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ABSTRACT

We report on the characterization of the Kepler-101 plagetgstem, thanks to a combined DE-MCMC analysiKegpler data and
forty radial velocities obtained with the HARPS-N spectaggh. This system was previously validated by Rowe et all42@nd is
composed of a hot super-Neptune, Kepler-101b, and an Bekd-planet, Kepler-101c. These two planets orbit théngligevolved
and metal-rich G-type star in 3.49 and 6.03 days, respéytivéth massM, = 51152 Mg, radiusR, = 5.77°3%5 R,, and density
pp = 1457283 g cnr®, Kepler-101b is the first fully-characterized super-Negtuand its density suggests that heavy elements make
up a significant fraction of its interior; more than 60% oftit¢al mass. Kepler-101c has a radius (ﬁSt_gﬁ Re, which implies the
absence of any fie envelope, but its mass could not be determined due to ldtévesfaintness of the parent star for highly precise
radial-velocity measurement&{ = 13.8) and the limited number of radial velocities. The-upper limit, M, < 3.8 Mg, excludes

a pure iron composition with a 68% probability. The architecture of the Kepler-101 plangtystem - containing a close-in giant
planet and an outer Earth-sized planet with a period ratii#y larger than the 3:2 resonance - is certainly of irdefer planet
formation and evolution scenarios. This system does ntavidhe trend, seen by Ciardi et al. (2013), that in the majaf Kepler
systems of planet pairs with at least one Neptune-size getarianet, the larger planet has the longer period.

Key words. planetary systems: individual (Kepler-101, KOI-46, KIC903239) — stars: fundamental parameters — techniques: pho-
tometric — technigques: spectroscopic — techniques: radlatities.

arxiv:1409.4592v1 [astro-ph.EP] 16 Sep 2014

1. Introduction 2009) suggest that the planetary Initial Mass Function éis@t+
. . S terized by physically significant minima and maxima. In art

Shtudles of plan_etary p(;)plulatlon jynthgas W'th'n thg O‘“ﬁ ular, a minimum in the approximate range 8, < 70 Mg is
the core accretion model (e.g.. 1da & Liin 2008; Mordasinilet §,nqerstood as evidence for a dividing line between plarats-d
inated in their interior composition by heavy elements, gid
ant gaseous planets that undergo runaway gas accretioenfRec

* Based on observations made with the Italian Telescopiodat Lhe(_)retlr(]:al WO:ck r(]MO']daS'n' etal. 2012) Q_as alslo Fepro"gge .
Galileo (TNG) operated on the island of La Palma by the Fuiddac asic shape o the p anetary_mass - radius relation andnts ti
Galileo Galilei of the INAF (Istituto Nazionale di Astrofisa) at the €volution in terms of the fraction of heavy elemedts: Mz/M

Spanish Observatorio del Rogue de los Muchachos of theutsstle iN @ planet. In particular, the radius distribution is prteld to be
Astrofisica de Canarias. bimodal, with a wide local minimum in the approximate range
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6 < Ry < 8 R, roughly coinciding with the minimum in the ~ The Kepler light curve shows distinct transits of the 3.5 d
range of planetary masses indicated above. Furthermore; agransiting planet Kepler-101b, with a depth-©f0.1%. On the
gards the possible architectures of multiple-planet systeon- other hand, the transits of the Earth-sized companion Keple
siderable attention has been devoted to gauging the li@dih 101c, with a period of 6.03 d and a depth~o65 ppm, are em-
of the formation and survival of terrestrial-type planettet bedded in the photon noise. They can be detected after regovi
rior and exterior to close-in higher-mass objects that have the Kepler-101b transits and by using data from more than 4-5
dergone Type | or Il migration. In particular, recent invgat quarters, because the phase-folded transit has a/lwfS- 11
tions have not only shown that hot Earths might be found imhen taking all the available LC measurements into account.
systems in which disk material has been shepherded by a mi- The simple-aperture-photomeirdenkins et al. 2010) mea-
grating giantl(Raymond et al. 2008), or that water-richestrial surements were used for the characterization of Kepleb 20
planets can still form in the habitable zones of systemsaiont ¢ (Sect[B) and were corrected from flux contamination by back
ing a hot Jupiter (Fogg & Nelson 2007), but also that teri@str ground stars which are located in tkepler mask of our target.
planets could be found just outside the orbit of a hot Jugiter This amounts to only a few percent, as estimated byKiber
configurations with a variable degree of dynamical inteéoact teanf.

