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ABSTRACT

We present a self-consistent modelling of the available light curve and radial velocity data of WASP-47 that takes into account the
gravitational interactions between all known bodies in the system. The joint analysis of light curve and radial velocity data in a multi-
planetary system allows deriving absolute densities, radii, and masses without the use of theoretical stellar models. For WASP-47
the precision is limited by the reduced dynamical information that is due to the short time span of the K2 light curve. We achieve a
precision of around 22% for the radii of the star and the transiting planets, between 40% and 60% for their masses, and between 1.5%
and 38% for their densities. All values agree with previously reported measurements. When theoretical stellar models are included,
the system parameters are determined with a precision that exceeds that achieved by previous studies, thanks to the self-consistent

modelling of light curve and radial velocity data.
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1. Introduction

The WASP-47 planetary system is composed of at least four
planets. The first planet to be discovered was the transiting
hot Jupiter WASP-47 b in a 4.16 days orbit (Hellier et al.
2012), whose mass was determined by radial velocity mea-
surements. Long-term radial velocity follow-up detected a
second massive long-period (~570 days) planet, WASP-47 ¢
(Neveu-VanMalle et al. 2016), which is not known to transit the
star. Observations from the K2 mission (Howell et al. 2014) that
lasted 69 days allowed detecting two additional transiting plan-
ets: a Neptune-sized planet on a 9-day orbit (planet d), and a
1.8 Rg planet on a 0.8-day orbit (planet e) (Becker et al. 2015).
WASP-47 is the only system known to date with a close-in planet
inside the orbit of a hot Jupiter and an external massive compan-
ion; a benchmark for planetary formation and migration studies.

The transit-timing variations (TTV) detected in the K2 light
curve enabled Becker et al. (2015) to determine the mass of
planet d, and to set an upper limit to the mass of planet e. In addi-
tion, they produced an independent measurement of the mass of
planet b that agrees with the mass from radial velocity. Dai et al.
(2015) monitored the system with high-precision radial velocity
and detected the Doppler signature of planet e. They also ob-
tained a marginal detection of the mass of planet d, and newly de-
termined the mass of planet b. In all cases, the results of Dai et al.
(2015) agree with the TTV analysis of Becker etal. (2015).
Sanchis-Ojeda et al. (2015) detected the Rossiter-Mclaughlin ef-
fect of planet b, obtaining a low projected stellar obliquity that
is compatible with an aligned orbit.

In this Letter we perform the first joint analysis of the
available photometric light curves and radial velocity mea-
surements, modelling self-consistently the gravitational interac-
tions between the planets. In line with the ideas introduced in
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Almenara et al. (2015), we continue to explore the ability of this
type of modelling to provide absolute measurements of masses,
radii, and densities in multi-planetary systems. Additionally, the
self-consistent modelling of WASP-47 improves the determina-
tion of the system parameters when we add stellar models.

2. Observations

2.1. Light curves

We employed the K2 light curve reduced by Becker et al. (2015),
obtained during Campaign 3, with a time-span of 69 days, a time
cadence of 1 min, and 350 ppm precision per data-point. This is
the data set that contains most of the information on the dynam-
ical interaction between the planets. In addition, we included a
high-precision transit of WASP-47 b obtained with EulerCam
(Lendl et al. 2012) that was reported in the original discovery
paper by Hellier et al. (2012). The EulerCam light curve was ob-
served using the Gunn r filter and has a temporal sampling of
~77 s. We transformed the EulerCam BJDyrc times to BJDtpg
(Eastman et al. 2010) to match the time reference of the K2 data.
Only the data spanning three transit durations around each tran-
sit mid-time were considered for the analysis, after normalisation
with a parabola.

No companion was detected with lucky imaging
(Wollert et al. 2015), reducing the probability of unaccounted
for additional contamination in the photometric aperture.

