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ABSTRACT

Transits in the WASP-57 planetary system have been founddordhalf an hour earlier than
expected. We present ten transit light curves from amagéestopes, on which this discovery
was based, thirteen transit light curves from professifamlities which confirm and refine
this finding, and high-resolution imaging which show no evide for nearby companions.
We use these data to determine a new and precise orbital eplseand measure the phys-
ical properties of the system. Our revised orbital period.tss shorter than found from the
discovery data alone, which explains the early occurrefitbeotransits. We also find both
the star and planet to be larger and less massive than psivibiought. The measured mass
and radius of the planet are now consistent with theoretmalels of gas giants containing
no heavy-element core, as expected for the sub-solar im#yadif the host star. Two transits
were observed simultaneously in four passbands. We usegsh#ing light curves to measure
the planet’s radius as a function of wavelength, finding thatdata are sufficient in principle
but not in practise to constrain its atmospheric propertiéss conclude with a discussion of
(© 0000 RAS the current and future status of transmission photometidies for probing the atmospheres

of gas-giant transiting planets.
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1 INTRODUCTION

Although the first transiting extrasolar planet (TEP) wakby atis-
covered in late 1999 (Henry et|al. 2000; Charbonneaulet 8020
and the second as recently as 2003 (Konackilet al. 2003) utime n
ber currently known has already exceeded f2athe great ma-
jority of those are small objects observed using the NAGpler
satellite: validation of the planetary nature of these bsdiias been
greatly helped by their occurrence in systems of multipnpts
(see Rowe et al. 2014) but detailed studies are difficult dubeir
small size and long orbital period®4+,s).

A significant number (231 as of 2015/07/21) of the known
TEPs are hot Jupiters, adopting a definition of mads >
0.3 Myup and Por, < 10d. These are much better suited to char-
acterisation with existing facilities, as their relatiyéhrge masses
and radii, short orbital periods, and bright host stars npaiato-
metric and spectroscopic observations easier and moregroel
Perhaps the single most important observable property tireep
is its orbital period: the period distributions of exopléprovide
an insight into the mechanisms governing their formatiosh evo-
lution (e.g/ Mordasini et al. 2009a,b; Benitez-Llambagle2011;
Hellier et al/ 2012), and a precise value is mandatory fofoper-
ing follow-up observations.

In this work we study the WASP-57 system, whose planetary
nature was discovered by the SuperWASP consortium (Faabi et
2013, hereafter F13). WASP-57 contains a star slightly exool
and less massive than the Sui.id = 5600 + 100K, Ms =
0.89 £ 0.07 M) orbited by a planet which is the same size but
less massive than Jupited, 0.64 £+ 0.06 Myup, R, =
1.05 4+ 0.05 Ryup). The moderately different properties found by
F13 placed the planet at the lower edge of the distributiogasf
giant TEPs in the mass—radius diagram, making it a good €andi
date for hosting a heavy-element core despite the subsatalm
licity of the host star [Fe/H] = —0.25 £+ 0.10). The analysis by

used for follow-up observations in future, measure the jgiays
properties of the system to high precision, and search foatians
of the measured planetary radius with wavelength

2 OBSERVATIONSAND DATA REDUCTION

A total of ten transit light curves were obtained by LB, GC,,CL
AM and GM using telescopes of apertures between 180 mm and
300 mm, sited in Italy. Further details of the observatiosetup
and numbers of datapoints are given in Téble 1.

Two complete transits of WASP-57 were observed using the
1.54 m Danish Telescope and DFOSC instrument at ESO La Silla,
Chile (seel Dominik et al. 2010), on the dates 2014/05/18 and
2014/06/24. DFOSC has a plate scale of 6.88&el~* and a 2048
pixel CCD, giving a field of view of 13./%13.7 . We windowed the
CCD down to 110&900 and 104% 920 pixels to shorten the dead
time between exposures, resulting in images containing WAS
57 and six decent comparison stars. Both transits were redutai
through a BesselRR filter. The instrument was defocussed in order
to improve the efficiency of the observations, and to comibag-t
correlated noise (see _Southworth et al. 2009). The teleseas
autoguided to limit pointing drifts to less than five pixeleoeach
observing sequence. An observing log is given in Table 2 bad t
light curves are plotted individually in Fig] 1.