(Ogihara et al. 2013). No clear activity features with amplitude larger than

The class of transiting exoplanets is uniquely suited te pre 400 ppm are seen ikepler LC data, indicating that the host
vide powerful constraints on the theoretical predictiohshe star is magnetically quiet.
formation, structural, and dynamical evolution historypddin-
etary systems such as those listed above. For example, the ob . .
servedR, — M, diagram points towards a paucity of planets witi#-2- Spectroscopic follow-up with HARPS-N
properties intermediate between those of Neptune and rBat
In particular, the mass bin between 30 and 69 &hd the ra-
dius bin between 5 and 7 Rkare amongst the most underforty spectra of Kepler-101, with exposure times of half
populated, despite the fact that objects with such chaiactean hour and average/i$ of 16 at 550 nm, were obtained
tics should be relatively easy to find in high-precision mhot with the high-resolution R ~ 115000) fiber-fed, optical
metric and spectroscopic datasets. Furthermore, data thiem echelle HARPS-N spectrograph, installed during Spring2201
Kepler mission indicates that, for multiple-planet arebttires on the 3.57-m Telescopio Nazionale Galileo (TNG) at the
in which one object is approximately Neptune-sized or largeédbservatorio del Roque de los Muchachos, La Palma Island,
the larger planet is most often the planet with the longeiopler Spain (Cosentino et . 2012). HARPS-N is a near-twin of the
(Ciardi et al. 2013), and also that in general a lack of compaHARPS instrument mounted at the ESO 3.6-m telescope in
ion planets in hot-Jupiter systems is observed (e.g., Inatteal. La Silla (Mayor et all 2003) optimized for the measurement of
2011 Stéfen et all 2012). high-precision radial velocitiess( 1.2 m st in 1 hr integra-

In this work we combine Kepler photometry with high-ion for aV ~ 12 mag, slowly rotating late-&-type dwarf).
precision radial-velocity measurements of the Kepler-dd- Spectroscopic measurements of Kepler-101 were gathettbd wi
planet system gathered in the context of the GTO program IARPS-N in objAB observing mode, i.e. without acquiring a
the HARPS-N Consortium_(Pepe et al. 2013; Dumusquelet simultaneous Thorium lamp spectrum. Indeed, for this fint
2014). Kepler-101 was initially identified as Kepler Objectet, the instrumental drift during one night is consideyadlver
of Interest 46 (KOI-46). It was subsequently validated btghan the photon noise uncertainties. The first ten spectra we
Rowe et al. [(2014), who derived orbital periods of 3.49 d andken between June and August 2012, before the readout of the
6.03 d, and planetary radii of 5.87;Rind 1.33 R for Kepler- red side of the CCD failed, which occurred in late September
101b and Kepler-101c, respectively, and also carried oct s@012. Thirty additional measurements were collected frben t
cessful dynamical stability tests. Our combined spectpisc end of May 2013 up to the end of August 2013, after the re-
and photometric analysis allows us to derive a dynamicabmagsdacement of the CCD.
for Kepler-101-b and to place constraints on that of Kefgletc. HARPS-N spectra were reduced with the on-line standard
The much improved characterization of the Kepler-101 systepipeline, and radial velocities were measured by means of a
permits us to identify the first fully-characterized supiptune weighted cross correlation with a numerical spectral mdsk o
planet, and to provide the first observational constraintthe G2V star (Baranne 1996; Pepe etlal. 2002). They are listed in
architecture of multiple-planet systems with close-indm@ss Table[2 along with their &~ photon-noise uncertainti&swvhich
giants and outer Earth-sized objects in orbits not far fresor range from 5.5 to 12.5 n1%, and bisector spans. HARPS-N ra-
nance. dial velocities show a clear variation, with a semi-ampléwof

