaneous transits and showing the best fit model. Some points (shown lighter than the
others) displayed clear evidence of spot crossings by the planet and were excluded from the fit. Bottom Right: Same for planet c.

Table 2. System Parameters

Parameter Units b c
Model Parameters:
P days 7.919454 + 0.000081 - 0.000078 11.90701 + 0.00039 - 0.00044
T0 BJDT DB � 2456000 813.38345 +0.00036 - 0.00039 817.2759 ± 0.0012
Rp/R⇤ 0.0753+ 0.0028 - 0.0015 0.0439 + 0.0011 - 0.0012
(Rp + R⇤)/a 0.0572 + 0.0084 - 0.0042 0.0414 + 0.0015 - 0.0009
i deg 88.83 + 1.08 - 0.89 89.91 + 0.05 - 0.32
e 0 (adopted) 0 (adopted)
Limb-Darkening 0.552 ± 0.041 0.57 + 0.14 - 0.13
Derived Parameters:
Rp R� 7.23 + 0.56 - 0.51 4.21 ± 0.31
a AU 0.077 +0.008 - 0.013 0.1032 + 0.0074 - 0.0080
S inc S � 87.7 + 9.3 - 12.9 48.8 +6.4 - 6.2
Pc/Pb 1.503514 + 0.000052 - 0.000057
4 0.00234 +- 0.00002

Notes. 4 is defined in Setion 6, and represents the normalised distance to resonance. Note that Pb,Pc, and parameters derived from them are only
instantaneous measurements, and will change over the course of the TTV phase curve (see Section 6). Transit based stellar parameters are used
for derived quantities.

days. The minimum � square of this test series was recorded, at
which point each datapoint was perturbed by a random gaussian
with standard deviation equal to the point error. The fit was then
repeated, and this process undergone for 1000 iterations, to get a
distribution of transit times. The mean of the distribution is then
taken as the transit time. As when fitting the transit shape, this
process does not account for systematic errors. This is particu-
larly concerning for measuring transit times, because due to the
low cadence of K2 observations only a few points are seen within
each transit. If one of these points is significantly perturbed by
a spot crossing (which occurs visibly for some transits) then the
measured time would be strongly a↵ected. To estimate the e↵ect
of these systematics, we repeat the prayer-bead residual analysis
of Section 4. In this case though, as we are considering each tran-

sit independently, there are even fewer data points near transit
(typically ⇠30). Also of concern is that the full e↵ect of spots can
generally only be seen when they are occulted in transit, where
there are even fewer points. As such we perform this analysis
and estimate the systematic contribution to our error budget by
taking the maximum and minimum parameter values which arise
from the prayer bead test, over the ⇠30 iterations. We adopt these
most pessimistic values as our 1� errors, to ensure that we do not
underestimate the errors on our transit times. The adopted values
(from the mean of the monte carlo distribution) and errors (from
the maximum and minimum of the prayer-bead residual test) are
given in Table 3.

We were fortunate enough to obtain an additional transit of
planet b with the NITES telescope (Section 2.2). The time of this

Article number, page 4 of 9
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Fig. 1. Top: Extracted light curve for EPIC201505350, showing significant stellar variability. Middle: Flattened and detrended lightcurve, showing
transits of the inner planet (b), outer planet (c) and simultaneous transits of both planets. Some outlier points are not shown for clarity. Bottom
Left: The phase folded transits of planet b, excluding simultaneous transits and showing the best fit model. Some points (shown lighter than the
others) displayed clear evidence of spot crossings by the planet and were excluded from the fit. Bottom Right: Same for planet c.

Table 2. System Parameters

Parameter Units b c
Model Parameters:
P days 7.919454 + 0.000081 - 0.000078 11.90701 + 0.00039 - 0.00044
T0 BJDT DB � 2456000 813.38345 +0.00036 - 0.00039 817.2759 ± 0.0012
Rp/R⇤ 0.0753+ 0.0028 - 0.0015 0.0439 + 0.0011 - 0.0012
(Rp + R⇤)/a 0.0572 + 0.0084 - 0.0042 0.0414 + 0.0015 - 0.0009
i deg 88.83 + 1.08 - 0.89 89.91 + 0.05 - 0.32
e 0 (adopted) 0 (adopted)
Limb-Darkening 0.552 ± 0.041 0.57 + 0.14 - 0.13
Derived Parameters:
Rp R� 7.23 + 0.56 - 0.51 4.21 ± 0.31
a AU 0.077 +0.008 - 0.013 0.1032 + 0.0074 - 0.0080
S inc S � 87.7 + 9.3 - 12.9 48.8 +6.4 - 6.2
Pc/Pb 1.503514 + 0.000052 - 0.000057
4 0.00234 +- 0.00002

Notes. 4 is defined in Setion 6, and represents the normalised distance to resonance. Note that Pb,Pc, and parameters derived from them are only
instantaneous measurements, and will change over the course of the TTV phase curve (see Section 6). Transit based stellar parameters are used
for derived quantities.

