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Abstract

We report a detailed characterization of the Kepler-19 system. This star was previously known to host a transiting
planet with a period of 9.29 days, a radius of 2.2R� , and an upper limit on the mass of 20M� . The presence of a
second, non-transiting planet was inferred from the transit time variations(TTVs) of Kepler-19b over eight quarters
of Kepler photometry, although neither the mass nor period could be determined. By combining new TTVs
measurements from all theKepler quarters and 91 high-precision radial velocities obtained with the HARPS-N
spectrograph, using dynamical simulations we obtained a mass of 8.4�± �1.6M� for Kepler-19b. From the same
data, assuming system coplanarity, we determined an orbital period of 28.7 days and a mass of 13.1�± �2.7M� for
Kepler-19c and discovered a Neptune-like planet with a mass of 20.3�± �3.4M� on a 63-day orbit. By comparing
dynamical simulations with non-interacting Keplerian orbits, we concluded that neglecting interactions between
planets may lead to systematic errors that can hamper the precision in the orbital parameters when the data set
spans several years. With a density of 4.32�± �0.87 g cmŠ3 (0.78�± �0.16� � ) Kepler-19b belongs to the group of
planets with a rocky core and a signi� cant fraction of volatiles, in opposition to low-density planets characterized
only by transit time variations and an increasing number of rocky planets with Earth-like density. Kepler-19 joins
the small number of systems that reconcile transit timing variation and radial velocity measurements.

Key words:planetary systems– planets and satellites: composition–
planets and satellites: dynamical evolution and stability– stars: individual(Kepler-19) –
techniques: radial velocities– techniques: photometric

1. Introduction

After the discovery of thousands of planets with radii smaller
than 2.7R� from the NASA Kepler mission (Borucki
et al. 2011; Coughlin et al.2016), a consistent effort has been
devoted to understanding the formation scenario and chemical
composition of such planets(e.g., Weiss & Marcy2014;
Dressing et al.2015 and Wolfgang & Lopez2015). To
distinguish between a rocky composition and the presence of a
thick envelope of water or volatile elements, the radius derived

from the transit depth must be coupled with a precise mass
determination(better than 20%), either from radial velocity(RV)
measurements or transit timing variations(TTVs). Planets that
have been characterized with such a level of precision appear to
fall into two populations:� one following an Earth-like
composition and a second one with planets larger than 2 Earth
radii, requiring a signi� cant fraction of volatiles(e.g.,
Rogers 2015; Gettel et al. 2016 and López-Morales
et al.2016). Recently, improved mass and radius determinations
of known planets have uncovered the existence of super-Earths
that fall between these two populations, such as 55 Cancri e
(Demory et al.2016) and Kepler-20b(Buchhave et al.2016).
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We need more planets in that mass regime with precise mass
and radius measurements to understand the undergoing physics.
For this reason we carried out an RV follow-up of Kepler-19b
(hereafter K19b), a planet with a period of 9.287 days and a
radius of 2.209�± �0.048R� , orbiting a relatively bright
(V�= �12.1, K�= �11.9) solar-type star(Teff�= �5541�± �60�K,

glog 4.59 0.10� � � o, [Fe/ H]�= �Š0.13�± �0.06). The planet
was detected by Borucki et al.2011and subsequently validated
by Ballard et al.(2011, hereafter B11) using adaptive optics and
speckle imaging to exclude a secondary source in theKepler
light curve,Spitzerobservations to verify the achromaticity of
the transit and Keck-HIRES high-resolution spectroscopy to rule
out the presence of massive, non-planetary perturbers. From
BLENDERanalysis(Torres et al.2011) the probability of a false-
positive scenario was constrained to less than 1.5�× �10Š4. RVs
measured on high-resolution spectra were consistent with a mass
of 1.5M� (0.5 m sŠ1) and an activity-induced RV jitter of
4 m sŠ1, but ultimately they lacked the required precision for a
robust determination of the planetary mass, and only an upper
limit of 20.3M� was set. The existence of an additional planet,
Kepler-19c(hereafter K19c), with a period� 160 days and mass
� 6Mjup, and further con� rmation of the planetary nature of
K19b, were inferred byB11 from the presence of TTVs on eight
quarters of the K19b light curve.