19.4 + 1.8ms?, in phase with the Kepler-101b ephemeris as
derived fromKepler photometry (see Fif] 1). As expected from
2. Data the relative faintness of the host star for high-precisamtial ve-
locities and the limited number of HARPS-N measurements, th
RV signal induced by the Earth-sized planet Kepler-101ois n
Kepler-101 (see IDs, coordinates, and magnitudes in T3k 1detected, hence only an upper limit can be placed on its mass.
a relatively faint targetl{, = 13.8) for high-precision radial- No correlation or anti-correlation between bisector szants
velocity searches. It was observed Kgpler for almost four RVs is seen, as expected when RV variations are induced by
years, from quarter Q1 up to quarter Q17, with the long-cademlanetary companions.
(LC) temporal sampling of 29.4 min, and for ten months, from
quarter Q4 up to quarter Q7, in short-cadence (SC) mode, i.€. httpy/keplergo.arc.nasa.giyKEprimerLCs.shtmlp
one point every 58.8 s. The medians of the errors of indilidua2 httpy/archive.stsci.eqieplerkepler fov/search.php
photometric measurements are 155 and 846 ppm for LC and SRy jitter in our data is negligible as expected from the longmetic
data, respectively. activity level of Kepler-101.

Yo Radial-velocity observations

2.1. Kepler photometry
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Fig.1. Left panel: phase-folded short-cadence transit light curve of Keptb along with the transit
model (red solid line)Right panel: phase-folded radial-velocity curve of Kepler-101b anghexyimposed,
the Keplerian orbit model (black solid line). Red and blueleis show the HARPS-N data obtained with
the original and replaced CCD, respectively.

2.2.2. Stellar atmospheric parameters two-hundred and twenty-nine in LC mode. To perform the titans

We applied two slightly dferent approaches to derive the photlttlng, transits of Kepler-101b and ¢ were individually nal-

X . ized by fitting a linear function of time to the light curveéntvals
tospheric parameters of Kepler-101. The co-addition oftad| : : ; o .
available HARPS-N spectra (with resulting\S= 96 at 550 nm) of :\évg;e the transit duration before their ingress and atteir
was analysed using the same procedures described in djetai?g o ) . ]
Sozzetti et dl[(2004, 2006) and Dumusque &f al. (2014),efadr  Since the RV signal of Kepler-101c is not detected in our
erences therein. A first set of relatively weak Fe | and Fe HARPS-N data, we first performed a combined analysis of
lines was selected from the Sousa étlal. (2010) list, andvequfepler photometry and HARPS-N radial velocities of Kepler-
alent widths (EWs) were measured using the TAME softwafd1b by fitting simultaneously a transit model (Giménez€)00
(Kang & Le¢[201P). A second set of iron lines was chosen frofid a Keplerian orbit. The free parameters of our global rhode
the list of Biazzo et al[(2012), and EWs were measured marfife the transit epocho, the orbital periodP, two systemic ra-
a”y Effective temperatur§eﬁ’ surface gravity |0g, microtur- dial velocities for HARPS-N d_a.ta obtained W|th both the Gr_lg
bulence velocity, and iron abundance [f4] were then de- nal (Vo) and the replaced chip/(), the radial-velocity semi-
rived under the assumption of local thermodynamic equilior amplitudeK, ve cosw and Ve sinw, wheree is the eccen-
(LTE), using the 2013 version of the spectral synthesis colity and w the argument of periastron, the transit duration
MOOG (Snedéh 1973), a grid of Kurucz ATLAS plane-parallel s the ratio of the planet to stellar rad#,/R., the inclina-
model stellar atmospherés (Kurlicz 1993), and by imposing extion i between the orbital plane and the plane of the sky, and
tation and ionisation equilibrium. Within the error batsetwo the two limb-darkening cdcients (LDC)ax = (Ua + Up)* and
methods provided consistent results. The final adoptedesaludz = 0.5Ua/(Ua+ Up) (Kippingi2013), wherel, anduy are the co-
obtained as the weighted mean of the two independent deterfifiicients of the quadratic limb-darkening law (e.g.. Claréi(®0
nations, are summarized in Table 1. They agree, to within 1 A DE-MCMC analysis with a number of chains equal to twice
with the atmospheric parameters found independently wi@ S Fhe number of_free parameters was then carried out. Afteovem
(Buchhave et al. 2014). Both the lowsini, = 2.6 + 0.5 kms® ing the “burn-in” steps, as suggestediby Knutson et al. (£009
and the average activity index |5¢m = —-5.17 + 005 further and achieving convergence and well-mixing of the chains ac-