days. The minimum � square of this test series was recorded, at
which point each datapoint was perturbed by a random gaussian
with standard deviation equal to the point error. The fit was then
repeated, and this process undergone for 1000 iterations, to get a
distribution of transit times. The mean of the distribution is then
taken as the transit time. As when fitting the transit shape, this
process does not account for systematic errors. This is particu-
larly concerning for measuring transit times, because due to the
low cadence of K2 observations only a few points are seen within
each transit. If one of these points is significantly perturbed by
a spot crossing (which occurs visibly for some transits) then the
measured time would be strongly a↵ected. To estimate the e↵ect
of these systematics, we repeat the prayer-bead residual analysis
of Section 4. In this case though, as we are considering each tran-

sit independently, there are even fewer data points near transit
(typically ⇠30). Also of concern is that the full e↵ect of spots can
generally only be seen when they are occulted in transit, where
there are even fewer points. As such we perform this analysis
and estimate the systematic contribution to our error budget by
taking the maximum and minimum parameter values which arise
from the prayer bead test, over the ⇠30 iterations. We adopt these
most pessimistic values as our 1� errors, to ensure that we do not
underestimate the errors on our transit times. The adopted values
(from the mean of the monte carlo distribution) and errors (from
the maximum and minimum of the prayer-bead residual test) are
given in Table 3.

We were fortunate enough to obtain an additional transit of
planet b with the NITES telescope (Section 2.2). The time of this
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Table 3. Detected Transit Times

Planet Time (BJDTDB-2456000) Error Source
b 813.3841 0.0016 K2
b 821.3039 0.0107 K2
b 837.1382 0.0014 K2
b 845.06176 0.00098 K2
b 860.9000 0.0012 K2
b 868.8196 0.0016 K2
b 884.6597 0.0017 K2
b 1082.6895 0.0022 NITES
c 817.2741 0.0032 K2
c 841.0942 0.0068 K2
c 864.9105 0.0069 K2
c 888.7136 0.0038 K2

Notes. Simultaneous transits are not shown here.

Fig. 3. Observed-Calculated transit times for planet b. Calculated times
are taken from the ephemeris of Table 2.

transit was obtained using the transit shape derived from the K2
observations. The same monte carlo test was performed, except
that this time the standard deviation of the resulting distribution
was adopted as the error. We did not repeat the prayer-bead anal-
ysis in this case, as the transit was noisy enough not to show
evidence for systematics.

The observed-calculated times found from our TTV analysis
are shown in Figures 3 and 4, using the K2-derived ephemeris.
Planet b, in particular the NITES observation, show large TTVs
of over an hour from the expected time (⇠a quarter of the transit
duration). Within the K2 data itself we do not find the TTVs to
be significant, beyond one transit for planet b. An initial anal-
ysis of these TTVs is performed in Section 6.2. We note that
this detection of TTVs implies that the ephemeris in Table 2 are
likely not the ‘true’ ephemeris, in the sense of the mean transit
interval over long timeframes. Readers should thus be careful in
predicting transit times. This is discussed further in Section 6.

6. Discussion

6.1. Transit Timing Variations - Overview

We leave a detailed study of the TTVs to future analysis. It is
however possible to place a number of constraints on the system
even with the limited coverage of the TTV phase curve which

Fig. 4. As Figure 3 for planet c.

we obtain here. For this initial analysis, we use the analytical
representation of the TTVs derived by Lithwick et al. (2012),
hereafter L12, which has been shown to be valid for systems
near MMR (a condition strongly met in this case) (Deck & Agol
2014). This allows us to obtain a more intuitive description of the
parameter space than is generally possible using N-body simula-
tions. Given the potential for spots or other systematic errors to
a↵ect the K2 transit times, and the otherwise limited coverage of
the TTV phase curve, we defer such an analysis to future work.

The TTV phase curve described by L12 is a sinusoid with
two key parameters, an amplitude |V | given as a function of plan-
etary mass, stellar mass, 4, and the free eccentricity Zf ree (a com-
plex number), and a period given by

Psuper =
Pouter

j|4| (3)

, where

4 = Pouter

Pinner

j � 1
j
� 1 (4)

For the 3:2 MMR j = 3. This leads to a phase curve of the
form

TTV = |V | sin(
t � t0
Psuper

+ �) (5)

where � is the phase of the curve and changes over the sec-
ular timescale (and is hence constant for our purposes). In our
case, we can set t0 to be the time of first transit to acceptable ac-
curacy, due to the alignment of planetary conjunctions demon-
strated by the simultaneous transits observed. Both the ampli-
tude and period depend strongly on 4, the normalised distance
to resonance. The closer a system is to resonance, the larger the
amplitude becomes, but the longer the period. For a system as
close to resonance as EPIC201505350, the period is particularly
long, of the order several years. This means that within the 80
days of K2 observations, we would not expect to see large varia-
tion. With the later NITES transit however, we are starting to see
the high amplitude TTV curve that these planets exhibit.

