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ABSTRACT

arxiv:1210.2329v2 [astro-ph.EP] 16 Jan 2013

We present three newly discovered sub-Jupiter mass plapaisthe SuperWASP survey: WASP-54b is a heavily bloatedetlaf
mass 0.63892> M, and radius 1.658339 R;. It orbits a F9 star, evolvingfbthe main sequence, every 3.69 days. Our MCMC fit of
the system yields a slightly eccentric orlet=£ 0.067i8;8§§) for WASP-54b. We investigated further the veracity of oatettion of the
eccentric orbit for WASP-54b, and we find that it could be rekdwever, given the brightness of WASP-5410.42 magnitudes, we
encourage observations of a secondary eclipse to drawtrobaoslusions on both the orbital eccentricity and the trarstructure

of the planet. WASP-56b and WASP-57b have masses of &%1M; and 0672709;2 M, , respectively; and radii of 092353

R; for WASP-56b and 8162517 R, for WASP-57b. They orbit main sequence stars of spectral §f every 4.67 and 2.84 days,
respectively. WASP-56b and WASP-57h show no radius anoaradya high density possibly implying a large core of heavinelets;
possibly as high as50 M, in the case of WASP-57b. However, the composition of the detgrior of exoplanets remain still
undetermined. Thus, more exoplanet discoveries such améspresented in this paper, are needed to understandrastago giant

planets’ physical properties.

Key words. planetary systems — stars: individual: (WASP-54, WASPYB&SP-57, GSC 04980-00761) —techniques: radial velocity,
photometry
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1. Introduction dates) are common around solar-type stars (e.g., Borueki et

2011, and Batalha etlal. 2012). Although these discoveries a

To date the number of extrasolar planets for which precisem¢ nyamental for a statistically significant study of plargtpop-
surements of masses and radii are available amounts to ions and structure in the low—mass regime, the majofity

t_han a hu_ndred. Although these systems are _mostly ‘].Upitﬂ{ése candidates orbit stars that are intrinsically faint(13.5
like gas giants they. have revegiled an extraordinary Vanéty.for ~78% of the sample of Boruckietlal. 2011) compared to
physical and dynamical properties that have had a profc_mnd 'those observed from ground-based transit surveys, making e
pact on our knowlt_adge of planetary structure, formation a anet confirmation and characterisation extremely chgltey
evolution and unveiled the complexity o_f these processes ( f not impossible. Thus, more bright examples of transitsey-
Bardfe et all 20’10, and references there in). Transit surveys sLéqQ are needed to extend the currently known parameter space
as SuperWASH (_PoIIacco et a_I. 20.06) have been e_xtremely SHfder to provide observation constraints to test theaktmd-
cessful in providing great insight into the properties ofrax els of exoplanet structure, formation and evolution. Aiddially,
%olar pcllagets ;nd their host slt:_;lrsd(_see e.g.,f&amta\. 2019{%‘ bright gas giant planets also allow study of their atmosgher
round-based Surveys exce’ In discovering Syslems With Rgs"+ransmission and emission spectroscopy, and thus geovi
culiaexotic characteristics. Subtleffiirences in their observ- interesting candidates for future characterisation ssidiom
Ing strategies can _yle_ld L_Jnexpected selectidieats impact- the ground (e.g. VLT and e-ELT) and from space (e.g. PLATO
ing the emerging distributions of planetary and stellarpgire JWST, EChO, and FINESSE) '

ties such as orbital periods, planetary radii and stellatatne Here we describe the properties of three newly discov-

licity (see e.g., Cameron 2011 for a discussion). For exam- o )
pIeyV\(/ASP-lgb (Ander‘son etlal 2070b) is a hiéhly inﬂate’a;ed transiting exoplanets from the WASP survey: WASP-54b,

(Ry = LO9R), very low density planet in a tiltgctrograde /ASP-56b, and WASP-57b. The paper is structured as follows:

. .in § 2 we describe the observations, including the WASP dis-
orbit, HAT-P-32b [(Hartman et al. 2011) could be close to fill- , .
ing its Roche LobeRp| = 2.05R, (if t%e best fit eccentric cCVeNY data and follow up photometric and spectroscopic ob-

servations which establish the planetary nature of thesitiag

orbit is adoptel), thus possibly losing its gaseous envelopey,: ;
L . jects. In§ 3 we present our results for the derived system pa-
and the heavily irradiated and bloated WASP-12b (Hebblet Z%neters for the three planets, as well as the individu#iaste

d

2009),_has a C{;\rbon ric_h atmosph_ere (Kopparapu et ‘?I' 20 planetary properties. Finally, §n4 we discuss the implica-
Fossati et al. 2010), and is undergoing atmospheric eviporaisn of these discoveries, their physical properties and they

(Llama et all 2011; Lecavelier Des Etangs 2010) losing m&ss 44 information to the currently explored mass-radiusipatar
its host star at a rate10~’ M; yr~* (Li et al![2010). On the op- space. yexp

posite side of the spectrum of planetary parameters, thayhig
dense Saturn-mass planet HD 149026b is thought to have a core

of heavy elements with 70Mg, needed to explain its small ra- ;

dius (e.g.. Sato et al. 2005, and Carter et al. 2009), and 8w m2' Observations

sive WASP-18b p= 10M;, [Hellier et al. 2009), is in an or- The stars 1SWASP J134149.02-000741.0 (2MASS J13414903-
bit so close to its host star with period 600.94 d and ec- 0007410) hereafter WASP-54; 1SWASP J1213272Z8D320.2
centricity e = 0.02, that it might induce significant tidal ef-(2MASS J121327902303205) hereafter WASP-56; and
fects probably spinning up its host star (Brown etal. 2011) SWASP J145516.84-020327.5 (2MASS J14551682-0203275)
Observations revealed that some planets are larger than exreafter WASP-57; have been identified in several nortsieyn
pected from standard coreless models (2.g.. Fortneyled@¥, 2 catalogues which provide broad-band opti¢al (Zacharia et
Bardfe et al. 2008) and that the planetary radius is correlated05) and infra-red 2MASS magnitudes (Skrutskie &t al. 2006
with the planet equilibrium temperature and anti-coredatith as well as proper motion information. Coordinates, broad-
stellar metallicity (see Guillot et 8l. 2006; Laughlin ell2011; band magnitudes and proper motion of the stars are from the
Enoch et al. 2011, Faedietal. 2011). For these systems dfoMAD 1.0 catalogue and are given in Table 1.

ferent theoretical explanations have been proposed famexa

ple, tidal heating due to unseen companions pumping up the )

eccentricity [(Bodenheimer etldl, 2001; and Bodenheimeli et 1. SuperWASP observations

2003), kinetic heating due to the breaking of atm°$phef’i“ne WASP North and South telescopes are located in La Palma

waves|(Guillot & Showman 2002), enhanced atmospheric 0p"i‘6RM - Canary Islands) and Sutherland (SAAO - South Africa),

2007), and finally ohmic heating (Batygin ellal. 2011, 201 a respectively. Each telescope consists of 8 Canon 2008 f

; : o 28 . focal lenses coupled to e2v 20482048 pixel CCDs, which
Perna et &l. 2012). While each individual mechanism woubd pr ;a4 a field of vizw of 78 x 7.8 square gegrees, and a pixel

sumably &ect all hot Jupiters to some extent, they can not e¥-
plain the entirety of the observed radii (Fortney & Nettetma cale of 13.7 (Pollacco et al. 2006).
2010; | Leconte et al. 2010; Perna etlal. 2012). More complex
thermal evolution models are necessary to fully understiasid
cooling history.

Recently, the Kepler satellite mission released a large-nu
ber of planet candidates 2000) and showed that Neptune-siz
candidates and Super-Earths 716% of Kepler planet candi-

WASP-56 ¥ = 115) is located in the northern hemi-

sphere with Declinatiod ~ +23h and thus it is only observed

by the SuperWASP-North telescope; WASP-54 and WASP-57

g = 1042 andV = 1304, respectively) are located in an
quatorial region of sky monitored by both WASP instrumgnts

however only WASP-54 has been observed simultaneously by

* Spectroscopic and photometric data are available in efeictform  POth telescopes, with a significantly increased observavgie
at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (1302895) or @ge on the target. In January 2009 the SuperWASP-N telescope
via/http;/cdsweb.u-strasbg/fgi-biryqcat?JA+ A/ underwent a system upgrade that improved our control oeer th

1 However, we stress here that the favoured circular soluisnlts main sources of red noise, such as temperature-dependest fo
in a best fit radius of 789+ 0.025R,; changes. (Barros etlal. 201.1; Faedi et al. 2011). This upgeade
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sulted in better quality data and increased the number ofeplaTable 1. Photometric properties of the stars WASP-54, WASP-
detections. 56 and WASP-57. The broad-band magnitudes and proper mo-

All WASP data for the three new planet-hosting stars wefon are obtained from the NOMAD 1.0 catalogue.
processed with the custom-built reduction pipeline désctiin
Pollacco et dl.[(2006). The resulting light curves were yeed _Parameter WASP-54 WASP-56 WASP-57
using our implementation of the Box Least-Squares fitting an RA(J2000) - 13:41:49.02  12:13:27.90 14:55:16.84
SysRem de-trending algorithms (sée Collier Cameron et aP€¢(J2000)  -00:07:41.0  +23:03:20.2  -02:03:27.5

. Z p a. ] 1098+ 0.07 1274+ 0.28 136 + 0.5
2006; | Kovacs et al._2002; Tamuz et al. 2005), to search fo 10424006 11484+ 0115 1304+ 0.25

signatures of planetary transits. Once the candidate gaveee g 100+ 0.3 107 + 03 127103
flagged, a series of multi-season, multi-camera analyses we, 9773+ 0053 11388+ 0.087 12243+ 0.107
performed to strengthen the candidate detection. In auhditi j 9365+ 0.022 10874+ 0021 11625+ 0.024
different de-trending algorithms (e.g., TFA, Kovacs et al.5300 H 9.135+0.027 10603+ 0.022 11292+ 0.024
were used on one season and multi-season light curves t0 9.035+0.023 10532+ 0.019 11244+ 0.026
confirm the transit signal and the physical parameters of thg. (magyr)  -9.8+13 -349+ 08 —-220+54
planet candidate. These additional tests allow a more tighro _#s (Mmagyr) ~ -235+12 29+07 —06+54

analysis of the stellar and planetary parameters deriviyso
from the WASP data thus helping in the identification of the
best candidates, as well as to reject possible spurioustitets.

