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ABSTRACT

Context. Multi-band observations of planetary transits using theseope defocus technique may yield high-quality lightvesr
suitable for refining the physical properties of exoplametsn with small or medium size telescopes. Such obsergtian be used
to construct a broad-band transmission spectrum of tinggtanets and search for the presence of strong absorbers.

Aims. We have thoroughly characterised the orbital ephemerisphgdical properties of the transiting planet and host stahé
WASP-23b system, constructed a broad-band transmission specfWASP-23b and performed a comparative analysis with
theoretical models of hot Jupiters.

Methods. We observed a complete transit of WASES b in seven passbands simultaneously, using the GRONmiineht on the
MPG/ESO 2.2 m telescope at La Silla Observatory and telescopwising. The optical data were taken in #hean g’, ', i’
and Z passbands. The resulting light curves are of high qualitth & root-mean-square scatter of the residual as low as 886 p
per million (ppm) in the zband, with a cadence of 90s. Near-infrared data were aliféimthe JHK passbands. We performed a
MCMC analysis of our photometry plus existing radial vetpdata to refine measurements of the ephemeris and physagsies

of the WASR-23 system. We constructed a broad-band transmission spectr WASR-23 b and compared it with a theoretical
transmission spectrum of a Hot Jupiter.

Results. We measured the central transit time with a precisi@s. From this and earlier observations we obtain an orbégbg

of P = 2.9444300+ 0.0000011d. Our analysis also yielded a larger radius and foaghe planet R, = 1.067"3%> Ry, and
Mp = 0.917°3930 M ,p) compared to previous estimaté, (= 0.962°092 Ry, and M, = 0.88473958 M,,,). The derived transmission
spectrum is marginally flat, which is not surprising givee timited precision of the measurements for the planetatiusaand the
poor spectral resolution of the data.

Key words. Stars: general — Stars: planetary systems — Planets and satellites: general — Planets and satellites: fundamental
parameters — Planets and satellites: atmospheres

1. Introduction and evolution of these worlds (Bdfa et all 2010; Fortney et al.

. . . . 2007;/Burrows et al. 2007). Moreover, accurate measuresnent
The d|scove_ry and the_deta|led_analy5|s of plf'inets o_rbdthgr of the times of transit midpoints can allow the detectionddia
stars can yleld. much information a_bout thel( physical .prOp‘ftional bodies in known exoplanetary systems (Holman & Myrra
ties and evolutionary pathways. Since the first detectioa 0.2005) or alternatively may serve as a tool to verify the plane

Jupiter-like planet hosted by a main sequence star (Mayor : : .
Queloz 1995), several hundred exoplanets have been digcbv rﬁ;ifugrgtiu%%,ﬁ? dynamicafect in mult-planet systems

via different methods. These comprise radial velocity (RV), as- Notably, exoplanetary transits provide an opportunity to

trometry, transits, microlensing, direct imaging and tigi{see study the atmospheres of these objects. During transitsopar
athe star light filters through the planetary atmosphere jsind-

inted with characteristic signatures of atomic (such asaNd

: X . . pr
cause so many of their physical properties can be determn? .
(Seader, S. & Mallén-Ornelas 2003; Torres et al, 2010; Sﬁzz%:gggkr)zozlg%lg%ﬁ;%;g’eicg az%%%u) absorption (Seager &

et all200F7). The properties of particular value includertrasii The amount of irradiation incident upon giant extrasolar

and masses, and hence their surface gravities and mean defigi, o is an important factor in determining the properte

ties. Observations of planetary transits currently previtie 4,0 aymospheres. One theory of giant exoplanets at higjh in

best route to constructing the mass-radius diagram of @replyen sieljar fluxes predicts the existence of the pM and pisela

ets, which brings critical information on the structuref@ation of hot Jupiters, depending on the presence of strong ahisorbe
* Based on observations collected with the Gamma Ray Burst@pt SUch as gaseous TiO and VO in their atmospheres (Fortney et al

and Near-Infrared Detector (GROND) at the MIESO-2.2m telescope 12008/ 2010). In particular, the increased opacity due todid

at La Silla Observatory, Chile. Programme 088.A-9006 VO in the pM class should result in about a 3% variation of the
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observed radius of a planet with a surface gravity of 15ms

over the wavelength interval 350—700nm. For the purposes of
transmission spectroscopy it is practical to convert thgaeet 1.00
variations to the change of a directly observed quantithas

the transit depthd = (R,/R.)%. Assuming a radius variation with

an amplituden = 0.03 (3%), the transit depth variation is defined

as

_ R+ nR)* 7R,
7R2 nR2

A transiting Jupiter orbiting a Sun-like star causes= 0.01
which would translate into a variation & = 6 x 107 (or
A(Ry/R.) = V2né ~ 0.024). Such precisions may be achieved 2
by modelling light curves obtained using ground-based 2-4 m%
telescopes. The best results can be obtained by defocuming t g 0-90
telescope, which averages out sensitivity variations betwhe
pixels on the detector and improves the observiigiency by
enabling a larger fraction of open-shutter time. Howevee, t
bandwidths of the filters used (which give the spectral resol
tion) is the other critical factorffecting the chances of detecting
the signal in Equation 1, similar to the detection of spédaa-

tures in spectrophotometry.

