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ABSTRACT

We report the discovery of a sub-Jupiter mass exoplanesitiag a magnitude \= 117 host star 1ISWASP J030928+5304024.7.
A simultaneous fit to the transit photometry and radial-g#jomeasurements yield a planet mads = 0.53 + 0.07 M;, radius
R, = 0.9172% R; and an orbital period 0f.32246523590%days. The host star is of spectral type K3V, with a spectralyais yielding
an dfective temperature of 4800100 K and logy = 4.45+ 0.2. It is amongst the smallest, least massive and lowest hsitinstars
known to harbour a transiting exoplanet. WASP-11b is thedthéast strongly irradiated transiting exoplanet discedeto date,

experiencing an incident flui, = 1.9 x 1(® erg s* cm2 and having an equilibrium temperatufg, = 960+ 70 K.

1. Introduction 2. Observations

Observations of planets that transit their host star reprethe 21 WASP photometry

current best opportunity to test models of the internalcstme The host star 1SWASP J030928:804024.7 £ USNO-

of exoplanets and of their formation and evolution. Sinoe thB oS-

" . o 1.0 1206-000398% 2MASS 030928553040249; hereafter
first detection of an exoplanetary transit signature (Chanieau labelled WASP-11) was observed by SuperWASP-N during the
etal. 2000; Henry et al. 2000) over fifty transiting plangtsys- 2004, 2006 and 2007 observing seasons, covering the ifgerva

tems have been identified. A number of wide-field surveys aLe o4 July 08 to 2004 September 29, 2006 September 09 to

in progress with the goal of detecting transiting exoplanfetr 2007 January 20 and 2007 September 04 to 2007 December
example OGLE (Udalski et al. 2002), XO (McCullough et al > respectivgly. The pipeline—pr%cessed data were dekten

2005), HAT (Bakos et al. 2004), TrES (O'Donovan et al. 200 nd searched for transits using the methods described lieCol

and WASP (Pollacco et al. 2006). Cameron et al. (2006), yielding a detection of a periodingita
The WASP project operates two identical instruments, at li&e signature with a period of 3.722 days. A total of ten #its

Palma in the Northern hemisphere, and at Sutherland in Soatle observed in data from all three observing seasons (Table

Africa in the Southern hemisphere. Each telescope has aofieldFigure 1).

view of just under 500 square degrees. The WASP survey is sen-

sitive to planetary transit signatures in the light-curgéfosts .

in the magnitude range V9—13. A detailed description of the 2.2. Photometric follow-up

telescope hardware, observing strategy and pipeline dalg-a

sis is given in Pollacco et al. (2006). WASP-11 was followed-up with the 2-m Liverpool telescope on

La Palma as part of the Canarian Observatoriatgrnational

In this paper we report the discovery of WASP-11b, @me Programme for 2007-08. We used the 20482048 pixel
sub-Jupiter mass gas giant planet in orbit about the host dEEV CCD42-40 imaging camera giving a scale of 0.27 arcsec-
1SWASP J030928.5404024.7. We present the WASP discovendgpixel in 2x2 bin mode and a total field of view ef 4.6x4.6
ery photometry plus higher precision optical follow-up aad arcminuted. Observations were taken during the transit of 2008
dial velocity measurements which taken together confirm tldanuary 14, and consist of 656 images of 10 seconds exposure
planetary nature of WASP-11b. in the Sloanz band. The night was non-photometric and with
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Table 1. WASP-N survey coverage of WASP-11 Table 2. Radial velocity measurements of WASP-11
Season Camera Nys Ny To P BJD RV ORv Vspan Inst
BJD-2400000.0 (days) (uTm (kms?) (kms?)