The transit on 2014/06/24 observed with DFOSC was also
monitored using GROND_ (Greiner et al. 2008) mounted on the
MPG 2.2 m telescope at La Silla, Chile. GROND was used to nbtai
light curves simultaneously in four passbands, which apprate
the SDSSy, r, i and z bands. The small field of view of this in-
strument (5.4x5.4 at a plate scale of 0.18%ixel~!) meant that
fewer comparison stars were available. The instrument \eés d
cussed and the telescope was autoguided throughout thevioigse
sequence. Poor weather conditions (high wind) forced ckosil
the telescope before the transit finished, so the light suhave
only partial coverage of the transit (see Tdble 2 andFig. 1).

We now turn to observations obtained prior to the concep-

F13 was based on SuperWASP photometry (Pollaccd et all 2006) tion of the current work. We observed WASP-57 on the night of

radial velocities from CORALIE spectra, plus two completela
one partial transit light curves from the Euler and TRAPPt&&-
scopes at ESO La Silla, Chile. No further work on this systas h
been published.

Early in the 2014 observing season a group of amateur as-

tronomers noticed that the transits of WASP-57 were ocagtnalf
an hour earlier than expected, which is a significant fractibthe
2.3 hr total transit duration. This was immediately confidhosing
a transit of WASP-57 which had been serendipitously obskove
2014/05/18 using the Danish 1.5 m telescope, at La Silla.cArse
transit observation was scheduled on 2014/06/24 with theidba

2012/05/10 using the BUSCA instrument on the 2.2 m telescope
at Calar Alto Astronomical Observatory. BUSCA is capable of
observing simultaneously in four passbands, for which waseh
Gunnu, g, r and z. The motivation for these choices, and a de-
tailed discussion on the use of BUSCA for planetary trartssieo-
vations, can be found in_Southworth et al. (2012). All four[XC

on BUSCA have a plate scale of 0.17gixel~*, but were operated
with 2x2 binning. Whilst the full field of view of 1212 arcmin
was accessible in the band, the available field in the, » and

z bands was vignetted into a circle of diameter of approxitgate
6. The instrument was defocussed and the telescope was autogu

telescope, the ESO 2.2m telescope and GROND imager, and theided throughout the observations (TdHle 2). Thieand data are of

immediately following transit with the amateur observearsbu-
rope, allowing its early arrival to be reconfirmed. We alsegess
high-precision light curves of WASP-57 obtained in the 28&2-
son, before the imprecision of the original orbital ephaémée-

insufficient quality for full modelling but can be used to aiot a
time of minimum and to check for a possible variation of meadu
planetary radius with wavelength.

One transit of WASP-57 was observed on 2012/04/01 with

came apparent. In this work we present all the data we have ob-EulerCam, using the same methods as for the EulerCam transit
tained for WASP-57, produce a revised ephemeris which can bein F13. EulerCam is a CCD imager mounted on the 1.2m Euler-

* Based on data collected by MINDSTEp with the Danish 1.54 re-tel
scope, and data collected with GROND on the MPG 2.2 m telesdugth
located at ESO La Silla.

1 See TEPCat (Transiting Extrasolar Planet Catalogue; Sauth|2011)
at: http: //ww. astro. keel e. ac. uk/j kt/tepcat/

Swiss telescope, La Silla, with a field of view of 14<14.7
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Table 1. Instrumental setup for the amateur observatids, is the number of observations.

Date Observer Telescope CCD Filter Nobs
2014/05/24  C. Lopresti 180 mm Maksutov-Newton SBIG ST10XMEed 39
2014/06/10  G. Corfini 200 mm aperture, 800 mm focal length  GSBTT-1603 clear 87
2014/06/10 C. Lopresti 300 mm aperture, 1500 mm focal lengt8BIG ST10XME  red 42
2014/06/10  A. Marchini 300 mm Zen Maksutov-Cassegrain $3B03 Cousind? 58
2014/06/27 L. Barbieri 300 mm aperture, 3000 mm focal lengt®BIG ST9 clear 40
2014/06/27  G. Corfini 200 mm aperture, 800 mm focal length  GGBTT-1603 clear 34
2014/06/27  C. Lopresti 180 mm Maksutov-Newton SBIG ST10XMEed 16
2014/06/27  C. Lopresti 300 mm aperture, 1500 mm focal lengt8BIG STIOXME  red 58
2014/06/27  G. Marino 250 mm aperture, 1200 mm focal length IGSBT7-XME  clear 64
2015/05/28 C. Lopresti 180 mm Maksutov-Newton SBIG ST10XMEed 30

Table 2. Log of the observations obtained from professional telegsaV,y,s is the number of observation$,«,, is the exposure timel .4 is the dead
time between exposures, ‘Moon illum.’ is the fractionaliifiination of the Moon at the midpoint of the transit, aNg,, is the order of the polynomial fitted
to the out-of-transit data. The aperture radii are targettape, inner sky and outer sky, respectively. The ‘bb’fiiigea blue-blocking filter.