2.2. Radial velocities

We used the published data (Hellier et al. 2012; Neveu-VanMalle
et al. 2016; Dai et al. 2015) from the CORALIE (Udry et al.
2000) and PFS (Crane et al. 2010) spectrographs. The preci-
sion is between 7 and 27 ms~! for the CORALIE data, and
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between 2.5 and 4.0 ms~! for the PFS data. They form a set of
77 radial velocity measurements that we treated as originating in
four different instruments, with independent zero-point offsets:
the CORALIE measurements presented by Hellier et al. (2012)
(CORALIE 2012), those presented by Neveu-VanMalle et al.
(2016) and performed before its upgrade in 2014 (CORALIE
2016a), those performed afterwards (CORALIE 2016b), and the
PFS measurements from Dai et al. (2015).

3. Analysis

The light curve and radial velocity model accounts for the gravi-
tational interactions between all components of the system. The
model is described in detail in Almenara et al. (2015). Briefly,
the projected velocity of the star is obtained as a direct output
of the the N-body integrator. The light-curve model is obtained
using the analytical formulae of Mandel & Agol (2002) with a
quadratic limb-darkening law (Manduca et al. 1977). The pro-
jected centre-to-centre distance between the star and the plan-
ets is obtained from the N-body integration. In this analysis,
we used REBOUND (Rein & Liu 2012) with the WHFast integra-
tor (Rein & Tamayo 2015). The integration time step was set to
0.001 days, which results in a maximum error of 8§ cm s~! for
the radial velocity model. The combined error in the photomet-
ric model is smaller than 6 ppm per observed data point because
of the discrete N-body time step and the oversampling factor of
10 (Kipping 2010).

The N-body integrator was initialized with the positions and
velocities of the system bodies (parametrised by osculating as-
trocentric asteroidal orbital elements, see Table A.1), at a given
reference time, ter = 2 456 979.5 BJD1pg. The reference time
tef Was chosen immediately before the first K2 transit, which is
close to the moment containing most of the dynamical informa-
tion. This means that we used two N-body integrations initial-
ized at t,.f, one that was integrated forward in time until the last
PFES data point in 2015, and a second one that was integrated
backwards in time to the first observation of CORALIE in 2010.

The physical parameters of the model are the bodies’ masses
and radii, the orbital parameters at #.¢, and the limb-darkening
coefficients for each photometric instrument. To minimise corre-
lations, we parametrised the model using the combinations listed
in Table A.1. Additionally, we fitted a normalisation factor for
each light curve, an offset value for each radial velocity data set
(we assumed zero systemic velocity), and a multiplicative factor
to account for additional noise not included in the reported un-
certainties (the jitter parameter) for each data set. Although we
did not use stellar models, our model implicitly assumes spher-
ical shapes for the star and planets. Under this assumption the
model does not depend on the absolute value of the longitude of
the ascending node (Q). Therefore, we fixed Q, at s to 180°.
Finally, there is also a reflection symmetry that allows choosing
the hemisphere on which one of the planets transits. We therefore
constrained the orbital inclination of planet b, i, < 90° (Fig. 1).

We coupled the dynamical model with the emcee algo-
rithm (Goodman & Weare 2010; Foreman-Mackey et al. 2013)
to sample from the posterior distribution of the parameters.
The orbital inclination of planet d exhibits a bimodal distri-
bution with well-separated modes, each corresponding to the
planet transiting a different stellar hemisphere. As emcee does
not sample well-separated multi-modal distributions efficiently
(Foreman-Mackey et al. 2013), we ran two different emcee runs,
one for each mode, and combined the results as explained below.
The dynamical interactions are different between these orbital
configurations, and it is therefore important to consider them
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Fig. 1. Schematic view of the WASP-47 system. The sizes of the star
and the planets are to scale, and the distances from the surface of the
star are in logarithmic scale. The vertical positions of the filled circles
representing the planets correspond to maximum a posteriori estimates
of the impact parameters, and the shaded areas (offset in the x direction
for clarity) represent the corresponding posterior distributions. The dis-
tribution of the planet c is much larger and is truncated in this figure; its
size is unknown.

separately, as they could in principle be distinguished. We note
that most TTV analyses assume coplanar orbits, as was the case
in Becker et al. (2015). Concerning the remaining planets, their
inclination distributions are either very wide and do not exhibit
a bimodal distribution (planet c), or the modes are not separate
(planet e). The MCMC algorithm should therefore be able to
sample from them correctly. As explained above, the inclination
of planet b was limited to i, < 90°, preventing its bi-modality.