support the low magnetic activity level of the host star iréd  cording to_Ford (2006), the medians of the posterior distrib
from theKepler light curve. tions and their 343% intervals were evaluated and were taken

as the final parameters and associateduhcertainties, respec-
) tively. Mass, radius, and age of the host star were detedhtige
3. Data analysis and system parameters comparing the Yonsei-Yale evolutionary tracks (Demarduadle

To determine the system parameters, a Bayesian combinkd ailzlgptl) with the stellarfective temperature, metallicity, and den-

ysis of HARPS-N andKepler data was performed using aSlty s derived froma/R, and Keplers third law (see, e.g.,
Differential Evolution Markov Chain Monte Carlo (DE-MCMC)SOZZ,e’[tI et all 200/,.To_rre§ etial. 2012). For this PUrpose, w
method [(Ter Braak 2006: Eastman et al. 2013).k8fler data considered normal distributions for tiigr and [FgH] with stan-

were used to model the transits of Kepler-101b, because t{i3fd deviations equal to the uncertainties derived fromspec-
yield a more accurate solution than LC measurements by avall .I af.‘a'ys's (SeCCZZ-?)- We used the sa}>me chl-sqyare min
ing the distortion of the transit shape caused by the LC sagpl Mization as described in_Santerne €t al. (2011). Orbital; s
(Kippingd[2010). Specifically, eighty-two transits of Kepte01b lar, and Keplgr-lOlb parameters are reported in Table 1. The
were observed in SC mode, which yields Af ~ 190 for SC photometric measurements and HARPS-N data phase-folded

the phase-folded transit. On the other hand, LC measuremeffith the ephemeris of Kepler-101b are shown in Fig. 1 along
were used to perform the Kepler-101c transit modeling beealV/th the best solution.
SC data alone do not provide a high enougN.3ndeed, fifty The parent star Kepler-101 is a slightly evolved and metal-

transits of Kepler-101c were observed with SC samplinglevhirich star, with a mass of. 17f8ﬁ8; Mo, aradius of 156+ 0.20 R,
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and an age of 8 + 1.2 Gyr. According to orbital, transit, and Table 1. Kepler-101 system parameters. Errors and upper limits
the above-mentioned stellar parameters, Kepler-101b laas,mrefer to 1o- uncertainties.

radius, and density ok, = 51131 Mg, R, = 5.77°35% R,

andp, = 1.45:983 g cni3. These values of mass and radius aretdllar 1Ds, coordinates, and magnitudes
in-between those of Neptune and Saturn, making Kepler-10 :er IDb' ; 10905239
deserve the name of “super-Neptune”. Given its vicinitytte t U%PN%?AZJ?BIO Interest 12?(;:?)8997781
host star & = 0.047 au), the equilibrium temperature is high,,\1ass D 185301314821188
i.e. Teg ~ 1515 K. The inferred eccentricity of Kepler-101b isga (32000) 18:53:01.32
consistent with zero, although - given the current predisia  pec (32000) 48:21:18.84
small eccentricity€ 0.17 at 107) can not be excluded. Kepler magnitude 13.77