Instrument Date of  Starttime EndtimeN,,s Texp Tdead Filter Airmass Moon  Aperture radii Ny,o,  Scatter
first obs uT) (uT) (s) (s) illum. (pixels) (mmag)

TRAPPIST 2012/03/15 04:34 08:20 367 20 10 bb  183.12—1.13 0.463 11.322.7 36.3 1 2.25
TRAPPIST 2012/04/01  04:40 09:36 701 15 7 bb 1:36.12— 1.45 0.649 13.519.330.9 1 3.49
Euler 2012/04/01 05:20 09:35 212 50-180 16 r 1.23—1.12— 144 0.649 24 0 0.98
BUSCA 2012/05/10  23:16 02:49 82 120 35 w4 1315129186 0.665 15 25 45 1 3.46
BUSCA 2012/05/10 23:16 03:37 100 120 35 g 131—-129—246 0.665 17 27 50 1 1.26
BUSCA 2012/05/10  23:16 03:34 99 120 35 r 1315129244 0.665 18 28 50 1 0.82
BUSCA 2012/05/10 23:16 03:37 98 120 35 =z 131—-129— 246 0.665 18 28 50 1 1.58
DFOSC 2014/05/18 01:58 06:51 162 100 9 R 132—-112—-170 0.761 12 20 40 1 0.74
DFOSC 2014/06/24  23:33 04:15 155 100 8 R 127—112—+153 0050 16 26 45 1 0.71
GROND 2014/06/24 23:38 02:34 53 90-110 54 ¢ 1.25—1.12— 117 0.050 40 60 90 1 0.89
GROND 2014/06/24  23:38 02:34 53 90-110 54 r 125112117 0.050 40 60 90 1 0.58
GROND 2014/06/24 23:38 02:34 53 90-110 54 4 1.25—1.12— 117 0.050 32 55 75 1 0.58
GROND 2014/06/24  23:38 02:34 53 90-110 54 > 125112117 0.050 30 50 80 1 1.02

at 0.23 pixel~!. We obtained 212 images through a Guniil- ioL/asTROLIH] implementation ofbAOPHOT (Stetson| 1987).

ter, without applying a defocus to the instrument. Furthetails Master bias and flat-field images were constructed but giyera

on EulerCam and the data reduction proceduce can be found infound to have an insignificant effect on the quality of the tpho

Lendl et al. (2012). etry. Image motion was tracked by cross-correlating irtiad im-

Two transits of WASP-57 were observed on 2012/03/15 and ages with a reference image.
2012/04/01 using the 0.6 m TRAPPIST robotic telescope éatat We obtained photometry on the instrumental system using

at La Silla (Gillon et all. 2011; Jehin etlal. 2011). TheZk CCD software apertures of a range of sizes, and retained thogs wh

was thermoelectrically cooled and yielded a field of view of gave light curves with the smallest scatter (Table 2). Wadbtinat

22 x22 at 0.6% pixel~'. Images were obtained with a slight de- the choice of aperture size affects the scatter but not tapesbf

focus and through a blue-blocking filtethat has a transmittance  the transit in the final light curve. The instrumental magaéts

greater than 90% from 500 nm to beyond 1000 nm. were then transformed to differential-magnitude lightves;, nor-
malised to zero magnitude outside transit using first-opsy-
nomials (TablgR) fitted to the out-of-transit data. Theeditial
magnitudes are relative to a weighted ensemble of typidaley

2.1 Datareduction (DFOSC) or two to four (GROND) comparison stars. The compar-

. ison star weights and polynomial coefficients were simatarsly
The data from the amateur telescopes were all reduced usinggyimised to minimise the scatter in the out-of-transiedat
Maxim DLE. In each case the science images were calibrated using Finally, the timestamps for the datapoints were converted

dark and flat-field frames. to the BJD(TDB) timescalé (Eastman etlal. 2010). We perfdrme