We used non-informative uniform priors for all 48 emcee
jump parameters. We ran emcee with 250 walkers, from a start-
ing point constructed as follows: first, we modelled the radial
velocity alone using Keplerian orbits with zero eccentricity for
all planets except for planet c; second, we included the dynami-
cal interactions between the planets, allowed for eccentric orbits,
and also modelled the light-curve data. The transit times from
Becker et al. (2015) were included as an ancillary data set to re-
duce the algorithm burn-in phase. Then, the final emcee state
was used as starting point for the final modelling, for which the
transit times were removed. This procedure reduces the burn-in
phase in the final photodynamical modelling. For the last step
we ran 215 000 steps of the emcee algorithm and considered the
first 190 000 steps as an additional burn-in period, which was
removed for the final inference. The results of the two different
orbital configurations described above were combined assuming
equal probability for each mode.

4. Results

Table A.1 lists the maximum a posteriori (MAP) estimate, the
median, the 68% confidence interval (CI), and the 95% highest
density interval (HDI) of the inferred system parameters. Fig-
ures A.l1 and A.2 show the radial velocity measurements and
the transit light curves, together with their respective models,
Fig. A.3 show the posterior of the TTV. The posterior distribu-
tions coming from the two orbital configurations for planet d
are very similar (Fig. A.4). The analysis seems largely insensi-
tive to the hemisphere on which planet d transits, which justifies
combining samples from both modes assuming equal probability
for each.
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The bulk densities are determined with a precision between
1.5% for the stellar host and 38% for 1.8-Rg planet e. The pre-
cision in the stellar density is similar to what can be obtained
through asteroseismology (Huber et al. 2013). The density of
planet d is 1.8 + 0.16 g cm™>, which represents a precision of
9% and constitutes an improvement of almost a factor of 10 with
respect to the analysis of Dai et al. (2015). The radii of the star
and of all transiting planets are determined with a precision of
22%. As all planet-to-star radius ratios are very precisely con-
strained by the transit observations, the knowledge on the abso-
lute radii is dominated by the determination of the stellar radius.
Concerning the masses, their posterior distributions are skewed,
and it is therefore not trivial to quote a precision value. Using the
half-width of the 68.3%-HDI and its central value, we obtain a
precision of between 50% and 60% for the star and all planets,
except for planet b, whose absolute mass is known to a precision
of around 40%. We note that this precision is a factor of three
lower than the one obtained for the radii. This is surely linked to
the fact that as a result of the nature of the gravitational force, the
best constrained parameters are the bulk densities of the objects,
which involves the third power of the radii but depends only lin-
early on the masses. We note that our model enables inferring all
these physical parameters without resorting to theoretical stel-
lar models, and their accuracy depends, therefore, only on the
validity of the model assumptions.

Concerning the orbital eccentricities, Becker et al. (2015)
obtained upper limits using long-term dynamical simulations
and concluded that the orbits would be unstable for eccentric-
ities above 0.06. This result was later used as a prior for their
TTV analysis. Dai et al. (2015) assumed circular orbits for the
three interior planets. Here, we obtain stringent eccentricity up-
per limits directly from the analysis of the data, without requiring
additional assumptions about the long-term stability of the sys-
tem. The eccentricity 99% upper confidence limit for planets e,
b, and d are 0.17, 0.014, and 0.033, respectively.

The dynamical interactions between the planets allow con-
straining the true mass of the non-transiting planet c. The in-
clination is constrained to be higher than 18° at 99%, with a
corresponding mass upper limit of 4.7 Mj. On the other hand,
the longitude of the ascending node for this planet is completely
unconstrained. The model permits even retrograde orbits, which
would not seem to produce a detectable effect on the timescale of
the observations. Long-term stability arguments should probably
distinguish between prograde and retrograde orbits.