In this paper we couple high-precision RV measurements
obtained with HARPS-N with updated measurements of transit
times (T0) encompassing all 17 quarters ofKepler data to
determine the orbital parameters of K19b, K19c, and a third,
previously unknown planet in the system, Kepler-19d(here-
after K19d). TTV and RV data sets are analyzed independently,
to understand which constraints they can provide to the
characterization of the system. Subsequently, a simultaneous
TTV and RV � t is performed using dynamical simulations to
take into account gravitational interactions between planets.
We perform this analysis under the assumption of coplanarity
between planets and then investigate the effect of different
mutual inclinations on the goodness of the� t. We con� rm that
only the inner planet is seen transiting the host star. A
comparison between the RV obtained from dynamical simula-
tions and that when assuming non-interacting planets is
performed. We conclude by describing the role of K19b in
understanding the bulk densities of small planets.

2. Radial Velocities

We collected 101 spectra using HARPS-N at the Telescopio
Nazionale Galileo, in La Palma. The observations spanned over
two years, from 2012 June to 2014 November, overlapping the
Kepler observations during the� rst year. Every observation
consisted of a 30 minute exposure, with a median signal-to-
noise ratio of 37 at 550 nm, corresponding to a RV nominal
error of 2.8 m sŠ1. Given the faintness of the target,

observations were gathered with theobjAB setting, i.e., the
second � ber (� ber B) was observing the sky instead of
acquiring a simultaneous thorium–argon (ThAr) lamp spec-
trum. Several observations demonstrated that the stability of the
instrument over 24�hr is within 1 m sŠ1 (e.g., Cosentino
et al. 2014), thus the precision of the measurements was
dictated largely by photon noise. Data were reduced using the
standard data reduction software(DRS) using a G8 � ux
template(the closest available one to the spectral type of the
target) to correct for variations in the� ux distribution as a
function of the wavelength, and a G2 binary mask was used to
perform the cross-correlation(Baranne et al.1996; Pepe et al.
2002). The resulting RV data, with their formal 1-�
uncertainties, the FWHM of the cross-correlation function
(CCF) and its contrast(i.e., the depth normalized to the
continuum), the bisector inverse span(BIS), and the Rlog HK�a
activity index, are listed in Table1.

2.1. Effect of Moon Illumination

A simple procedure was adopted to check the in� uence of the
moon illumination on the science� ber (labeled as� ber A).
First, the cross-correlation function of the sky spectrum
acquired with� ber B, CCFB, was recomputed18 using the same
� ux correction coef� cients as those for the target(CCFA) for
that speci� c acquisition. Then, CCFB was subtracted to the
corresponding CCFA and radial velocities were computed again
using the script from Figueira et al.(2013), which uses the same
algorithm implemented in the DRS. For 10 observations the
difference between the sky-corrected RV and the DRS RV was
greater than twice the photon noise, so we rejected those
observations, and used the remaining 91 RVs from the DRS in
the following analysis. A� ag has been included in Table1 to
identify the rejected observations.

While the rejected observations have in common a fraction
of the illuminated Moon greater than 0.9 and a barycentric RV
correction within 15 km sŠ1 from the absolute RV of the target
star, not all the observations that met this criterion were
affected by the sky contamination, suggesting that other
unidenti� ed factors can determine whether or not contamina-
tion is negligible. An in-depth analysis of the outcome of the
observations is thus advised when measuring RVs for faint
stars.

3. Kepler Photometry

Kepler-19 was initially observed in long-cadence(LC) mode
during quarters 0–2, and then in short-cadence(SC) mode from
quarter 3 until the end of the mission in 2013(at quarter 17). At

Table 1
HARPS-N Radial Velocities and Ancillary Measurements of Kepler-19

BJDUTC RV � RV FWHM Contrast BIS Rlog HK�a logRHK
�T �a Moon � ag

(days) (m sŠ1) (m sŠ1) (km sŠ1) (m sŠ1) (dex) (dex)

2456100.608 Š10608.31 2.31 6.745 48.83 Š41.90 Š4.975 0.039 0
2456100.629 Š10610.99 2.09 6.735 48.91 Š40.73 Š5.039 0.031 0
2456101.606 Š10613.07 3.56 6.732 48.70 Š55.78 Š4.961 0.060 0

Note. This table presents the epoch of the observations, the RV with associated noise, the FWHM and contrast of the CCF, the inverse bisector span, theRlog HK�a
activity index with the associated error, and a� ag indicating if the data have been contaminated by the Moon(1) or not (0); see Section2.1.

18 When using the objAB setting, CCFB is computed by the DRS without� ux
correction by default.
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the time of publication, B11 had at their disposal only the� rst 8
quarters. In an effort to make use of any additional information
coming fromKepler photometry, we redetermined the transit
times for all the quarters now available, in both LC and SC
light curves. Quarters already analyzed by B11 were examined
as well, to validate ourT0 determination and to provide a
homogeneous set of measurements.

Transit identi� cation was performed by propagating the
linear ephemeris of B11, with the inclusion of 3�hr of pre-
ingress and post-egress around the expected transit time.