Several successful searches for the theoretically pestlict
strong absorbers in the optical and near-infrared (NIRgHeeen
conducted first from space using thielbble and Spitzer space
telescopes, resulting in the detection of Na, CQOHCH, and
Rayleigh scattering in the blue (Charbonneau et al. 2008t Po

Ao ~ 2n6 (1) 0.95

lux

e

0.85} -

et al. 2008 Slng et a.l. 2011b) Hampered bythe atmosphere 080,y v v b b b L
of the Earth (e.g. telluric contamination) and instruméaya- -2 -1 0 1 2
tematics, the ground-based detection of spectral feainres- Time since mid-transit (hours)

oplanet atmospheres took longer to yield results (Redfiedd e _ _ i )

20081 Snellen et &l. 2008; Sing eflal. 2011a, 2012). Fig. 1. Simultaneous optical to near-infrareflgan g',r',i’,’z and

Johnson J, H, K) raw transit light curves of WASP23 (dots), obtained
with GROND on UT February 25, 2012 an the corresponding ctime
functions (red lines).

Although transit photometry or spectrophotometryis ofién
high quality, the method pushes the limits of current insien-
tation and has yielded controversial results (Swain et @082
Beaulieu et al. 2011). The success of the method may also be
hampered by the activity of the host star, in particular gposs- 2). The data were collected using the GROND instrument, at-
ing events which can significantly increase the complexfty @ached to the MPESO 2.2m telescope at ESO La Silla Ob-
light curve analysis and lower the precision of the planetar servatory (Child). GROND GammaRay BurstOptical and
dius measuremernit (Knutson et/al. 2011). Near-InfraredDetector) is a simultaneous multi-channel imager

The transiting hot Jupiter WASR23 b orbits a moderately that has been specifically designed for gamma-ray burst {GRB
bright (V = 1268) K1V (Ter = 5150+ 100K) star and was afterglow observations (Greiner et al. _2008). Its capghbit
found by the SuperWASP survey (Triaud etial. 2011; Polla¢cosimultaneously monitor sources in seven optical to NIR pass
al..2006). The planet (radiusdb+0.05R;, mass B8+0.10M;) bands make it an excellent instrument for obtaining highl-qua
has a 2.94d circular orbie(< 0.062 at the 3 level). ity, multi-band transit light curves. It is capable of yigld

In this paper we present ground-based simultaneous optiagiht curves with a root-mean-square (r.m.s.) scatterebétian
and NIR photometry of a transit of WASR3b. We refine its 1 mmag, depending on the atmospheric conditions (Lendl et al
measured properties and orbital ephemeris. We then cahst2010; Nikolov et alll 2012; Mancini et al. 2013).
the first transmission spectrum of WASE3 b and investigate ~ To reach GROND's detectors the light from the telescope
the variation in radius of the planet with wavelength. The lais split using dichroics into seven beams, resulting in oesg
out of the paper is as follows. In Section 2 we present the ahurves close to the Sloart ¢1 = 459 nm), t (1 = 622 nm),
servations. Section 3 discusses our data reduction methodsi’ (1 = 764 nm), Z (1 = 899 nm) in the optical and J(=
Section 4 we report the analysis of the data, measure thé-phg256 nm), H § = 1647 nm) and K { = 2151 nm) bands in
cal properties of the system, construct the planet's tréssan the NIR, respectively. The optical beams are incident ootw f
spectrum, and compare this theoretical predictions. Welode 2048x 2048 back-illuminated E2V CCDs with&8 x 5.4 fields
in Section 5. of view (FOVs) at a plate scale of’0L58 pixet!. The NIR

channels are imaged onto three 1862424 Rockwell HAWAII-
1 arrays with 1< 10 arcmin FOVs and plate scale.6 pixef™.
2. Observations The df-axis guide camera was used to autoguide the telescope.

We monitored the flux of WASP23 (also known as GSC 07635-1 petailed information on the 2.2m telescope, the GROND in-
01376, = 06'44M30.65%, § = —42°4541.0”; J2000.0;V = strument and the relevant technical settings can be found at
12.68 mag) during one transit on February 25, 2012 (Fig. 1 Bitpy/www.eso.orgscifacilitieslasillatelescope@p2/
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Fig. 2. Left panel: Detrended transit light curves (dots) of and the best-fit@m(ines) for the WASP23 GROND data. The optical photometry
clearly exhibits a change in the shape of the transit dueddlifierent limb-darkening in each ban&ight panel: Residuals of the light curve
compared to the fitted models.

Light curves were acquired in GROND's non-dither mode tbab!€ 1. Instrumental and observational settings used to obtamfdat
decrease systematics associated with inter-pixel seibgitari- WASP-23 (median values), during the observation on UT Februayy 25
ations. We obtained data for WASP3 and eleven and severf9%
reference stars in the optical and NIR images, respectivigéy GROND
applied a moderate defocus to the 2.2m telescope, sucththat t
point spread functions (PSFs) had diameters pixels (12) in
the optical and~ 13 pixels (7”6) in NIR. Table 1 gives details
of the instrumental setup and illumination levels of theesev

Gain  dPing Max count  Backgrourt

band  (ADU) (pixel) (ADUX10° (ADU)x10?
g 1.45 57 18.6 0.3
r 1.33 67 43.8 0.3

beams. As the guide camera was also defocussed, we made surei', 1.62 o1 27.2 0.3

in advance that at least one bright star was within its FOV. ZJ 122‘; 498 22%3; %‘(‘)
The main advantages of the telescope defocus technique ' | ,

h b di db | h 2 | H 2.65 6 18.2 17.0

ave been discussed by several researchers, e.g. _Winn et al. ,¢ 255 24 13.1 11.0

(2007)/ Gillon et al.[(2007), Southworth etlal. (2010) (aefir-
ences therein), Croll etal. (2010). Although the methodlies Notes @ Diameter of the defocussed psf ring in pixef¥.Measured

in non-uniformly defocused PSFs of the stars across largésFQusing an annulus, centered on the stellar psf, encompaasiagea four