Article number, page 5 of 9
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others) displayed clear evidence of spot crossings by the planet and were excluded from the fit. Bottom Right: Same for planet c.
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Notes. 4 is defined in Setion 6, and represents the normalised distance to resonance. Note that Pb,Pc, and parameters derived from them are only
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days. The minimum � square of this test series was recorded, at
which point each datapoint was perturbed by a random gaussian
with standard deviation equal to the point error. The fit was then
repeated, and this process undergone for 1000 iterations, to get a
distribution of transit times. The mean of the distribution is then
taken as the transit time. As when fitting the transit shape, this
process does not account for systematic errors. This is particu-
larly concerning for measuring transit times, because due to the
low cadence of K2 observations only a few points are seen within
each transit. If one of these points is significantly perturbed by
a spot crossing (which occurs visibly for some transits) then the
measured time would be strongly a↵ected. To estimate the e↵ect
of these systematics, we repeat the prayer-bead residual analysis
of Section 4. In this case though, as we are considering each tran-

sit independently, there are even fewer data points near transit
(typically ⇠30). Also of concern is that the full e↵ect of spots can
generally only be seen when they are occulted in transit, where
there are even fewer points. As such we perform this analysis
and estimate the systematic contribution to our error budget by
taking the maximum and minimum parameter values which arise
from the prayer bead test, over the ⇠30 iterations. We adopt these
most pessimistic values as our 1� errors, to ensure that we do not
underestimate the errors on our transit times. The adopted values
(from the mean of the monte carlo distribution) and errors (from
the maximum and minimum of the prayer-bead residual test) are
given in Table 3.

We were fortunate enough to obtain an additional transit of
planet b with the NITES telescope (Section 2.2). The time of this
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transit was obtained using the transit shape derived from the K2
observations. The same monte carlo test was performed, except
that this time the standard deviation of the resulting distribution
was adopted as the error. We did not repeat the prayer-bead anal-
ysis in this case, as the transit was noisy enough not to show
evidence for systematics.

The observed-calculated times found from our TTV analysis
are shown in Figures 3 and 4, using the K2-derived ephemeris.
Planet b, in particular the NITES observation, show large TTVs
of over an hour from the expected time (⇠a quarter of the transit
duration). Within the K2 data itself we do not find the TTVs to
be significant, beyond one transit for planet b. An initial anal-
ysis of these TTVs is performed in Section 6.2. We note that
this detection of TTVs implies that the ephemeris in Table 2 are
likely not the ‘true’ ephemeris, in the sense of the mean transit
interval over long timeframes. Readers should thus be careful in
predicting transit times. This is discussed further in Section 6.

6. Discussion

6.1. Transit Timing Variations - Overview

We leave a detailed study of the TTVs to future analysis. It is
however possible to place a number of constraints on the system
even with the limited coverage of the TTV phase curve which

Fig. 4. As Figure 3 for planet c.

we obtain here. For this initial analysis, we use the analytical
representation of the TTVs derived by Lithwick et al. (2012),
hereafter L12, which has been shown to be valid for systems
near MMR (a condition strongly met in this case) (Deck & Agol
2014). This allows us to obtain a more intuitive description of the
parameter space than is generally possible using N-body simula-
tions. Given the potential for spots or other systematic errors to
a↵ect the K2 transit times, and the otherwise limited coverage of
the TTV phase curve, we defer such an analysis to future work.

The TTV phase curve described by L12 is a sinusoid with
two key parameters, an amplitude |V | given as a function of plan-
etary mass, stellar mass, 4, and the free eccentricity Zf ree (a com-
plex number), and a period given by

Psuper =
Pouter

j|4| (3)

, where

4 = Pouter

Pinner

j � 1
j
� 1 (4)

For the 3:2 MMR j = 3. This leads to a phase curve of the
form

TTV = |V | sin(
t � t0
Psuper

+ �) (5)

where � is the phase of the curve and changes over the sec-
ular timescale (and is hence constant for our purposes). In our
case, we can set t0 to be the time of first transit to acceptable ac-
curacy, due to the alignment of planetary conjunctions demon-
strated by the simultaneous transits observed. Both the ampli-
tude and period depend strongly on 4, the normalised distance
to resonance. The closer a system is to resonance, the larger the
amplitude becomes, but the longer the period. For a system as
close to resonance as EPIC201505350, the period is particularly
long, of the order several years. This means that within the 80
days of K2 observations, we would not expect to see large varia-
tion. With the later NITES transit however, we are starting to see
the high amplitude TTV curve that these planets exhibit.
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Table 1. Stellar Parameters

Parameter Value Units
Te↵ 5230 ± 417 K
log g⇤ 4.39 ± 0.79 dex
vmic 0.92 ± 0.5
[Fe/H] 0.38 ± 0.23
Prot 20.3+3.7-2.3 days
Derived Parameters:
R⇤ (spectroscopic) 1.03 ± 0.2 R�
M⇤ (spectroscopic) 0.92 ± 0.14 M�
log g⇤ (transit) 4.52 ± 0.22 dex
R⇤ (transit) 0.88 ± 0.06 R�
M⇤ (transit) 0.89 ± 0.06 M�

2.3. SOPHIE

......

3. Spectral Classification

We obtain host star parameters using spectral analysis of 5 co-
added SOPHIE spectra. This leads to the conclusion that the host
star is a slightly metallic K dwarf. The derived parameters are
shown in Table 1. Stellar radii and masses are derived from both
the spectroscopic surface gravity and that derived from the tran-
sit fit parameters (see Section 4) using the calibration of Torres
et al. (2010a), updated with the version from Santos et al. (2013).
In this case we proceed using the transit derived parameters, as
they are much more accurate.

We also study the stellar variability inherent in the lightcurve
of EPIC201505350. This may be contaminated by remnant in-
strumental noise, but we find that repeating patterns apparent
across the entirety of the K2 observations do not generally match
the principal noise components seen (see Foreman-Mackey et al.
2015, for these components). A weighted, floating mean Lomb-
Scargle periodogram (Lomb 1976; Scargle 1982), following the
method of Press & Rybicki (1989), gives a principal period of
20.3 days. If this is due to stellar rotation then it represents the
rotation period of the star.