For each transit time, we� rst detrended the transit light
curve with a polynomial between the 1st and 10th degrees, with
the best-� t degree chosen according to the Bayesian informa-
tion criterion(BIC). Then, we determined a newT0 guess with
an automatic selection among different search algorithms,19

� tting the Mandel & Agol(2002) transit model, implemented
in PyTransit 20 (Parviainen2015), � xing all other para-
meters to the literature value. Finally, theT0s were re� ned
using theJKTEBOPprogram(Southworth et al.2004) and the
associated errors were determined with a classical bootstrap
approach.

Transit times from LC and SC light curves were matched
together, keeping the SC measurements when available. Transit
times are reported in Table2. A comparison with B11
measurements of the observed minus predicted time of transit
(O Š C), using their linear ephemeris for both data sets, is
shown in Figure1. The scatter of the residuals, well within the
error bars, shows that the methodologies are perfectly
consistent, i.e., that we are limited by photon noise, data
sampling, and/ or unknown systematics rather than the exact
procedure followed to measure the transit times.

Due to an error in theKeplerarchiving system, at the time of
B11’s publication the time stamps of all theKeplerlight curves
were reported in the Coordinated universal Time system(UTC)
instead of the Barycentric Dynamical Time system(TDB).21

While this error was did not affect the internal consistency of
the B11 analysis, it must be taken into account when
comparing time series with timing accuracy better than a few
minutes. We corrected for this error before comparing B11 data
with our newT0 measurements.

4. Physical Parameters

Atmospheric stellar parameters of Kepler-19 were deter-
mined in B11 using Spectroscopy Made Easy(SME, Valenti &
Fischer2005). Since this method may suffer from correlation
between derived parameters(Torres et al.2012), and since we

have several high-resolution spectra from HARPS-N at our
disposal, we decided to carry out an independent determination
with an alternative approach, i.e., equivalent width measure-
ments of individual spectral lines instead of� tting of the whole
spectrum. We used all the spectra free from sky contamination
to obtain a coadded spectrum with an average S/ N of 350.

Stellar atmospheric parameters were determined using the
classical line-of-growth approach. For this purpose we used the
2014 version of the line analysis and synthetic codeMOOG22

(Sneden1973), which works under the assumption of local
thermodynamic equilibrium, and we used theATLAS9 grid of
stellar atmosphere models from Castelli & Kurucz(2004), with
the new opacity distribution functions and no convective
overshooting. Equivalent width measurements were carried out
with the codeARESv223 (Sousa et al.2015) coupled with the
updated linelist of Malavolta et al.(2016), where the oscillator
strength of the atomic lines has been modi� ed to correctly take
into account the chemical abundances from Asplund
et al. (2009).

Temperature and microturbulent velocity were determined
by minimizing the trend of iron abundances from individual
lines with respect to excitation potential and reduced equivalent
width, respectively, while the gravity glog was adjusted by
imposing the same average abundance from neutral and ionized
iron lines. For a detailed description of the procedure for the
atmospheric parameters and associated errors we refer the
reader to Dumusque et al.(2014). The derived atmospheric
parameters are summarized in Table3.

Our stellar atmospheric parameters agree within the
uncertainties with the ones determined by B11, including the
surface gravity that is usually the parameter most dif� cult to
derive, and there is only a difference of 3 K inTeff despite the
use of two complementary approaches and independent data
sets. For this reason we adopted their determination for the
mass and radius of the star and the physical radius of K19b
based on light curve analysis.

5. Stellar Activity

Considerable effort has recently been devoted to analyzing
the effect of stellar activity on RV measurements andT0
determination(Mazeh et al.2015; Ioannidis et al.2016). The
HARPS-N DRS automatically delivers several diagnostics for
activity such as the FWHM of the CCF, the bisector inverse
span, and the Rlog HK�a index, while several other chromospheric
indexes such as the H� index (Gomes da Silva et al.2011;
Robertson et al.2013) can be determined from the spectra
themselves.24 In Figure 2 analyses of BIS and Rlog HK�a are
reported as representative of all the indexes. For each index we
checked the presence of any correlation with time, either by
visual inspection(upper panels of Figure2) or with the
Generalized Lomb–Scargle(GLS) periodogram(Zechmeister
& Kürster 2009), where the 1% and 0.1% false alarm
probabilities (FAPs) have been computed with a bootstrap
approach(middle panels of Figure2). Finally, the presence of
any correlation with RVs was veri� ed by calculating the
Spearman rank correlation coef� cient � , the slope of the
linear � t m with its error, and the p-value using the weighted