(= 1° x 1°), the technique performs well on small FOVs (suctimes larger than the area used to produce a photometricunezasnt
as GROND). It allows superb PSF sampling, significantly ceduof the stellar psf.

ing the random and systematic errors resulting from detécto

perfections and resposne variations. The technique atsidsav ] ) ] )

detector saturation due to fluctuations in seeing, becauste sthe optical and resulted in 91 integrations. The slow reaid-o
fluctuations are small compared to the level of defocusing. \inode was selected-(48s read-out-time) as it delivers high-
note that telescope defocusing is not well suited to photgmeduality !magesE. In the NIR averaged stacks of seven 10s
in crowded fields or when the target star has nearby compsnidAtegrations were obtained to improve the signal-to-noéi®
We used the 2MASS catalogue to rule out these possibilities f; The GROND detector can also be read-out in ‘“fast’ modeld s

our observations of WASP-23. read-out-time), but it has been found during previous ftatsserva-
We observed WASP23 on February 25 2012 for 4.4 hr fromtions that images obtained in that modéfsufrom systematic féects

UT 00h32m to 04h56m. An exposure time of 90 s was usedthrat lower the quality of the resulting light curves.
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Table 2. r-band light curve extract Table 3. Theoretical limb-darkening c@gcients, light curve residual
scatter (in parts per million, ppm) and thefactor used to estimate the

BID? Flux G £ xa e photometric uncertainties of the GROND data.

252787 1.000410 0.000256 1.03539 7.73 71.17

252990 1.001160 0.000269 1.03370 7.61 70.30 GROND  u Uz rms
2.53193 0.999446 0.000253 1.03274 7.54 70.06 ba{ld (ppm)
2.53396 1.000615 0.000255 1.03170 6.95 70.66 g 0.7413 0.0719 419 1.00

0.5323 0.1804 371 1.00
0.4224 0.1983 430 1.27

-
X

2.53599 0.998938 0.000253 1.03100 6.72 70.67
2.53802 1.000043 0.000252 1.03079 6.18 69.93

~

z 0.3491 0.2062 330 1.28
Notes. ® BJD — 2455980 1-o- error-bar of the flux, as measured by J 0.1063 0.2589 1480 1.50
APER;© airmass{? x — 630 horizontal pixel position of the defocussed H 0.1126 0.3130 1760 1.52
psf; @y — 1300 vertical pixel position of the defocussed psf; K 0.2389 0.2467 2980 1.16

(SNR), resulting in a total of 181 images. At the beginning @ével. Each column was then shifted to the overall mediaellev
the observation the airmass of the target began at 1.04epedk The master sky flats were divided out from the science images
1.03, and increased to 1.47 by the end of the observing sequegfter removal of the read-out pattern.
The observing conditions were nearly photometric, withirsge  pPrevious investigators have commonly obtained dithered im
variation from~ 16 to~ 18 plxels as measured from a fit to th%ges prior to the main Observing sequence to further caottnect
wings of the defocused PSFs. science images against sky background variations. However
Theoretical models of exoplanet transmission spectraymgimilar corrections are inadequate for sky gradients that wn
that the NIR region is richer than the optical in terms of paimescales less than the duration of the observations.ditiau,
tential spectroscopic signatures. We therefore aimed tairb relative photometry, if performed at gradient-stable skgks
high-precision light curves for that region as well. Thettoh grounds is in practice insensitive to sky variations thataewn
of GROND allows only a single integration time (limited fromsimply the sky level. Finally, previous analyses of WASR b
0 to 10s) for the three JHK bands simultaneously, so we opiiancini et al[ 2013) with and without sky corrections resd|
mised the exposure time such that the highest SNR was obtailieindistinguishable light curves with similar scatter. \ere-
for the band when the star had the most flux (J). For the degfgge did not obtain dithered sky images.
of telescope defocus, we aimed to optimise the SNR in the op- We performed circular aperture photometry on each of the
tical, as we expected better performance in that regiondbase calibrated images. To accurately determine the centralipos
previous experience (Nikolov et al. 2012; Mancini etal.2D1 of the heavily defocused PSFs, we proceeded as followst, Firs
we extracted sub-images, roughly centred on each star. The
) _ brightest stars were rings with typical diameter§0 and~ 15
3. Data reduction and analysis pixels in the optical and NIR, respectively. We then conealv
e‘FB‘Ch image with a Gaussian kernel to produce a smoothed PSF
with a well-defined peak, located at the centre of the origina
F. Finally, we fitted a two-dimensional Gaussian to mesasur
PSF centre and full width at half maximum, which was lat-
er used to monitor the seeing variations during the obsierva
l\Ilnstrumental fluxes and uncertainties (computed taking att
count a random photon noise) were acquired usimgoaHor-
tyge photometry algorithm as implemented in thé aper rou-

