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ABSTRACT

Aims. We report the discovery as well as the orbital and physical characterizations of two new transiting giant exoplanets, CoRoT-30 b
and CoRoT-31 b, with the CoRoT space telescope.

Methods. We analyzed two complementary data sets: photometric transit light curves measured by CoRoT, and radial velocity curves
measured by the HARPS spectrometer. To derive the absolute masses and radii of the planets, we modeled the stars from available
magnitudes and spectra.

Results. We find that CoRoT-30 b is a warm Jupiter on a close-to-circular 9.06-day orbit around a G3V star with a semi-major axis
of about 0.08 AU. It has a radius of 1.01 = 0.08 R;, a mass of 2.90 + 0.22 Mj, and therefore a mean density of 3.45 + 0.65 gcm’3. The
hot Jupiter CoRoT-31 b is on a close-to-circular 4.63-day orbit around a G2 IV star with a semi-major axis of about 0.05 AU. It has a
radius of 1.46 +0.30 Ry, a mass of 0.84 + 0.34 Mj, and therefore a mean density of 0.33 +0.18 gcm™.

Conclusions. Neither system seems to support the claim that stars hosting planets are more depleted in lithium. The radii of both
planets are close to that of Jupiter, but they differ in mass; CoRoI-30 b is ten times denser than CoRdT-31 b. The core of CoRoT-
30 b would weigh between 15 and 75 Earth masses, whereas relatively weak constraints favor no core for CoRoT-31 b. In terms of
evolution, the characteristics of CoRoI-31 b appear to be compatible with the high-eccentricity migration scenario, which is not the
case for CoRoT-30 b. The angular momentum of CoRoT-31 b is currently too low for the planet to evolve toward synchronization of its
orbital revolution with stellar rotation, and the planet will slowly spiral-in while its host star becomes a red giant. CoRoT-30 b is not
synchronized either: it looses angular momentum owing to stellar winds and is expected reach steady state in about 2 Gyr. CoRoT-30

and 31, as a pair, are a truly remarkable example of diversity in systems with hot Jupiters.

Key words. planetary systems — stars: fundamental parameters — stars: individual: CoRoT-30 — stars: individual: CoRoT-31

1. Introduction

The Convection, Rotation and planetary Transits (CoRoT), a
joint project of France, Austria, Belgium, Brazil, ESA, Germany,
and Spain, was a low-Earth-orbit visible photometer designed
to measure stellar light curves (LCs) for two main astrophysi-
cal programs: asteroseismology, and exoplanet detection (Baglin
et al. 2006). Instrument characteristics and inflight performance
can be found in Auvergne et al. (2009). CoRoT was launched
on December 27, 2006, and was operated by the French Centre
National d’Etudes Spatiales (CNES) until November 2, 2012,
when an electrical failure stopped the observational program.

As for other transit surveys, the successful identification
and characterization of planet candidates detected with CoRoT
implies follow-up observations. Our ground-based photometric
and velocimetric follow-up programs are described by Deeg et al.
(2009) and Santerne et al. (2011), respectively.

* Radial velocity measurements for CoRoT-30 and CoRoT-31 are also
available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr
(130.79.128.5) or via http://cdsarc.u-strashg. fr/viz-bin/
cat/J/A+A/635/A122

According to prevailing theories of planet formation by core
nucleated instability, close-in giant planets (¢ < 0.1 AU) can-
not form in situ. This paradigm requires that gas giant planets
migrate over one to two orders of magnitude in semi-major
axis to produce the observed close-in giant planet population.
Multiple scenarios for giant planet migration have been pro-
posed, but they can be simplified into two broad categories: on
one hand, migration may predominantly occur through inter-
actions with the protoplanetary disk (Lin et al. 1996); on the
other hand, the orbit of the proto-hot Jupiter could have been
perturbed by another body onto a highly eccentric orbit, and
subsequently shrank and was circularized by tidal dissipation
(Rasio & Ford 1996). To date, there is no consensus on the
dominant migration mechanism or whether there is migration
at all. The number of super-Earth candidates detected at peri-
ods shorter than about 100 days by the Kepler telescope, and
the abundance of tightly packed inner planets in the same data
set, has recently led some authors to consider the possibility
that hot and warm Jupiters, as well as close-in super-Earths,
could indeed form in situ (Boley et al. 2016; Batygin et al.
2016). In particular, Batygin et al. (2016) have shown that the in
situ formation scenario predicts that hot Jupiters have exterior
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super-Earth companions on either coplanar or highly inclined
orbits. Alternatively, hot Jupiters without super-Earth compan-
ions are statistically expected to have higher core masses. It is
therefore not enough to detect exoplanets, it is essential to pre-
cisely characterize their orbital and physical parameters to test
formation and migration scenarios.

The known exoplanets with precisely measured masses and
radii are still tainted by observational biases and statistically
limited. Accurately measuring the masses and radii of close-in
exoplanets and the properties of their host stars therefore remains
very relevant today. The comparatively strong signals of close-in
giant planets in radial velocity and photometry currently make
them the planets with the highest relative accuracy on the plan-
etary mass, radius, and density by far. This provides the most
stringent physical constraints for all planets known outside the
solar system, and combined with their good discovery statis-
tics, offers the best perspectives for theoretical advances in the
coming years.

In this article, we report the discovery of two transiting
giant planets orbiting G stars, CoRoI-30 b and CoRdTI-31 b,
whose orbital and physical parameters we measured. We start by
describing our photometric and spectrometric data sets for each
planet (Sects. 2 and 3) and analyze the spectrum of the host star
(Sect. 4), then we proceed to jointly model the light and radial
velocity curves (Sect. 5), as well as the star (Sect. 6), in order
to create to full models of the two planetary systems (Sect. 7).
We conclude with a discussion (Sect. 8). A short appendix
gives more details about the photometric contamination by
neighboring stars.

2. Photometric observations
2.1. CoRoT-30

CoRoT-30 is one of the 5722 target stars observed by CoRoT
for 81 days during the seventh long run in constellation Aquila
from 2011 April 5 to 2011 June 30 (LRcO7 for short). This
star belongs to the subset of 3401 MON stars for which a sin-
gle LC is available (MON stands for monochromatic). Figure 1
(top) shows the photometric mask used by CoRoT to produce
the LC superimposed on a Palomar Observatory Sky Survey
(POSS) image of the sky. The stars were identified by query
of Exodat, the CoRoT entry database (Deleuil et al. 2009).
Because the fluxes of several neighboring stars leak into the pho-
tometric masks (Fig. A.1), their contributions were computed
based on the procedure described by Bordé et al. (2010), but
improved in the following way: the models for the stellar point
spread functions (PSFs) were chosen according to the stellar col-
ors. Moreover, an uncertainty on the sum of the contaminating
fluxes was estimated through Monte Carlo simulations where the
magnitudes, colors, and positions of the contaminants were ran-
domly varied (10* draws). This procedure yielded a normally
distributed contamination of 16.6 + 3.7%. The LC presented and
analyzed here corresponds to version 3.0 of the data processed
with version 2.0 of the CoRoT pipeline (Fig. 2, top). Out of
137 922 measurements, we chose to keep 121 736 measurements
that were flagged as valid (total duration of 81.21 days) and are
composed of a group of 3598 measurements with 512s expo-
sures (31.82 days), followed by a group of 118 138 measurements
with 32 s exposures (49.38 days). Most invalid data are due to
the South Atlantic Anomaly (see Chaintreuil et al. 2016, in the
CoRdT Legacy Book, for all cases of invalid data). Running the
algorithm described by Bordé et al. (2007) on this LC results in
the detection of a train of 3.7 h transits with a period of 9.06 d,
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Fig. 1. POSS red image with neighboring stars numbered according to
their distances to the target (number 0) for CoR0oT-30 (fop) and CoRoT-
31 (bottom). The CoRoT mask is superimposed in blue, as well as the
boundary of the CoRoT thumbnail image (blue dashed line).

that started 5.42 d after the beginning of LRc07 (Fig. 3). The
signal-to-noise ratio (S/N) is 98.