0.04
© o

- WASP-54 was first observed in 2008, February 19. The2 002
same field was observed again in 2009, 2010 and 2011 by both 0-0°
WASP telescopes. This resulted in a total of 29938 photdmetr £ —0-02
data points, of which 1661 are during transit. A total of 58 pa  —0.04f

tial or full transits were observed with an improvemenyfnof 0.6 0.8 1.0 1.2 1.4
the box-shaped model over the flat light curvergf = —701, Orbifal Phase

and signal-to-red noise value (Collier Cameron etial. 2006)

of SNveg = -1302. When combined, the WASP data of 0.02

WASP-54, showed a characteristic periodic dip with a periods o.01
of P = 3.69 days, duratioriT14 ~ 270 mins, and a depth T
~ 115 mmag. igureJl shows the discovery photometry of &
WASP-54b phase folded on the period above, and the binned
phased light curve.
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- WASP-56 was first observed during our pilot survey in
May 2004 by SuperWASP-North. The same field was ald@ig. 1. Upper panel: Discovery light curve of WASP-54b phase
observed in 2006 and 2007 yielding a total of 16441 individuéolded on the ephemeris given in TableL4wer panel: binned
photometric observations. SuperWASP first began operatM@\SP-54b light curve. Black-solid line, is the best-fit tran
in the northern hemisphere in 2004, observing in white liglsit model estimated using the formalism from _Mandel & Agol
with the spectral transmission defined by the optics, detsct (2002).
and atmosphere. During the 2004 season the phase coverage
for WASP-56b was too sparse to yield a robust detection with
only ~ 10 points falling during the transit phase. Later in 2008-2- Low S/N photometry

a broad-band filter (400 — 700 nm) was introduced and withyerg) observing facilities are available to the WASP oons
more data available multi-season runs confirmed the trangifm and are generally used to obtain multi-band low-retimiu
detection. Over the three seasons a total of 14 partial or fghstometry to confirm the presence of the transit signaltete
transits vgere observed, yielding 300 observations in trangn the WASP light curves. This is particularly useful in cade
with a Ay = —213 improvement over the flat light curve, anq,nreliable ephemerides, and in case the transit periodistaat
SNreg = —7.02. The combined WASP light curves, plotted ing) oy up from a particular site is more challenging. Snial-
Figurel2, show the detected transit signal of perio#i61 days, medium sized telescopes such as the remote-controlledch7-i
depth= ~ 13 mmag, and duratiofy4 ~ 214 mins. PIRATE telescope in the Observatori Astronomic de Mallorca
(Holmes et all 2011), together with the James Gregory 0.94 m
- WASP-57b was first observed in March 2008 and subtelescope (JGT) at the University of St. Andrews, providgnler
sequently in Spring 2010. A total of 30172 points were takerecision, higher spatial resolution photometry as combao
of which about 855 were during transit. About 65 full or parWWASP, and thus have an important role as a link in the planet-
tial transits were observed overall with/? = -151, and finding chain, reducing the amount of large telescope tinessp
SNieg = —6.20. Figure[Bupper panel shows the combined on false-positives. Observations of WASP-56 were obtaividd
WASP light curves folded on the detected orbital period dfoth PIRATE and JGT, while observations of WASP-54 were
2.84 days. Additionally, for WASP-57b there is photometriobtained only with PIRATE.
coverage from the Qatar Exoplanet Survey (QES, Alsubaiet al Multiple Markov-Chain Monte Carlo (MCMC) chains have
2011) and the phase folded QES light curve is shown in Figubeen obtained for both systems to assess the significance of
[Brmiddle panel. In both WASP and QES light curves the tranadding the PIRATE and JGT light curves to the corresponding
sit signal was identified with a period2.84 days, duration dataset in determining the transit model, in particulartigact
T14 ~ 138 mins, and transit depth ef17 mmag. parameter, the transit duration, aatR,. We conclude that for
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Fig.2. Upper panel: Discovery light curve of WASP-56b phaseFig. 3. Upper panel: Discovery WASP light curve of WASP-57b
folded on the ephemeris given in TableL®wer panel: binned phase folded on the ephemeris given in Tabl&&dle panel:
WASP-56b light curve. Black-solid line, is the best-fit tranQES light curve of WASP-57lh.ower panel: binned WASP light
sit model estimated using the formalism from _Mandel & Agoturve of WASP-57b. Black-solid line, is the best-fit tramsddel
(2002). estimated using the formalism from Mandel & Agol (2002).

, N reduction pipelines, respectively. The radial velocityertain-
WASP-54 the fiect is not significant, never the less, the PIRATEeg \vere evaluated including known systematics such airggi
light curves were included in our final analysis presenteseit  anq centering error$ (Boisse etlal. 2010), and wavelendih ca
tion §3.2. In the case of WASP-56 instead, because we only hay@ion uncertainties. All spectra were single-lined.
a partial TRAPPIST light curve (see secti$2.4), the full JGT For each planetary system the radial velocities were com-
light curve, although of lower quality, is crucial to bet®n- ,,teq from a weighted cross-correlation of each spectrum
strain the transit ingregegress time, impact parameter @i®., \ith a numerical mask of spectral type G2, as described in
allowing us to relax the main sequence mass-radius constrai garanne et al (1996) and Pepe etlal. (2002). To test forlplessi
stellar impostors we performed the cross-correlation wigsks
of different stellar spectral types (e.g. FO, K5 and M5). For each
mask we obtained similar radial velocity variations, theject-
WASP-54, 56 and 57 were observed during our follow up carimg a blended eclipsing system of stars with unequal massas a
paign in Spring 2011 with the SOPHIE spectrograph mountedissible cause of the variation.
the 1.93 m telescope (Perruchot €t al. 2008; Bouchy et aB)200 We present in Tablds B] 7, and 8 the spectroscopic measure-
at Observatoire de Haute-Provence (OHP), and the CORALMents of WASP-54, 56 and 57 together with their line bisec-
spectrograph mounted at the 1.2 m Euler-Swiss telescopa ati@rs (Vspan). In each Table we list the Barycentric Julian date
Silla, Chile (Baranne et al. 1996; Queloz et al. Z000; Pepél et (BJID), the stellar radial velocities (RVs), their uncentés, the
2002). We used SOPHIE in higlifieiency mode (R= 40000) bisector span measurements, and the instrument used.-In col
and obtained observations with very similar signal-tasegatio umn 6, we list the radial velocity measurements after sabtra
(~30), in order to minimise systematic errors (e.g., the Charng the zero point fiset to CORALIE and SOPHIE data respec-
Transfer Indficiency dfect of the CCD/, Bouchy et al. 2009).tively (the zero-point fisets are listed in Tablg 4, and Table 5
Wavelength calibration with a Thorium-Argon lamp was perespectively). In column 7 we also give the line bisectors af
formed every-2 hours, allowing the interpolation of the spectraler subtracting the mean value for SOPHIE and CORALIE re-
drift of SOPHIE « 3 ms* per hour; see Boisse et al. 2010)spectively, and finally, in column 8, the radial velocityicksals
Two 3” diameter optical fibers were used; the first centered ¢mthe best-fit Keplerian model. The Root-Mean-Squ&$)
the target and the second on the sky to simultaneously measafrthe residuals to the best-fit Keplerian models are asvollo
the background to remove contamination from scattered mod&MS = 18.9 ms* for WASP-54,RMS = 19.5 ms! for WASP-
light. During SOPHIE observations of WASP-54, 56 and 57 tH86, andRMS = 24.4ms* for WASP-57.
contribution from scattered moonlight was negligible awéts For all Figures presented in the paper we adopted the con-
well shifted from the targets’ radial velocities. The COREL vention for which SOPHIE data are always represented ad fille
observations of WASP-54 and WASP-57 were obtained duriegcles and CORALIE data are represented as open squares.
dark/grey time to minimise moonlight contamination. The dattn Figured# td P we present the RVsgM, and the residuals
were processed with the SOPHIE and CORALIE standard d&@@a C diagrams for the three systems. Both CORALIE and

2.3. Spectroscopic follow up
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Fig.4. Upper panel: Phase folded radial velocity measureFig.5. Upper panel: The bisector span measurements of WASP-
ments of WASP-54 obtained combining data from SOPHI&4 as a function of radial velocity, values are shifted to mze
(filled-circles) and CORALIE (open-squares) spectrogsaptmean &Vspan>sorHie= —29 MS?, <Vgpan>coraLie= 48 ms?t).
Superimposed is the best-fit model RV curve with parametdrewer panel: The bisector span measurements as a function of
from Table[4. The centre-of-mass velocity for each data d@ne (BJD—2450000.0). The bisector span shows no significan
was subtracted from the RVdoprie= -3.1109 kms! and variation nor correlation with the RVs, suggesting thatgigmal
YcoraLie= -3.1335 km st). Lower panel: Residuals from the RV is mainly due to Doppler shifts of the stellar lines rathertistel-
orbital fit plotted against time. lar profile variations due to stellar activity or a blendetipsing
binary.