The data from DFOSC, GROND and BUSCA were re- manual time checks for several images obtained with DFOSC
duced using aperture photometry as implemented in oke

FOT code (Southworth et al. 2009, 2014), which relies on the

4 The acronymipL stands for Interactive Data Language and is a
trademark of ITT Visual Information Solutions. For furthdetails see:
http://ww. exel 1 svis.com ProductsServi ces/ | DL. aspx.
2 |http: //ww. astrodon. cond products/filters/exopl anet/|] ° TheAsTROLIB subroutine library is distributed by NASA. For further
3 |http: // www. cyanogen. conl naxi mmai n. php details seeht t p: / /i dl astro. gsfc. nasa. gov/.
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Figure 1. All light curves from professional facilities presentedtiris work, grouped and colour-coded according to the tefgsaised. The instrument and
filter are labelled individually for each light curve. Thecead light curve from TRAPPIST has a discontinuity shortbfdse the midpoint of the transit due
to a meridian-flip. This is indicated using a vertical blatiel

and verified that the FITS file timestamps are on the UTC sys- are much fainter than WASP-57, and are ovef 4fistant, so are
tem to within a few seconds. In recent work on the WASP-103 too far away to affect our photometry.

system we found that the timestamps from DFOSC and GROND We also obtained a high-resolution image of WASP-57 us-
agree to within a few seconds, supporting the reliabilityboth ing the Lucky Imager (LI) mounted on the Danish telescope (se
(Sputhworth el Ef" 2015). The reduced data are given in Baafel Skottfelt et all 2013, 2015). The LI uses an Andor 5522 pixel

will be lodged with the CcDB electron-multiplying CCD, with a pixel scale of 0.0pixel~* giv-

The data.from EulerCam were reduced using aperture pho- ing a field of view of45" x 45”. The data were reduced using a ded-
tometry following the methods given by Lendl et al. (201 2iff&- icated pipeline and the 2% of images with the smallest pairead

en_tial aperture photometry was _also used on the TRAPPIST, dat function (PSF) were shifted and added to yield a combinedjena
using Camf”"Y selected extraction apertures a.md reGeresars. whose PSF is smaller than the seeing limit. A long-pass dichr
For more details on the TRAPPIS_T data reduction progedsf_ns, was used, resulting in a response function which approxsidiat
e.g.Gillon et a.(2013). 'I('jhbe transn_zp 2(;|}2/O4/(§)1hwas m:h;n ‘ of SDSSi+z. An overall exposure time of 600 s corresponds to
two sequences separated by a meridian flip, and the two o an effective exposure time of 12s for the best 2% of the images

were reduced independently. (FigJ). The FWHM of the PSF is 4:04.2 pixels (.36” x 0.38").
_ o _ Two faint stars were detected on the LI image, at angular dis-
2.2 High-resolution imaging tances 0fl0.99 4+ 0.05” and21.56 £ 0.07” from WASP-57, and

fainter by8.7 4+ 0.7 mag and3.2 4+ 0.4 mag. Neither of these stars
is sufficiently bright and close to WASP-57 to affect the gel
presented in the current work. We assessed the limiting it

of the LI image by placing a box with sides equal to the FWHM of
the star on each pixel on the image. The standard deviatitimeof
counts within each box was calculated, and-al8tection threshold

6 http://vizier.u-strasbg.fr/ was generated. The mean detection threshold at a giversriadin

We obtained several images of WASP-57 with DFOSC in sharp
focus, allowing us to check for the presence of faint nearby
stars whose light might act to decrease the observed trdesih
(Daemgen et al. 2009). The closest stars we found on any image

(© 0000 RAS, MNRASD00, 000—000
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Table 3. Sample of the data presented in this work (the first and last da
apoints of each light curve). The full dataset will be madailable at the
CDS.