Photometric follow-up observations of CoRoI-30 were per-
formed in order to ascertain the absence of contaminating
eclipsing binaries close to the target following the precepts of
Deeg et al. (2009), and in order to improve the precision of
the planetary ephemeris. A first follow-up in ON/OFF mode,
acquiring short time-series during and outside of a predicted
transit, was undertaken with the IAC 80 cm telescope of Teide
Observatory, Tenerife, on 2011 September 5 (ON) and Septem-
ber 24 (OFF). These observations showed that the transit occurs
on the target, and they excluded nearby faint stars that might be
bright enough to also cause the signal found by CoRoTI. CoRoT-
30 was observed again on 2014 July 22 with the same telescope,
and this time, a full transit was acquired. An estimate of the
transit center time was obtained from determination of the mid-
point between the steepest part of the ingress and egress slopes,
at BJD 2456861.480 + 0.005. This method was chosen over the
more common fitting to transit models because it is more robust
against errors arising from the asymmetric transit shape, most
likely due to strongly varying seeing during observations. Based
on the combination of CoRaT transits and this reobservation, a
period of 9.060347 + 3.9 x 107> days was derived.

The photometry was extracted with aperture photometry
using vaphot/vanaliz (Deeg & Doyle 2013). This software per-
forms differential photometry either within apertures whose
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Fig. 2. Normalized light curves
of CoRoI-30 (top) and CoRoT-31
(bottom) corrected for the contamina-
tion by the neighbors. The sampling
period changes from 512 to 32 s after
31.8 days for CoRoT-30 and 48.5 days
for CoRoT-31. An LC that is evenly
rebinned at 512 s is overplotted in

Time (day)

sizes are scaled along the seeing variations during a time series,
or uses fixed apertures throughout. Both methods were tried, and
the better light curve, shown in Fig. 4, is based on fixed aperture
sizes and was derived from a comparison with eight reference
stars. This software has been used extensively during the pho-
tometric follow-up of the CoRoT mission and is considered as
robust. Because of the poor weather conditions, the curve is rel-
atively noisy, with an estimated point-to-point scatter of about
3 mmag, and a red component on a timescale of about 1 h and an
amplitude of about 5 mmag.

2.2. CoRoT-31

CoRoT-31 is one of the 5588 target stars observed by CoRoT for
52 days during the seventh short run in constellation Monoceros
(SRa04 for short) from 2011 October 7 to 2011 November 28.
This star belongs to the subset of 4256 MON stars. As for
CoRoT-30, Fig. 1 (bottom) shows the photometric mask used by
CoRoT to produce the LC superimposed on a POSS image of the
sky. In contrast to CoRoT-30, however, the flux leaks from neigh-
boring stars into the mask of CoRoTI-31 are negligible (Fig. A.2).
The LC presented and analyzed here corresponds to version 3.0
of the data processed with version 2.3 of the CoRoT pipeline
(Fig. 2, bottom). Out of 18 177 measurements, we chose to keep
14 569 measurements that were flagged as valid (total duration
of 52.24 days) and are composed of a a group of 5650 measure-
ments with 512 s exposures (48.52 days), followed by a group

black.

of 8919 measurements with 32s exposures (3.71 days). Again,
most invalid data are due to the South Atlantic Anomaly. Run-
ning the algorithm described by Bordé et al. (2007) on this LC
resulted in the detection of a train of 3.3h transits with a period of
4.62941 +7.5 x 107* days that started 2.45 d after the beginning
of SRa04 (Fig. 3). The S/N is 28.

3. Radial velocity observations

Radial velocity (RV) measurements of CoRoT-30 and CoRoT-31
were obtained with the HARPS spectrograph. HARPS is a cross-
dispersed echelle spectrograph fiber-fed from the Cassegrain
focus of the 3.6m telescope at La Silla Observatory, Chile
(Mayor et al. 2003). We obtained 18 and 17 spectra of CoRoT-
30 and CoRoI-31, respectively, with exposure times ranging
between 3300 and 3600 s. We used the high-accuracy mode
(HAM), with spectral resolution R ~ 115 000. For the observa-
tion of these faint targets, one of the two available fibers was
set on the sky in order to monitor the moonlight and to obtain
the best-fit sky background subtraction. The S/N per pixel at
550 nm ranges from 2.2 to 6.8 for CoRoI-30 and from 3.2 to 6.8
for CoRoT-31, which translates into photon noise uncertainties of
about 3040 ms~' (Bouchy et al. 2001).

The spectra were reduced and extracted using the HARPS
pipeline, and the RV was measured on each extracted spec-
trum by means of a weighted cross-correlation (Baranne et al.
1996; Pepe et al. 2002) with a numerical mask corresponding
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Fig. 3. Normalized transit light curve of CoRoT-30 (top) and CoRoT-31
(bottom). Large dots are 15 min averaged measurements. In both cases,
the solid line shows the MAP model from Sect. 5.
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Fig. 4. Photometric follow-up observations of CoRoT-30 (solid line)
on 2014 July 22 with the IAC 80 cm telescope of Teide Observa-
tory, Tenerife. Observations with CoRoT (gray dots) from Fig. 3 are
superimposed for comparison.

to a G2 star. The resulting cross-correlation functions (CCFs)
were fit by Gaussians to obtain the RVs. The measured values
are listed in Tables 1 and 2. Two spectra of CoRoI-31 were
contaminated by moonlight (BJD — 2450000 =5948.599 and
BJD — 2450000 =6238.824). In these spectra, we also mea-
sured the RVs after correction using the sky fiber, as described

A122, page 4 of 17

Table 1. Radial velocity measurements on CoRoT-30 obtained by
HARPS.

BID RV 1 o error
—2400000  (kms™!) (kms™!)
56092.814780 —35.302 0.078
56097.815397 —34.660 0.072
56098.832797 —34.647 0.067
56099.745112 —34.842 0.110
56100.674800 —35.026 0.052
56101.632553 -35.212 0.048
56102.617123 —35.186 0.046
56116.623972 —34.641 0.045
56117.634238 —34.787 0.030
56121.641352 -35.155 0.048
56149.578742 —35.007 0.061
56150.679712 —34.899 0.071
56151.589788 —34.654 0.052
56158.544384 —-35.091 0.055
56159.600057 —34.956 0.058
56477.696475 —34.629 0.057
56508.613572 —35.002 0.040
56518.630176 —35.159 0.040

Notes. BJD is the Barycentric Julian Date.

Table 2. Radial velocity measurements on CoRoI-31 obtained by
HARPS.

BID RV 1o error
—2400000 (kms™") (kms™)
55925.704078 18.741 0.030
55928.760898 18.547 0.048
55942.729225 18.549 0.036
55946.595486 18.512 0.041
55948.599382 18.736  0.087(
55949.695427 18.732 0.039
55950.706265 18.612 0.028
55952.730171 18.633 0.043
55953.723032 18.654 0.048
56236.765837 18.818 0.031
56237.772156 18.572 0.053
56238.824323 18.551 0.093 M
56243.809218 18.524 0.036
56248.845617 18.570 0.030
56250.716543 18.691 0.037
56253.703517 18.534 0.031
56255.685327 18.405 0.042

Notes. BJID is the Barycentric Julian Date. (VUncertainty increased due
to contamination by moonlight (see text for details).

in Bonomo et al. (2010). Differences of 80 and 87 ms~! were
found between the two velocity measurements. These values
were added quadratically to the uncertainty of each point. These
observations are marked in Table 2.

Bisector analysis. The reflex motion produced by a
planetary-mass companion induces a shift of the stellar spectral
lines without changing their shapes. Variations in the bisector
of the CCF can reveal a set of stellar lines that is blended with
the lines from the main target star. Detection of such variations
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Fig. 5. Bisector velocity span measurements for CoRoI-30 (top) and
CoRoT-31 (bottom).

in phase with the RV variations is usually seen as a strong sign
that the transiting candidate is a false positive (e.g., Queloz et al.
2001). Stellar activity can also produce bisector velocity varia-
tions over the timescale of the rotational period of the star (e.g.,
Boisse et al. 2011).

The bisector velocity span measurements of CoRoT-30 and
CoRoT-31 are presented in Fig. 5, where we assumed that the
photon noise on the bisector is twice that of the RV measure-
ment (Santerne et al. 2015). The bisector variations of CoRoT-30
may seem to correlate with respect to the RV variations. To test
this, we performed the Bayesian comparison between the null
hypothesis, that is, the bisector is constant with respect to the RV,
to two competing explanations of the data: the bisector follows
a linear or quadratic relationship with the RV measurements. In
other words, the model is

ABIS = a + SARV +y (ARV)?, (1)

where 8= =0 under the null hypothesis, and y =0 under the
linear model. To perform the comparison, we set priors not only

Table 3. Prior distributions on the model parameters for the relation
between radial velocity and bisector span.