SOPHIE data sets ardfset with respect to the radial velocity 100
zero pointysoprieandycoraLie , respectively (see Tablgk 4 and

B). We examined Man to search for asymmetries in spectral

line profiles that could result from unresolved binarity déed

stellar activity. Such fects would cause the bisector spans to 50
vary in phase with radial velocity. For the three systems no I
significant correlation is observed between the radial ciglo
and the line bisector, or the bisector and the time at which
observation were taken. This supports each signal’'s odgin
being planetary, rather than due to a blended eclipsingrpina
system, or to stellar activity (see Queloz et al. 2001).

——
L WASP-56b

Radial Velocity (m/s)

- WASP-54's follow up spectroscopy was obtained from both e

the SOPHIE and CORALIE spectrographs (see Figltes 4 and
B). TheRMS for SOPHIE and CORALIE radial velocity resid-

uals to the best-fit model al@MSsoprie = 33.6 mst and -100 | i
RMScoraLe = 8.2 mst. Typical internal errors for CORALIE ~ o ; ; ; E
and SOPHIE are of 10-15 m's The significantly higheRMS T o0p----* Sy % - - E1ABNE AN
of the SOPHIE residuals is mostly due to one observation£RvV :ig 3 } E
134 ms?). Removing this measurement results iRMSsoprie 4 60k } E
=18 ms?!, which is comparable to the quoted internal error. We -80E 3
investigated the reasons of the particularly large erroralsao- 0.0 0.2 g;tw Phdgéfi 0.8 1.0

ciated with the measurement above (55%) and we found that
it is due to a shorter exposure time, cloud absorption, andrivio _ . )
pollution. The specific observation was obtained duringygr& 9. 6. Upper panel: Similar to Figurel 4, the phase folded ra-
time at a Moon distance of 57To estimate and remove the skydial velocity measurements of WASP-56. The centre-of-mass
contamination we used the method described in Pollacca et'glocity for the SOPH”% data was subtracted from the RVs
(2008) and Hebrard etlal. (2008), however, the RV shift oeli (Ysoprie= —4.6816 kms”). Lower panel: Residuals from the

by the Moon was high (310 MY and the relative low & RV orbital fit plotted against time.
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served suggesting that the Doppler signal is induced by tNe correlation with radial velocity and time is observed ges-

planet.

150

Fwasp-576

Radial Velocity (m/s)

o

-50 [

0-C (m/s)

0.0 0.4 0.6

Orbital Phase

Fig.8. Upper panel: Similar to Figured¥ andl6 for WASP-
57. The centre-of-mass velocity for each data set was sui-

tracted from the RVsysoprie= —23.214 km s andycoraLie=

-23.228 kms'). Lower panel: Residuals from the RV orbital fit

plotted against time.

dial velocity, values are shifted to a zero-meaW{pan>sopHiE=
tor span measurements as a function of time (BJD — 245 0000.0)

ing that the Doppler signal is induced by the planet.

resulted in a less accurate measurement ¢la&8vay from the
residuals).

- WASP-56 has radial velocity data only from SOPHIE (see
Figured 6 anf]7). Th&MS of the RV residuals to the best-fit
model is 19.4 m<. When removing the only discrepant RV
value at phase 0.5 (R¥ -61 ms?) the overalRMS reduces
to 12 ms?, comparable to SOPHIE internal error. - Finally, for
WASP-57 theRMS of the SOPHIE and CORALIE radial veloc-
ity residuals to the best-fit model aRMSsopnie = 223 ms?
and RMScoraLie = 265 ms?, respectively (see Figurés 8
and[®). These become 14 mtsand 17.4 ms" respectively for
SOPHIE and CORALIE data sets when ignoring the two mea-
surements with the largest errors.

2.4. follow up Multi-band Photometry

In order to allow more accurate light curve modelling of the
three new WASP planets and tightly constrain their param-
eters, in-transit high-precision photometry was obtaimgith

the TRAPPIST and Euler telescopes located at ESO La Silla
Observatory in Chile. The TRAPPIST telescope and its char-
acteristics are described lin_Jehin et al. (2011) land Giltadl e
(2011). A detailed description of the physical charactessand
instrumental details of EulerCam can be found._in_Lendl et al.
2012).

All photometric data presented here are available from the
NStED databas@. One full and one partial transits of WASP-
54b have been observed by EulerCam in 2011 April 6 and
TRAPPIST in 2012 February 26, respectively. Only a partial

2 httpy/nsted.ipac.caltech.edu
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Fig. 10. Eulerr—band and TRAPPISTI‘+ Z-band follow up Fig.11. TRAPPIST 1+Z-band and JGT R-band follow up high
high signal-to-noise photometry of WASP-54 during the $itin signal-to-noise photometry of WASP-56 during the transée(
(see Tabl€12). The TRAPPIST light curve has beffsat from Table[2). The JGT light curve has beefiiset from zero by an
zero by an arbitrary amount for clarity. The data are phatdetl arbitrary amount for clarity. The The data are phase-folded
on the ephemeris from Tallé 4. Superimposed (black-soi@) li the ephemeris from Tablé 5. Superimposed (black-solid ime
is our best-fit transit model estimated using the formalismmf our best-fit transit model estimated using the formalisrmfro
Mandel & Agol (2002). Residuals from the fit are displayed uMandel & Agol (2002). Residuals from the fit are displayed un-
derneath. derneath.

Table 2. Photometry for WASP-54, WASP-56 and WASP-57 2.5, TRAPPIST ‘| + z—band photometry

TRAPPIST photometry was obtained using a readout mode of
2 x 2 MHz with 1 x 1 binning, resulting in a readout time of
06042011  EulerCam  Gunn full transit 6.1 s and readout noise 1352, respectively. A slight defo-
27022012 TRAPPIST I +z partialtransit  cys was applied to the telescope to optimise the observeftion
16/052011 TRAPPIST | +z partial transit ciency and to minimise pixel to pixefiects. TRAPPIST uses a

Planet Date Instrument Filter Comment

WASP-54b

WASP-56b 11/032012 JGT R full transit special ‘k-z’ filter that has a transmittance 90% from 750 nm
05052011 TRAPPIST | +z partial transit to beyqnd 1100 nm. The pos_|t|0ns of the stars 9n the chip were

WASP-57b 10062011 TRAPPIST 1+2z fulltransit maintained to within a few pixels thanks to the *softwaredjui
10062011 EulerCam  Gunn full transit ing’ system that regularly derives an astrometric solutmthe

most recently acquired image and sends pointing corrextimn
the mount, if needed (see e.g., Gillon etal. 2011 for more de-
tails). A standard pre-reduction (bias, dark, flat field eotion),

was carried out and the stellar fluxes were extracted from the

transit of WASP-56b was observed by TRAPPIST in 2011 Md}'ages using the IRABAOPHOTH aperture photometry soft-
16, and a full transit was observed by JGT in 2012 Mar are Stetsor’ (1987). After a careful s_electlon of referestaes
11. A partial and a full transit of WASP-57b were captureffferential photometry was then obtained.

by TRAPPIST on the nights of 2011 May 5 and June 10 re-

spectively, while a full transit of WASP-57b was observedhwi 2.6. Euler r-band photometry

EulerCam in 2011 June 10. A summary of these observations is ) . ) .
given in TabléD. Observations with the Euler-Swiss telescope were obtaimed

We show in FigureE011, aidl12 the higiSollow up the Gunrr filter. The Euler telescope employs an absolute track-

hotometry (EulerCam and TRAPPIST) for WASP-54b, WASER System which keeps the star on the same pixel during the
ng and WX(SP-57b respectively. In eac)h plot we show theri observation, by matching the point sources in each imadge wit

ential magnitude versus orbital phase, along with the vegitb a catalogue, and adjusting the telescope pointing bet €

the best-fit model. The data are phase folded on the ephegserids |raF is distributed by the National Optical Astronomy
d?”VEd by our analysis of each _|nd|V|duaI object (3_)- In" Observatory, which is operated by the Association of Ursiiiers
Figured ID and 12 some of the light curves are assigned an afxi Research in Astronomy, Inc., under cooperative agreémith the
trary magnitude fiset for clarity. National Science Foundation.
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lines. For each system a value for macro-turbulengg) was
! ! ! ! ! 1 assumed based on the tabulation by Bruntt et al. (2010), &d w
used the telluric lines around 6300A to determine the imséno-
tal FWHM. The values for the,,c and the instrumental FWHM
are given in Tablg]3. There are no emission peaks evidengin th
Ca H+K lines in the spectra of the three planet host stars. For
each stellar host the parameters obtained from the analyesis
listed in Tablé B and discussed below:

-0.05

WASP-54: Our spectral analysis yields the following
results: &g = 6100+ 100 K, logg = 4.2 + 0.1 (cgs), and
[Fe/H]= -0.27 = 0.08 dex, from which we estimate a spectral
type F9. WASP-54's stellar mass and radius were estimated
using the calibration of Torres etial. (2010). We find no sig-
nificant detection of lithium in the spectrum of WASP-54,
with an equivalent width upper limit of 0.4 mA, corresponglin
B {1 to an abundance upper limit of I@gLi) < 0.4 + 0.08. The
—045[ - non-detection of lithium together with the low rotation eat
i : IR R Eant obtained fromvsini*(P,ot = 17.60 + 4.38 d), assuming* is
i L o i ~ 71 perpendicular to the line of sight (thwsini*=Veqatoria), and
L I - - - the lack of stellar activity (shown by the absence ofiGa and

0.96 0.98 1.00 1.02 1.04 K emission), all indicate that the star is relatively oldofrthe
Orbital phase estimatedvsini* we derived the stellar rotation rates, and we
_ used the expected spin-down timescale (Barnes| 2007) tinobta
Fig.12. Eulerr—band and TRAPPISTI + Z-band follow up 3 value of the stellar age through gyrochronology. We eséma
high signal-to-noise photometry of WASP-57 during the {ramn age of 4+74 Gyr, This value also suggest the system is
sit (see Tablél2). The TRAPPIST light curves have beseb o|d. Although we point out that in the case of WASP-54 using
from zero by an arbitrary amount for clarity. The data aresgha gyrochoronlogy to constrain the age of the system could be in
folded on the ephemeris from Tatilé 5. Superimposed (blackppropriate as the planet could havieeted the stellar rotation
solid lines) are the best-fit transit models estimated usiador-  velocity via tidal interaction (see secti@d.1 for more details).
malism from Mandel & Ag()l (2002) The residuals from each ﬁ|t-|owever, we note that the gyrochrono|ogica| age we obtain is
are displayed underneath the relative light curves. in agreement with that from theoretical evolutionary madel
discussed below, which imply that WASP-54 has evolvidie

sures to compensate for drifis (Lendl et al. 2012). WASP’554bmaln sequence.

observations were carried out with a 0.2 mm defocus and one- _
port readout with exposure time of 30 s. All images were cor- WASP-56 and WASP-57: Both stellar hosts are of spectral

rected for bias and flat fieldfiects and transit light curve weretyP€ G6V. From our spectral analysis we obtain the following

obtained by performing relative aperture photometry oftire Parameters: & = 5600+ 100 K, and logy = 4.45+ 0.1 (cgs)

get and optimal bright reference stars. For WASP-57b no-def" WASP-56, T = 5600+ 100 K, and logy = 4.2+ 0.1 (cgs)
cus was applied, and observations were performed withgiour- for WASP-57. As before the stellar masses and radii are esti-
readout, and 60 s exposures. Six reference stars were ysed tomated using the Torres et al. (2010) calibration. With a Ineta

form relative aperture photometry to obtain the final lightwe. licity of [Fe/H]= 0.12 dex WASP-56 is more metal rich than
the sun, while our spectral synthesis results for WASP-%vsh

that it is a metal poor star ([[Ad]= —0.25 dex). For both stars
3. Results the quoted lithium abundances take account non-local thaéym
namic equilibrium corrections (Carlsson el al. 1994). Thleigs
for the lithium abundances if these corrections are negieate

For all the three systems the same stellar spectral andigsis s follows: logA(Li) = 1.32 and logA(Li) = 1.82 for WASP-
been performed, co-adding individual CORALIE and SOPHIES and WASP-57, respectively. These values imply an age of
spectra with a typical final/8l of ~80:1. The standard pipeline<_5 Gyr for the former and an age &f 2 Gyr for the latter
reduction products were used in the analysis, and the aﬂah@es_nto & R_and|ch 2005). Fromsini* we derived the.stellar
was performed using the methods given in Gillon ét(al. (200dptation periodPrx = 3258 £ 1851 d for WASP-56, imply-
The H, line was used to determine théfextive temperature iNg @ gyrochronological age (Barnes 2007) for the system of
(Ter). The surface gravity (log) was determined from the Ga ~ 55733 Gyr. Unfortunately, the gyrochronological age can
lines at 61224, 61624 and 64394 along with the NB and  ONlY provide a weak constraint on the age of WASP-56. For
Mg 1 b lines. The elemental abundances were determined frdMiSP-57 we obtain a rotation period Bfor = 1820+ 6.40d

. ) H 2.4
equivalent width measurements of several clean and unétengorresponding to an age 6f1.9775 Gyr. Both the above results
lines. A value for micro-turbulence:) was determined from ar€ in agreement with the stellar ages obtained from thieafet

Fe 1 using the method of Magain (1984). The quoted err&¥olution models (see below) and suggest that WASP-56 te qui
estimates include that given by the uncertainties i, Togg ©!d: while WASP-57 is a relatively young system.

andé;, as well as the scatter due to measurement and atomic dataFor each system we used the stellar densitigsneasured
uncertainties. The projected stellar rotation velocigifi*) directly from our Markov-Chain Monte Carlo (MCMC) anal-
was determined by fitting the profiles of several unblended Fgsis (see§3.2, and alsa_Seager & Mallén-Ornelas 2003), to-

Amagnitude

-0.10

3.1. Stellar parameters
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i oyttt ' Table 3. Stellar parameters of WASP-54, WASP-56, and WASP-
I / 57 from spectroscopic analysis.
f / /
/ / Parameter WASP-54 WASP-56 WASP-57
N - Y Terr (K) 6100+ 100 5600+ 100 5600+ 100
logg 42+0.1 445+ 0.1 42+01
" r & (kms?) 14+02 09+0.1 07+02
> / vsini* (kms?')  4.0+08 15+0.9 37+13
I,\ i / [Fe/H] -0.27+008 012+006 -0.25+0.10
S / 4 [Na/H] -0.30+ 004 032+0.14 -0.20+0.07
(7] J 7 [Mg/H] -0.21+005 024+006 -0.19+0.07
& f Y ' [Si/H] -0.16+005 031+0.07 -0.13+0.08
L [CaH] -0.15+012 009+012 -021+0.11
n [ 7 [SgH] -0.06+0.05 035+0.13 -0.08+0.05
— /] / [Ti/H] -0.16+0.12 018+006 -0.18+0.07
w y; ' [Cr/H] -021+012 020+011 -
[Co/H] - 0.35+0.10 -
[Ni/H] -0.29+0.08 021+0.07 -0.25+0.10
Y log A(Li) <04+008 137+010 187+0.10
™ Mass (M) 115+0.09 103+0.07 101+0.08
ﬁ N VAANRANTAY Radius (R) 140+019 099+013 132+0.18
Sp. Type F9 G6 G6
6500 6000 5500 Distance (pc) 20030  255+40  455% 80
Teff /K Note: Mass and radius estimate using the Torres et al. (2010)raalib
Fig.13. Isochrone tracks from Marigo eflal| (2008) anélon' Spectral type estimated fromgTusing the table ih Gray (2008).

Girardi et al. (2010) for WASP-54 using the metallicity [Fé= —
—0.27 dex from our spectral analysis and the best-fit stellar den
sity 0.2p,. From left to right the solid lines are for isochrones of:
1.0,1.3,16,2.0,25,3.2,4.0,5.0,6.3,7.9, 10.0 and G316
From left to right, dashed lines are for mass tracks of: 1.3, 1
1.2,1.1and 1.0 M.

1.2
(o/psyn)” >
0.8

(o/pg)” ">

0.6

1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1

6000 5500 5000

Teff / K

Fig.15. Isochrone tracks from_Demarque et al. (2004) for
WASP-57 using the metallicity [Fel]= —0.25 dex from our
spectral analysis and the best-fit stellar density 1638 rom
5500 left to right the solid lines are for isochrones of: 0.1, OL6),

1.6, 2.0, 2.5, 3.0,4.0,5.0 and 6.0 Gyr. From left to righhd=d
Teff /K lines are for mass tracks of: 1.1, 1.0, 0.9 and 08 M

Fig.14. Isochrone tracks from_Demarque et al. (2004) for
WASP-56 using the metallicity [FEl]= 0.12 dex from our spec-

tral analysis and the best-fit stellar density Qc88From left to 9€ther with the stellar temperatures and metallicity valde-
right the solid lines are for isochrones of: 1.8, 2.0, 2.5, 4.0, rived from spectroscopy, in an interpolation of foutferent

5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0, 13.0 and 14.0 GgmF stellar evolutionary models. The stellar density, is directly

left to right, dashed lines are for mass tracks of: 1.2, 10,09 determined from transit light curves and as such is indepen-
and 0.8 I\/&.’ T dent of the &ective temperature determined from the spectrum

(Hebb et al! 2009), as well as of theoretical stellar modiéls (

0.8
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Mp < M, is assumed). Four theoretical models were used: tage metallicity of [F¢H]= —0.25 dex derived from our spectral
the Padova stellar models (Marigo et al. 2008, land Girardil et analysis of WASP-57, we interpolate the YY-models and we ob-
2010), b) the Yonsei-Yale (YY) models (Demaraque et al. 2004pin a best-fit stellar mass of8®*533 Moand age of 532 Gyr.