The data were reduced and analysed on a channel-by-chann
sis, using a customised pipeline. GROND's optical and NI d 3
are provided in separate fits files. The images from the dpti &
channels are packed into four-extension data cubes andithe €
read-outs are delivered as a single 3R71P24 image. After pro-
cessing to collapse the optical data cubes and to split edeh
image, the data were sorted into science and calibratiogesa
For the optical data a median-combined master bias fral
was computed using 20 zero-second images. We estimated:

, . 0o compute the relative flux light curve of WASR3 in
T%.g‘l’gg_glgifgf'} %'{Sﬁﬁs‘)‘;gﬁgggfsorogﬂfz'a?:_tf,‘\jgo[ﬁ o0 Bfe four optical channels we used 2MASS J06444546-4242083

fore neglected the dark current correction. A median-cowdbi as a comparison star. Because of the relatively small FOV of
master flat-field was calculated using six bias-corrected ROND we performe_d an exhaustive Investigation O.f t_h‘? POSSI
dithered twilight sky flat-fields that survived a selectiaites le reference stars prior to the observations. This obgitiited

rion for linearity in each of the passbands. Finally, eacticap the requirements, being isolated enough to avoid contaioma

science frame was de-biased and flat-field corrected to pmdgirtggggg{ ir:]etiﬁgt:)oLtjircsa\fvggrcldoeffgcsuisme”dérabr}(ij E?Ar;%;h;n?jﬁ%g[
calibrated time series of images. P 9

In the NIR, a series of ten dark frames with integration timtO WASP-23, thus reducing systematiiects due to dferential
' 9 olour extinction. For instance, the instrumental magtetdif-

of 10 s were employed to compute a median-combined ma i : :
. . - ences (WASP23 minus comparison star), measured on UT
dark frame. A series of 24 dithered twilight sky flat framegeve Februray 25 2012 werdg’ = 0.510mag,Ar’ = 0.082mag,

used to obtain a median-combined master sky flat. The mas:"_ 0.319mag,AZ = 0.785mag. For the same reasons, in

ter dark frame was subtracted from all the science and sky ﬁ{é NIR channels we used 2MASS J06445925-4245061 as the
frames. Each dark-subtracted science image was then mregomparison star. The instrumental magnitudéedénces were

with the master sky flat frame. An electronic odd-even reador, "~ o o

pattern along the y-axis was removed before flat-fieldingis Th&] = ~0.784magAH = -0.696mag andK = -0.396 mag.
was done by smoothing each image and comparing it with therpe acronym IDL stands for Interactive Data Language. Fahéx
unsmoothed one after the master dark had been subtracted. ddiails see httgwww.exelisvis.comProductsServicgdL.aspx

amplitudes of the read-out pattern were then determinediny ¢ 4 part of aper Astronomy User’s Library. For detailed information see
paring the median level of each column to the overall mediatipy/idiastro.gsfc.nasa.gpv
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To select optimum sizes for the inner aperture and sky affble 4. Derived system parameters for WASE3 b from light curve
nulus we investigated the root-mean-square (rms) of thebut!tS: compared to the corresponding resuilts reported in theodery
transit baseline flux as a function of various combinatiohs B2PS" The final estimates of our analysis are the weighteuh vaiues

, o , . Wm all bands.
aperture and annulus sizes. Table 2 exhibits an r'-band lig

curve extract along with the airmass and measurements of d Ry/R. E a/R.
(%, y) drift of the PSF on the detector employed to correct theGROND 7 0 134'620,00%4 8793922 9900013
light curve during the analysis. ROND?’ 0'13336:8;888% 87.8518:%% 9.85018&3
We used the UT time stamps available in the fits headers g . ‘ 988944 Py > Sy ¥
the data and computed the central times of each integragiog u ROND: 0'13433:8'888313 88'021:858 991@8}8
the exposure times. All times were then converted to Baryicen GRONDZ 0-13400:8188941 87~83tgg§ 9~850t8ﬁ%§
Julian Date (BJD), using the converter of Eastman et al.qg01 GRONDJ 0-1340f0'000&§ 88'128:5‘1‘ 10-24f8:ég
GRONDH 0.13520°09012 87.75%5 9970053
GRONDK 0.1326 09014  8874:0%> 1059032
150 ; - - ™) Weighted mean .03394ﬁ§-§§§§§ 87.91f§ig 9.893 0075
100;_ 1 Triaud etal. (2011) (300400 883972 1061
<o 50F ] tematic €fects d@fecting ground-based transit observations: air-
;8/ _ ] mass and detector intra-pixel sensitivity variations (Big
0 o) S S P 41 The first component is based on the analytical transit models
o . ] ofIMandel & Agoll (2002), which in addition to the transit cen-
50k ] tral time (T.) and orbital periodR) is a function of the orbital
E inclination (), planet semi-major axis and radius normalized to
100k ] the stellar radiusg/R.) and Rp/R.), respectively. To account
- - - - - for the limb darkening of the star we adopted the quadratib i
0 100 200 300 400 darkening law:
Epoch
I
Fig.3. Observed minus computed (O-C) transit times for WASPb, |—” = 1-w(1-p) - up(1-p)?, (2
using observations reported in the literature (black dats) our mea- 1
surement (orange dot), compared to a linear ephemerisgddisie). wherel is the intensity ang is the cosine of the angle be-

tween the line of sight and the normal to the stellar surf&de.
fixed the two limb darkening cdicients (1; anduy) to their the-
. . oretical values (see Table 3 for details), which we obtaimgd
4. Light curve analysis interpolating within the calculated and tabulated ATLASdno