Parameter Prior
a [ms™'] U(-6,6)
B [m*s] U-3,3)
y [m*s3]  U(-0.05,0.05)

Notes. U (Xmin, Xmax) 18 @ uniform distribution between X, and Xpayx.

on the model parameters but also on the different hypotheses.
We assumed equal prior probabilities for the three competing
hypotheses, and set uniform priors for all parameters, as listed in
Table 3.

Because the prior volume is relatively small in the three
models, we estimated the marginal likelihood using the mean
estimator (see Kass & Raftery 1995), which approximates the
marginal likelihood as the average likelihood function over a
sample drawn from the prior distribution:

1
N 4

1

Z==5>.L(0"), @

N
=1
where {6} is a sample drawn from the prior distribution.
This estimator is usually very inefficient in high-dimensional
spaces, where the (hyper-)volume containing significant likeli-
hood mass is extremely small, but it is good enough in this
case, and we found that the estimator converges correctly. The
prior sample has 10000 elements, and the computation was
repeated 100 times to estimate the variance of the estimator. The
uncertainties in the independent variable (RV) were accounted
for when we constructed the likelihood function in Eq. (2) as
described by Gregory (2005).

Under this prior choice, we found that for CoRoT-30, the null
hypothesis is 4.63 + 0.18 and 330 + 115, which is more probable
than the linear and quadratic hypotheses, respectively, where the
reported values are the distribution mean and standard deviation.
For CoRoT-31 we find posterior odds ratios of 6.59 +0.19 and
75 + 11 between the constant model and the linear and quadratic
ones, respectively. The null hypothesis is therefore the most
probable model for both candidates.

On the other hand, the odds ratios are lower than the usu-
ally accepted limits defined by Kass & Raftery (1995) required
to reject a hypothesis. However, we recall that first, this value
depends strongly on the priors presented in Table 3. For exam-
ple, doubling the prior width on the linear parameter approxi-
mately doubles the odds ratio in favor of the constant model, as
expected: we derive 9.29 + 0.54 and 13.22 + 0.55 for CoRot-30
and CoRoT-31, respectively. Second, the limits presented by Kass
& Raftery (1995) are commonly used when the possibility of
rejecting a null hypothesis in favor of an alternative, more com-
plex model is explored. In this case, the inverse happens. As
the linear and quadratic models effectively contain the constant
model, that is, they are nested, having posterior odds above unity
is sufficient to claim that the null hypothesis cannot be rejected.
In other words, including additional terms (8 and y different
from zero) in Eq. (1) is not justified by the data.

We therefore conclude that no significant bisector variation
is detected. Although variations of the bisector velocity span
smaller than our uncertainties might still exist, this fact increases
our confidence that the planetary hypothesis can explain the
transits and the RV variations.

A122, page 5 of 17


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201732393&pdf_id=0

A&A 635, A122 (2020)

Table 4. Photospheric parameters of CoRoT-30 and CoRoT-31.

Photospheric parameters

CoRoT-30 CoRoT-31

Effective temperature T (K)
Surface gravity logg (logjo cms™2)
Iron abundance [Fe/H] (dex)

Microturbulent velocity @ vpyicro (kms™)
Macroturbulent velocity ) vpacro (kms™')
Projected stellar rotational velocity vsini (kms™")

Spectral type ®

Photospheric lithium abundance © A(Li/H) (dex)

5650 £ 100 5700 + 120
440+0.10 3.85+0.25
0.02+0.10 0.00+0.10

1.0+£0.1 1.0+£0.1

21+04 23+04

43+04 28+0.5
G3V G21V

207+0.14 226+0.15

Notes. Using the calibration equations of Bruntt et al. (2010). ®With an accuracy of + 1 subclass. ©Defined as A(Li/H) = log (n(Li)/n(H)) + 12.

4. Spectral analysis

We derived the spectroscopic parameters of the host stars from
the coadded HARPS spectra, which have an S/N per pixel at
550 nm of about 30 (CoRoT-30) and about 25 (CoRoT-31). The
coadded spectra were obtained by shifting the HARPS spectra of
CoR0T-30 and CoRoT-31 to the laboratory rest frame using the
measured velocities and the known barycentric Earth RV at the
time of the observation, and combining only those that were not
contaminated by the scattered moonlight.

Following the procedures described in Fridlund et al. (2010)
and Gandolfi et al. (2015), we carried out two independent
analyses. The first analysis relies on the use of a customised
IDL software suite, which fits the observed echelle data to a
grid of theoretical model spectra calculated with the program
SPECTRUM (Gray & Corbally 1994). We used ATLAS9 plane-
parallel model atmospheres (Kurucz 1979), assuming local ther-
modynamic equilibrium (LTE) and solar atomic abundances as
given in Grevesse & Sauval (1998). The second method relies
on the use of the semi-automatic package spectroscopy made
easy (SME, version 2.1; Valenti & Piskunov 1996; Valenti &
Fischer 2005). SME is especially designed to determine photo-
spheric stellar parameters from the match of the observed data
to the synthetic spectra generated from the parameterized atmo-
spheres. It uses a very large set of 1D LTE plane-parallel model
atmosphere grids (Kurucz 1993, 2013; Hauschildt et al. 1999;
Gustafsson et al. 2008).

We adopted the calibration equations from Bruntt et al.
(2010) to estimate the microturbulent (vpicro) and macroturbu-
lent (Umacro) velocities. We used the wings of the Balmer lines to
estimate the effective temperature 7., and the Mg1516.7, 517.3,
and 518.4 nm, the Ca1 616.2 and 643.9 nm, and the Na1 D lines
to determine the surface gravity log g. The iron content [Fe/H]
and the projected rotational velocity v sini, were measured by
fitting the profile of several clean and unblended iron lines.

The two spectral analyses provide consistent results well
within the errors bars. The final adopted values are listed in
Table 4. According to the calibration scale for dwarf and
subgiant stars by Straizys & Kuriliene (1981), the effective tem-
peratures of CoRoI-30 and CoRoT-31 translate into a G3 V and
G211V spectral type, respectively.

The HARPS spectra of the two stars display moderately
deep LiI 670.78 nm absorption doublets (Fig. 6). We estimated
the photospheric lithium abundance by fitting the Li doublets
using ATLAS9 LTE model atmospheres, while fixing the stellar
parameters to the values listed in Table 4. Adopting the correc-
tion for non-LTE effects from Lind et al. (2009), we measured
a lithium abundance of A(Li/H) = 2.07 +£0.14 for CoRoT-30
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Fig. 6. HARPS coadded spectra of CoRoI-30 and CoRoT-31 (black
lines), encompassing the Li1 670.78 nm absorption doublet. The best-
fitting ATLASY spectra are overplotted with thick red lines. The vertical
dashed lines mark the position of the Li doublet. The lowest part of the
plots displays the residuals to the fit.

and 2.26 +0.15 for CoRdT-31. The lithium abundance A(Li/H)
is expressed with respect to hydrogen, on a scale in which the
log of the abundance of hydrogen is set to 12.0, i.e., A(Li/H) =
log (n(Li)/n(H)) + 12.

5. Data modeling

We used the PASTIS package (Diaz et al. 2014) to model
the photometric and velocimetric data. In this package, the
RV model assumes a standard Keplerian orbit and the LC
model is computed with a modified version of the EBOP code
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Table 5. Prior distributions for the model parameters.