¢) the Teramo models (Pietrinferni et al. 2004) and finally djhese results also agree with our results from spectrahsgig

the Victoria-Regina stellar models (VRSS) (VandenBerd.et and shows that WASP-57 is a relatively young system. For each
2006). In Figure§ 13,14, and]15, we plot the inverse cube raytstem the uncertainties in the derived stellar densitesper-

of the stellar density, ~*/°® = R,/M,./3 (solar units) against ef- atures and metallicities were included in the error caliutes
fective temperature,f, for the selected model mass tracks anfibr the stellar ages and masses, however systematic errets d
isochrones, and for the three planet host stars respactived  differences between various evolutionary models were not con-
WASP-54 and WASP-56 the stellar properties derived from thsédered.

four sets of stellar evolution models (Takhle 9) agree witbhea

other and with those derived from the Torres etlal. (2010} cal

bration, within their 1& uncertainties. For WASP-57 the best3-2. Planetary parameters

fit M, from our MCMC analysis agrees with the values d

rived from theoretical stellar tracks with the exceptiontiogé “The planetary properties were determined using a simuitane

. s Markov-Chain Monte Carlo analysis including the WASP

Teramo models. The latter give a lower stellar mass value E)E

0.87 + 0.04 My which is mor% than 1= away from our best- otometry, the follow up TRAPPIST and Euler photom-

fit result (although within 2¢). The stellar masses of plane etryéshﬁgﬁgﬁisvgg g&?g&ﬁagngeeco_rgﬁgi ?:éa%gng 7

host stars are usually derived by comparing measurable sie : i P T
. ! . d[8). A detailed description of the method is given in

lar properties 1o theoretical evolutionary models, or fram- Collier Cameron et all (2007) and Pollacco etlal. (2008). iBur

pirical calibrations. Of the latter, the most widely usedtie A . ;
Lo L . . erative fitting method uses the following parameters: thachp
Lorres et 3l.[(2010) calibration, which is derived from psing of mid transitTy, the orbital periodP, the fractional change of

gg?&g S;%:;é\?enrd v(/?mli?eteg !gigr?rt])de Legté?ng?ﬁeztjl:?r: rr:iwar?s g;?_flux proportional to the ratio of stellar to planet surfaceas
) i gnp F= I%l/Ri, the transit duratioff14, the impact parametés,

sion, logg is usually poorly constrained, and thus stellar mass%] ) ) i ) .
derived from the spectroscopic lggcan have large uncertain-N€ radial velocity semi-amplitudé,, the stellar gective tem-

ties and can dier from systematics. For example the massé\’%rature Er and metallicity [F¢H], the Lagrangian elements
of 1000 single stars, derived by Valenti et al. (1998) viacspeVeCOSw and vesinw (wheree is the eccentricity and the

tral analysis, were found to be systematically 10% larganth!ongitude of periastron), and the systematitset velocityy.
those derived from theoretical isochrones. A similar diper For WASP-54 and WASP-57 we fitted the two systematic ve-
ancy was also found in the analysis of the stellar parameferdOCiti€s ycoraLie andysoprie to allow for instrumental fisets
WASP-37 [(Simpson et 5. 2011), WASP-39 (Faedi ét al. 2015j€tween the two data sets. The sum of gfidor all input data

and WASP-21[(Bouchy et 4l. 2010). Additionallyfidrent sets CUrves with respect to the models was used as the goodness-
of theoretical models might not perfectly agree with eadteot Of-fit statistic. For each planetary system fouffelient sets of
(SouthwortH 2010), and moreover at younger ages isochroff@itions were considered: with and without the main-saqee
are closely packed and a small change in @ p, can have a m.ass-raolllus constraint in the case of circular orbits afitsor
significant éfect on the derived stellar age. For each planet hd¥ith floating eccentricity.

star we show a plot with one set of stellar tracks and isoaspn An initial MCMC solution with a linear trend in the systemic
while we give a comprehensive list of the four models’ resulivelocity as a free parameter, was explored for the threeeplan
in Table[9. Using the metallicity of [Fe]= —0.27 dex our best- tary systems, however no significant variation was found. Fo
fit stellar properties from the Padova isochrories (Marigalet the treatment of the stellar limb-darkening, the modelslaf&t
2008 and_Girardi et al. 2010) for WASP-54 yield a mass ¢2000/2004) were used in theband, for both WASP and Euler
1.1;%'M,, and a stellar age of 6:3¢ Gyr, in agreement with the photometry, and in the-band for TRAPPIST photometry.
gyrochronological age and a more accurate estimate. Thi/Rad From the parameters mentioned above, we calculate the
isochrones together with the stellar mass tracks and WASP#hassM, radiusR, densityp, and surface gravity logof the star
results are shown In Figufel13. According to the stellar fmde(which we denote with subscrigf) and the planet (which we

a late-F star with [F#d]= —0.27 dex, of this radius and massdenote with subscripj), as well as the equilibrium temperature
has evolved fi the zero-age main sequence and is in the shell the planet assuming it to be a black-bodyk-o) and that
hydrogen burning phase of evolution with an age ot§§33yr. energy is ficiently redistributed from the planet's day-side to
The best-fit stellar ages from the other sets of stellar nsoolel its night-side. We also calculate the transit ingfegeess times
WASP-54 also agree with our conclusion. In Figure 13 thedard 15/T34, and the orbital semi-major axis. These calculated
uncertainty on the minimum stellar mass estimated fronrintesalues and their 1= uncertainties from our MCMC analysis
polation of the Padova isochrones is likely due to the prityim are presented in Tablés 4 and 5 for WASP-54, WASP-56 and
to the end of the main sequence kink. The Padova evolution&#ASP-57. The corresponding best-fitting transit light @sv
models were selected nevertheless, because they showy cleare shown in Figurds [] 2, ahtl 3 and in Figured 10, 11[ahd 12.

the evolved status of WASP-54. The best-fitting RV curves are presented in Figliés 4, 6[7and 8
In Figure$ T4, anld 15 we show the best-fit Yonsei-Yale stellar
evolution models and mass tracks (Demarquelet al. 2004)éort  _ For WASP-54 the MCMC solution imposing the main

planet host stars WASP-56 and WASP-57, respectively. Usiggquence mass-radius constraint gives unrealistic védueise

the metallicity of [F¢H]= 0.12 dex for WASP-56 our fit of the pest-fit stellar temperature and metallicity, as we expbae
YY-isochrones gives a stellar mass 001'303 M and a stellar an evolved star. We then relaxed the main sequence constrain
age of 623(1’ Gyr. This is in agreement with the Li abundancand explored two solutions: one for a circular and one for an
measured in the spectral synthesis (see Table 3), and ssppeccentric orbit. In the case of a non-circular orbit we abtai

the conclusion that WASP-56 is indeed an old system. Usiagbest-fit value fore of 0.067°3553 This is less than a 3~

10
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detection, and as suggested by Lucy & Sweehey (1971), Eq. Zable 4. System parameters of WASP-54

it could be spurious. From our analysis we obtain a begtfit

statistic ofy2,. = 24.3 for a circular orbit, and3.. = 186 for
an eccentric orbit. The circular model is parameterisechbget
parameters: Kysopnie andycoraLie, While the eccentric model

Parameter (Unit)

Value

Circular Solution

Value

Eccentric Solution

additionally constraingcosw andesinw. We used the 23 RV q
measurements available and we performed the Lucy & Sween ((%JD)
F-test (Eq. 27 of Lucy & Sweeney 1971), to investigate the_l_0

probability of a truly eccentric orbit for WASP-54b. We obsted ¢ (:d)T @
a probability of 9% that the improvement in the fit produced by .
the best-fitting eccentricity could have arisen by chandbéf ~AF = R}/R

orbit were real circular._Lucy & Sweeney (1971) suggest a 50/%
probability threshold for the eccentricity to be signifitafrom

our MCMC analysis we obtain a best-fit value for= 6230 de- i ()
gree, this diers from 90° or 270° values expected from an Ky (msY)
eccentric fit of a truly circular orbit (see _Laughlin et al.CZ). !
We decided to investigate further our chances to detectly tru
eccentric orbit which we discuss i§B8.3. Table[# shows our gcos,
best-fit MCMC solutions for WASP-54b for a forced circular esing
orbit, and for an orbit with floating eccentricity. Howevbased e

on our analysis i§3.3, we adopted the eccentric solution. w (°)

¢mid—occullation

— For WASP-56b the available follow up spectroscopic Tse (d)
and photometric data do notfer convincing evidence for an %%~ T7s (d)
eccentric orbit. The free-eccentricity MCMC solution yisla M, (M)
value ofe = 0.098+ 0.048. The Lucy & Sweeney (1971) F-test, R, (Ro)
indicates that there is a 42% probability that the improveime logg. (cgs)
in the fit could have arisen by chance if the orbit were truly (o)
circular. With only a partial high 8! follow up light curve it px e
is more dificult to precisely constrain the stellar and planetaryMp (My)
parameters (e.g., the time of ingrasgess, the impact parame- Ro (Ry)
terb, anda/R,), however the full, although noisy, lowi$ GJT log gyt (cgs)
light curve (see Figur€11), allows us to better constraim th °
parameters mentioned above. Therefore we decided to tedax tep (02)
main-sequence constrain on the stellar mass and radius and w(AY)
adopt a circular orbit. Toiao (K)

2455522043

Ycoraue (kms™)
Ysoprie(kms™?)