4. Light Curve fitting

To obtain the transit shape and parameters we limit ourselves
to the K2 data, as it is of significantly higher precision and the
NITES data do not show the full transit. The data were detrended
as described in Section 2.1, then cut so that only data within a 7
transit width region centred on each transit were used. We also
removed all simultaneous transits, along with two specific points
which showed clear evidence for being within a spot crossing
(significant brightenings within transit relative to their local tran-
sit shape). These points are highlighted in Figure 1. The data
were then fit using the JKTEBOP code (e.g. Southworth 2013;
Popper & Etzel 1981).

We initialised the fits with a limb darkening coe�cient of
0.56, suitable for a K dwarf. We then tested for eccentricity, but
found no constraint for either object. As such for the remain-
ing tests eccentricity was set to zero. To derive robust errors we
used a monte carlo process whereby gaussian observational er-
rors are added to each data point and the fit repeated 1000 times,
producing a distribution of best fits. The medians and 68.27%
confidence limits are then taken to produce values and errors.

Fig. 2. Data taken from the NITES telescope. The best fit transit derived
from K2 observations is also plotted.

While producing good parameter and error estimates for the ob-
servational errors given to it, this process does not properly ac-
count for systematic errors. These are of particular concern for
EPIC201505350, as as has been noted there is evidence within
some transits for spot crossings. In the past such crossings have
proven useful in modelling starspots (e.g. Beky et al. 2014) but
here they form a source of contamination to our fits. We test for
the e↵ect of these spots by adopting a prayer bead style residual
permutation test. In this process, a best fit is acquired, and then
the residuals of the data to this fit are ‘rolled’ through the dataset,
and a further best fit acquired each time. Due to the low cadence
of K2 observations, there are not enough points near transit to get
a distribution of parameter values through this method (270 and
183 tests respectively for planets b and c). However, the prayer-
bead generated distribution at least allows us to obtain an es-
timate of the systematic e↵ect on our transit parameters. In all
cases these were comparable to or smaller than the monte carlo
generated errors. As such we present final values and errors from
the monte carlo tests. While we acknowledge that this method of
testing for systematic errors is merely an estimate (especially as
the full e↵ect of spots only appears in transit), we note that as the
errors generated by the prayer-bead process are not significantly
larger that those from the monte-carlo tests, the e↵ect of sys-
tematics on the transit parameters is not particularly strong. The
resulting best fits are shown for each planet in Figure 1. Note
that the derived ephemeris are taken from only a small part of
the TTV phase curve and so will require correction, see Section
6 for detail. In particular, there are significantly larger errors on
the period when TTVs are taken into account - final values can
be found in Section 6.2.

5. Transit Timing Variations

Given the periods found in Section 4, it is immediately appar-
ent that EPIC201505350 lies close to the 3:2 MMR. It is com-
mon for systems close to MMR to show particularly large TTVs
(Lithwick et al. 2012; Xie 2014) and so we searched the data in
the hope of seeing variations. This was carried out using the tran-
sit shape defined by our best fit parameters. As before, simulta-
neous transits were ignored. We cut the data to a region within 2
full transit widths of the approximate transit centres, then passed
the model transit over this region with a resolution of 0.00015
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Fig. 1. Top: Extracted light curve for EPIC201505350, showing significant stellar variability. Middle: Flattened and detrended lightcurve, showing
transits of the inner planet (b), outer planet (c) and simultaneous transits of both planets. Some outlier points are not shown for clarity. Bottom
Left: The phase folded transits of planet b, excluding simultaneous transits and showing the best fit model. Some points (shown lighter than the
others) displayed clear evidence of spot crossings by the planet and were excluded from the fit. Bottom Right: Same for planet c.

Table 2. System Parameters

Parameter Units b c
Model Parameters:
P days 7.919454 + 0.000081 - 0.000078 11.90701 + 0.00039 - 0.00044
T0 BJDT DB � 2456000 813.38345 +0.00036 - 0.00039 817.2759 ± 0.0012
Rp/R⇤ 0.0753+ 0.0028 - 0.0015 0.0439 + 0.0011 - 0.0012
(Rp + R⇤)/a 0.0572 + 0.0084 - 0.0042 0.0414 + 0.0015 - 0.0009
i deg 88.83 + 1.08 - 0.89 89.91 + 0.05 - 0.32
e 0 (adopted) 0 (adopted)
Limb-Darkening 0.552 ± 0.041 0.57 + 0.14 - 0.13
Derived Parameters:
Rp R� 7.23 + 0.56 - 0.51 4.21 ± 0.31
a AU 0.077 +0.008 - 0.013 0.1032 + 0.0074 - 0.0080
S inc S � 87.7 + 9.3 - 12.9 48.8 +6.4 - 6.2
Pc/Pb 1.503514 + 0.000052 - 0.000057
4 0.00234 +- 0.00002

Notes. 4 is defined in Setion 6, and represents the normalised distance to resonance. Note that Pb,Pc, and parameters derived from them are only
instantaneous measurements, and will change over the course of the TTV phase curve (see Section 6). Transit based stellar parameters are used
for derived quantities.