2004 103 1756 4 53240.921696  3.7220 2454462.395 4.8689 0.0185 NOT

2006 144 2679 3 54056.140758  3.7223 2454463.456 4.8725 0.0203 NOT

2007 146 2750 2 54346.4883 3.7226 2454465.404 4.9208 0.0258 NOT

2007 147 729 1 - - 2454466.440 4.8262 0.0244 NOT
2454466.443 4.9486 0.0246 NOT
2454491.424 4.9339 0.0220 NOT

2454508.3700  4.8910 0.0103 0.011 SOPHIE
2454509.3534  5.0104 0.0084 0.000 SOPHIE
F 1 2454510.3813  4.8989 0.0120 0.025 SOPHIE
L 3 2454511.3092  4.8515 0.0076 -0.002 SOPHIE

] 2454511.3800 4.8330 0.0106 -0.002 SOPHIE
2454511.4206  4.8235 0.0143 -0.035 SOPHIE
2454512.3848  4.9482 0.0096 0.022 SOPHIE
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Ry 1 2.3. Radial velocity follow-up
e s s v s oo o4 Initial spectroscopic observations were obtained usiadrbre-
04 05 06 07 08 09 1 1.1 12 1.3 14 1.5 1.6 fed Echelle Spectrograph (FIES) mounted on the 2.5-m Nordic

Phase Optical Telescope. A total of five radial velocity points wer
: btained during 2007 December 27-31 and 2008 January 25.
Fig. 1. SuperWASP-N photometry of WASP-11 from the 2004, 2008 ; . o
and 2007 seasons. The data have been de-trended usingsthe VWASP-11 was observed with an exposure time of 1800s giving a
scheme described in (Collier Cameron et al. 2006) and ateeplbere Signal-to-noise ratio of around 70-80 at 5500A. FIES wasluse
phase-folded on the best-fit period from the MCMC analysistien 3). in medium resolution mode with #6000 with simultaneous
ThAr calibration. We used the bespoke data reduction packag
FIEStool to extract the spectra and a specially developéd ID
line-fitting code to obtain radial velocities with a preoisiof
. . . 0-25ms?.
seeing varying from 0.9 to 2.2 arcsec during the four houg Iog Radial velocity measurements of WASP-11 were also made

observing run. ith the Observatoire de Haute-Provence’s 1.93 m telesande

The images were bias subtracted and flat-field corrected Wmle SOPHIE spectrograph (Bouchy & The Sophie Team 2006)
a stacked twilight flat-field image. All the science imageseweover the 8 nights 2008 February 11 — 15; a total of 7 usablé

also corrected for the fringingffect. The autoguider did not ¢,o 5 \ere acquired. SOPHIE is an environmentally &abil
work during our observat|ons_ a_nd a maximum pOS|t_|onaI Sh@gectrograph designed to give long-term stability at threllef
of 17.5 arcsec of the stars within the frame was notlced.rAftg few mst We used the instrument in its medium resolution

aligning the images with respect to the first target imager-ap mode, acquiring simultaneous star and sky spectra throegpgth s
ture photometry were performed around the target and CAMP34te fibres with a resolution of=R8000. Thorium-Argon cal-

son stars using an aperture of 20 pixel$fradius. Three bright ji, 240 images were taken at the start and end of each night,

non-variable comparison stars were available in the tdigjet .4 i 2. o 3-hourly intervals throughout the night. Theakd

with which to perform diferential photometry. , velocity drift never exceeded 2—3 miseven on a night-to-night
Further observations of WASP-11 were made with thg,gis

Keele University Observatory 60 cm Thornton Reflector on200 Conditions during the SOPHIE observing run were photo-

February 09 and 13. This telescope is equipped with 7850 etric throughout, though all nights werdected by strong
pixel Santa Barbara Instrument Group (SBIG) ST7 CCD at thgoonlight. Integrations of 1080s yielded a peak signal-to-
f/4.5 Newtonian focus, giving a 0.68 arcsecfpixel resolution |,5ise per resolution element of arour@0—40. The spectra

and a 8.63¢5.75 arcminute field of view. Conditions were phoyere cross-correlated against a K5V template provided by th
tometric throughout both nights, although the transit dffé@ry gopHIE control and reduction software.