Model parameters

Prior distribution

CoRoI-30

CoRoT-31

Planet period, P (days)
Transit epoch, Ty (BJD-2 455 000)

N(9.0601,8 x 10~)
N(665.515,0.006)

N(4.6295,0.0039)
N(843.9442,0.031)

Radius ratio, R, /R, J(0.01,0.5) J(0.01,0.5)
Scaled semi-major axis a/R. UQ2,50) UQR,20)
Orbital inclination, i (deg) S(70,90) S(70,90)
RV semi-amplitude, K (kms™') UQo, 1) UQO, 1
Eccentricity, e UO, 1) UQO, 1)
Argument of periastron, w (deg) U (0,360) U0, 360)
Systemic velocity, y (kms™') U(-35.1,-34.7) U(18.45,18.75)
Linear limb-darkening coefficient, u  U(0, 1) UQO, 1)

RV additional noise (ms™!) U (0, 150) U, 150)
LC additional noise (ppm) U(0, 8000) U(0, 8000)

LC out-of-transit relative flux
LC contamination

U(0.995, 1.005)
N(0.166,0.037)

(0995, 1.005)

Notes. N(u, 0): normal distribution with mean y and standard deviation o5 J (Xmin, Xmax): Jeffreys (log-flat) distribution between X, and Xy
U (Xmin, Xmax): uniform distribution between Xy, and Xmax; S(Omin, Omax): sine distribution between O, and Oy

(Nelson & Davis 1972; Etzel 1981; Popper & Etzel 1981)
extracted from the JKTEBOP package (see Southworth 2011,
and references therein). The stars were considered perfectly
spherical with linear limb-darkening.

For both datasets, the log-likelihood function was con-
structed assuming uncorrelated normally distributed additive
errors of two independent types: the first error, with known
variance o-iz, describes the well-characterized instrumental noise
for measurement i, and the second error, with unknown vari-
ance € identical for all measurements, describes all remaining
unexplained effects of astrophysical (e.g., stellar variability) or
instrumental origin:

InL=- % (np +ny) In(27)

ny

E Zl (75:+) + 2 (o0, + <)

J=1

L/, 2
- 5 (X P t+X v) 5
where n is the number of measurements in each dataset, where p
and v is the subscript for photometric and velocimetric data, and
where

n 2

r:

2 i

X = § —

£ 52 4 g2’
i=1 i

with r; the residuals.

The prior distributions chosen for the model parameters are
listed in Table 5. We chose wide uninformative priors with wide
bounds, except for the ephemeris parameters. For CoRoT-30,
the contaminating flux was considered as an additional model
parameter with a prior distribution equal to the normal distribu-
tion obtained in Sect. 2.

The multidimensional joint posterior distribution of the
model parameters was sampled using the Markov chain Monte
Carlo (MCMC) algorithm described in Sect. 4 of Diaz et al.
(2014). For every model parameter, we report in Table 6 the
maximum a posteriori (MAP) and the standard deviation of the

corresponding parameter marginal posterior sample. Addition-
ally, we report the 95% highest density interval (HDI), defined
as the interval containing 95% of the marginalized distribution
mass such that no point outside the interval has a higher density
than any point within it.

The MAP models for the transits and RVs are shown in
Figs. 3 and 7, respectively. There is a clear outlier in the CoRoT-
31 b data set. Removal of the outlier leads to a larger amplitude
of 123 +20. This value is in agreement with our determination,
constituting a difference of less than 100 when normal distri-
butions are assumed for both determinations. As expected, the
precision on the semi-amplitude improves from about 40 to 16%.
However, we did not find any reason to remove it from the anal-
ysis: its S/N, moonlight contamination level, and other proxies
where all nominal, and we therefore decided to retain it.

6. Stellar models

We compared the photometric and spectroscopic data of CoRoT-
30 and CoRoTI-31 from Tables 4 and 7 to stellar evolution and
atmospheric models to infer their masses M, radii R, and ages
74. These properties combined with those derived from RV and
light curves allow us to infer the planetary properties.

The method that we employed to determine the stellar proper-
ties from the models involves two steps: (1) we used model stellar
atmospheres to fit the photometric spectral energy distribution to
derive the stellar angular diameter, 6, and (2) the observed spec-
troscopic properties and 6 were compared with model properties
from a grid of stellar evolution models to derive the mass, radius,
age, and distance to the star. These two steps are described in
detail as follows:

6.1. Fitting the spectral energy distribution of the host

We used the Levenberg—Marquardt minimization algorithm to fit
theoretical photometric data calculated using the BASEL library
of stellar atmospheres (Lejeune et al. 1997a,b) to the photometric
magnitudes. The theoretical photometric data were calculated as
follows. Filter transmission curves for the relevant filters were
retrieved from the literature. We multiplied each of the filter
transmission curves by the model spectrum that corresponded
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Table 6. Star and planet characteristics of the CoRoT-30 and CoRoT-31 systems.

CoRoT-30 CoRoT-31
Data from catalogs
CoRoT-ID 631418634 600574166
CoRoT-WinID LRc07-E2L-4905 SRa04-E2L.-2567
PPMXL 5483892006672658120 2785130179564429581
USNO-B1 0968-0410581 0855-0078347
2MASS 18302427+0650094 06191697-0425201
Gaia DR2 4477300378701511296 3020494716521521152

Coordinates (J2000)
Magnitudes B, V, Gaia, R, |

18:30:24.264 +06:50:09.424 06:19:16.975 -04:25:20.194
16.55, 15.65, 15.41, 15.27, 14.75  17.03, ..., 15.47, 15.06, 14.59

Gaia parallax (mas) 0.942 +0.043 0.470+0.038
Results from stellar modeling

Star radius, Ry (Rp) 0.91f8:82 2.15f8:gg

Star mass, My (M) 0.98f8:8§ 1.25t8:§%

Star age (Gyr) 3'031 4.7f‘2‘:;

Star distance (pc) 960:?3 2190 + 710
Results from light curve and radial velocity combined analysis

Planet period, P (day) 9.06005 + 0.00024 4.62941 +0.00075

[9.05955,9.06051]
665.5146 +£0.0012
[665.5122,665.5171]

Transit epoch, Ty (BJD — 2455 000)

[4.62824,4.63117]
843.9445 + 0.0044
[843.9346, 843.9523]

Radius ratio, Rp/R 0.1140 + 0.0032 0.0699 +0.0076
[0.1092,0.1221] [0.0561,0.0787]
Scaled semi-major axis a/R 21.0+14 72+2.9
[16.5,22.1] [5.3,16.5]
Impact parameter, b 0.00 £ 0.16 0.87 £0.27
[0.00,0.56] [0.00, 0.90]
Orbital inclination, i (deg) 90.00 +0.56 83.2+23
[88.09, 90.00] [82.5,90.0]
Linear limb-darkening coefficient, u 0.28 £0.10 0.40+0.26
[0.08,0.49] [0.02, 1.00]
Systemic velocity, y (kms™') -34.931+0.014 18.604 + 0.024
[—34.962, —-34.905] [18.563, 18.657]
RV semi-amplitude, K (ms™') 283+20 88 +35
[255,335] [22,169]
Orbital eccentricity, e 0.007 £0.031 0.02+0.16
[0.000, 0.100] [0.00, 0.48]
Argument of periastron, w (deg) 178.1 £100.2 303.6 +107.9
[0.0,360.0] [0.1,359.8]
RV additional noise (ms™!) 7+16 66 +21
[0,52] [46,132]
LC additional noise (ppm) 992 + 157 291274
[645,1285] [0,968]
LC fractional contamination 0.160 +0.037 -
[0.088,0.239] -
LC out-of-transit flux level (ppm) 60+110 -40+170
[-53,393] [-323,351]
Derived absolute physical parameters
Planet mass, M|, (M) 2.90+0.22 0.84 £ 0.34
[2.49,3.36] [0.17,1.52]
Planet radius, R, (Ry) 1.009 +£0.076 1.46 +0.30
[0.930, 1.225] [1.16,2.21]
Planet density, p, (gcm™) 345+0.65 0.33 +£0.18
[1.77,4.33] [0.00, 0.66]
Planet semi-major axis, a (AU) 0.0844 +0.0012 0.0586 + 0.0034

[0.0815, 0.0863]

[0.050, 0.065]

Notes. For the LC and RV combined analysis, the given values are the MAP and the standard deviation of the marginal posterior distribution of the
parameters. In brackets we list the 95% highest density intervals (HDI) for the same distributions. HDI is defined as the interval containing 95% of
the distribution mass, such that no point outside the interval has a higher density than any point within it.
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Table 7. Photometric data.