280

Instrument  Filter BJD(TDB) Diff. mag. Uncertainty

260
TRAPPIST bb  2456001.690740 0.0014100 0.0033979 .
TRAPPIST bb  2456001.847510 0.0018100 0.0019776 3
TRAPPIST bb  2456018.694550 0.0062000 0.0041227 %
TRAPPIST bb  2456018.900580 -0.0042000 0.0041094 > a0
Euler r 2456018722460 0.0015300 0.0014096 2
Euler r  2456018.899430 0.0006000 0.0010572 B
BUSCA uw  2456058.476778 0.0011721 0.0027719 o
BUSCA u  2456058.624676 -0.0073014 0.0050536 .
BUSCA g  2456058.476778 0.0008973 0.0010736
BUSCA g  2456058.657776 -0.0006933 0.0015483
BUSCA r  2456058.476778 0.0004552 0.0007219
BUSCA r  2456058.655976 0.0005960 0.0009239 oo
BUSCA > 2456058.476778 0.0018345 0.0015082
BUSCA > 2456058.657776 0.0003519 0.0017916 220 Pix;‘g‘umn nfﬂfger 280
DFOSC R 2456796.588810 0.0004779 0.0006752
DFOSC R 2456796.792254 0.0006067 0.0008685
DFOSC R 2456833.486396 -0.0006900 0.0007120
DFOSC R 2456833.683083 -0.0007523 0.0007212
GROND g  2456833.490392 0.0000938 0.0008559
GROND g 2456833.611846 0.0097990 0.0009372
GROND r  2456833.490392 0.0000128 0.0005593 .
GROND r  2456833.611846 0.0114375 0.0006182 2
GROND i 2456833.490392 0.0002314 0.0005610 2
GROND i 2456833.611846 0.0107411 0.0009272 s
GROND > 2456833.490392 0.0010646 0.0010125 -
GROND > 2456833.611846 0.0082877 0.0010501 2

the target star was then converted to a relative magnituaiehét
details of the detection and reduction methods are givervang&
et al. (2015, in preparation). The contrast curve is showFigi3.

220 240 260 280
3 TRANSIT TIMING ANALYSIS Pixel column number

The issue which brought WASP-57 to our attention was theebffs  Figure 2. High-resolution Lucky Image of the field around WASP-57. The
between the predicted and actual times of transit. We hasmeth  upper panel has a linear flux scale for context and the loweelpaas a
fore obtained as many measured times of mid-transit as lgessi logarithmic flux scale to enhance the visibility of any fastérs. Each image
We first modelled the two DFOSC transits individually usihg t ~ cOverss” x 8” centred on WASP-57. A bar of lengtt’ is superimposed
JKTEBOPcode (see below), as these are the two light curves which n .th_e bqttom-nght of each image. The image is a sum of the2ssof the
have full coverage of a transit with a low scatter in the dsva. original images.

scaled the errorbars for each light curve to yield a redugcedf

; . . /
Xy = 1.0 versus the fitted model. This step is necessary becausepgt angd one with the Euler telescope. We fitted these as above
the uncertainties from thePER algorithm tend to be moderately itk the photometric parameters fitted for the two light @gwith

too small. _ complete transit coverage and fixed for the TRAPPIST lighteu
We then modelled the light curves from the amateur telescope \1ich only contains the second half of a transit. We alscvidet

with JKTEBOP bgt fitting for only the time of mid-transit gnd the one transit time obtained by U. Dittler and lodged on the Eaoet
out-of-transit brl_ghtness of the sys_tem. The other photampa- Transit Databa8k(Poddany et dl. 2010).

r.ameters were fixed to thfe l;?est.-flttlng valugs from the tV\(o .BBO The SuperWASP data which triggered the discovery of the
light curves. The uncertainties in the transit times werdtiplied planetary nature comprise approximately 30000 datapaibts
by /x? to account for the underestimated observational errors tained during the 2008, 2009 and 2010 observing seasonseThe

in most of the datasets. We performed the same process on thejata were obtained and separated into individual seadoers fit-
GROND data, except this time we fitted the out-of-transighi

ness as a linear function of time rather than just a constifsgto

from zero differential magnitu.de. . 7 The Exoplanet Transit Database (ETD) can be found at:
We then turned to published data. The discovery paper of http://var 2. astro. cz/ ETDI cr edi t. php; see also TRESCA at:

WASP-57 (F13) contains two light curves observed with TRAP- http://var2.astro.cz/EN tresca/index. php.