3693649000018

0. 1882000—2%000
0.022 118188%

~0.0038
0.0088+ 0.0003

0.537:5151

84.8+1‘6

—-0.6

73+ 2
—3.1335+ 0.0004
—-3.1109+ 0.0004

0 (fixed)
0 (fixed)
0 (fixed)
0 (fixed)
0.5

1.201+0,034
1.80°087°

a01:4f]

0
021538

0.626+ 0.023

0
1.65709%

2724352

0.1479%

2
0.0497= 0.0005
174249

.0000
730.880;? 2

3.693641109000043
4555183508 7000049
0. ]_863+0A001%

>.0.0011
00086+ 0.0002

0.490'504%

84.97+0‘63

-0.59

73+ 2
—3.1345+ 0.0009
-3.1119+ 0.0009

0030+0A021
00671‘201‘025

02 $oss
051951,
020+ 0.01

0023255635

1.213+ 0.032
1.828"0‘091

—-0.035

019893

0636+0A025

_0.024
1653508

2.726+0.042

0.141:9%22

004987+ 0.00044
1759+ 46

— For WASP-57b the follow up photometry and radial ve- ° T time between 3 and 4" contact

locity data allowed us to relax the main-sequence masm;adl'kI
constrain and perform an MCMC analysis leaving the ecaentri
ity as free parameter. However, our results do not show acile
for an eccentric orbit, and the Lucy & Sweeney test yields a
100% probability that the orbit is circular. Moreover, wedin

otes. Ry/R,= 0.10273; M/M;=0.000955

We use the uncertainty of the CORALIE and SOPHIE radial

that imposing the main-sequence constraint has litieceon Vvelocity measurements of WASP-54, the MCMC best-fit orbital
the MCMC global solution. Thus, we decided to adopt no mapgriod, velocity semi-amplitud, and epoch of the transityT

sequence prior and a circular orbit.

as initial parameters, to compute synthetic stellar ragéédci-

ties at each epoch of the actual WASP-54 RV data set. We gen-
erated synthetic radial velocity data using the Kepleriadeh

3.3. The Eccentricity of WASP-54b

of IMurray & Dermott (1990), for the two input eccentricitjes

_ ) ) ) _ _ e = 0 ande = 0.067. We then added Gaussian noise deviates
Here we investigate possible biases in the detection of the g the synthetic RV at each epoch, corresponding to thermigi
centricity of WASP-54b, and we explore the possibility tt& Ry uncertainties added in quadrature with 3.5 haccounting
eccentricity arises from the radial velocity measurematuse. for stellar jitter. In this way at each observation time tivais
Itis well known that eccentricity measurements for a planet |ated velocity is a random variable normally distributeduard

a circular orbit can only overestimate the true zero ecastytr

(Ford[2005). We want to quantify whether using only the radi& valuev(t) + v, with d|sperS|on\/o-§bs+ Jien Wherey s the
velocity measurements at hand we can find a significafardi centre of mass velocity. In this manner the simulated data ha
ence in the best-fit model of truly circular orbit comparethtat similar properties to the real WASP-54 velocities but witle t
of a real eccentric orbit witle = 0.067, as suggested by ouradvantage of having a known underlying eccentricity andtairb

free-floating eccentric solution. Indeed, the best-fit atrigity ~properties.

depends on the signal-to-noise of the data, on gaps in theepha We generated 1000 synthetic data sets for each input eccen-
coverage, on the number of orbital periods covered by the daicity and found the best-fit values fer In Figure[ 16 we show
set, and the number of observations (see 2.9., Zakamska etred output eccentricity distributions for the inpait= 0 (grey

2017).

solid line), and for the input eccentricity of 0.067 (blackstied
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Table 5. System parameters of WASP-56 and WASP-57

1.0" T T T T T T T T - T T

WASP-56 WASP-57 o

Parameter (Unit) Value Value o8r
07
P (d) 4617102399900 2.838971+0.000002 %
To (BJD) 2455730799+ 0.001 24557187811+ 0.0002 g
T14(d) 0.1484+ 0.0025 00960+ 0.0005 gos
T2 =Taq (d) 0.0146+ 0.0005 001091f8:8883§ 2os
(6]
AF = R /R 0.01019+ 0.00041 001269+ 0.00014 0
b 0.272:392° 0.345/0933 oz}
i (o 0.1 +0.1 orr
i) 8857, 88.0%,; ol ]
Kl (m S—l) 69i 4 100i 7 000 0.02 0.04 006 0.08 0.10E 01‘2 " 014 016 0.18 020 022 024
ysopie (kms™) 46816+ 0.0001 —23214+0.002 ’
YCORALIE (km S_l)) — -23.228+ 0.002
e 0 (fixed) 0 (fixed) Fig.17. Cumulative Distribution Function for the two sets of
M, (Mo) 1017+ 006(2)624 0954+ 00827 best-fit eccentricities. We show in grey the CDFs for the sim-
IR* (Ro) i';slzfoo%zz 2??2:@3069 ulated data sets with underline circular orbits, and in lolte
099 (cgs) =0 = %0012 CDFs for the eccentric ones.
s (00) 0.74+ 0.04 1638994
Mpi (My) 0.571:0034 0.672:9949 maximum diterence between the CDFs of the two samples, and
Roi (Ry) 1.092f§1§§§ 0.916§§1§}? we used tabulated values for the KS test. We are able to reject
0035 0063 the hypothesis that the two samples have the same underlying

log g (cgs) 30395035 3.262'503; distribution with a confidence of 99.999%. We then conclude
ppi (03) 0.4382928 0.873397¢ that the detected eccentricity of WASP-54b could indeedhé r
a(AU) 0.05458+ 0.00041 00386+ 0.0004  We point out however, that time-correlated noise could pote
Touaco (K) 12162 12512 tially yield a spurious eccentricity detection. This ighaiult to

asses with the limited number of radial velocity observatiat
hand; more data and photometric monitoring during transit a
secondary eclipses are needed to better constrain thalgrait
Notes. Ry/R,= 0.10273; M/M,=0.000955 rameters of WASP-54b. In the following, we adopt the ecdentr
MCMC model for WASP-54b.

aT,, time between % and 4" contact

oot | " " 1 4 Discussion
l 1 We report the discovery of three new transiting extra-splan-
Z a0 1 ets from the WASP survey, WASP-54b, WASP-56b and WASP-
£ 1F | 57b. In the following we discuss the implications of thesevne
£

planet discoveries.

Pl e g 1 4.1 WASP-54b

e
0 L L L I 1--|=1===-.-__...__.|__.L
000 002 003 008 008 O oy 0 018 02 o2 oM From our best-fit eccentric model we obtain a planetary mass

of 0.634'%92> M; and a radius of 1.65§%33 R; which yields

_ _ L a planetary density of 0.143022 p;. Thus, WASP-54b is
F|g..16. Histograms of j[he_ output eccentricity dIStrIbUtIQnS foémong the least dense, most heavily bloated exoplanets and
the inpute = 0 (grey solid line), and for the input eccentricity ofghares similarities with low-density planets such as WASB-
0.067 (black dashed line). (Anderson et all_2010b), WASP-31b_(Anderson ét al. 2010a),

and WASP-12b (Hebb et al. 2010). These exoplanets have short

orbital periods, orbit F-type host stars and therefore &bl
line). Clearly, the one-dimensional distribution of theymut ec- irradiated. Using standard coreless models from_Fortnal et
centricity is highly asymmetric. Becausds always a positive (2007) and_Barfie et al. (2008), we find that WASP-54b has
parameter, the best-fit eccentricities are always positihees. a radius more than 50% larger than the maximum planetary
We used the 1000 output best-fit valuesealf the two samples radius predicted for a slightly more massive 0.68bdbreless
of synthetic data sets to perform the Kolmogorov-Smirno8)K planet, orbiting at 0.045 AU from a 5 Gyr solar-type star
test to asses our ability to distinguish between the two tiyitdg  (Rexpected=1.105 R ). However, WASP-54 is an F-type star
distributions. In Figureé17 we show the Cumulative Disttibn and therefore hotter than the Sun, implying that WASP-54b is
Function (CDFs) of the 1000 mock best-fit eccentricitiestfa more strongly irradiated. The low stellar metallicity (JFé=
two cases. We show in grey the CDFs for the simulated dat@.27 + 0.08) of WASP-54 supports the expected low plane-
sets with underlying circular orbits, and in black the CDBs f tary core-mass thus favouring radius inflationffBient mecha-
the eccentric case. We calculated D, the absolute valueeof tlisms have been proposed to explain the observed anomalousl
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large planetary radii such as tidal heating (Bodenheimal et
2001,12003), kinetic heating (Guillot & Showman 2002), en-
hanced atmospheric opacity (Burrows et'al. 2007), and semi- -
convection |(Chabrier & Bafte 12007). While each individual .
mechanism would presumablffect all hot Jupiters to some de-
gree — for example the detected non-zero eccentricity of WAS
54b and the strong stellar irradiation are contributing hte t
radius inflation — they cannot explain the entirety of the ob-
served radiil(Fortney & Nettelmann 2010, Bfieset al. 2010),

7000

wis 6000 —|

f (mis)alignment
.

egree 0

D

and additional mechanisms are needed to explain the inflated .
radius of WASP-54b. More recently, Batygin et al. (2011) and [ ______ PR I i S N ol R O O
Perna et dl.[(2010) showed that the ohmic heating mechanism «f #= =" « o
(dependent on the planet’s magnetic field and atmospheaig/he s Anomaly

element content), could provide a universal explanatiothef

currently measured radius anomalies (see also Laughlin e:falg_ 18. We plot the degree of (mis)alignmenu, versus the

201:.0 - However, according 0 Wy & LithW!Ck (‘2012) Eq._6, the{{:ldius anomalR and the stellarfective temperature for known
maximum expected radius for WASP-54b, including ohmiche lanets (see text for details). The black dashed line segsara

ing, is 1.61R. This value for the radius is calculated assuming,. T : )
a system’s age of 1 Gyr and that ohmic heating has acted si #gned from mis-aligned systems following our descriptidhe
black solid line indicate® = 0. Known planetary systems with

the planet’s birth. Therefore, if we regard this value as ppeu

imi i i teristics across the parameter space are indicated a
limit for the expected radius of WASP-54b at 6 Gyr, it appeaf’arfic
more dificult to reconcile the observed anomalously large r ows: W for WASP, H for HatNet, C for CoRoT, K for Kepler,

dius of WASP-54b (although the value is withinz)-even when and others by their full name. Our three new discoveriesratie i
ohmic heating is considered, similarly to the case of wasgsated by fUChS'.? S?u?re symbols. We note that no RM measure-
17b (Anderson et al. 2010a), and HAT-P-32b_(Hartman et fentis yet avai able for WASP-54b, WASP-56b, WASP-57b.