Table 2
Transit Times of Kepler-19 from Q0-Q17

Transit Number T0 (BJDUTC) T0�T (days)

0 2454959.7074 0.0014
1 2454968.9935 0.0023
2 2454978.2801 0.0020

19 Levenberg–Marquardt (Moré et al. 1980), Nelder-Mead (Nelder &
Mead 1965; Wright 1996), COBYLA (Powell 1994) as implemented in
scipy.optimize , and the Af� ne Invariant Markov Chain Monte Carlo
(MCMC) Ensemble sampler implemented inemcee (Foreman-Mackey
et al.2013), which is available athttps:// github.com/ dfm/ emcee.
20 Available at https:// github.com/ hpparvi/ PyTransit.
21 http:// archive.stsci.edu/ kepler/ timing_error.html

22 Available at http:// www.as.utexas.edu/~ chris/ moog.html.
23 Available athttp:// www.astro.up.pt/~ sousasag/ ares/ .
24 The code to retrieve the activity indexes is available athttps:// github.com/
LucaMalavolta/ .
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least-square regression25 (lower panels of Figure2). We
omitted the FWHM from the analysis since a few changes to
the spectrograph focus during the� rst year of observations
modi� ed the instrumental pro� le,� and hence the measured
FWHM (however, the measured RVs were unaffected.

The absence of signi� cant peaks in the periodogram of the
indexes under analysis around the expected rotational periods
of 32 days (from B11 following Noyes et al.1984),
34�± �6 days, and 36�± �3 days (from HARPS-N Rlog HK�a ,
following Noyes et al.1984and Mamajek & Hillenbrand2008,
respectively), and the lack of statistically signi� cant correla-
tions between the indexes and RVs, con� rmed the low activity
level of the star that was already deduced by B11, and is
consistent with Rlog HK�a �= �Š5.00�± �0.04.26

We also searched for stellar variability on the most recent
KeplerPre-search Data Conditioning(PDC) light curve, which
presents several improvements that correct instrumental trends
(and thus is better suited to search for activity modulation) with
respect to the light curve available at the time of B11’s
publication. Most of the time the star is photometrically quiet,
while in some parts of the light curve a clear signal, likely due
to stellar activity, is detected. We applied the autocorrelation
function technique over these portions of light curve and we
estimated a rotational period of 30 days. This signal is
characterized by a short timescale of decay(a few rotational
periods) and a rapid loss in coherence. We comment on the
impact on the RV in Section7.

6. TTV Analysis

Dynamical analysis of the system was performed with
TRADES27 (TRAnsits and Dynamics of Exoplanetary Systems,
Borsato et al.2014), anN-body integrator with the capability of
� tting RVs andT0s simultaneously to determine the orbital
parameters of the system through� 2 minimization.

Since only the innermost planet is transiting, it is extremely
dif� cult to constrain the orbital parameters of all the planets in
the system by TTV alone. In fact, attempts to� t theT0s with a
two-planet model resulted in a strong degeneracy between the
mass and the period of the second planet, i.e.,O–C diagrams
with similar shapes could be produced by jointly increasing the
mass and the period of K19c. The amplitude and shape of the
T0s, however, can still give us upper limits on the mass and
period of the non-transiting planet if we compare the outcome
of the dynamical simulations with the maximum mass
compatible with the observed semi-amplitude of the RVs.

We proceeded as follows. We usedTRADESto perform a� t
of theT0s by assuming a two-planet model and� xing the mass
of K19b to a grid of values between 2.5 and 20M� and a
spacing of 2.5M� , with its period already measured from the
Kepler observations. To each point on this grid we assigned
several values for the mass of K19c randomly selected between
5 and 250M� . For each combination of K19b and K19c
masses, the other orbital parameters of the system were left free
to vary and their best-� tting values were determined by� 2

minimization through the Levenberg–Marquardt algorithm. We
discarded those solutions with at least one planet having an
eccentricity greater than 0.3, assuming that interacting planets
meeting this condition are likely to be unstable.