9 ended at an airmass of 4 and cryogenics problems on the night,, | SOpPHIE spectra the cross-correlation functions (CCF

of February 13 may have led to some frosting on the CCD dewgt, e contaminated by the strong moonlight. We correctehthe

window during the first few exposures. Tracking errors ang spy,y, ;sing the CCF from the background light's spectrum (nyostl
rious electronic noise mean that systematic noise is imted 1o Moon) in the sky fibre. We then scaled both CCFs using the
into the system at an estimated level of 4 millimag with pgfio yigrerence of ficiency between the two fibres. Finally we sub-
icities of 2 (worm error) and 20 minutes (presently of unknowy5cteq the corresponding CCF of the background light frioen t
origin). No corrections have been applied for theSeds. star fibre, and fitted the resulting function by a Gaussiae.
Altogether (234 276)x 30 s observations in the R band wer@ameters obtained allow us to compute the photon-noiserunce

obtained. After applying corrections for bias, dark cutrand (ainty of the corrected radial velocity measuremens), using
flat fielding in the usual way, aperture photometry on WASRpe relation

11 and the comparison star USNO-B1.0 1207-0040657 were

performed using the commercial software AIPAWin (Berry & ORy = 3.4«/(FWH M)/(S/N x Contrast)

Burnell 2005). The resulting lightcurves from both Livegbo

Telescope and Keele 60 cm observations (Figure 2 top par@ljerall our SOPHIE RV measurements have an average photon-
confirm the presence of a transit. noise uncertainty of 10.3 m%& The measured barycentric radial
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£21 [ Table 3. System parameters of WASP-11 derived from a simultaneous
e } ‘ ‘ |  MCMC analysis of the available photometric and radial-egjomea-
o) I surements. Quoted uncertainties define thre@nfidence intervals.
g i Keele 60cm R |
! i Transit epoch (HID)To 245447305586+ 0.0002
- Orbital period,P 3-72246308§0808082 days
(R/R.)? 0.016218;8882
" Transit duration 55&8;985 hours
S T Impact parameteh 0.054" 7325 R.
: , : , - . , : Reflex velocity,K; 0.0821+ 0.0074 kms?
0.96 0.98 1 1.02 1.04 Centre-of-mass velocity, 49077+ 0.0015 kms?
Phase Orbital eccentricitye =0.0
‘ ' ‘ ‘ ‘ ' ‘ Orbital inclination,i 80.822 deg
. 1 Orbital separationa 0.043+0.002 AU
: ESPH‘E ] Stellar massM, O.77j§;§§ Mo
1 Stellar radiusR, O.74’j8:8g Ro
— Planet radiusi, 0.917053 Ry
8 Planet massayl, 0.53+ 0.07 M;
T log g, (cgs) 316t§;§§
= Planet densityp, 0.69771 P3
g PlanetTqq (A=0; f=1) 960+ 70 K
e
£ 3. System parameters
3.1. Stellar parameters
©
N In order to perform a detailed spectroscopic analysis oftake
1 1 1 1 1 lar atmospheric properties of WASP-11, we merged the avail-

06 o8 1 ‘ 12 1.4 able FIES spectra into one high-quality spectrum, cargfell
moving any radial velocity signature during the processsTh
merged spectrum was then continuum-normalized with a very
low order polynomial to retain the shape of the broadesttsplec
Fig. 2. The best-fit model from the simultaneous MCMC fit to the availfeatures. The total signal-to-noise of the combined spettvas
able photometry (top panel) and radial velocity data (lopamel). The around 200 per resolution element. We were not able to irclud
fitted zero-point fset betwee_n the NOT _and_SOPHIE radial-velocityhe SOPHIE spectra in this ana|ysis, because these spemtea W
measurements (§+ 0.4ms™) is removed in this plot. obtained with the HE (highs&ciency) mode which is known to
suffer from problems with removal of the blaze function.
For our analysis we followed the same procedure as for
the spectroscopic characterization of WASP-1 (Stempe#. et
2007) and WASP-3 (Pollacco et al. 2008). We used the pack-
age Spectroscopy Made Easy (SME, Valenti & Piskunov 1996),
which combines spectral synthesis with multidimensiopal
) ) ) . minimization to determine which atmospheric parametest be
\{eIOC|ty (Table 2, Figure 2 Iow$r panel) show a sinusoidaiara reproduce the observed spectrum of WASP-1ffe(give tem-
tion of half-amplitude- 90m s about a centre-of-mass RV OfperatureT,y, surface gravity log, metallicity [M/H], projected
~4.9kms~, consistent with the presence a companion of plapsgia| velocityvsini, systemic radial velocitysag, microturbu-
etary mass. The period and ephemeris of the RV variation @ cev,,. and the macroturbulenagag. For a more detailed
consistent with those of found by the transit search. description of the spectral synthesis and our assumptiensw