We performed the light curve analysis in two steps. First, wids (Claret & Bloemen 2011; Eastman etlal. 2012) to the stel-
simultaneously fitted the seven optical to NIR GROND ligH@r ParameterSe; = 5150+ 100 K, logg = 4.4 + 0.2 (cgs),

curves to derive accurate estimates of the transit ceimalt, [F&/Hl = —0.05+ 0.13 andy = 0.8+ 0.3 km s, which we
and orbital period®, and evaluated the orbital parameters arflopted from Triaud et &l. (2011). .
planetary radiusi(a/R., Rp/R.). We constructed a baseline function to account for systemati

In the second step we complemented the GROND photoﬁﬁfeCt_S that_concer_n the (in- and out-of-transit) pho_tometry.
etry with the radial velocity (RV) measurements of WASF3, contains a linear airmass) term as well as a quadratic polyno-
reported by Triaud et al[ (2011) and performed a joint phaﬁomm'al of t_he PSF Iocatlor_\x( 14) on the Qetectorto take into account
try plus RV MCMC analysis usingxorast (Eastman etdl. 201.2). for any inter-pixel sensitivity variations:

As our ultimate goal is to construct a ground-based trarsaoms

spectrum of WASP-23, based on uniform transit parametens fr _ 2 2

all bands we excluded the RVs obtained during transit, waieh F(2Xy) =1+ a0+ a2+ +ax" +auy + 3" +26xy. (3)
affected by the Rossiter-McLaughlitffect. To derive the best-fit parameters we employed the

As exorast allows an analysis of one light curve at a timé-evenberg-Marquardt least-squares algorithm, miningigine
we use the results from the first step (the simultaneous fitdo > function over the data (Fig. 2) (Markwardt 2009). Conve-
photometry) as priors farxorast. The latter was used to deriveniently,exorast also takes into account the systematics, incorpo-
reliable estimates of the physical properties and theiettain- rating a baseline function and trends, as described in Easéh
ties for WASP-23 b and its parent starxorasr utilizes empirical al. (2012). We therefore included function (3)eixorast to take
polynomial relations (Torres etlal. 2010) between the nmasd into account the systematics and to enable a uniform aisadysi
radii of stars, and their surface gravities (iggeffective temper- the in- and out- of-transit photomefy.
atures Ter) and metallicities [F&H], based on a large sample of An accurate derivation of system parameters from transit
well-studied non-interacting binaries. Including thisgrical light curve fits requires a realistic estimation of the retapho-
relation as a constraint allows a derivation of the full tabiand tometric errors. The photometric uncertainties producgd b
physical properties from transit light curves and RV datasEe We choose to employerir in the first step as it allows one to con-
man et all .2012)' - . truct a joint model incorporating the entire dataset. Imi@stexorast

In the first step, we modelled the transit light curves simuliemits an analysis on a per-channel basis, i.e. one bantiaéawe
taneously in flux units). A two-componeadrrection function  therefore, determined universal valuesdgr. , i, T, PandR,/R. using
was constructed, containing a transit model multiplied byse- the complete dataset and used these results as priexstikst, where
line function that accounts for the most significant knowa-sythe fitting is done for each band.
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i/apr are usually underestimates, so we ignored them in olgPl€ 6. Transit mid-times and O-C residuals computed using tran-
analysis. These are formal statistical uncertainties andat S't light curves from the literature and the observatiororegd in this
take into account time-correlated noise. We used the out- ]ork. N(?telthe high precision-@8s) of the the transit time derived using
transit data of each light curve before detrending and egpli ROND?s light curves.

the ‘time-averaging’ procedure proposed/ by Pont et al. €200
and used by various authors including Gillon etlal. (2006nW
et al. (2007, 2008), Gibson etl&l. (2008), Nikolov et al. (201
Southworth et al.l (2012a,b) and Mancini et al. (2012) to tefla
the photometric errors to more realistic values. In sumpfary

Epoch Central time oC Refernce
(BJDroe) (days)

0 2454813816305  0.000044

98 2455102366 03852 0.000916

143 245523473568500%  0.000607

NP RRRR

each band we computed theratio between the standard devia- 00019

tion of the out-of-transit unbinned and binned data withdizes 251 2455557332 :88888 -0.000300
similar to the transit ingregsgress duration. The photometric 254 24555615661 0051 -0.000700
uncertainties were therefore set to the out-of-transitirumdx 397 245598520318 5505, 0.000028
standard deviation multiplied by the correspongiirdactor (see : ,

Table 3). Notes. 1-[Triaud et all [(2011); 2 this work.

4.1. System parameters 4.3. Radius Variation

To derive system parameters for WASES, including the priors A set of simultaneous multi-band transit light curves pded an

for exorast, we relied on the light curves from the seven GRONBpportunity to investigate the behaviour of the measurades!
passbands. We assumed thanda should not depend on thetary radius with wavelength. Atmospheric absorption fesgun
observed band and constrained them to a single universad .vathe optical regime due to sodium (Na) and potassium (K) have
In contrast, we treated the planetary radius as a free p&@ambeen theoretically predicted (Seager & Sasselov2000) and o
for each passband. We also set the linear and the quadnaltic li

darkening cofficients to their theoretical values as well as the

initial guess for the orbital period to the value reportediiaud

etal. (2011). We found= 8802 +0.19, a/R. =9.94+ 0.11 0.138
and ratios of the radii for each passbaRg/R.(g") = 0.13410+ [
0.00066,Ry/R.(r") = 0.13348+ 0.00049 Rp/R.(i") = 0.13455+ 0.136