The limb-darkening parameters are precisely constrained
thanks to the presence of a giant transiting planet, which pro-
duces high signal-to-noise ratio transits. This produces precisely
determined radius ratios, which are usually covariate with the
limb-darkening coefficients. This is particularly important for
the smaller planets in the system, whose transits do not provide
strong information on the stellar flux distribution across the disk.

4.1. Stellar models

To improve on the precision of our results, at the expense of
accuracy, we added the constraints coming from the theoreti-
cal stellar models. To do this, we kept only the posterior sam-
ples that are compatible with the Dartmouth models (Dotter et al.
2008), given the bulk density from our analysis and the stel-
lar atmospheric parameters from Mortier et al. (2013): Teg =
5576 + 68 K, [Fe/H] = 0.36 + 0.05. This significantly narrowed
the posterior distributions of the stellar mass and radius, and,
therefore, those of the planetary parameters. Curiously, the MAP
estimate of the stellar mass agrees with the value obtained using

stellar models. In Table A.1 we report in the last column the pa-
rameters for which the precision was improved significantly with
respect to our model-free analysis.

In addition to improving the precision of the masses, radii,
and semi-major axes for all the planets, the inclusion of theoret-
ical stellar models also narrowed the posterior distributions of
other parameters. Radial velocities set stringent constraints on
the properties of planet b, but are much less efficient in deter-
mining the mass of planet d, for which the dynamical interaction
with the remaining planets is a major asset. As a consequence,
including stellar models improved the determination of the radial
velocity amplitude induced by planet d, which depends on the
ratio My /Mi/ 3, but did not affect the determination of the mass
ratio Myq/M, significantly. Conversely, the mass ratio My/M,
was improved by the inclusion of the models but not the radial
velocity amplitude. As a corollary, given that the mean stellar
density and the radius ratios were not affected by the inclusion
of the theoretical models, the bulk density of planet b and the
surface gravity of planet d were improved as well!. This allows
distinguishing whether the mass detection for a given planet is
dominated by the radial velocity or timing measurements.

Concerning the stellar age, the Dartmouth models provided
an age of of 7.1 = 1.5 Gyr. Using the projected velocity vsin i, =
1.8702 kms™! from Sanchis-Ojeda et al. (2015) and the radius
from the Dartmouth tracks and assuming the stellar rotational
axis lies in the plane of the sky, i, = 90°, we derived a rotational
period of Py = 31.2 + 3.5 days. Coupling this with the mass de-
termination, we derived a gyrochronological age of 6.5f%zg Gyr
(Barnes 2010; Barnes & Kim 2010; Meibom et al. 2015). Both
age determinations agree well, but they disagree with a previous
gyrochronological estimation by Brown (2014) and Hellier et al.
(2012), who used a slightly higher value of vsini, = 3.0 = 0.6.

The next three transit windows of planet ¢ are 2 457 741 =+
22,2 458 327 + 30, and 2 458 914 + 35 BJD. The expected cen-
tre transit duration for a Jupiter-sized planet is 14.0 + 1.6 h. If
the transit windows are reduced with follow-up radial velocity
observations, this could be a target for the upcoming CHEOPS
mission (Broeg et al. 2013).

5. Discussion

Our analysis allowed characterising the planets and the star
of the WASP-47 system without resorting to theoretical stellar
models at all, except for the implicit assumption of spherical
bodies. The self-consistent modelling is mandatory to optimally
exploit the data of this system and led to an improved determina-
tion for the planetary bulk densities for some of the planets with
respect to previous studies. In addition, these measurements are
probably more accurate as well.

In Fig. 2 we placed the WASP-47 planets in mass-radius,
mass-density, and radius-density diagrams, together with the
planets reported in the literature (Han et al. 2014). Our analy-
sis confirms that the structure of planet d must be dominated by
volatiles, and the rocky character of planet e. Although Rogers
(2015) determined that most planets with radii larger that 1.6 Rg
are not dense enough to be rocky, the model predicts a non-zero
fraction of rocky planets as large as WASP-47 e.