(© 0000 RAS, MNRASD00, 000—-000
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Figure 4. Plot of the residuals of the timings of mid-transit for WASP-versus a linear ephemeris (see Thble 4). The points avarezbded according to
their source: black for the WASP data, green for the amateungs in the current work, blue for DFOSC, red for GROND -wéfilow for BUSCA, and grey
for the TRAPPIST and Euler telescopes. The dotted lines shevio uncertainty in the ephemeris as a function of cycle number.

Table 4. Times of minimum light and their residuals versus the ephi&ame
derived in this work. All but one of the timings were derivedthe current
work, from the source data given in the final column.

N
T
e

Time of min. Error Cycle Residual Source
(BJD/TDB) (d) no. (d)

2454602.18313 0.00317 -513.0 -0.00075 This work (WASP P008
2454900.26529 0.00306 -408.0 -0.00504 This work (WASP P009
2455351.65767 0.00255 -249.0 -0.00071 This work (WASP 2010
2455686.65086 0.00055 -131.0 0.00009 This work (TRAPPIST)
2455723.55722 0.00025 -118.0 0.00051 This work (Euler)
2455723.55606 0.00028 -118.0 -0.00065 This work (TRAPPIST
P 2456001.76950 0.00035 -20.0 -0.00123 This work (TRAPPIST)
4 6 8 10 12 14 2456018.80454 0.00017 -14.0 0.00030 This work (Euler)
Angular separation (arcsec) 2456018.80315 0.00042 -14.0 -0.00109 This work (TRAPPIST)
2456058.54852 0.00143 0.0 -0.00058 This work (BUSQA
2456058.54891 0.00039 0.0 -0.00019 This work (BUSGA
2456058.54959 0.00023 0.0 0.00049 This work (BUSGA
2456058.54913 0.00042 0.0 0.00003 This work (BUSGA
2456728.54099 0.00171 236.0 0.00711 Dittler (TRESCA)
2456796.66754 0.00019 260.0 -0.00038 This work (DFOSC)
2456802.35000 0.00710 262.0 0.00424 This work (Lopresti)
2456819.38110 0.00100 268.0 0.00183 This work (Corfini)
2456819.36760 0.00510 268.0 -0.01167 This work (Marchini)
2456833.57422 0.00017 273.0 0.00036 This work (DFOSC)

Magnitude difference
(&)

0 2

Figure 3. Constrast curve giving the limiting magnitude of the LI obse
vation as a function of angular distance from WASP-57 (dadk circles
connected by a red line). The closest detected star is shewrbhue data-
point.

ted with JKTEBOPIN the same way as for the data obtained using
amateur telescopes. The resulting season-averaged timeisio
mum are consistent with the linear ephemeris found belonaitai

of low precision. WASP-57 A, &t = 13.04, is comparatively faint 2456833.57442 0.00034 273.0 0.00056 This work (GRQND
for the SuperWASP telescopes so suffers from a large saatitsr 2456833.57296 0.00021 273.0 -0.00090 This work (GROND
light curve. We included these times of minimum light in tod- f 2456833.57389 0.00022 273.0 0.00003 This work (GRAGND
lowing analysis, but note that they do not have a significéfete 2456833.57460 0.00039 273.0 0.00074 This work (GRGND
on the results. 2456836.41480 0.00290 274.0 0.00202 This work (LBarbieri)

All times of mid-transit were then fitted with a straight line =~ 2456836.41880 0.00250 274.0 0.00602 This work (Corfini)
versus cycle number to determine a new linear orbital eptieme ;452222-41‘9‘28 8'88;98 ;74'8 8-882;2 TE!S Wort (Lopresti)
Tabld3 gives all transit times plus their residual versiesfttied 456836.41 00310 274.0 0. This work (Loprest)
ephemeris. We chose the reference epoch to be that for oucBUS 2456836.41840 0.00290 274.0 0.00562 This work (Marino)

P o o ) 2457171.40240 0.00350 392.0 -0.00277 This work (Lopresti)
observations, in order to limit the covariance between difierence
time of minimum and the orbital period. The resulting ephasis

Ty = BJD(TDB) 2456 058.54910(16) + 2.83891856(81) x E

several plausible reasons for such a discrepancy to ocatinyd
whereE gives the cycle count versus the reference epoch and theare not in a position to choose between them.

bracketed quantities indicate the uncertainty in the fiigit df the The x2 of the fit is 1.99, and we interpret this as an indication
preceding number. This orbital period is 4.5s424maller than that the uncertainty estimates for the timings are too sriail[4
the value of 2.838971 (2) d found by F13, explaining why wefibu shows the residuals of the times of mid-transit versus them®eris
the transits of WASP-57 to occur earlier than predicted.rélzee given above. There is no sign of long-term transit timingatons.
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The WASP-57 planetary system?7

Table 5. Parameters of the fit to the light curves of WASP-57 from tk@EBOPanalysis (top). The final parameters are given in bold angé#remeters
found by F13 are given below this. Quantities without quatedertainties were not given by F13 but have been calcufated other parameters which were.