The phvsical t fKepler-101 determined Eﬁ_owell Everett Survey Johnson-B 14.52

physical parameters of Kepler cwere determine owell Everett Survey Johnson-V 13.80

ter those of Kepler-101b. The modeling of its transit wasiedr ,\1r g7 1240+ 0.02
out by i) using all the available LC data, ii) considering@ualar 5\ ass K 1201+ 0.02

orbit], iii) oversampling the transit model by a factor of 10 (e‘g'SeIIar Darameas

SOU'[.hWOI't’I 20_12), and iv) fixing the LDC to those which were=gacive temperaturéa K] 5667 £ 50
previously derived because the low trangli$revents us from \etajiicity [Fe/H] [dex] 0.33+ 0.07
fitting them. The transit of Kepler-101c along with the best fivicroturbulence velocity, [km s] 1.00+ 0.05
is shown in Fig[R. A Bayesian DE-MCMC combined analysisRotational velocityV sini, [km s] 2.6+05
of Kepler photometry and the residuals of HARPS-N data, afteDensityp, [g cn3] 0.437_*%-;2‘;
subtracting the Kepler-101b signal, indicates that thésipt has Mass [M;] 1.17458L

a radius of 125'019 R, and a mass: 3.78 M. Indeed, as al- Radius [R] 1.56+0.20
ready mentioned, only an upper limit on the RV semi-ampé#tudDerived surface gravity log[cgs] 412:0%5

of Kepler-101c can be given, i.& < 1.17 ms?. Consequently, Aget [Gyr] 59+12
its bulk density is highly uncertaini, < 105 g cnt3. Finally, ~Spectraltype =~ , G3IV

we point out that both the upper limit on the RV semi-amplitud Linéar limb-darkening cd@cientu, 028+0.13
of Kepler-101c and the orbital parameters of Kepler-101kewe Quadratic limb-darkening cdécientu, 046+ 0.20
found to be fully consistent when modeling the RV data WitH‘Fr(ﬂ:'rt-;giigrbital Saramdiers

two Keplerian orbits and imposing gaussian priors on théalrb Orbital periodP [days] 3.4876812 0.0000070

periods and transit epochs of Kepler-101b and c fidepler . qit epochTo[BJDrps — 2454900] 288.77995 0.00041

photometry. Transit duratioriT 14 [h] 3.875392
Radius raticR,/R. 0.03401;3;33325
Inclinationi [deg] 8582173
Ve cosw -0.137073
Ve sinw —0.17+02
Orbital eccentricitye 0.086j§82§8
1.0002 Argument of periastron [deg] 231
Radial velocity semi-amplitudi [ms™] 19.4+ 1.8
E Systemic velocity,, [km s™] —77.7110+ 0.0015
o 10000 Systemic velocity, , [kms™] —77.7440+ 0.0025
= a/R. 6.551088
& Impact parametely 0.52f§§§
EREEL Planetary parameters
MassMp [Mg] 51.1+32
e T = NS RadiusR, [Re] 5.77:03%
0:9996 - .70 e SRR S Densityp, [g cm™?)] 1.45j81gg
[ _ - e Surface gravity log, [cgs] 317j§f§0
) Orbital semi-major axisi [au] 0.047{8;8832
2 Equilibrium temperaturdeq [K] @ 151379
& Kepler-101c
Transit and orbital parameters
-0.02 0.00 0.02 0.04 Orbital periodP [days] 6.02976G- 0.000075
Orbital phase Transit epochlo[BJDrpg — 2454900] 654860+ 0.0088
Fig.2. Planetary transit of the Earth-sized planet Kepler-101&ransit durationr, [h] 3.87+024
with the transit model (red solid line). Small circles shdvet Radius ratidR/R. 0.00732 50054
phase-folded long-cadené@pler data. Larger circles are the gfgli?:itﬁgée[gter%litw g‘(l%ga)
same data binned in 0.003 phase intervals for display perpos Argument of periastron [deg] 90 (fixed)
Radial velocity semi-amplitudg [ms™] <1.17
a/R. 80139
Impact paramete 0.75'018
Planetary parameters
4 a circular orbit was adopted for Kepler-101c in the absericng '\R/I:(?ﬁjl\s/lp ['Ef;)]] f;sz(?lg
RV constraint on orbital ecg:entrig:ity. Thg latter, in anyseamust be Densityip [g“’cm,s] <‘ 16%17
Ié)(\;vcti[:;han 0.2 so as to avoid orbit crossing and system iilisyalBee Orbital sepmi-major axis [au] 00684+ 0.0014
Equilibrium temperaturdeq [K] 2 1413338