days. The minimum � square of this test series was recorded, at
which point each datapoint was perturbed by a random gaussian
with standard deviation equal to the point error. The fit was then
repeated, and this process undergone for 1000 iterations, to get a
distribution of transit times. The mean of the distribution is then
taken as the transit time. As when fitting the transit shape, this
process does not account for systematic errors. This is particu-
larly concerning for measuring transit times, because due to the
low cadence of K2 observations only a few points are seen within
each transit. If one of these points is significantly perturbed by
a spot crossing (which occurs visibly for some transits) then the
measured time would be strongly a↵ected. To estimate the e↵ect
of these systematics, we repeat the prayer-bead residual analysis
of Section 4. In this case though, as we are considering each tran-

sit independently, there are even fewer data points near transit
(typically ⇠30). Also of concern is that the full e↵ect of spots can
generally only be seen when they are occulted in transit, where
there are even fewer points. As such we perform this analysis
and estimate the systematic contribution to our error budget by
taking the maximum and minimum parameter values which arise
from the prayer bead test, over the ⇠30 iterations. We adopt these
most pessimistic values as our 1� errors, to ensure that we do not
underestimate the errors on our transit times. The adopted values
(from the mean of the monte carlo distribution) and errors (from
the maximum and minimum of the prayer-bead residual test) are
given in Table 3.

We were fortunate enough to obtain an additional transit of
planet b with the NITES telescope (Section 2.2). The time of this
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Table 3. Detected Transit Times

Planet Time (BJDTDB-2456000) Error Source
b 813.3841 0.0016 K2
b 821.3039 0.0107 K2
b 837.1382 0.0014 K2
b 845.06176 0.00098 K2
b 860.9000 0.0012 K2
b 868.8196 0.0016 K2
b 884.6597 0.0017 K2
b 1082.6895 0.0022 NITES
c 817.2741 0.0032 K2
c 841.0942 0.0068 K2
c 864.9105 0.0069 K2
c 888.7136 0.0038 K2

Notes. Simultaneous transits are not shown here.

Fig. 3. Observed-Calculated transit times for planet b. Calculated times
are taken from the ephemeris of Table 2.

transit was obtained using the transit shape derived from the K2
observations. The same monte carlo test was performed, except
that this time the standard deviation of the resulting distribution
was adopted as the error. We did not repeat the prayer-bead anal-
ysis in this case, as the transit was noisy enough not to show
evidence for systematics.

The observed-calculated times found from our TTV analysis
are shown in Figures 3 and 4, using the K2-derived ephemeris.
Planet b, in particular the NITES observation, show large TTVs
of over an hour from the expected time (⇠a quarter of the transit
duration). Within the K2 data itself we do not find the TTVs to
be significant, beyond one transit for planet b. An initial anal-
ysis of these TTVs is performed in Section 6.2. We note that
this detection of TTVs implies that the ephemeris in Table 2 are
likely not the ‘true’ ephemeris, in the sense of the mean transit
interval over long timeframes. Readers should thus be careful in
predicting transit times. This is discussed further in Section 6.

6. Discussion

6.1. Transit Timing Variations - Overview

We leave a detailed study of the TTVs to future analysis. It is
however possible to place a number of constraints on the system
even with the limited coverage of the TTV phase curve which

Fig. 4. As Figure 3 for planet c.

we obtain here. For this initial analysis, we use the analytical
representation of the TTVs derived by Lithwick et al. (2012),
hereafter L12, which has been shown to be valid for systems
near MMR (a condition strongly met in this case) (Deck & Agol
2014). This allows us to obtain a more intuitive description of the
parameter space than is generally possible using N-body simula-
tions. Given the potential for spots or other systematic errors to
a↵ect the K2 transit times, and the otherwise limited coverage of
the TTV phase curve, we defer such an analysis to future work.

The TTV phase curve described by L12 is a sinusoid with
two key parameters, an amplitude |V | given as a function of plan-
etary mass, stellar mass, 4, and the free eccentricity Zf ree (a com-
plex number), and a period given by

Psuper =
Pouter

j|4| (3)

, where

4 = Pouter

Pinner

j � 1
j
� 1 (4)

For the 3:2 MMR j = 3. This leads to a phase curve of the
form

TTV = |V | sin(
t � t0
Psuper

+ �) (5)

where � is the phase of the curve and changes over the sec-
ular timescale (and is hence constant for our purposes). In our
case, we can set t0 to be the time of first transit to acceptable ac-
curacy, due to the alignment of planetary conjunctions demon-
strated by the simultaneous transits observed. Both the ampli-
tude and period depend strongly on 4, the normalised distance
to resonance. The closer a system is to resonance, the larger the
amplitude becomes, but the longer the period. For a system as
close to resonance as EPIC201505350, the period is particularly
long, of the order several years. This means that within the 80
days of K2 observations, we would not expect to see large varia-
tion. With the later NITES transit however, we are starting to see
the high amplitude TTV curve that these planets exhibit.
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Table 1. Stellar Parameters

Parameter Value Units
Te↵ 5230 ± 417 K
log g⇤ 4.39 ± 0.79 dex
vmic 0.92 ± 0.5
[Fe/H] 0.38 ± 0.23
Prot 20.3+3.7-2.3 days
Derived Parameters:
R⇤ (spectroscopic) 1.03 ± 0.2 R�
M⇤ (spectroscopic) 0.92 ± 0.14 M�
log g⇤ (transit) 4.52 ± 0.22 dex
R⇤ (transit) 0.88 ± 0.06 R�
M⇤ (transit) 0.89 ± 0.06 M�

2.3. SOPHIE

......