The habitable zone (HZ) of WASP-47 extends between
1.06 au and 1.8 au (Kopparapu et al. 2013). The MAP estimate

! The bulk density is p, = p4(M,/M,)(R,/R,)3, while the surface
gravity is g, = G M,/R% o< p}> My /MY (Ry/R.)2.
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Fig. 2. Mass-radius, radius-density, and mass-density diagrams for known exoplanets with parameters determined with a precision <50%
(Han et al. 2014). The WASP-47 planets are shown as 68.3% coloured contours for the model-free photodynamical analysis and as dots with
1o error bars for the analysis using the Dartmouth model (planet b in green, planet c in orange, planet d in blue, and planet e in red). Planet c,
whose radius and density are not known, is represented at the top of the mass-radius and mass-density diagrams. The solid lines represent theoret-

ical models for different composition (Zeng & Sasselov 2013).

of the semi-major axis of the orbit of WASP-47 c is 1.37 au,
but owing to the orbital eccentricity, the planet makes excur-
sions outside of the HZ (Fig. A.5). However, Williams & Pollard
(2002) argued that long-term climate stability is dictated by
the mean incident flux throughout the orbit rather than by the
time spent in the HZ. The effective incident flux on WASP-
47 c is 0.640 + 0.052 times the flux received by Earth, which
would place it in the middle of the HZ (see Diaz et al. 2016;
Kopparapu et al. 2013, Fig. 8). Therefore, hypothetical rocky
satellites orbiting WASP-47 ¢ have good prospects for being
habitable.

Including theoretical stellar models improves the precision
for some parameters, in particular masses and radii, but does not
change our conclusions about the planet compositions signifi-
cantly. This is probably because WASP-47 is a solar-type star
for which models are expected to perform correctly. On the other
hand, these determinations are probably less accurate, and might
exhibit systematic errors larger than the measured precision.

The current precision of the photometric measurements of
extrasolar planets already calls for the use of realistic models
including the interactions between the planets. In the coming
years, TESS (Ricker et al. 2014) and PLATO (Rauer et al. 2014)
will continue to provide such high-quality light curves, but the
brightness of the typical target will also permit obtaining high-
precision radial velocity measurements, further increasing the
need for realistic self-consistent modelling of the data.
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Appendix A: Additional figures and tables

Table A.1. Inferred system parameters.

Parameter MAP 95% HDI Median Stellar models
and 68.3% CI median and 68.3% CI

Star

Stellar mass, M [Mo] 1.0174 [0.242, 3.126] 1117989 1.029 + 0.031

Stellar radius, R,* [Rg] 1.1299 [0.804, 1.698] 1.16 £ 0.26 1.132 £ 0.012

Stellar mean density, p4° [g cm3] 0.9943 [0.9713, 1.0259] 0.999 + 0.015

Surface gravity, logg [cgs] 4.33946 [4.2069, 4.5192] 4.354 + 0.084 4.3428 + 0.0058

q17* K2 0.3864 [0.3585, 0.4179] 0.387 £ 0.015

@ K2 0.4279 [0.3984, 0.4642] 0.430 £ 0.016

Linear limb darkening, u, K2 0.5319 [0.51646, 0.55534] 0.535 £ 0.010

Quadratic darkening, up K2 0.0897 [0.0455, 0.1333] 0.087 = 0.021

¢1"* BulerCam 0.2929 [0.1912, 0.3903] 0.282 + 0.052

¢2"* BulerCam 0.643 [0.427, 0.885] 0.64 +£0.13

uy EulerCam 0.6957 [0.5398, 0.8123] 0.682 = 0.067

up, EulerCam -0.154 [-0.383, 0.067] -0.15+0.11

Planet b

Semi-major axis, a [au] 0.050918 [0.03631, 0.07665] 0.052 + 0.011 0.05111 + 0.00051