Source ra +7p k 7 (°) TA T

Euler (2011/06/10) 0.11980.0084  0.113%-0.0027 87.04-1.10 0.1075:0.0073  0.01225 0.00109
TRAPPIST (2011/06/10) ~ 0.10650.0065 ~0.1087-0.0027 89.94t1.36  0.0961:0.0055  0.01044: 0.00073
Euler (2012/04/01) 0.12560.0066 0.119@-0.0029 86.56:0.73  0.1123-0.0057  0.0133% 0.00099
TRAPPIST (2012/03/15) ~ 0.14360.0095 0.1263-0.0026 85.28:0.84 0.1275:0.0082  0.0161€ 0.00136
TRAPPIST (2012/04/01) ~ 0.14G50.0153  0.1179-0.0042 85.16:1.20 0.1257:0.0140  0.01482 0.00194
BUSCAg (2012/05/10) ~ 0.1378:0.0131  0.1188:0.0056 85.53:1.12 0.1224:0.0113  0.01455 0.00170
BUSCA~ (2012/05/10) ~ 0.1348-0.0057 0.1186-0.0015 85.7G:0.52  0.1198:0.0050  0.01423% 0.00074
BUSCAz (2012/05/10) ~ 0.1328:0.0098  0.123@:0.0018 85.69:0.84 0.1182:0.0086  0.01454-0.00116
DFOSC (2014/05/18) 0.13000.0057  0.1173:0.0018 86.04-0.52 0.1171-0.0049  0.01374:0.00077
DFOSC (2014/06/24) 0.13080.0066  0.1166:0.0017 86.05:0.63 0.117@:0.0057  0.01364:0.00086
Final results 0.1278+0.0033 01182400013 86.05+0.28 0.1143+£0.0029  0.01331+ 0.00051
F13 0.1122 0.112%#0.0006  88.0153 0.1008 0.01135

4 LIGHT CURVE ANALYSIS

Eight of our light curves cover a full transit at high photdnepre-
cision. The Euler and one of the two TRAPPIST light curvesrifro
F13 also satisfy this criterion. Each of these ten datasassmod-
elled separately using the&TEBOR] code (Southworth et al. 2004)
and theHomogeneous Studiegethodology!(Southworth 2012, and
references therein). We did not subject those light cunigsonly
partial coverage of a transit to this analysis, because dnanp-
eters derived from partial light curves are highly uncertaiso
have little effect on the final results — and are often unbddige.g.
Gibson et al. 2009).

The JkTEBOP model is based on the fractional radii of the
star and the planet§{ andry), which are the ratios between the
true radii and the semimajor axis(, R‘;’b). The parameters
of the fit to each light curve were the sum and ratio of the frac-
tional radii "a + r, andk = :—Z), the orbital inclination 4), limb
darkening coefficients, and the time of mid-transit. We assian
orbital eccentricity of zero, based on the finding by F13 that
Lucy & Sweeney|(1971) test yielded a 100% probability that th
orbit was circular. We fixed the orbital period to the valuarid in
SectionB. We also fitted for the coefficients of a first-ordelyp
nomial relating differential magnitude and time (Souththicat al.
2014), in order to allow for any errors in flux normalisatiohieh
change with time or airmass. The TRAPPIST light curve oledin
on the night of 2012/04/01 was split into two sequences byrédne
ian flip. This was accounted for by modelling both sequenoes t
gether but specifying a separate polynomial (of order 1)efach
sequence.

Limb darkening (LD) was incorporated using each of five laws
(see_Southworth 2008), with the linear coefficients eithezdiat
theoretically predicted valu@sor included as fitted parameters.
We did not calculate fits for both LD coefficients in the fourotw
coefficient laws as they are very strongly correlated (Cattal.
2008). The nonlinear coefficients were instead perturbed-Gyl
on a flat distribution during the error analysis simulatiotesac-
count for the uncertainty in theoretical LD coefficients.