3. Spectral Classification

We obtain host star parameters using spectral analysis of 5 co-
added SOPHIE spectra. This leads to the conclusion that the host
star is a slightly metallic K dwarf. The derived parameters are
shown in Table 1. Stellar radii and masses are derived from both
the spectroscopic surface gravity and that derived from the tran-
sit fit parameters (see Section 4) using the calibration of Torres
et al. (2010a), updated with the version from Santos et al. (2013).
In this case we proceed using the transit derived parameters, as
they are much more accurate.

We also study the stellar variability inherent in the lightcurve
of EPIC201505350. This may be contaminated by remnant in-
strumental noise, but we find that repeating patterns apparent
across the entirety of the K2 observations do not generally match
the principal noise components seen (see Foreman-Mackey et al.
2015, for these components). A weighted, floating mean Lomb-
Scargle periodogram (Lomb 1976; Scargle 1982), following the
method of Press & Rybicki (1989), gives a principal period of
20.3 days. If this is due to stellar rotation then it represents the
rotation period of the star.

4. Light Curve fitting

To obtain the transit shape and parameters we limit ourselves
to the K2 data, as it is of significantly higher precision and the
NITES data do not show the full transit. The data were detrended
as described in Section 2.1, then cut so that only data within a 7
transit width region centred on each transit were used. We also
removed all simultaneous transits, along with two specific points
which showed clear evidence for being within a spot crossing
(significant brightenings within transit relative to their local tran-
sit shape). These points are highlighted in Figure 1. The data
were then fit using the JKTEBOP code (e.g. Southworth 2013;
Popper & Etzel 1981).

We initialised the fits with a limb darkening coe�cient of
0.56, suitable for a K dwarf. We then tested for eccentricity, but
found no constraint for either object. As such for the remain-
ing tests eccentricity was set to zero. To derive robust errors we
used a monte carlo process whereby gaussian observational er-
rors are added to each data point and the fit repeated 1000 times,
producing a distribution of best fits. The medians and 68.27%
confidence limits are then taken to produce values and errors.

Fig. 2. Data taken from the NITES telescope. The best fit transit derived
from K2 observations is also plotted.

While producing good parameter and error estimates for the ob-
servational errors given to it, this process does not properly ac-
count for systematic errors. These are of particular concern for
EPIC201505350, as as has been noted there is evidence within
some transits for spot crossings. In the past such crossings have
proven useful in modelling starspots (e.g. Beky et al. 2014) but
here they form a source of contamination to our fits. We test for
the e↵ect of these spots by adopting a prayer bead style residual
permutation test. In this process, a best fit is acquired, and then
the residuals of the data to this fit are ‘rolled’ through the dataset,
and a further best fit acquired each time. Due to the low cadence
of K2 observations, there are not enough points near transit to get
a distribution of parameter values through this method (270 and
183 tests respectively for planets b and c). However, the prayer-
bead generated distribution at least allows us to obtain an es-
timate of the systematic e↵ect on our transit parameters. In all
cases these were comparable to or smaller than the monte carlo
generated errors. As such we present final values and errors from
the monte carlo tests. While we acknowledge that this method of
testing for systematic errors is merely an estimate (especially as
the full e↵ect of spots only appears in transit), we note that as the
errors generated by the prayer-bead process are not significantly
larger that those from the monte-carlo tests, the e↵ect of sys-
tematics on the transit parameters is not particularly strong. The
resulting best fits are shown for each planet in Figure 1. Note
that the derived ephemeris are taken from only a small part of
the TTV phase curve and so will require correction, see Section
6 for detail. In particular, there are significantly larger errors on
the period when TTVs are taken into account - final values can
be found in Section 6.2.

5. Transit Timing Variations

Given the periods found in Section 4, it is immediately appar-
ent that EPIC201505350 lies close to the 3:2 MMR. It is com-
mon for systems close to MMR to show particularly large TTVs
(Lithwick et al. 2012; Xie 2014) and so we searched the data in
the hope of seeing variations. This was carried out using the tran-
sit shape defined by our best fit parameters. As before, simulta-
neous transits were ignored. We cut the data to a region within 2
full transit widths of the approximate transit centres, then passed
the model transit over this region with a resolution of 0.00015
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Figure 1. Transit observations of K2-19 in order of the transit time. For each transit we overploted the transit epoch and the transit time expected by a linear
ephemeris (vertical lines). The black curve is the median value of the distribution of models (presented in Section 4) corresponding to 1,000 random MCMC
steps.

Table 1. Radial velocity measurements for K2-19 taken with SOPHIE.