@ Black-body equilibrium temperature assuming a null Bortibeb and uniform heat
4 redistribution to the night side.
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Table 2. HARPS-N radial velocities and bisector spans dfon (Seager et al. 2007). Kepler-101b joins the rare knoam-t
Kepler-101. The last column indicates the HARPS-N CCD: 6iting planets in the transition region between Satura-kkd
and R stand for the original and the replaced CCD, respégtivéleptune-like planets. A lower occurrence of giant planats i

(see text). the mass interval 3& M, < 70 Mg is expected from certain
models of planet formation through core accretion follovigd

BJDuyrc RV +1o Bis.span CCD planetary migration and disc dissipation (e.g., Mordasirail.

-2450000 (m3s) (ms?t) (ms? 2009; see their Fig. 3). This is likely related to the factthihen

6102.618403 -77739.82 8.38 -28.13
6102.639630 -77757.71 10.60 -35.69
6114.521305 -77764.50 11.65 -50.76
6114.542544 -77743.52 12.18 -52.91
6115.514333 -77727.63 6.28 -8.35
6115.535548 -77729.12 5.84  -35.93
6116.514941 -77739.54 7.98 -25.19
6116.536133 -77739.84 7.34 -13.34
6117.475560 -77764.48 6.31 -10.70
6117.496811 -77762.48 6.53 -20.69
6436.576753 -77690.77 5.48  -20.76
6437.676342 -7773291 7.26 -9.82
6462.515513 -77733.73 8.71 -35.87
6463.465239 -77701.82 9.73  -24.03
6482.571731 -77707.87 1148 16.11
6482.593676 -77713.09 11.15 -25.66
6495.416309 -77696.42 5.96 1.10
6497.548192 -77737.89 9.71 5.84
6497.564893 -77735.63 8.70 -15.85
6498.638143 -77695.98 9.68  -38.55
6498.652622 -77697.74 12.27 -54.50
6499.530536 -77686.68 9.26 16.28
6499.545593 -77688.48 8.77 29.85
6500.412431 -77717.32 7.05  -25.93
6500.428599 -77729.78 7.32 -35.69
6501.556731 -77732.92 10.31 -63.39
6510.450025 -77698.01 8.45 -10.25
6511.445178 -77730.92 7.26 -1.55
6511.466532 -77725.08 7.87 -65.89
6512.447436 -77701.43 6.46  -21.48
6512.468362 -77702.63 6.08 -12.55
6513.439347 -77702.26 6.73 8.23
6513.460087 -77704.35 5.80  -52.45
6514.389197 -77716.24 8.60 1.79
6514.410123 -77715.08 8.74  -27.32
6515.380077 -77727.62 10.05 -13.66
6515.401315 -77718.09 1159 16.72
6528.437262 -77706.54 10.10 -30.15
6530.406773 -77690.25 6.29 -2.74
6532.371144 -77732.99 7.62 -17.58

a protoplanet reaches the critical mass to undergo runaeray a
cretion (Pollack et al. 1996), its mass quickly increasetoup

3 Myyp Therefore, disc dissipation might have occurred at the
time of gas supply (Mordasini etal. 2009). Indeed, the Xaagt
EUV energy flux from the parent star can account for a mass
loss of < 13 Mg during its lifetime of~ 6 Gyr, according to
Sanz-Forcada et al. (2011).