Eccentricity, e 0.00380 [0.00000, 0.01052] 0.002870:9042

Inclination, i* [°] 88.927 [88.734, 89.403] 89.02 £ 0.17

Argument of pericentre, w [°] 3.747 [-131.20, 171.20] 30+79

Longitude of the ascending node, Q [°] 180"

Mean anomaly, My [°] 144.870 [-16.80, 285.60] 118 =78

Ve cos w® 0.0615 [-0.0439, 0.0946] 0.028 = 0.037

Ve sinw*® 0.0040 [-0.0543, 0.0916] 0.018 = 0.042

Radius ratio, R /Ry * 0.102036 [0.101564, 0.102303] 0.10193 + 0.00018

Mass ratio, M}, /M* 0.0010609 [0.000667, 0.001416] 0.00104 + 0.00024 0.001061 + 1.7x 107>

Scaled semi-major axis, a/Rx 9.6901 [9.6125, 9.7899] 9.705 + 0.047

T;® —2 450 000 [BIDtpg]  6982.978187  [6982.977745, 6982.978868]  6982.97823 + 0.00032  6982.97826 + 0.00016

P* [d] 4.160666 [4.160061, 4.161365] 4.16071 + 0.00038 4.16075 + 0.00016

K’ [ms™1] 141.22 [138.43, 145.19] 1420+ 1.7

Planet mass, M, [Me] 359.37 [174.61, 769.82] 383*1% 363.8 8.6
(M) 1.1307 [0.549, 2.422] 1217939 1.145 £ 0.027

Planet radius, R, [REIE] 12.576 [8.95, 18.91] 129 +2.8 12.59 £ 0.14
[ReNJ] 1.1219 [0.798, 1.687] 1.15+£0.25 1.123 £0.013

Planet mean density, pp [g cm™3] 0.9929 [0.627, 1.376] 0.98 = 0.21 1.001 + 0.023

Planet surface gravity, log g, [cgs] 3.34763 [3.33826, 3.36825] 3.3522 + 0.0071

Planet ¢

Semi-major axis, a [au] 1.3694 [0.973, 2.060] 1.41 +£0.30 1.375 £ 0.019

Eccentricity, e 0.366 [0.115, 0.575] 0.36 £ 0.12

Inclination, i* [°] 72.829 [21.93, 151.28] 87 +45

Argument of pericentre, w [°] 141.946 [72.04, 172.82] 136 +£ 20

Longitude of the ascending node, Q° [°] 167.77 [0, 360] [0, 360]

Mean anomaly, My [°] 222.333 [201.60, 288.00] 229 £ 15

Vecos w* -0.4767 [-0.669, 0.052] -0.41*519

Ve sinw® 0.373 [0.063, 0.645] 040 +0.14

Notes. The table includes: MAP, 95% HDI, posterior median, and 68.3% CI for the model-free photodynamical analysis, and the lat-
ter for the precision-improved parameters using theoretical stellar models. The astrocentric orbital elements are given for the reference

time tof = 2 456 979.5 BIDpg. ® emcee jump parameter. (¥ Kipping (2013) parametrisation for the limb-darkening coefficients
to consider only physical values. ' Fixed at t;. ¥ Reflected with respect to i = 90°, the supplementary angle is equally probable.
T) = tef — 2(My — E + esinE) with E = 2arctan{ /= tan[L(Z —w)]}, P = ‘g% K = Aéf;—’%(ﬁ—?)m. CODATA 2014:

G = 6.67408 x 107" m® kg~' s72. TAU 2012: au = 149597870700 m. TAU 2015: RY = 6.957 x 10 m, (GM)S = 1.327 1244 x 10% m? 572,
RN = 6.3781x10° m, (GM)y = 3.986004 x 10" m® s2, RN = 7.1492x 107 m, (GM)} = 1.2668653 x 107 m* s2. M, = (GM)5/G,
Mg = (GM)}/G, My = (GM)}/G. K* = (GM)] (86 400 s)*/au’.
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Table A.1. continued.
Parameter MAP 95% HDI Median Stellar models
and 68.3% CI median and 68.3% CI