Filter CoRoT-30 CoRoT-31

B 16.55+0.1 17.03

\% 15.65 +£0.04

R 15.27 +£0.03 15.06

1 14.75 £0.05 14.59

J 14.019 £0.029 13.908 +0.026
H 13.551 +£0.037 13.469 +0.024
K; 13.562+£0.045 13.426+0.038
E(B-V) 0.15 0.4

RV (m/s)
o

—100 A

I'4¢ ¢+ o

0

2

i +.# #

Time from periastron passage (day)

8

Notes. Magnitudes and E(B—V) derived from ExoDAT. When no error
estimate existed, we adopted 0.5 magnitudes in the fitting method.

Table 8. Absolute photometric magnitudes of the Sun.

CoRoT-31

200 1 +

RV (m/s)
o

—100 A +

My 5.64
Mp 5.48
My 4.83
Mg 4.47
M; 4.13
M, 3.270
My 3.346
Mg~ 3.632
M\/,Harris 4.854

o

—200 A +
1 4

2 3

100 A

¢ +++¢ ¢+ +,+ ++ *

-100 - ¢
1 2 3 4
Time from periastron passage (day)

RV (m/s)
o

o

Fig. 7. Radial velocity curves for CoRoI-30 (top) and CoRoT-31
(bottom). White circles indicate transit times.

to the solar spectrum, scaled by %7{ Ré, to obtain the total flux

fa, where A refers to the filter band. Then its uncalibrated abso-
lute magnitude in each band was calculated using the standard
formula —2.5log f;. The true absolute V-band magnitude of the
Sun is My =4.83, and we adopted the colors of the Sun as given
by Casagrande et al. (2012), Meléndez et al. (2010), and Ramirez
et al. (2012b) in order to calculate the magnitudes in the other
bands, given in Table 8. The solar absolute magnitudes were then
subtracted from the uncalibrated magnitudes in order to obtain
the zero-points. These zero-points were then used as the refer-
ence magnitudes in order to determine the absolute magnitudes
of any star. The apparent magnitudes were then calculated using
m = M —logd + 5, where d is the distance to the star.

The apparent magnitudes (or fluxes) depend on knowing the
stellar properties T, logg, and [Fe/H], as well as R, and d
(and interstellar reddening). Because R, and d have the inverse
effect on the apparent magnitudes, we fit their ratio R, /d = 6,
the angular diameter of the star. Using an implementation of
the Levenberg—Marquardt minimization algorithm, we can fit
the four stellar properties, T, logg, [Fe/H], and 6 using the
available multicolor photometry. In practice, we fixed log g and
[Fe/H] at their observed spectroscopic values, and only fit Teg
and 6. Changing logg or [Fe/H] by a few o has little effect on
the final 6, but this is taken into account for the uncertainty in 8,
see Creevey et al. (2015) for more detail.

The stars are faint. This implies that they are most likely
quite distant, and certainly distant enough so that interstellar

Table 9. Derived angular diameters of the host stars given in milliarc-
seconds (mas).

CoRoT-30 CoRoT-31
0.00887 = 0.00018  0.00954 + 0.00024

6 (mas)

Notes. The uncertainty also takes into account the variations in the
results as we vary E(B—V), logg, and [Fe/H] by a few o-.

extinction is not negligible. Before we fit the photometric magni-
tudes to the model spectra, the spectra were reddened according
to the coefficients of Cardelli et al. (1989), as given by the IDL
routine ccd_umred. In general, we adopted the standard extinc-
tion law of Ry = 3.1, and we used as a fixed input the measured
excess E(B-V). After the model spectra were reddened, they
were compared to the observed apparent magnitudes in the fit-
ting process. The fitted 8 are given in Table 9. These values are
used as constraints in the second part of the analysis.

6.2. Stellar properties from a grid of models

We compared the observed properties Teg, log (g), [M/H], 6, and
(for CoRoT-30 alone) the observed mean stellar density p, =
1.25f8§§ Po to grids of stellar models. For CoRoI-31, the den-
sity p, = 0.87*089 p, does not provide a constraint. We used two
sets of models: the first set, which we adopted as the reference,
contained the BASTI stellar evolution models' (Pietrinferni
et al. 2004). The second, which was used to test for system-
atic effects, is our own set that we constructed using the ASTEC
stellar evolution code (Christensen-Dalsgaard 2008). ASTEC is
used in the following configuration: the EFF equation of state
(Eggleton et al. 1973) without Coulomb corrections, the OPAL
opacities (Iglesias & Rogers 1996) supplemented by Kurucz

I http://basti.oa-teramo.inaf.it/index.html
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Table 10. Stellar parameters of CoRoT-30 and CoRoT-31 from evolution models.

R, M, Ty L, Teqr logg P d
Star (Ro) M)  (Gyn)  (Lo) K) (po) (pe)
CoRGT-30  0.9170%%  0.98*293 30724 0.77*922  5660%007 451709 107912 9603
CoROT-31  2.15%0% 1257022 4722 4572 573070, 3.87.02 0.63035 21907719
Moo~ - - r r r 1 7T LRI L L LR 1.05 T T T T T
1050 T 1
1.00 1
g 1000 T 1
3 2
s =
3 950f . .
0.951 1
900 T 1
850 L. P M R PPN I IR B | [OX°T0 ) NN IR I R B R
0.90 0.95 1.00 15 2 4 6 8 10 12 o 2 4 & 8 10 12
M (M) 7 (Gyr) ™ (Gyr)

Fig. 8. Contour plots for CoRoT-30 showing the correlations between mass, age, and distance at a fixed metallicity. The most likely value is
indicated by the cross. The contours are only indicative of the correlations and are shown for 50 and 85% of the maximum height.

opacities at low temperatures, solar mixture from Grevesse &
Noels (1993), and nuclear reaction rates from Bahcall & Pin-
sonneault (1992). Convection in the outer convective envelope is
described by the mixing-length theory of Bohm-Vitense (1958),
and this is characterized by a variable parameter ayr (Where
I = anvrrH,, [ is the mixing length and Hj, is the pressure scale
height). When a convective core exists, there is an overshoot
layer that is also characterized by a convective core overshoot
parameter a,y, and this is set to 0.25. Diffusion of helium is
treated using the description by Michaud & Proffitt (1993).

We followed a Bayesian approach to estimate the stellar
model parameters age, mass, and distance, using a fixed metal-
licity. Interpolation in metallicity is delicate, and for the BASTI
models [Fe/H] around the solar metallicity (+0.06 dex), this is
—0.25 and +0.26 dex. We computed their posterior probability
densities (up to a normalization constant) with the likelihood

o L (@) = £
0= o, O [_EZ p

L

; 3)

where x, is the vector of model parameters, f(x,,i) are the N
model observables, and f; and o; are the observations and their
uncertainties.

For CoRoTI-30, we imposed a prior from the Galactic disk
age as follows:

“)

1.0 if 7, < 8.8 Gyr,
P(r.) ={ * Y

ST
exp((z*(l_ﬁ;’i) ) if 7, > 8.8 Gyr.

Additionally, to compensate for the unequal evolution
timescales of stars of different masses (important for main-
sequence stars), we imposed a prior that corrects for these effects
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e\l
based on the evolution speed (%) . For the mass, we experi-

mented with a prior based on Salpeter’s initial mass function,
but as it made no significant difference, we reverted to a uniform
prior. For CoRoT-31, all priors were chosen uniform, that is, the
posterior probabilities are proportional to the likelihood.

For CoRoI-30 (CoRoI-31), the posterior probability den-
sities were calculated from a grid of models that spanned an
age of 0.0-16.0 Gyr in intervals of 0.1 Gyr, a mass of 0.85—
1.15 My (0.85-1.60 M), in intervals of 0.01 M, and a distance
of 700-1300 pc (400-3500 pc), in intervals of 10 pc.

After marginalizing over the other parameters, we defined
the best estimate for a given parameter as the value corre-
sponding to the maximum of the distribution. We calculated the
68% non-symmetric confidence interval and adopted this as our
uncertainty. As a sanity check, we applied this approach to the
solar observed properties { Tes, log g, [M/H], ps } = {5800, 4.43,
0.0, 1.0} (ignoring the angular diameter), using the BASTI grid.
We obtained a mass of 1.007%93 M, a radius of 1.01*093 R,

-0.02 -0.03
and an age of 4.80"]¢ Gyr.