0.00047,R,/R.(Z) = 0.13439+ 0.00048,R,/R.(J) = 0.1340+
0.0016,Rp/R.(H) = 0.1352+ 0.0016,R,/R.(K) = 0.1325+ £ I
0.0020. These values were inputdkorast as priors along with - 0134~
the star'sTes, logg and [F¢H], fitting the transit photometry
and RVs simultaneously in each band. The results for the main
physical properties are summarised in Table 4 & 5. Our result
are slightly diterent from these reportediin Triaud et al. (2011), [ :
though with higher precision, favouring a more inflated ptan 0.130 = e - i

In particular we improved the precision iay factors of~4 and 05 L0 avelen 1ft?|(1m) 2.0 25
~6.5 for the lower and upper limits, respectively. We find the g

radius of WASP-23b to beR, = 1.067-29%°R;,5, which is larger

0.038
than the radius presented in the discovery paper.

0.132~

Fig. 4 Radius variation (measured wi,/R. and indicated with
yellow disks with error bars) of WASF23 b in the seven optical to NIR
passbhands, compared to a synthetic transmission spectsed lon a
planet-wide pressure-temperature profile (grey contisdme). The
open red diamonds indicate the expected theoretical valtegrated
One of our main goals was to secure the transit ephenisis E:/er GROND's filter curves. The latter are displayed as dolitees at
andP) of WASP-23 b. We fixed all physical parameters to theif'€ 0igin of the graph.

values derived in the previous section and fitted GRONDIstlig
curves simultaneously to derive a transit time. We addegitthi
all reported central transit times in the literature (Ta®lethen
performed a linear fit as a function of the observed ep&jh (

4.2. Ephemeris

Tc(E)=To+EXP. (4)

We derivedP = 29444300+ 0.0000011d andT. =

245481368159+ 0.00042 BJD. This period is in poor agree- 0.1333 * Rayleion

ment 30 level) with the value reported in Triaud etal. (2011) E o,

(P = 2.94442565059051d), but is more reliable due to the larger  gq3.5, 9 5 .,, i .
time span of transit times we used. We investigated the ob- 0.4 0.5 0.6 0.7 0.8 0.9 1.0
served minus calculated (O-C) residuals of the timingsugers Wavelength iim)

our ephemeris. We found no systematic deviation and coeclud
that there is no compelling evidence for transit timing &kons Fig. 5. Same as Figure 4, but displaying a closer view of the radius
(Fig. 3). variation in the optical bands.
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N. Nikolov et al.: Refined physical properties and g¢’,rzi;,J,H,K transmission spectrum of WASP-23b from the ground

Table 5. Stellar and planetary parameters for WASE derived from light curve and RV fits to the GROND photometng RV measurements
from|Triaud et all [(2011).

Quantity Symbol This work Triaud et al. (2011)
Sellar parameters

Mass (M) M, 0.8420051 0.78013
Radius (R) R 0.819t§f§§§ 07650853
Luminosity (Lo) L. 0.421f8:8§8 -

Density (cgs) D 2.112f8:8j2}%1 1.8439922
Surface gravity (cgs) log() 4.531jo-0329 44+02
Effective temperature (K) Ter 51497 5150+ 100
Metallicity [Fe/H] —0.06f§-:}§ -0.05+0.13
Planetary parameters

Semi-major axis (AU) a 0.03798:08§§U§§ 0.0376f§:§§§2
Mass (M) Mp 0917y 0.884

oo ) i Loortit poec -
Density (cgs) op 0.916' -

Surface gravity logfe) 3.29{%3%2? -
Equilibrium temperature(K) Teq 1152%;8 -
Safronov Number ¢) 0.077070 5033 -

Incident flux (18 ergstcm?)  (F) 0.400i§5§‘§§ -

Orbital period (day) P 2.9444300+ 0.0000011 2944425@8:88%85%
Reference transit time (BJD) To 245481368159+ 0.00042 24553202363 0012
RV parameters

RV semi-amplitude (is) K 14557272 -

Mass ratio Mp /M., 0.00103q§3882§; -

Notes. @ Assuming a little redistribution over the surface of thengla i.e., the area that is reemitting with average tempegaiy is 27er) asin
Hansen & Barman (2007).