BJDUTC RV �RV Vspan �V span FWHM �FWHM Texp S/N/pix
-2457000 (km s�1) (km s�1) (km s�1) (km s�1) (s) (550 nm)

046.64374 7.250 0.014 -0.057 0.036 10.406 0.034 2700 21.6
053.55195 7.203 0.023 -0.022 0.060 10.537 0.057 1800 19.2
054.72060 7.252 0.016 0.0002 0.041 10.601 0.039 2200 22.1
055.70836 7.229 0.033 -0.026 0.087 10.587 0.083 400 13.5
056.62866 7.219 0.025 -0.091 0.065 10.303 0.062 1573 16.7
075.65385 7.235 0.020 -0.013 0.055 10.265 0.049 3600 17.2
076.46383 7.200 0.019 -0.016 0.049 10.525 0.047 3600 18.7
079.53034 7.236 0.014 0.001 0.036 10.335 0.034 3600 26.8
109.59053 7.181 0.030 -0.102 0.076 10.366 0.073 3600 14.1
137.38239 7.209 0.028 -0.103 0.074 10.573 0.071 3066 14.5

4 PHOTO-DYNAMICAL MODEL

All the transits and radial velocities were modelled simultaneously
with an n-body dynamical integrator that accounts for the gravita-
tional interactions between all components of the system. We use
the mercury n-body integrator (Chambers 1999) to compute the 3
dimensional position and velocity of all system components as a
function of time. We assume that only the host star and two planets
are present. The stellar velocity projected onto the line-of-sight is
used to model the observed radial velocities. To model the transits,
we use the Mandel & Agol (2002) transit model parametrised by

the planet-to-star radius ratio, quadratic limb darkening coe�cients
for each filter and using the sky projection of the planet-star sep-
aration computed from the output of mercury. To account for the
29.4 minutes integration time, the transit model was over-sampled
by a factor of 20 and binned to the cadence of the data points. This
photo-dynamical model is coupled to a Monte Carlo Markov Chain
(MCMC) routine, described in detail in Díaz et al. (2014), in order
to derive the posterior distribution of the parameters.

For each step of the MCMC a mercury run is performed us-
ing Bulirsch-Stoer algorithm with a 0.01 day time step for the pho-
tometry (that implies a maximum model related photometric error

MNRAS 000, 1–10 (2015)
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Figure 1. Transit observations of K2-19 in order of the transit time. For each transit we overploted the transit epoch and the transit time expected by a linear
ephemeris (vertical lines). The black curve is the median value of the distribution of models (presented in Section 4) corresponding to 1,000 random MCMC
steps.

Table 1. Radial velocity measurements for K2-19 taken with SOPHIE.

BJDUTC RV �RV Vspan �V span FWHM �FWHM Texp S/N/pix
-2457000 (km s�1) (km s�1) (km s�1) (km s�1) (s) (550 nm)

046.64374 7.250 0.014 -0.057 0.036 10.406 0.034 2700 21.6
053.55195 7.203 0.023 -0.022 0.060 10.537 0.057 1800 19.2
054.72060 7.252 0.016 0.0002 0.041 10.601 0.039 2200 22.1
055.70836 7.229 0.033 -0.026 0.087 10.587 0.083 400 13.5
056.62866 7.219 0.025 -0.091 0.065 10.303 0.062 1573 16.7
075.65385 7.235 0.020 -0.013 0.055 10.265 0.049 3600 17.2
076.46383 7.200 0.019 -0.016 0.049 10.525 0.047 3600 18.7
079.53034 7.236 0.014 0.001 0.036 10.335 0.034 3600 26.8
109.59053 7.181 0.030 -0.102 0.076 10.366 0.073 3600 14.1
137.38239 7.209 0.028 -0.103 0.074 10.573 0.071 3066 14.5

4 PHOTO-DYNAMICAL MODEL

All the transits and radial velocities were modelled simultaneously
with an n-body dynamical integrator that accounts for the gravita-
tional interactions between all components of the system. We use
the mercury n-body integrator (Chambers 1999) to compute the 3
dimensional position and velocity of all system components as a
function of time. We assume that only the host star and two planets
are present. The stellar velocity projected onto the line-of-sight is
used to model the observed radial velocities. To model the transits,
we use the Mandel & Agol (2002) transit model parametrised by

the planet-to-star radius ratio, quadratic limb darkening coe�cients
for each filter and using the sky projection of the planet-star sep-
aration computed from the output of mercury. To account for the
29.4 minutes integration time, the transit model was over-sampled
by a factor of 20 and binned to the cadence of the data points. This
photo-dynamical model is coupled to a Monte Carlo Markov Chain
(MCMC) routine, described in detail in Díaz et al. (2014), in order
to derive the posterior distribution of the parameters.

For each step of the MCMC a mercury run is performed us-
ing Bulirsch-Stoer algorithm with a 0.01 day time step for the pho-
tometry (that implies a maximum model related photometric error
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Figure 4. Comparison of the TTVs derived by the photo-dynamic model
(as circles) with TTVs derived using a standard transit fitting (as boxes with
the size of the 1 sigma error) for planet b (top panel) and planet c (bottom
panel). For each planet we use the respective ephemeris derived using the
photo-dynamic estimated values of only the observed transits which are
marked in red for planet b and in blue for planet c.

from di↵erent sets of transits times, for Figure 4 we use only the
observed transits while for Figure 5 we used all the times presented
in that figure. Since the duration of the observations for K2 is too
short to sample the resonant timescale, the period measured from
K2 observations can be significantly di↵erent from the mean pe-
riod of the system which can only be observationally probed with
a much longer time span of the observation.

We found no transit duration variations for the observed tran-
sits. Interestingly, the di↵erence on the ascending node of both
planets is 6.9+2.9

�5.6, if this is found to be significant it implies orbit
precession that leads to a variation of the transit duration. We es-
timate that by the end of 2017 the transit duration of planet b will
increase by 0.23 ± 0.12 hours. For planet c we expect a higher
change but with higher uncertainty. Further high precision transits
are needed to probe the long term evolution of the system and help
constrain the system parameters.