The results for CoRoT-30 and CoRoT-31 are summarized in
Table 10. We derived a young age for CoRoT-30, that is, between
1.0 and 4.0 Gyr for a 1.00 to 0.96 M, star, consistent with
its higher observed Li abundances and rotation period, while
for CoRoT-31, we obtained an evolved star of about 5 Gyr and
1.25 M. Age, mass, and distance are correlated, as we show in
Fig. 8 for CoRoT-30.

This work was originally conducted without knowing the
Gaia parallax. However, it is worth noting that the derived radii,
which depend on the inferred distances using our method, agree
to within 1o with the distances inferred using the Gaia par-
allax. For CoRoTI-30, a parallax of 0.942 +0.043 mas yields
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Table 11. Effect of different models and metallicity on the stellar radius
and mass.

[M/H] R, M,
(dex) (Ro) (Mo)
BASTI ~ +0.00 0.93*097  0.97+004
ASTEC ~ +0.00  0.941997  (.97+004
ASTEC ~ +0.02 0.94*0%8  0.98+004
ASTEC ~ -0.08 0.90*5%8  0.94+0:93
ASTEC., 0.941008  0.98700%

Notes. The final row adds metallicity as a fourth dimension.

a distance of 1062f2é pc, while for CoRoT-31, a parallax of

0.470 £ 0.038 mas yields a distance of 2128*187 pc. For CoRoT-
30 a slightly greater distance (e.g., +10°) would imply a slightly
larger radius, but it would still be well within the uncertainties
we derive. For CoRoT-31, we agree.

For CoRoT-30 we explored the effects of metallicity on the
parameters and the uncertainties using the ASTEC models, and
the results for mass and radius are summarized in Table 11.
Because the BASTI models do not have the exact same metal-
licity as CoRoT-30, we determined the mass and radius using the
ASTEC models with solar metallicity to compare directly with
the BASTI results, and with the observed [Fe/H] = +0.02 dex.
The differences in the parameters are insignificant. However,
when we assume a metallicity of —0.08 dex (—10), we bias the
result toward a slightly lower mass and radius. We then extended
the ASTEC grid to a fourth dimension to probe the effect of
metallicity on the overall solution, and our parameter values did
not change from the original values, but the uncertainties were
higher by about 12%.

7. Models of CoRoT-30 and CoRoT-31 systems

With the completed data modeling in Sect. 5 and the stellar mod-
eling in Sect. 6, we can convert relative quantities into absolute
ones for the planets. For convenience, Table 6 summarizes all
the quantities we measured or computed for the CoRoI-30 and
CoRoT-31 systems.

We compared the density of CoRoT-30 b and CoRoT-31 b to
the ensemble of synthetic planets produced by the CoRoT-Mark 1
model (Broeg 2006, 2009). Markl planet models are evolved
assuming hydrostatic equilibrium and constant mass with the
equations and methods of Broeg & Benz (2012) and Broeg
et al. (2010) and a 1 Myr exponential decay of nebula pressures
and planetesimal accretion rate. The resulting Mark1R ensem-
ble consists of time-dependent, quasi-static planet models with
R(t) etc. for all Mark1 synthetic planets. The density evolution
of all Mark1R models corresponding to the host type and plan-
etary orbital period and that fit our planet-mass constraints are
shown in Fig. 9, together with the age constraint and 1, 3, and
50 density constraints.

A bundle of MarklR models (1 Mg, eight days) hits the
CoRoT-30 b constraints within the 1o error ellipse (red) and all
models fitting the mass constraint are within about 20, although
there is a trend towards the higher measured values. Models that
fit all constraints contain cores from 15 to 75 Mg,.

Given the nature of the weaker mass constraint for the
relatively heavy and inflated CoRoT-31 b, a wide and quali-
tatively different set of Mark1R-evolutions (1 Mg, four days)

CoRoT-30b and mass-consistent planetary models

Density / [1000 kg/m3]

Age / [Ga]

CoRoT-31b and mass-consistent planetary models

Density / [1000 kg/m3]

16" 10

Age / [Ga]
Fig. 9. Density evolution of quasi-hydrostatic Mark1R planetary mod-
els that fit the observational mass constraints for CoRoT-30 b (fop) and
CoRoT-31 b (bottom). Blue vertical lines mark the youngest and oldest
inferred stellar ages. Red shaded ellipses fit the 1, 3, and 50 limits for
the planetary density at the inferred stellar ages. Full, dashed, and dotted
lines mark planet models for high, medium, and low assumptions about
the planetesimal accretion rate in the Mark1 ensemble.

were found. We highlight the contracting-expanding family at
young ages in Fig. 9 below 10 Myr. The age and density con-
straints (red ellipses between the age limits) favor a bundle
of low-density protoplanets that monotonically contract to the
epoch of observation. The densest part of the bundle (highest
track-density of MarklR-models) somewhat favors the higher
planetary densities near the 1o limit of the observed values.

Both planets are consistent with a large number of these
simple core-envelope planet formation-evolution models at the
observed ages. This indicates that the core of CoRoT-30 b would
weigh between 15 and 75 Earth masses, whereas relatively weak
constraints favor no core for CoRoT-31 b. With their similar hosts
and orbits, their radius difference of about 50%, their factor-of-
three difference in mass and a density variation of about a factor
of 10, CoRoT-30 b and -31 b are a remarkable example of plan-
etary diversity (cf. Figs. 9 and 10). We have here a challenging
diversity constraint that any theory of planet formation will have
to include in the future.

8. Discussion
8.1. Formation and migration of giant planets

With an orbital period of 4.63 days, a mass of 0.84 +0.34 Mj,
and a radius of 1.46 + 0.30 Ry, CoRoTI-31 b is a typical hot Jupiter
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Fig. 10. Radius as a function of mass of characterized transiting
giant exoplanets as of August 2019 (Han et al. 2014, see http://
exoplanets.org/). The two planets presented in this paper are high-
lighted in red and labeled.

orbiting a slightly evolved solar-like star. The mass and radius
of CoRoT-30 b, M, = 2.90+0.22 My and R, = 1.01 £0.08 Ry,
are also typical of the population of well-characterized transiting
planetary companions (Fig. 10).

This suggest that the formation of these two giant planets
is similar to that of the other known close-in giant exoplanets.
Using an albedo A = 0, the longer orbital period of CoRol-
30 b at 9 days yields an equilibrium temperature Teq = Teg(1 —

A4 \JB: = 894.+30 K, however, so that CoRoT-30 b is at

the transition between what is usually referred to as “hot” and
“warm” Jupiters. Relatively few transiting giant planets are
known in this range of orbital periods. Even when we extend the
sample to include results of RV surveys, the number of detected
giant planets at orbital periods greater than about 10 days
decreases, followed by a sharp rise in their distribution outside of
~1 AU, the so-called period valley (Mayor et al. 2011; Santerne
et al. 2016) that none of the proposed theories for planet forma-
tion and migration can fully explain. The careful measurements
of orbital and physical parameters presented in this study enable
us to place these two systems in the context of the known close-
in planet population and discuss their implications for formation
and migration theories.

Different migration scenarios predict different properties
of the final orbit. The high-eccentricity migration mechanism
(HEM) postulates that giant planets are formed at an orbital dis-
tance of several AU and are subsequently excited to a highly
eccentric orbit through gravitational interactions with other bod-
ies. Because of this high eccentricity, the distance between the
planet and the star at periastron is a fraction of the semi-major
axis. If this distance becomes smaller than the Roche limit, the
planet is at risk of being torn apart by tidal forces. Thus it is
reasonable to set the Roche limit as the lower bound for the ini-
tial periastron of the population of proto-hot Jupiters. There, the
tides raised on the planet by the star are strong enough to quickly
circularize the orbit. Assuming that circularization proceeds at
constant orbital angular momentum, the relationship between
the periastron distance of the initial eccentric orbit and the final
circular orbit is simple. If circularization can take place with-
out significant mass loss from the planet, it is straightforward to
show that the final semi-major axis is expected to be twice the
Roche limit (Ford & Rasio 2006).