An analysis of the line-bisector spans shows no significal@ to Stempels et al. (2007). _ _
correlation with radial velocity (Figure 3), as would be ekfed The four spectral regions we used in our analysis are (1)
if the observed radial velocity variations were due to ateu 5160-5190A, covering the gravity-sensitive Mg b triple} (2
eclipsing binary or chromospheric activity (Queloz et #02). 5850-5950A, with the temperature and gravity-sensitive Na
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Fig. 4. A comparison between the observed FIES spectrum of WASHd tree calculated spectrum obtained from spectral syrsheth SME.
The white regions are excluded from the spectral analysaénignbecause of the presence of telluric absorption. Léfstded regions were used
to determine the continuum level, and the remaining darklsthaegions to determine the stellar atmospheric parameter

1 D doublet (3) 6000-6210A, containing a wealth offdi- WASP-11b to have a madd = 0.53+ 0.07 M; and a radius of

ent metal lines, providing leverage on the metallicity, 44)f R = 0.91'535R.

6520-6600A, covering the strongly temperature-sensitve

alpha line. A comparison between the observed FIES spectrum _

and the synthetic spectrum is shown in Figure 4. The spectfialDiscussion

%r;}aéyili )‘?56'1? % gn[fﬁ/c ﬂ\]/e;gnariecr)a;u;ﬁéf, s:in ,430@? (J)_rklnqog}f The system parameters derived here place WASP-11b towards
These parameters correspond to spectral type of K3V. A cldQ€ lower end of the mass range of known transiting planets,
examination of the region around the L6708 shows no evi- 'aling approximately mid-way between the masses of Jupite

dence of such a feature, suggesting that the lithium aburedan @1d Satur. The host star WASP-11 is also amongst the small-
very low. est and lowest luminosity stars known to host a transiting

planet, however it is relatively nearby and thus quite krigh
(V = 117). WASP-11b is irradiated by a stellar flux, =

1.9 x 10°ergcm?s! at the sub-stellar point making it the
third least heavily irradiated transiting planet after Gdd and
HD17156b. We compute an equilibrium temperature for WASP-
To determine the planetary and orbital parameters the SBPHI1b of Teg(A = 0; f = 1) = 960+ 70K, which makes it more
and NOT FIES radial velocity measurements were combinggpical of the bulk of known exoplanets than of the “hot Jagit
with the photometry from WASP and the Liverpool Telescopgass most commonly found by the transit method.

in a simultaneous fit using the Markov Chain Monte Carlo Theoretical models of the atmospheres of hot giant exoplan-
(MCMC) technique. The details of this process are describets (Fortney et al. 2006; Burrows et al. 2007) have shown that
in Pollacco et al. (2008). An initial fit showed that the odbitc- heavy irradiation can lead to the development of a temperatu
centricity e = 0.0860559) was poorly constrained by the avail-inversion and a hot stratosphere. This is due to the absaorpfi
able data and nearly consistent with zero. We therefore fixed stellar flux by an atmospheric absorber, possibly TiO andMO.
eccentricity parameter at zero in a further fits. Figure 2ngho both sets of models the magnitude of the incident stellarifiux
the best-fitting models. The best-fit parameters (Table 8)vshthe key controlling variable determining whether a givetrax

3.2. Planet parameters
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Fig.5. The position of WASP-11 in theR/MY3 — Ty plane.
Evolutionary tracks for a solar metallicity star from Bfieset al. (1998) tjons with predictions from atmospheric models developed a
(upper panel) and Girardi et al. (2000) (lower panel) arétptbalong suming steady-state irradiation.