5.2 Model tests

Transit time measurements can be a↵ected by red noise in the light
curve (Barros et al. 2013). These spurious TTVs could lead to an
over-fitting of the model and a trapping of the solution. To test this
hypothesis we multiplied the errors of the K2 transit light curves
by three and repeated the analysis. We find that the errors of the
measured transit times increase by a factor of 2-3 but the model
is still constrained and we obtain system parameters within 1� of
the previous results although with uncertainties that are up to 50%
higher.

To further test our model we use the photo-dynamic model de-
scribed above fitting only the K2 light curve and using neither radial
velocity nor ground-based transits nor stellar priors. As expected,
the derived parameter distributions are wider, however we still find
the best solution in agreement with the previous results. In particu-
lar the mass ratios are very well constrained q+= 0.000159+0.000075
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Figure 5. Prediction of the TTVs according to the photo-dynamic model
until the end of 2015 for planet b (top panel) and planet c (bottom panel).
For each planet we use the respective ephemeris derived from the points
plotted. For K2-19b the chopping signal is also visible in this figure. Three
transits are nearly on a linear ephemeris and there is an o↵set from the next
three transits due to the conjunctions with the outer planet.

and qp = 0.481+0.24
�0.076. Because we do not include stellar priors, the

scale is not constrained. While stellar density is somewhat con-
strained by the transits ⇢? = 2.04+1.7

�0.49⇢�, the stellar radius is un-
constrained by the observations and its posterior distribution has
the shape of the uniform prior.

This test using only the K2 light curve predicts the times
of the follow-up ground based transits to be 2457082.65858+0.076

�0.094,
2457090.57608+0.082

�0.10 , 2457098.49117+0.09
�0.11 respectively for epochs

34, 35 and 36 which are within 1 sigma of the measured values.
Therefore, we conclude that our system solution is robust and it is
not significantly a↵ected by spurious TTV due to systematics or
spots. The TTVs derived using only the K2 observations are shown
in Figure 6 where the chopping is clearly visible. So this method
will be useful for short duration observations like K2, TESS and
CHEOPS.

6 DISCUSSION

We present a photo-dynamic analysis of the K2-19 system discov-
ered in the C1 campaign of K2. This system is composed of a
slightly metal-rich K dwarf with M⇤= 0.949 ± 0.077 M� and R⇤=
0.913±0.094 R�and two transiting planets very close to 3:2 MMR.
K2-19b has a mass, Mb= 44± 12 M�, a radius Rb = 7.46± 0.76 R�
and an orbital period Pb ⇠ 7.92 days and K2-19c has a mass, Mc

= 15.9+7.7
�2.8 M�, a radius Rc = 4.51 ± 0.47 R� and an orbital period,

Pc ⇠ 11.91 days. K2-19c is similar to Uranus. The radius derived
for both planets is in agreement with those derived previously by
Armstrong et al. (2015a). However, our analysis allow a much bet-
ter constraint on the mass the planets. In Figure 7 we show the po-
sition of K2-19b and K2-19c in the mass-radius diagram compared
with known planets with M < 50 M�and R < 10 R�. In the same
figure we plot the theoretical models for solid planets with a com-
position of pure iron and pure water (Zeng & Sasselov 2013). We
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Un système à suivre …



Bilan de la collaboration

• Forte activité amateur pour le suivi long-terme des 
planètes connues 

• Niche importante pour les amateurs : TTVs (cf KOINet) 

• Accompagnement spectroscopique & recherche de 
transit sur planète VR : occasionnel mais nécessite une 
bonne maitrise technique.
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et demain ?



Programmes spatiaux

TESS

2017 - 2019

PLATO 2.0

2024 - 2031+

K2

2014 - 2017+~90j

27j - 350j

3m - 3a



Programmes spatiaux

TESS

2017 - 2019

PLATO 2.0

2024 - 2031+

K2

2014 - 2017+~90j

27j - 350j

3m - 3a

étoiles brillantes 
3 < V < 12



Accompagnement photométrique de K2, TESS & PLATO

• De plus en plus de systèmes avec très peu (1 ou 2) de 
transits 

• Suivi des éphémérides des candidats 

• Quelques mono-transits 

• Recherche / étude de TTVs



⚠ Taille des pixels ⚠

15

FOV
IRDIS / 
Sphere

fibre HARPS

~15”

PLATO TESS

~21”
Beaucoup d’étoiles de binaire fond attendues 

à exclure avec des télescopes au sol

Kepler

~4”



Perspectives de la collaboration

• Suivi d’éphémérides va devenir de plus en plus important et 
inégal. 

• Recherche de transit sur planètes VR: inutile (CHEOPS, TESS). 

• Accompagnement Rossiter de plus en plus important 
(nouvelles planètes détectée par TESS). 

• Gros besoins de suivi-sol pour K2, TESS et PLATO 

• pour suivre les éphémérides et suivre les TTVs 

• pour exclure les binaires de fond (surtout TESS)



Besoins pour la collaboration
• Besoins très disparates :  

• quelques alertes par an 

• besoin de réactivité (le soir même ou le lendemain) 

• assez difficile à prévoir à l’avance 

• Besoin d’une solide expérience :  
entrainement primordial 

• Besoin d’une meilleur coordination ?

https://groups.yahoo.com/neo/groups/exoplanet-l

https://groups.yahoo.com/neo/groups/exoplanet-l