Figure 11 shows the mass of characterized transiting giant
exoplanets as of August 2019 as a function of orbital period. The
orbital period corresponding to twice the Roche limit is indeed
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Fig. 11. Mass as a function of orbital period of characterized transiting
giant exoplanets as of August 2019 (see http://exoplanets.org/).
The two planets presented in this paper are highlighted in red and
labeled. The dashed line represent the orbital period at twice the value
of the Roche limit (for a host with one solar mass). This would be the
final orbital period of an initially eccentric distant planet as a result of
the high-eccentricity migration mechanism.

an approximate lower envelope for this population, advocating in
favor of the HEM. CoRoT-31 b clusters with most known giant
planets, but the long orbital period and high mass of CoRoI-
30 b clearly set it apart. The circularization time f., can be
approximated as in Ivanov & Papaloizou (2007) by

M 2 M -2 R -8 P 6
Teire ~ 200 L —= £
M; Mg R; 3 days

where P is the current orbital period in days and ajyi¢ is the initial
semi-major major of the proto-hot Jupiter. The initial semi-major
axis here is the typical distance to the star where a giant planet
can form by core-accretion in a disk, and could range between
1 and 100 AU. When this initial semi-major axis is taken to lie
at 5 AU, CoRoT-31 b is compatible with the HEM with 7. ~
50 Myr, but CoRoI-30 b has #. ~ 800 Gyr, which strongly
disfavors the high-eccentricity migration scenario in this case.
Under the HEM hypothesis, all warm Jupiters are in the midst of
tidal migration through tidal circularization. For CoRoI-30 b, as
for many of the observed warm Jupiters, however, the eccentrici-
ties are too low to allow this process to take place on a reasonable
timescale. Moreover, observations show that the expected popu-
lation of super-eccentric migrating proto-hot Jupiters is missing
(Dawson et al. 2015). Reconciling observations and the HEM
scenario seems to demand that circularization should be both
very fast and affect wider orbits, which would require a tidal dis-
sipation mechanism in planets that is much more efficient than
what is usually measured (in the solar system) or derived from
theory. More observations of both hot and warm Jupiters, cru-
cially with a better estimation of their age, would help place
constraints on the HEM scenario.

Ainit

10AU

Myr, (5)

8.2. Host star properties

The spectral analysis indicates that CoRoT-30 is a G3V star, with
an effective temperature, surface gravity, and metallicity very
similar to that of the Sun. Stellar models favor a solution slightly
less massive than the Sun, but also slightly younger than the
Sun. At 3.03’27 ‘ff Gyr, the star is well within its main sequence and
belongs to the parameter space where rotation rates can be used
as an empirical age estimator (Jeffries 2014). Its high measured
rotational velocity is not characteristic of solar-like stars of this
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age (vsini = 4.3 + 0.4 kms™"). Using this value and the radius
determination from stellar models, we can obtain an upper limit
on the rotation period of 10.7’:{:? days. Using gyrochronology
(Barnes 2007) and the magnitudes given in Table 7, this yields
an age of about 535 +255 Myr, which is broadly in 10~ agreement
within our inferred value. This would correspond to a solution at
the higher end of our stellar mass estimation, however. To the
accuracy of our measurements, two scenarios must be consid-
ered: either we have a star very similar to the Sun, but rotating
faster than what is expected at its age, or our most likely value
for the age of the star is overestimated, and we have a very young
system that just begins on the main sequence. On the other hand,
CoROT-31 is also similar to the Sun in terms of effective temper-
ature and metallicity, but its surface gravity makes it a subgiant
star, which yields a spectral type of G2IV. Correspondingly, the
stellar models return an age similar to the Sun’s, but a higher
mass. CoRoT-30 and CoRoTI-31 are thus similar stars that dif-
fer in their evolutionary stage, one being on the main sequence,
and possibly close to its beginning, while the other has already
started to leave it.

The spectral analysis presented here provides us with another
age estimator: the surface lithium abundance. Lithium is prone
to destruction by proton capture at relatively low tempera-
tures (~2.5x 10° K) and the reaction is extremely temperature
dependent (<72%). Thus lithium depletion occurs mainly during
the pre-main sequence, and for solar-like stars, surface lithium
depletion should stop on the main sequence because by then
the temperatures needed to burn it are just below the base of
the convective zone. In the solar neighborhood, lithium abun-
dances have been found to vary by two orders of magnitude,
even for solar-like stars (Ramirez et al. 2012a), however. It seems
that rotation-induced mixing and angular momentum loss are
efficient mechanisms to destroy lithium in solar-type stars on
the main sequence, but a fully consistent picture remains elu-
sive (Amard et al. 2016). Notably, the presence of planets has
been proposed as causing additional lithium depletion (Israelian
et al. 2009; Chen & Zhao 2006). Two main mechanisms have
been invoked, one related to planetary migration, the other to
the velocity shear at the base of the convective zone caused
by the locking of the disk to star. Because it is expected that
planet formation requires a long-lived disk, stars hosting planets
may have experienced longer disk-locking phase and increased
rotational mixing, leading to enhanced lithium burning (Bouvier
2008). However, some authors deny any connection between low
lithium abundance and planets, arguing that the sensitivity of the
lithium abundance to other stellar parameters such as age and
metallicity is responsible for the lithium abundance difference
between stars with and without planets (Ramirez et al. 2012a).

Because they are very different in age and both host planets,
it is interesting to discuss how CoRoT-30 and CoRoT-31 fit this
picture. We took two catalogues of stars with measured lithium
abundances that argue for a link between Li depletion and planets
(Delgado Mena et al. 2014) and against it (Ramirez et al. 2012a)
(Fig. 12). Both studies derived Li abundances by standard LTE
spectral-line profile fitting of the region near the lithium reso-
nance doublet at 6708 A. The sample of Delgado Mena et al.
(2014) has typical errors of about 53 K for T, 0.08 dex for log g,
and 0.05 dex for metallicity. The sample of Ramirez et al. (2012a)
has typical errors of about 44 K for T, 0.11 dex for log g, and
0.06 dex for metallicity. The former contains only solar-type stars
in the main sequence, while the latter includes both younger and
older stars. The lithium abundances derived by our analysis of
CoRoT-30 and CoRoT-31 are corrected for non-LTE effects, but
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Fig. 12. Lithium abundance as a function of effective temperature. Top:
catalogs provided by Ramirez et al. (2012a) (in blue) and Delgado Mena
et al. (2014) in green, and we retain only the targets for which a definitive
measure of A(Li/H) was possible (discarding targets with only upper
limits, and stars in a binary system). The stars known to harbor a planet
are shown by colored spots, and those without any detected companion
are represented by crosses. The two systems presented in this paper are
highlighted in red and labeled. Bottom: same data sets, but showing only
stars with 5500 < T < 5900.

for this type of stars the non-LTE corrections are insignificant
compared to the error bars (Lind et al. 2009).

CoRoT-30 and CoRoT-31 have higher lithium abundances
than the other stars, both with and without planets. Unfortu-
nately, the uncertainty we found in estimating the effective
temperature limits the significance of the result. It is indeed
enough to place the temperature of both stars at 1o of their
nominal values to reconcile them with lithium abundances of the
corresponding stellar population. Moreover, CoRAT-31 is slightly
evolved, so there are no equivalent stars in the sample of Delgado
Mena et al. (2014), as we show in Fig. 13. Although the num-
ber of stars in this range of log(g) is quite small in the sample
of Ramirez et al. (2012a), CoRoTI-31 does not appear remark-
ably depleted compared to similar stars without detected planets.
Similarly, CoRoT-30 has the high lithium abundance of stars
younger than ~8 Gyr. Both systems do not seem to support the
claim that stars hosting planets are more depleted in lithium. The
number of stars in the sample is quite small, however, and more
measurements of lithium abundances for stars with and without
planet are required to reach definite conclusions.

8.3. Tidal evolution

We can investigate the tidal stability of the systems with the com-
plete orbital and physical characterization presented here. The
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majority of known hot Jupiters are Darwin unstable (Damiani
& Lanza 2015). This means that tidal evolution will eventually
bring the planets increasingly closer to the host until they reach
their Roche limits, where the planets will be tidally disrupted.
Assuming that angular momentum is conserved, a binary system
is Darwin unstable if its total angular momentum Ly is below
the critical value L. (Hut 1980) defined by

1/4

, (6)

G* MM}
Lesic = I: 33 M—p(c* + Cp)

where C, and C,, are the moments of inertia of the star and the
planet, respectively. At L., the unique mean motion correspond-
ing ngi to corotation is

Gt MMy \" .