served in the transmission spectra of hot Jupiters, e.g2KO- To compare our observational results with theorical predic
(Sing_et al.l 2011k, 2012) from the ground. Contrary to thi®ns we employed the system parameters from Table 5 and com-
example of an agreement between theory and observationpated a 1D model atmosphere of WASE3 b, using the code de-
analysis ofHST ultraviolet-optical spectrophotometric data obcribed in Fortney et al. (2005, 2008). The fully non-graydeio
HD 189733b by Sing et al. (2011a) revealed a featureless speses the chemical equilibrium abundances of Lodders & Feg-
trum, which might be an indication for the presence of high dky (2002) and the opacity database described in Freednzdn et
titude clouds. These observational results indicate thersity (2008). The atmospheric pressure-temperature profilelatesi
of exoplanet atmospheres, the understanding of which megjuiplanet-wide average conditions. We computed the trangmiss
more observational results. spectrum of the model using the methods described in Foeihey
To investigate the radius variation of WASP3b in al. (2010). For each of the GROND passbands we computed the
GROND’s passbhands we fixé?] i anda/R, to their final results expected theoretical value given the synthetic transonsspec-
from the analysis in Section 4.1, and the linear and quadratium, integrating over the corresponding filter curve. Finave
limb darkening cofficients to their predicted values. We fittedised the derived theoretical values for the planet radidditiad
for the planetary radius (specifically the ratio of the rajiiR.) them as a model to the measured valueBgR. from the seven
and the instrumental systematics. This approach imprdwes GROND light curves (Fig. 4 & 5). We find a good agreement
precision of the measured planetary radius, by avoidingcesu between the observationally derived measurements anllesjot
of uncertainty common to all measurementsRafR.. In ad- values of the planetary radii, consistent with a featusetesns-
dition, the fit takes into account the information for theteys mission spectrum at thelo level. Two of our radius estimates
parameters and reflectsfidirences in the transit depth that aré’-band in the optical anti-band in the NIR) were found to be
determined only by the size of the planet in each passband. ofbby slightly more than & from their corresponding theoret-
estimate realistic values for the normalised planet radiitheir ical values. This is most likely due to systematics of unknow
error bars we carried out the fitting using an MCMC approactrigin.
The results for the planet radii, obtained at this step aeldyed
in Figs. 4 and 5. The vertical error bars comprise the 68.3%6
confidence levels from the MCMC distributions Bf/R.. As
expected, the radius measurements in the optical regime she have presented observational results based on datatedlle
much smaller error bars compared to the NIR passbands. Thith the GROND instrument on the MPESO 2.2m telescope at
is due to the lower scatter of the data in the optical. We al&$O La Silla, during one transit of the hot Jupiter WASRB b,
show horizontal bandwidths (plotted with error-like batisat the first photometric follow-up of this object after its disery.
have been computed as the full widths at half maximum, usikige employed the telescope defocusing technique and adtogui
GROND's filter curves, which are indicated at the lower pdrt dng to optimise the quality of the light curve and minimise th-
the plot. strumental systematics in the complete optical to NIR caipab

Summary and discussion
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of the GROND instrument for the first time. Light curves conabsorption line, to deviate from the predicted theoreticélie,
structed from this data set showed a scatter versus fitteeélsioadverall the theoretical model is in very good agreement with
as low as 330 ppm (Table 3). For comparison, a recent obsers@rvational transmission spectrum at #fer level.
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transit events of WASP50b. Their lower scatter is expecte(fl'ee for the detailed and constructive suggestions thabiwed the manuscript.
due to the Iarger aperture of the teIeSCOpe N.N. acknowledges support from an STFC consolidated grar§. acknowl-

. , . edges STFC for the award of an Advanced Fellowship.
We used the full potential of GROND’s optical to NIR
dataset to refine the ephemeris and system parameters of the
WASP-23b system and compared our results with these pre-
sented by Triaud et al. [ (2011). We complemented our phdeferences
tometric data with existing RV measurements of the paremt Sgarage, 1., Chabrier, G., & Barman, T. 2008, A&A, 482, 315
to derive the full physical properties of the system. We mea Barafe, 1., Chabrier, G., & Barman, T. 2010, Reports on Progreigsics, 73,
the central transit time with a precisief8 s, complemented this 016901 o o
measurement with published transit epochs, and refinedrtheggaulieu, J-P. Tinet, G, Kipping, D. M., etal 2011, 31, 16
. - . rogi, M., Snellen, I. A. G., de Kok, R. J., et al. 2012, Na{ut86, 502
bital PeF'Od of WASP-23b. We analysed '_[he O-C d'agr_am of th%urrows, A., Hubeny, I., Budaj, J., & Hubbard, W. B. 2007, Ag61, 502
transit times and found no significant evidence for tramsiirtg  Charbonneau, D., Brown, T. M., Noyes, R. W., & Gilliland, R.2002, ApJ,
variations. Using all of the seven GROND bands we determinedb68, 377
a larger and more precise value for the radius of WAS®Pb, Claret, A., & Bloemen, S. 2011, A&A, 529, A75
. . . . Croll, B., Albert, L., Lafreniere, D., et al. 2010, ApJ, 711084
which is in agreement at the2o- level with that from Triaud et g qiman. 3. Silverd. R.. Gaudi. B. S. 2010. PASP. 122 935
al. (2011). The latter however, was derived based on a jom¥stman, J., Gaudi, B. S., & Agol, E. 2012, arXiv:1206.5798
fit to five lower-quality light curves covering the R andl+z Fortney, J. J., Marley, M. S., Lodders, K., Saumon, D., & Hrean, R. 2005,
i i1y ApJ, 627, L69
passbands. Despite our larger value for the planetary sadi
WASP-23 b still sits below the region of the so-called heavilfgﬁgg’ Ty “ﬁﬁﬁ}ﬁé}s“” 'st"ﬁ‘a?.ii,”eﬁ’_ 5., & Froedman, R.¢ cgsz ApJ, 678
“bloated” hot Jupiters, in accord to the theoretical models for 1419
irradiated giant planets of Bdfa et al. [(2008). Moreover, Fort- Fortney, J. J., et al. 2010, ApJ, 709, 1396

ney et al.|(2007) presented theoretical mass-radiusoakttips Freedman, R. S., Marley, M. S., & Lodders, K. 2008, ApJS, 504
y N ) P P Gibson, N. P., Pollacco, D., Simpson, E. K., et al. 2008, A&82, 603

for |rrad|ated giant e>_<op|anets, p_arametrlzed b_y mass, aue Gillon, M.. Pont, F.. Moutoul, C., et al. 2006, A&A, 459, 249

an dfective orbital distance, defined as the distance from t&@on, M., Pont, F., Demory, B.-O., et al. 2007, A&A, 472,31