with isochrones for ages 10 Myr (solid), 1 Gyr (dashed), 5 - .
dashed), 10 Gyr (dottgd). Evoll}/tio(nary ?11ass>t/ra((:ks are )BHO%, To estimate the_age of the WASP-11 we compared th.e ob-
0.8,0.9and 1.0 M served stellar densny and temperature against the .eont!rly
models of low- and intermediate-mass stars of Girardi et al.
(2000) and Bargie et al. (1998). In Figure 5 we plot the posi-
tion of WASP-11 in theR/MY3 versusT plane atop isochrones
of different ages from the two models. For such a cool star, the
solar giant planet (EGP) will possess a hot stratosphemerRe isochrones are closely spaced in this parameter plane dbe to
observations by Machalek et al. (2008) of secondary transfiow post-main-sequence evolution of late-type stars seteof
of XO-1b using theSpitzer Space Telescope suggest the pres- isochrones from the two models overlap in this regime, arild bo
ence of a temperature inversion in the atmosphere of that exaodels suggest the same mass and age for the host star. WASP-
planet. On the other hand analogous observations of HD13873 1 falls above the 10 Gyr isochrone for both models, though it
(Charbonneau et al. 2008) show no evidence for an inverdén, consistent with this age within the errors. The very lowilith
spite the irradiating fluxes of XO-1b and HD189733b being a&bundance also points toward WASP-11 beind—2 Gyr old
most identical F, = 0.49x10° andFp, = 0.47x10°ergcnt?s!  (Sestito & Randich 2005). We investigated using gyrochkono
respectively). This strongly suggests that the incidesitestflux  0gy to age the host star, following Barnes (2007), however we
is not the sole controlling parameter determining the prese were unable to measure a definite rotational period. Noiotat
of the inversion, a likelihood which the authors of the atmagnodulation was detected in the lightcurve to an amplitunhet |i
sphere models readily point out themselves. Further obserof a few milli-magnitudes. The spectral analysis furnisbely
tions of planets particularly in the low-irradiation regirare re- an upper-limit tovsini, so no rotational period can be deter-
quired to help parameterise the thermal inversion. WASP-1mined in that way. Taken together these factors are all sensi
is amongst the nearest and brightest low-irradiation EG&e- mtent with WASP-11 being an old star, older than maybe 1 Gyr,
ing it a good candidate for such studies. Moreover we note thwwever it is not possible to be more definite than that with th
the orbital eccentricity of WASP-11b is much lower than thavailable data.
other two bright low-irradiation transiting exoplanets)436b Fortney et al. (2007) present models of the evolution of plan
and HD17156b € = 0.15 ande = 0.67 respectively). As a etary radius over a range of planetary masses and orbital dis
consequence the secular variation in irradiation arouadthit tances, and under the assumption of the presence of a deese co
will be correspondingly lower in WASP-11b, removing a peterof various masses up to 10QMTo compare our results with
tially complicating factor when comparing follow-up obgar the Fortney et al. models we plotted the modelled mass-sadiu



6 R. G. West et al.: The sub-Jupiter mass transiting exopl&&P-11b

relation as a function of core mass in Figure 6. To account for
the lower-than-Solar luminosity of the host star WASP-11 we
calculated the orbital distan@g = a(M, /M,)~3%2 at which a
planet in orbit about the Sun would receive the same incident
stellar flux as WASP-11b does from its host. We then interpo-
lated the models of Fortney et al. to thieztive orbital distance
(ap = 0.068 for WASP-11b). As the age of the WASP-11 sys-
tem is poorly constrained we compare our results with the-mod
elled mass-radius relation at 300 Myr, 1 Gyr and 4.5 Gyr. W fin
that the radius of WASP-11b is consistent with the presefae o
dense core with a mass in the rafdge ~ 42—77 M, for a sys-
tem age of 300 MyrMcgre ~33—67 M, at 1 Gyr, andVgore ~22—

56 Mg at 4.5 Gyr.
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