Merit = (3—3—M* " A”lp] (Cu + Cp) 4, )

The values of L and ngy only depend on the masses and
radii of the star and the planet, so that the outcome of tidal evo-
lution of the system can be known for any fully characterized
system, even if the details of the tidal dissipation mechanism are
not well understood.

However, most observed exoplanet hosts are late-type stars.
It is generally admitted that they spin down throughout the
main sequence due to magnetic braking. Consequently, the total
angular momentum of the star-planet system is not conserved.
Moreover, the orbital angular momentum of hot Jupiters is of
the same order of magnitude as the rotation angular momentum
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Fig. 14. Darwin diagram for CoRoT-30 b (blue) and CoRoT-31 b (green).
The total angular momentum in units of the critical angular momentum
is plotted vs. the observed mean motion of the orbit of the planet in units
of the critical mean motion. The dashed line is the locus of spin-orbit
synchronization. The current positions of the systems are shown with
colored dots and corresponding error bars. The tidal evolution would
follow the dotted colored line of constant total angular momentum if
magnetic braking were negligible. On the other hand, the solid col-
ored lines show the locus of the pseudo-equilibrium, where the angular
momentum loss due to the wind is balanced by the angular momentum
transferred from the orbit.

of their host stars, so that magnetic braking can be important
to describe the past and future evolution of orbital elements. As
shown by Damiani & Lanza (2015), a state of pseudo-tidal equi-
librium is reached when the tidal torque exerted on the star is
equal in magnitude and opposite to the wind torque. Binary sys-
tems can evolve toward this pseudo-equilibrium when they have
n/ngic S 0.8. Using the dimensionless form given in Damiani &
Lanza (2015), we can plot in Fig. 14 CoRoT-30 b and CoRoT-31 b
in the same Darwin diagram, and determine how they are related
to the pseudo-equilibrium state.

To compute the locus of the stellar torque balance, we
assumed a Skumanich-type law for magnetic braking calibrated
for solar-like stars. We also assumed a tidal dissipation factor
Q' = 107, as expected for this type of star.

It is immediately clear that CoRoT-31 b, like most hot
Jupiters, is Darwin unstable. It has currently not enough total
angular momentum to evolve toward the synchronization of the
orbit and the rotation of the star (black dashed line in Fig. 14).
Owing to the mass of the planet, on this close-in orbit, the char-
acteristic timescale for tidal in-spiral is of the order of magnitude
of the main-sequence life of the star. This may explain why the
planet has survived until the advanced age of the star. Moreover,
the current configuration of the system is compatible (within
1o) or just past the pseudo-equilibrium state, where the tidal
torque and the wind torque balance each other (green solid line
in Fig. 14). This is expected considering the age of the system;
the tides and magnetic braking have had enough time to bring the
system to this state of equilibrium and even pass it, regardless of
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the initial orbital and rotational configurations at the formation
of the planet. The current orbital period of the planet is such that
n/ne = 4.2, however, so that the pseudo-equilibrium is not sta-
ble. The rest of the evolution of the semi-major axis of the planet
will be dominated by the tides. In this conditions, CoRoI-31 b
will spiral-in towards its Roche limit (corresponding to an orbital
period of P ~ (.78 days) with an e-folding time of a few tens of
Gyr. However, by this time, the star would have started its giant
phase, and the corresponding dramatic increase in radius would
certainly lead to the rapid disruption of the planet.

On the other hand, because CoRoT-30 b is at the transition
between hot and warm Jupiters, it is Darwin stable within the
error bars (Ly/Lerie = 1.2 £0.1). With P /Pop = 1.18 £ 0.15,
it is also possible that the orbital period is nearly synchronized
with the rotation period within the error bars. However, the con-
tinuous loss of angular momentum due to stellar winds prevents
the synchronized state from being preserved. Because the tidal
torque reaches zero when the orbital period is equal to the rota-
tion period, the magnetic breaking torque currently dominates
the tidal torque. Thus the stellar spin slows down faster than the
orbit can spin the star up through tides, and because n/ng; < 0.8,
the system will follow a vertical path in the Darwin diagram until
it reaches the balance between tidal torque and breaking torque
exerted on the star. Given the current rotation rate of the star,
assuming a solar-type braking law and neglecting the spin-up of
the star through tidal torque during this phase, this would take
about 2 Gyr. The position of CoRoT-30 b in the Darwin diagram
is thus consistent with a wind-dominated evolution, currently
evolving toward the stationary state, which would be expected for
a young system. Thus, although our most likely solution yields a
solar-like star well on its main sequence, the combined analysis
of the lithium abundances, rotation rate, spectral type of the host,
and tidal evolutionary state of the system would tend to favor a
younger slightly more massive solution. A better precision on the
age of this system would be very useful to constrain migration
scenario and gyrochronology relationships. Because this target
is very faint, its observation with a sufficient S/N to allow for
asteroseismic constrains will be very challenging, even with the
space missions TESS and PLATO. Nevertheless, this discussion
shows the potential of a full and precise characterization of such
a system.

9. Conclusions

Using CoRoT and ground-based follow-up facilities, we discov-
ered two new giant planets at short orbital periods (4.6 and
9.1 days) and measured their radii and masses: 1.01 +£0.08 R;
and 2.90+0.22 M; for CoRoTI-30 b, and 1.46+0.30 R; and
0.84 +£0.34 M; for CoRoI-31 b. In the process, we also charac-
terized their stars: CoRoT-30 and 31 are both solar-like stars, but
the former is at the beginning of the main sequence, whereas the
latter has just left it. Neither system seems to support the claim
that stars hosting planets are more depleted in lithium.

The radii of the two planets are close to the radius of Jupiter,
but they differ in mass; CoRoI-30 b is ten times denser than
CoR0T-31 b. The core of CoRoT-30 b would weigh between
15 and 75 Earth masses, whereas relatively weak constraints
favor no core for CoRoI-31 b. In terms of evolution, the char-
acteristics of CoRoI-31 b appear to be compatible with the
high-eccentricity migration scenario; this is not the case for
CoRoT-30 b. The angular momentum of CoRoT-31 b is currently
too small for the planet to evolve toward synchronization of its
orbital revolution with the stellar rotation, and it will slowly
spiral-in while its host star becomes a red giant. CoRoI-30 b is

not synchronized either: it looses angular momentum owing to
stellar winds and is expected to reach steady state in about 2 Gyr.
CoRoT-30 and 31, as a pair, are a truly remarkable example of
diversity in systems with hot Jupiters.
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Appendix A: Computation of the contamination
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Fig. A.1. CoRol thumbnails, i.e., target-centered CCD subimages,
for CoRoT-30. The photometric mask for the target stars appears in
white. The white crosses indicate the locations of the neighboring stars
retrieved from Exodat. Top image: observed data. Middle image: noise-
free computed data. Bottom image: same as the middle one without the
target PSF to clearly show the contamination by neighboring stars. We
note the significant contamination for CoRoT-30.

We compute the contamination for CoRoTl targets here with
noise-free thumbnails, that is, target-centered CCD subimages.
This process implies (1) identifying the neighboring stars in
Exodat, (2) computing their V—R colors, (3) estimating their
effective temperatures from their colors, (4) selecting their point
spread functions (PSFs) in the CoRoT PSF database as a func-
tion of their effective temperatures and positions on the CCD,

600574166 / SRa04-E2L-2567 / MON
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Fig. A.2. CoRoT thumbnails, i.e., target-centered CCD subimages,
for CoRoI-31. The photometric mask for the target stars appears in
white. The white crosses indicate the locations of the neighboring stars
retrieved from Exodat. Top image: observed data. Middle image: noise-
free computed data. Bottom image: same as the middle one without the
target PSF to clearly show the contamination by neighboring stars. We
note the negligible contamination for CoRoT-31.

(5) rescaling their PSF amplitudes using their R magnitudes,
(6) repositioning the rescaled PSFs in the computed imagettes,
and (7) isolating the neighboring star pixels that land in the tar-
get photometric mask. The top and middle images in Figs. A.l
and A.2 show the observed and computed thumbnails for com-
parison and reconstruction quality control. In the bottom images,
the target star PSFs are removed so that the contamination can
be computed by reference with the middle images. The contam-
ination is clearly significant for CoRoI-30, but negligible for
CoRoT-31.
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