2011), as discussed by Wu & Lithwick (2012). Additionally,

Huang & Cumming|(2012) find that thefgacy of ohmic heat- o (adius anomalyR, as follows (Ros — Rexp)/Rexp: S€€ also

ing is reduced at highek and that it is dificult to explain the 1 2, 0hjin et al. [(2011). We find it @icult to identify any corre-

observed radii of many hot Jupiters with ohmic heating undglijon, (see alsh Jackson etlal. 2012, and their Fig. 11). Wet wa

the influence of magnetic drag. The ability of ohmic heating, iress here that the uncertainty in the timescales oeptan
in inflating planetary radii depends on how much power it c3flanet scattering and Kozai migration mechanism relative t

generate and at what depth, with deeper heating able t0 hgy&. migration remain still large and thus any robust cosick
a S‘ff?”gef fiect on the planet's evolution (Rauscher & Meno\, not he drawn until all the underlying physic of migration
2012; [ Guillot & Showmari_2002). Huang & Cumming (2012)s",hqerstood. Moreover, Albrecht ef al. (2012) suggesittie
models predict a smaller radius for WASP-54b (see their Figo,ai mechanism is responsible for the migration of the ma-
12). ] ) jority, if not all, hot Jupiters, those mis-aligned as wedl the
However, the discrepancy between observations and #igyned ones, and finally, that tidal interaction plays ategn
ohmic heating models in particular in the planetary low-snagole. Additionally, measurements of spin—orbit obligesticould
regime (e.g. Batygin et al. 2011), shows that more undetistamear information about the processes involved in star fiona
ing of planets’ internal structure, chemical compositiod @vo-  and disc evolution rather than on the planet migration. kane
lution is required to remove assumptions limiting curréré-t ple(Bate et al.[(2010) have recently proposed that stelkusdi
oretical models. Moreover, Wu & Lithwick (2012) suggestithasould become inclined as results of dynamics in their emviro
ohmic heating can only suspend the cooling contraction 6 hanents (e.g. in stellar clusters), and Lai €t al. (2011) satigeat
Jupiters; planets that have contracted before becomingaubdiscs could be primordially mis-aligned respect to the, sihr
to strong irradiation, can not be re-inflated. Followingstte-  thougH Watson et al. (2011) could find no evidence of disc mis-
nario, the observed planetary radii could be relics of thest alignment. Last but not least we note that not many planets-sh
dynamical histories. If this is true, we could expect plaret-  ing the radius anomaly have measured Riéets and that more
grating via planet-planet scattering mdKozai mechanisms observations are needed to constrain theoretical modédsebe
(which can become important at later stages of planetangder any robust conclusion can be drawn.
tion Compal’ed to disc migratiorl, (Fabrycky& Tremaine 2007, We investigate the radius anoma|y of WASP-54b with re-
Nagasawa et al. 2008), to show a smaller radius anomaly afjféct to the full sample of known exoplanets and respecteto th
large misalignments. This interesting possibility can ésted sample of Saturn-mass planets including the latest distesve
by planets with Rossiter-McLaughlin (RM) measurement$ief t and the planets presented in this work (for an updated kstrse
Spln—orb_lt allgnment (HCllt 1893 Rossliter 1924 MCLaUghllextra_So|ar p|anetencyc|opaeﬂjan F|gurm we p|ot the p|an-
1924 Winn et al._2006). We use all systems from the RMetary radius versus the stellar metallicitgf( panel), and as a
encyclopedia (http/ooo.aip.dgPeoplgrhelley) to estimate the function of the planet equilibrium temperaturg, Tright panel).
degree of spin-orbit (mis)alignment. We consider aligned e\ASP-54b is indicated with a filled fuchsia circle. We higffit
ery system withj1] < 30° (a 3-o detection from zero de- the sample of Saturn mass planets in turquoise; the black and
grees{ Winn et al. 2010), and definem = (I4| — 30°)/30° as  turquoise dashed lines show a simple linear regressiorhtor t
the measure of the degree of (mis)alignment of each syst&@ll exoplanet and the Saturn mass sample respectively.
This has the advantage to show all aligned systems in the re-\wasSp-54b appears to strengthen the correlation between

gion-1 < nrm < 0. In Figure I8 we showry versus the ra- planets’ inflated radii and stellar temperature, and thé- ant
dius anomaly and the stellar temperatugg Tas a colour gra-

dient) for planets with RM measurements. We have calculated httpy/exoplanet.eu
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Fig. 19. The Planetary radius versus stellar metallicity/Hjgdex)(eft panel), and as a function of planet equilibrium temperature
Teq (K) (right panel). Black points indicate all planets, planets in the masgeahx My <0.7M; are indicated by Turquoise
points. Black and turquoise dashed lines are a simple liregression to the two samples. Data were taken from the amepl
encyclopaedia. Known planetary systems with characiesiscross the parameter space are indicated as in Figu@ut8hree
new discoveries are indicated by fuchsia filled circles.

correlation with metallicity. With an irradiation tempéuge of fundamental information on the thermal structure of thenpta
~2470 K, WASP-54b is in the temperature region, identifiedowever, we note that even in the case of a circular orbit our
by [Perna et al. (2012), with;f > 2000 K (T as defined by MCMC solution for WASP-54 yields a very similar, inflated,
Heng et all 2012), in which planets are expected to show langlenetary radius ﬁlc = 1.65 Ry, see Tablgl4.

day-night flux contrast and possibly temperature inversion Finally, WASP-54 is an oldX 6 Gyr) F9 star which has
which case the ohmic power has its maximuiieet. With more - eyolved df the main sequence and is now in the Hydrogen shell-
gas giant planet detections we can start to shed some lightilining phase of stellar evolution (see Figiiré 13). Thisliesp
which mechanism might be morefieient and in which cir- that recently in its life WASP-54 has increased its radiusioye
cumstances. For example, in the case of WASP-39b (Faedi etjghn 60%, and thus it is ascending the red giant branch (RGB).
201:L), and WASP-13h (‘Skl-”en et .al. 2()09 Barros et al. Zol:\)‘/ASP_54b thus could be experiencing drag forceS, both gi'.a\n
two Saturn-mass planets with similar density to WASP-54#, bional and tidal, which will &ect its orbital radius. Two main
much less irradiated € = 1116 K, and Bq = 1417 K, re- factors contribute to the change of the planetary orbit:h#) t
spectively) ohmic heating could play a less significant (s& host-star can lose mass via stellar wind which could be sextre
for example Perna etal. 2012). However, many unknowns st the planet resulting in an increase of the orbital radinsl, 2)
remain in their model (e.g., internal structure, magne®ddfi the planet’s orbital angular momentum decreases due tadele t
strength, atmospheric composition). We selected all the exjrag, leading to a decrease of the orbital radius. This isesged
planets in the mass range betweefh & My < 12My, and by a, = &jge + Amassioss(Zahh 19717/ 1989). While the second
we used the empirical calibrations for planetary radii et term is negligible for Jupiter-like planets (Duncan & Ligsa

by [Enoch et al.[(2012) to calculate the expected planetary iB98), the term due to tides can become important as it is pro-
dius Rep. We then used these values to derive again the Radjysitional to R, /a(r))8, wherea(r) is the decreasing orbital ra-
Anomaly. We plot the results of radius anomaly versus stellgjys. This could re-set the clock of WASP-54b making it appea
metallicity [F¢H] and as a function of & in Figure[20. Colours younger, and maybe contributing to the planet radius iwftati
and symbols are like in Figufe 119, the dotted line indicatesinally, any planet within the reach of the star’s radiusimigr
zero radius anomaly. The Enoch et al. (2012)_ relations tatke i RGB and asymptotic giant branch (AGB) phases (about 1 AU
account the dependence of the planetary radius from plaget For a Solar-type star) will spiral-in and eventually mergénwthe

[Fe/H], and also tidal heating and semi-major axis. However, Wear or evaporaté (Villaver & Livib 2007; Livio & SoKer 1984)
note that even including this dependence, there remaiged-si

icant scatter in the observed radii in particular for systesumch
as WASP-17b, WASP-21b and also WASP-54b, WASP-56b ade?. WASP-56b and WASP-57b

WASP-57b. Our modelling of the WASP-56 system yields a planet mass of
Thus, more gas giant planet discoveries and their accuri8710 33 Mj and radius of 1.098.3% R; which in turn give

characterisation are needed to compare planetary physiad a planet density of 0.43&82‘2 pJ3. Hence WASP-56b belongs

erties, in order to understand their thermal structure asithd to the class of Saturn-mass planets and does not show a radius

guish between various theoretical models. With a magniafdeanomaly[(Laughlin et al. 2011). Figure]19 shows that theusdi