Mass ratio, My/M,* 0.001375 [0.000565, 0.002547] 0.00133+0:00062

Scaled semi-major axis, a/Rx 260.60 [258.94, 263.72] 2614 +1.3

T}* — 2450 000 [BJD1pzl 7162.464 [7118.25, 7182.95] 7156 + 18

P'* [d] 580.289 [561.83, 594.05] 580.7 + 9.6

K’ [ms™'] 36.241 [18.84, 43.52] 29.4 + 6.1

Planet mass, M, [ME] 465.688 [101.22, 1116.23] 5007320 470*290
[M;] 1.465 [0.318,3.512] L5740% 1474044

My sini [ME] 444.932 [150.95, 845.06] 380+220 361780
] 1.3999 0475, 2.659] 121069 1134025

Planet d

Semi-major axis, a [au] 0.085769 [0.0613, 0.1289] 0.088 + 0.019 0.08609 + 0.00087

Eccentricity, e 0.00752 [0.00000, 0.02388] 0.006070:90%

Inclination, i* ] 90.839 [88.965, 89.515]% 89.22 + 0.13%

Argument of pericentre, w [°] 4.655 [-116.80, 185.60] 27 £ 89

Longitude of the ascending node, Q° [°] 178.736 [174.12, 188.44] 181.4 + 4.1

Mean anomaly, My [°] 93.201 [-81.20, 221.19] 68 + 87

Ve cos w* 0.0865 [-0.0683, 0.1511] 0.033 + 0.065

Ve sin w® 0.0070 [-0.0987, 0.1331] 0.020 + 0.066

Radius ratio, Rp/R4* 0.029264 [0.029004, 0.029622] 0.02931 + 0.00015

Mass ratio, My/M,* 4.564 x 107 [3.792, 5.280] x 1073 (4.54 +0.38)x 1073

Scaled semi-major axis, a/Rx 16.3223 [16.1715, 16.4699] 16.327 + 0.079

T}® -2 450 000 [BIDtpg]  6988.37565 [6988.3527, 6988.3993] 6988.375 + 0.014 6988.3770 + 0.0015

P [d] 9.09585 [9.0740, 9.1215] 9.095 + 0.014 9.0961 + 0.0012

K’ [ms™!] 4.681 [3.434, 6.300] 477 +0.81 471 +0.31

Planet mass, M, [Me] 15.46 [3.99, 44.34] 16.8%12 157+ 1.1

Planet radius, Ry, [RN.1 3.6067 [2.565, 5.470] 371 £ 0.82 3.619 + 0.044

Planet mean density, pp [g cm™3] 1.811 [1.490, 2.097] 1.80 £ 0.16

Planet surface gravity, log g, [cgs] 3.0661 [2.9480, 3.1967] 3.074 £ 0.067 3.068 + 0.030

Planet e

Semi-major axis, a [au] 0.016816 [0.01199, 0.02532] 0.0173 + 0.0038 0.01688 + 0.00017

Eccentricity, e 0.0160 [0.0000, 0.1176] 0.030*5:056

Inclination, i* [°] 91.82 [83.15, 97.56] 86.2 + 2.1%

Argument of pericentre, w [°] 84.92 [0, 360] 160 + 140

Longitude of the ascending node, Q° [°] 193.34 [120.60, 233.53] 187 £33

Mean anomaly, My [°] 244.10 [0, 360] 190 + 120

Ve cos w* 0.011 [-0.282, 0.306] -0.02+0.18

Ve ssinw*® 0.1260 [-0.2911, 0.1952] 0.034+0.088

Radius ratio, Rp/R4* 0.014328 [0.014066, 0.014774] 0.01439 + 0.00016

Mass ratio, My/M,* 3.026 x 1070 [0.975,4.591]x 1073 (2.54 +0.93)x 1073

Scaled semi-major axis, a/Rx 3.2001 [3.1748, 3.2334] 3.205 = 0.015

T}® -2 450 000 [BIDtpg]  6979.765020  [6979.763101, 6979.765758]  6979.76455 + 0.00094