In terms of mass and radius, Kepler-101b is, to our knowl-
edge, the first fully-characterized super-Neptune. Indseden
known transiting planets with accurately measured masseés h
radii comparable with that of Kepler-101b at &, namely
CoRoT-8b, HAT-P-26b, Kepler-18c, Kepler-25b, Kepler-56b
Kepler-87c, and Kepler-89e. However, CoRoT-8b is a dense
sub-Saturn with a higher mass than Kepler-101b, g. =
69.9 + 9.5 Mg (Bordé et all 2010), and the remaining planets
are low-density Neptunes with masses bele@5 Mg. All the
three planets with mass comparable to that of Kepler-10dsma
i.e. Kepler-35b, Kepler-89d, and Kepler-9b, have largdiiyae.

Ry > 8 Rs.

According to models of the internal structure of irradiated
(Fortney et al. 2007; Lopez & Fortney 2013) and non-irraztiat
(Mordasini et al. 2012) planets, Kepler-101b’s interioosk
contain a significant amount of heavy elements; more than 60%
of its total mass. This might further support the observed co
relation between the heavy element content of giant plaareds
the metallicity of their parent stars (Guillot 2008). Détdimod-
eling of the internal structure of the Earth-sized planeplge
101c is not possible because of the weak constraint on its,mas
i.e. Mp < 3.8 Mg (< 8.7 M) at 1o (2 o). We are only able to
exclude a composition of pure iron with @86 probability, ac-
cording to models for solid planets by Seager et al. (200d) an
Zeng & Sasselov (2013), and anyHte envelope from the plan-
etary radius constraint (Rogers et al. 2011).

We carried out a small number of N-body runs using a
Hermite integrator (Makinop 1991), to investigate the digbof
the Kepler-101 planetary system. The mass of the star amd inn
planet were set according to the values in Table 1, as were the
semi-major axis and eccentricity of the inner planet. Thaise
major axis of the outer planet was also set according to theva
in Table[1, but we varied its mass and the initial eccenyrioft
its orbit. We ran each simulation for at leasf bits of the in-
Thanks to forty precise spectroscopic observations obthivith ner planet. Our simulations suggest that the system isestabl
HARPS-N, and a Bayesian combined analysis of these measurnater planet masses between 1 and 4 Earth masses and for outer
ments andepler photometry, we were able to characterize thplanet eccentricitiee < 0.2. Orbit crossing would occur if the
Kepler-101 planetary system. The system consists of a persu outer eccentricity exceeded= 0.25 and none of our simulations
Neptune, Kepler-101b at a distance of 0.047 au from the hegth an outer planet eccentricigy > 0.225 was stable. Hence,
star, and an outer Earth-sized planet, Kepler-101c withi-serour results indicate that the system is stable for magsé$/s

DXV OVXAVDDOVODOXDODODOODODVOODODODODXOVOODOOOOO0OO0O000O0

4. Discussion and conclusions

major axis of 0.068 au and mass3.8 Mg, of the outer planet, in agreement with the-upper limit from
Figure[3 shows the positions of Kepler-101b and ¢ in tHeV measurements, and for all eccentricities 0.2.
radius-mass diagram of known exoplanets with rad®ys < The fact that both planets in the Kepler-101 system transit

12 Ry, massM, < 500 M, and precision on the mass bettheir parent star suggests that these planets evolvedphubisc-

ter than 30%. Green diamonds indicate the Solar System planet interactiond (Kley & Nelson 2012), rather than thylou
ant planets Jupiter, Saturn, Neptune, Uranus, and thesteale dynamical interactions_(Rasio & Fornd 1996). One suggested
planets Earth and Venus (from right to left). The three dabttenechanism for forming close-in multiple planets is thafett
lines indicate isodensity curves of 0.5, 1.5, and 5 gt(from ential migration forces the planets into a stable resonaafter

top to bottom), and the blue solid lines show the mass and rwahich the planets migrate inwards together (Lee & Peale/p002
dius of planets consisting of pure water, 100% rocks, andd.00rhat a large fraction of the known multiple planet systenes ar
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