V= 1042 WASP-54 is a bright target and thus its spectroscopi¢ WASP-56b is not inflated. With a metallicity of [Ad]=

and photometric characterisation is readily feasible.e@ithe +0.12 dex WASP-56 is more metal rich than the Sun, and with

detected non-zero eccentricity we encourage seconddpseclan age of~6.3 Gyr standard planetary evolutionary models

observations in the IR. These observations will allow gecifrom[Fortney et al.|(2007) and Bdfa et al. (2008), show that

measurement of the system’s eccentricity as well as providASP-56b has a core of approximately 10 Mg of heavy
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Fig.20. The radius anomalyk versus [FgH] (dec) (eft panel), and as a function of & (K) (right panel). The radius anomaly
is calculated using the Enoch et al. (2012) empirical refafor planetary radii. Symbols are like in Figurel 19. Ourethinew
discoveries are indicated by fuchsia filled circles.

material. Moreover, WASP-56b orbits a main sequence G®wton Group on La Palma and WASPSouth is hosted by SAAQ. Werate-
star, thus it is subject to less stellar irradiation than WABLb. ful for their support and assistance. Funding for WASP coffres consor-

£ _ ; um universities and from the UK’s Science and Technologgilities Council.
Our best-fit MCMC model for the WASP-57 system ylelds %pectroscopic observations were made with SOPHIE speapbgnounted on

planetary mass of O'_672~M"nd a radius of 0.916jRS_imiIarIy .the 1.9-m telescope at Observatoire de Haute-Provence $ENRance and
to WASP-56b, we find that WASP-57b has a high densit the ESO La Silla Observatory (Chile) with the CORALIE Elghespectro-
(,Opl = 0,873pJ) and small radius. As our analysis suggests thaitaph mounted on the Swiss telescope. TRAPPIST is fundeddyBelgian
WASP-57b may be relatively young (2.6 Gyr), it may posses Fund for Scientific Research (Fonds National de la RecheRtientifique,

P _ . FNRS) under the grant FRFC 2.5.594.09.F, with the partiicipaof the Swiss
a S|gn|f|cant core-mass of more than 80, as derived from National Science Fundation (SNF). M. Gillon and E. JehinfM&S Research

standard evolutionary models_(Fortney etial. 2007). Fifiiffe associates. The research leading to these results hasegdending from the
shows that WASP-56 and WASP-57 systems haueidint European Community’s Seventh Framework Programme /@8®7-2013) un-
physical properties, for example the radius of WASP-57b agler grant agreement number RG226604 (OPTICON). FF is giatethe anony-
pears to depart from the observed trend with stellar metili mous referee for useful comments significantly improvirg plaper.

and the planet possibly shares more similarities with tlaatgi

planet in the HAT-P-12 system_(Hartman etal. 2009). The

derived radii of WASP-56b and WASP-57b are also consisteiReferences
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Table 6. Radial velocity and line bisector span measurements of WB&P

BJD RV ORY V span Instrument  RV-=y  Vgpan— <Vgpan> Oo-C
-2450000 (kmsh) (kms?1) (kms?) (ms? (ms?) (ms?)
5413.4899 -3.080 0.009 0.068 CORALIE 53 -59 7
5596.8475 -3.202 0.007 0.032 CORALIE -69 1 4
5622.7168 -3.200 0.010 0.083 CORALIE -67 -16 6
5623.7808 -3.109 0.027 0.070 CORALIE 25 13 5
5624.7570 -3.052 0.007 0.056 CORALIE 81 -39 13
5626.7092 -3.191 0.008 0.031 CORALIE -58 113 4
5629.8659 -3.216 0.008 0.050 CORALIE -82 -12 -15
5635.7802 -3.057 0.009 0.047 CORALIE 76 19 6
5637.8171 -3.187 0.010 0.062 CORALIE -53 -17 7
5638.8200 -3.101 0.007 0.041 CORALIE 32 34 -16
5639.8881 -3.091 0.007 0.077 CORALIE 43 21 2
5646.7309 -3.061 0.007 0.027 CORALIE 72 7 0
5647.6789 -3.149 0.006 0.020 CORALIE -16 -18 -9
5648.7057 -3.205 0.006 0.051 CORALIE -72 1 -2
5651.8347 -3.191 0.008 0.019 CORALIE -57 -2 -1
5677.5887 -3.173 0.007 0.047 CORALIE -40 13 7
5646.4778 -3.067 0.012 -0.030 SOPHIE 67 -8 0
5649.4440 -3.150 0.012 0.030 SOPHIE -17 28 -13
5659.5180 -3.199 0.012 0.013 SOPHIE —-65 -22 6
5663.5397 -3.179 0.016 0.042 SOPHIE -46 -29 22
5664.5255 -3.117 0.035 -0.010 SOPHIE 17 2 -16
5665.4957 -2.999 0.055 0.140 SOPHIE 134 -30 72
5668.4228 -3.110 0.025 0.017 SOPHIE 23 -2 -30

Table 7. Radial velocity and line bisector span measurements of WB&P

BJD RV ORY V span Instrument RV-7y  Vgpan— <Vgpan> Oo-C
-2450000 (kmsh) (kms?l) (kms?) (ms? (ms™?) (ms™?)
5647.4063 4.724 0.012 -0.045 SOPHIE 42 -6 16
5649.4028 4.626 0.010 -0.045 SOPHIE -56 -5 -5
5651.4189 4721 0.035 -0.057 SOPHIE 39 -17 -22
5659.5384 4.723 0.011 -0.039 SOPHIE 41 1 14
5660.5028 4.745 0.010 -0.028 SOPHIE 63 11 -5
5668.4425 4.621 0.027 -0.061 SOPHIE -61 -22 -58
5670.3468 4716 0.011 -0.020 SOPHIE 34 20 -4
5671.5029 4.637 0.011 -0.049 SOPHIE —-45 -9 13
5672.4088 4.627 0.010 -0.039 SOPHIE -55 1 1
5681.4453 4.605 0.011 -0.038 SOPHIE =77 2 -12
5683.4709 4.742 0.011 -0.031 SOPHIE 60 8 -9
5685.4986 4.620 0.010 -0.025 SOPHIE -62 14 2
5687.4977 4.734 0.010 -0.037 SOPHIE 52 3 5
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Table 8. Radial velocity and line bisector span measurements of WBBP

BJD RV ORY V span Instrument  RV-=y  Vgpan— <Vgpan> Oo-C
-2450000 (kmsh) (kms?1) (kms?) (ms? (ms?) (ms?)
5646.5086  -23.143 0.018 -0.015 SOPHIE 71 -17 0
5647.5231  -23.255 0.073 -0.043 SOPHIE -41 -45 58
5661.5093 -23.278 0.015 -0.021 SOPHIE -64 -23 19
5662.5905 -23.182  0.014 -0.003 SOPHIE 32 -5 7
5668.4671  -23.137 0.042 0.102 SOPHIE 77 100 13
5670.6029 -23.276  0.037 0.110 SOPHIE -62 108 13
5671.5218 -23.132 0.043 -0.022 SOPHIE 82 -24 -10
5672.6144  -23.258 0.024 -0.036 SOPHIE -44 -38 -2
5681.4680 -23.333 0.014 0.010 SOPHIE -119 8 =27
5686.4934  -23.192 0.015 -0.062 SOPHIE 22 -64 -4
5627.7898 -23.304  0.028 0.094 CORALIE -90 116 7
5648.7304  -23.136 0.022 -0.034 CORALIE 78 -12 -6
5679.8603 -23.169  0.028 -0.043 CORALIE 45 -21 -25
5680.7396  -23.135 0.027 -0.137 CORALIE 79 -115 38
5683.7970 -23.190  0.025 -0.088  CORALIE 24 —-66 29
5684.6299 -23.333  0.025 -0.122 CORALIE -119 -100 -25
5685.7140 -23.139 0.020 -0.017 CORALIE 75 5 -17
5689.8100 -23.278  0.031 -0.012 CORALIE -64 10 8
5692.8069 -23.227 0.047 -0.005 CORALIE -13 17 78
5705.6193 -23.125  0.042 0.014  CORALIE 89 36 -6
5722.5786  -23.116 0.024 0.065 CORALIE 98 86 10
5763.5386  -23.280  0.023 -0.084 CORALIE -66 -62 -9
5764.5606  -23.247 0.025 -0.006 CORALIE -33 16 -7
5765.5833 -23.119  0.028 -0.000 CORALIE 95 22 5
5767.5688 -23.201 0.035 0.047 CORALIE 13 69 2
Table 9. Theoretical evolutionary models for WASP-54, WASP-56 arAlSK-57.
‘ Model ‘ Padova YY Teramo VRSS
M. (Mo)  Age (Gyr) | M, (Mo) Age (Gyr) | M, (Mo)  Age (Gyr) | M. (Mo)  Age (Gyr)
| WASP-B4[  1.175 6377 | 10855, 6957% | 10855  6.0%7 [ 1100 5877 |
| WASP-56] 0.96+ 0.04 7.63 | 1.019%% 6.237 | 09733 9.73%5 | 0.9500%: 97+37 |
[ WASP-57| 0.9270% 0.88357 | 0.8970%3 2.692 ] 0.8755%: 3535 ] 0.90+0.04 1837 |
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