Sun, where a hypothetical planet would receive the same fl@oeiner, J., Bornemann, W., Clemens, C., et al. 2008, PABR,405

as the actual planet. Given the luminosity of WASR and the Hg{:ﬁ:ﬂ’ Ir\3/|' ’\J" zli\;lgLurBrZ;mNan\'/\I -2200(?51 sAcFi)ghgglégsllzss
semi-major axis of its pllanet we evaluated that distanceeto ﬁubban’,’ W, B., Formeyl'll’ Lunine, 3.1, et al. 20'01”/%.@’ 213

a =_0.585AU. We then interpolated the models of Fortney @hutson, H. A., Madhusudhan, N., Cowan, N. B., et al. 2011485, 27
al. (2007) to match the distance and the mass of WAZ3D for Lendl, M., Afonso, C., Koppenhoefer, J., et al. 2010, A&A25A29

a solar composition at 4.5 Gyr and evaluaRyl= 1.042 Ry,  Lissauer J.J, E:gg; 8. 2005, loaris, 155,303 0%

which is within the error of our result. Mancini, L., Southworth, J., Ciceri, S., et al. 2012, arAR12.3701

Finally, we used the potential of the GROND light curves t®ancini, L., Nikolov, N., Southworth, J., et al. 2013, arXi@01.3005
investigate the (possible) variation of the planetaryuadiith Mandel, K. & Agol, E. 2002, ApJ, 580L, 171 _
wavelength and constructed a ground-based simultanediss dﬁa;mﬁ“iti Lo 2009, Astronomical Data Analysis Softwaned Systems
cal to NIR broad-band transmission spectrum of WAB®BD.  yayor M., & Queloz, D. 1995, Nature, 378, 355
According to our results for the system parameters (Table ¥kolov, N., Henning, T., Koppenhoefer, J., et al. 2012, AZ#89, A159
the equilibrium temperature of WASR3 b isTeq = 115232& Pollacco, D. L., Skillen, I., Collier Cameron, A., et al. Z)PASP, 118, 1407
which places the planet among the pL-class (cooler) of giﬁﬁ“t' F., Zucker, S., &Q‘.JI‘I?I'OZHD- 2006, MNRAS, 373, zﬁlm
close-in exoplanet atmospheres in the scheme proposedby oor,\]At’,\,';Agngggnl’og" Gillland, R. L., Moutou, C., & Charbwau, D. 2008,
ney et al.|(2008). Taking into account these results, we rgenedfield, S., Endl, M., Cochran, W. D., & Koesterke, L. 2009JA673, L87
ated a synthetic atmospheric transmission model of aniated chr;(egd%ré;kl?gedieu, C., Le Sidaner, P., Savalle, R., &tdkhin, I. 2011,
hot Jupiter, assuming a planet-wide pressure-temperattafiée 1294,
and compared theory with observations. The optical patef tggggg’ S & Sasselov. D. D. é?%%ogpkfgs%lio%
synthetic transmission spectrum at this equilibrium terapee Seager: S. 2011, Exoplaneté, edited ’by s. Sea’ger. TucsarlJhidersity of
and surface gravity (20.73m3 suggests a radius variation due Arizona Press, 2011, 526 pp. ISBN 978-0-8165-2945-2.
to the presence of gaseous sodium and potassium in the atﬁ?% B- E Z: g:- ggﬁg '\Aﬂg'igv?“gvsl““
sphere of WASP23D, while the NIR parts are dominated b}ging: D. K., Huitson, C. M., Lopez-Morales, M., et al. 2012\RAS, 426, 1663
water vapour features. The detection of such radius vanatisnellen, I. A. G., Albrecht, S., de Mooij, E. J.W., & Le PodR, S. 2008, ASA,
should be a realistic task, if observations could be takegheat 487, 357
precision levels attained in this work and with a higher g@ac Southworth, J., Mancini, L., Novati, S.C., et al. 2010, MN&AI08, 1680
resolution. However, even the narrowest passband of GRO@ Emgm j ,E\;Ar;‘;‘(':’ir"'i’ '\lf'ar,:ﬂcgt'e"d" ‘E,‘(,;:”igogtoélj'2200112%'\'”';@5;1‘;220'3%59%0
("-band) spans 120 nm, which ectively reduces the sensitiv-sozzetti, A., Torres, G., Charbonneau, D., et al. 2007, 864, 1190
ity of our measurements to radius variations. THie& is illus- Swain, M. R., Vasisht, G., & Tinetti, G. 2008, Nature, 452932
trated in Figs. 4 and 5, where using the filter curves of GRONDIes, G., Andersen, J., & Giménez, A. 2010, A&A Rev., 18, 67
we computed the theoretically expected values for the sagliu E;?}gag"ﬁee,\‘j’ j éuseolg;h‘go"néﬂi'ezroéz' ;r;(l""zlozlllz'ggﬁgﬂs Aoa
WASP-23b, given the synthetic spectrum. We fitted our Olyinn, J. N., Holman, M. J., Henry, G. W., et al. 2007, AJ, 13328
servational result for the radius to the theoretical es®naAl-  Winn, J. N., Holman, M. J., Shporer, A., et al. 2008, AJ, 13&] 2

though we found the’-band, which covers the expected sodium
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