P [d] 0.7896264 [0.7895968, 0.7896653] 0.789636 + 1.7 x 107>

K’ [ms~!] 7.01 [2.21,9.32] 6.1+19

Planet mass, M, [M] 10.25 [1.77, 22.70] 9.1732 9.1%8

Planet radius, Ry, [RN.1 1.7659 [1.256, 2.692] 1.82 + 0.40 1.778 + 0.031

Planet mean density, pp [g cm™3] 10.23 [3.39, 15.98] 8.5+32 8.8+27

Planet surface gravity, log g, [cgs] 3.508 [3.026, 3.695] 3.45%0-19
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Table A.1. continued.

J. M. Almenara et al.: WASP-47

Parameter MAP 95% HDI Median Stellar models
and 68.3% CI median and 68.3% CI

Data

K2 jitter® 0.89868 [0.89319, 0.90644] 0.8997 + 0.0034

EulerCam jitter® 0.8931 [0.8449, 1.0135] 0.934 + 0.040

CORALIE 2012 jitter® 1.093 [0.736, 1.597] 1.09 £ 0.25

CORALIE 2016a jitter® 0.828 [0.711, 1.405] 1.03 +0.19

CORALIE 2016b jitter® 0.372 [0.216, 1.438] 0.57+03

PFS jitter® 2.242 [1.605, 3.153] 231 +0.39

CORALIE 2012 offset*® [kms™']  27.07055 [27.05995,27.08424]  27.0711 + 0.0068

CORALIE 2016a offset® [kms™'] 27.08882  [27.07833,27.09232]  27.0852 + 0.0037

CORALIE 2016b offset*® [kms™']  27.05459  [27.04380,27.07814]  27.0612 + 0.0078

PFES offset® [kms™']  -0.02253 [-0.02696, 0.00107]  -0.0112 + 0.0076
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Fig. A.1. Photometric data of planets b) (top, left), d) (top, right), and e) (bottom). Each transit is centred relative to a linear ephemeris. Small dots
represents the photometric data, whereas circles represent the data binned. Each panel is labelled with the epoch, with zero the first transit after #.¢.
The black curve is the median value of the distribution of oversampled models corresponding to 1000 random MCMC steps, the different shades
of grey represent the 68.3, 95.5, and 99.7% confidence intervals. In the lower part of each panel the residuals after subtracting the MAP model to
the observed data are shown.
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Fig. A.2. Idem Fig. A.1 for the radial velocity as a function of time. From top to bottom: CORALIE 2012, CORALIE 2016a, CORALIE 2016b,
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(median and 68.3% confidence interval). The grey open circles are the Becker et al. (2015) TTV, measured individually from each observed transit.
The gain in the mean transit times precision is a factor 9 for planets b) and e), and 3 for planet d).
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Fig. A.4. Two-parameter joint posterior distributions for the most relevant MCMC model parameters. The 39.3, 86.5, and 98.9% two-variable joint
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Fig. A.5. Schematic view of the orbital plane of WASP-47 c. The host star is represented by the orange circle at the centre. The maximum a
posteriori orbit is indicated by the empty black points, which are equally spaced in time over the orbit. The orbital movement is counter-clockwise.
The angles are measured counter-clockwise from the negative x-axis. The semi-major axis of the orbit is shown as a thin grey line, and the
concentric circles are labelled in astronomical units. The black thick arrow points towards the observer. The filled green area is the habitable zone
comprised between the runaway greenhouse limit and the maximum greenhouse limit, according to the model of Kopparapu et al. (2013). The red
area corresponds to the increased habitable zone if the outer edge is defined by the early-Mars limit.

L5, page 12 of 12


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629770&pdf_id=7

	Introduction
	Observations
	Light curves
	Radial velocities

	Analysis
	Results
	Stellar models

	Discussion
	References
	Additional figures and tables