In Figure 3 we show the results obtained for the mass of
K19c as a function of its period. The expected RV semi-
amplitudes of K19c as a function of mass and period are
superimposed. We note that many of the orbital con� gurations
reported in the plot could be unstable, since dynamical stability
was not yet checked� at this stage(stability analysis is
introduced in Section8). We can attempt to estimate a lower
limit to the periods and masses of the non-transiting planets
according to the observed semi-amplitudes of the RVs by
taking advantage of the correlation between the mass and
period of K19c. Our RVs have a peak-to-peak variation of
23 m sŠ1, so if we take into account the additional signal of
K19b(a few m sŠ1 in the case of a Neptune-like density), K19c
amplitude should necessarily lie below theK�= �10 m sŠ1 line.
This fact suggests that a short period(� 50 days) for K19c
should be expected, while nothing can be said regarding K19b

Figure 1. Difference between the observed and the predicted(from the linear
ephemeris) times of transit for K19b. In red are the measurements from Ballard
et al.(2011), and in black are our new measurements for all theKeplerquarters.
In the lower plot the difference between the two measurements is shown for the
data points in common, with the error bars obtained by summing in quadrature
the errors from the two estimates. The small scatter of the residuals with respect
to the size of the error bars demonstrates that we are not in� uenced by the exact
methodology used to measure theT0s.

Table 3
Astrophysical Parameters of the Star

Parameter B11 This Work

Teff (K) 5541�± �60 5544�± �20
glog 4.59�± �0.10 4.51�± �0.03

� t (km sŠ1) L 0.88�± �0.05
[Fe/ H] Š0.13�± �0.06 Š0.08�± �0.02
Må (Me ) 0.936�± �0.040 L
Rå (Re ) 0.859�± �0.018 L
Age (Gyr) 1.9�± �1.7 L

Rlog HK�a Š4.95�± �0.05 Š5.00�± �0.04

25 StatsModels is available athttp:// statsmodels.sourceforge.net/ .
26 Note, however, that this value could be affected by interstellar medium
absorption and could be higher than measured(Fossati et al.2017). 27 TRADESis available athttps:// github.com/ lucaborsato/ trades.
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from TTV alone. We remind the reader that this analysis cannot
be considered conclusive due to the reduced number of points
and their scatter around the best linear� t.

7. RV Analysis

While only one planet is transiting Kepler-19, the presence
of at least one additional planet was inferred by the presence of
TTVs. To reveal such planets, we� rst performed a frequentist
analysis on the RV data set by computing the GLS period-
ogram and iterating over the residuals until no signi� cant
periodicity was present. This analysis revealed two signals at
28.6 and 62.3 days with FAPs lower than 1%, while the signal
corresponding to K19b at 9.3 days was barely detected
(Figure4).

The signal at 28 days is very close to the second-order 3:1
mean motion resonance(MMR), which is among the possible
con� gurations listed by B11 as the cause of the TTVs of K19b.
While the FAP of this signal is below the traditional threshold
for RV planet detection claims(; 10Š3), we can compare it
with the probability of observing K19c near another MMR
resonance. In order to do so, we scrambled once again the RV
observations and calculated the fraction of periodograms that
had a stronger peak with respect to the untouched data set, in a
frequency range of 5% around the interior and exterior 1:2, 2:3,

and 3:4� rst-order resonances; the 1:3 and 3:5 second-order
resonances; and the 1:4 and 1:5 higher-order resonances. The
FAP of the signal at 28 days computed in this way decreases to
8�× �10Š4, i.e., it is unlikely that the signal at 28 days is a
spurious signal caused by a planet in another MMR
con� guration.

The signal at; 28.6 days is consistent with the rotational
period of the star obtained from the active regions on the
Kepler light curve, which, however, have the characteristic of
rapidly decaying and reappearing later at different phases and
intensities. We checked if the RV signal had the same
properties by performing a jacknife analysis by splitting the
RV data set into two parts(at BJD�= �2456700 days) and
determining the phase and amplitude of the signal in each data
set.28 We obtainedK�= �2.6�± �1.1 m sŠ1, f �= �3.0�± �0.3 rad
for the � rst half of the data set, andK�= �3.0�± �0.6 m sŠ1,
f �= �2.8�± �0.2 rad for the second half, i.e., the signal is stable
over several years, and therefore unlikely to be due to stellar
activity. As an additional check, we computed the stacked
Bayesian Generalized Lomb–Scargle (BGLS) periodogram
(Mortier & Collier Cameron2017). The S/ N is increasing
with the square of the number of observations, as expected for a

Figure 2. The bisector inverse span(left panels) and the Rlog HK�a index (right panels) are shown as an example of the analysis conducted on CCF asymmetry and
activity indexes. Upper panels: indexes as a function of time; the seasonal medians for the� rst and third quartiles are indicated in red. Middle panels: GLS
periodograms of the indexes; the rotational period of the star is indicated with a red vertical line. The 1% and 0.1% FAP levels are displayed as dashed and dotted
horizontal lines, respectively. Lower panels: indicators as a function of RV. The best� t is represented by the dashed red line.

28 We imposed as a prior the periodP�= �28.57�± �0.02 days to compensate for
the scarcity and poor sampling of the split data sets.
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