8 JKTEBOPIs written in FORTRAN7 7 and the source code is available at
http://ww. astro. keel e. ac. uk/j kt/ codes/ | kt ebop. ht m

9 Theoretical LD coefficients were obtained by bilinear iptda-
tion in T.g and logg using the JKTLD code available from:
http://ww. astro. keel e. ac. uk/j kt/codes/jktld. htnl

(© 0000 RAS, MNRASD00, 000—-000

Error estimates for the fitted parameters were obtainedun fo
steps. Steps 1 and 2 were residual-permutation and Monte Car
simulations|(Southworth 2008), and the larger of the tweraH-
tives was retained for each fitted parameter. For step 3 wsaan
lutions using the five different LD laws, and increased therbar
for each parameter to account for any disagreement betwese t
five solutions. For step 4 we calculated the weighted meaadi e
photometric parameter using the values found separataty éach
light curve. This final step is a powerful external check oa té-
liability and mutual agreement between different datasetsany
discrepancies are obvious and quantifiable.

For all ten light curves we found that it was possible to fit for
one of the two LD coefficients: reasonable values for thefeoef
cients were obtained as well as a slightly smaii@rcompared to
fits with both LD coefficients fixed. We therefore adopt these r
sults, which are summarised in Table 5. Detailed tables siflte
for each light curve are available in the online-only Appandhe
best fits are plotted in Figl 5.

We find that the results from the different light curves aré no
in perfect agreement, With)@,,2 of 2.0 forra + r, andra, 2.8 for
r, and 3.7 fork versus the weighted mean of their values. This is
due primarily to the TRAPPIST light curve from F13, which taas
very smallra and highi compared to the other datasets (Table 5). A
degeneracy between these parameters is common (e.g. €taaler
2008 and_Southworth 2008) and arises because these twasvalue
together specify the observed transit duration, a quantitich is
well-determined by high-quality light curves. If we adopsiead
the results from fitting this light curve with both LD coefiéits
fixed, the agreement becomes much beﬂttelnasxf = 2.5, the
other four parameters in Talble 5 all havg < 0.9, and all photo-
metric parameters change by less than theiefrorbars. We have,
however, chosen not to take this step for two reasons. ¥itkto-
retical LD coefficients are not perfect — if they were therdatiént
sources would give exactly the same values — and none afe avai
able calculated specifically for the TRAPPI$¥: filter. Secondly,
taking an alternative approach for a discrepant datass¢sahe
possibility of causing an underestimate of the true unagiés in
the measured quantities. We have therefore retained theegdent
values when calculating the weighted means of the photdor gty
rameters, and have inflated the errorbars on the weightedsiga
\/E in order to account for the discrepancy.

The photometric parameters found by F13 differ signifigantl
from our results, by 4 for r» and 3.8 for ry, (using our errorbars


http://www.astro.keele.ac.uk/jkt/codes/jktebop.html
http://www.astro.keele.ac.uk/jkt/codes/jktld.html
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Figure 5. Phased light curves of WASP-57 compared totkgeBOPbest fits (left) and the residuals of the fits (right). Labéledhe source and passband
for each dataset. The polynomial baseline functions haee bemoved from the data before plotting. Only light curvéthull coverage of a transit were
included in this analysis.

to calculate ther values as error estimates were not provided by 5 PHYSICAL PROPERTIES
F13 for these two quantities). This is due to the dependehtteo
F13 solution on only three transit light curves (two comglahd

one only partially covering a transit), all modelled sinam&ously,

of which one was the TRAPPIST dataset we find to be discrepant.
The value ofk found by F13 (.1127 4+ 0.0006) is 3.8 smaller
than ours, and is evidence that the error estimates quotéd By
are too small (see Southwarth 2012 and references thereitHer
examples). An alternative explanation is the presenceao§gbts,
which is plausible for a star of this temperature. Howeverraces

of spot occultations are seen in our light curves and noiostak
modulation is seen in the long-term WASP light curves.

We measured the physical properties of the WASP-57 system us
ing the results from Sectidh 4, five grids of predictions frte-
oretical models of stellar evolution (Claret 2004; Demaretial.
2004 Pietrinferni et al. 2004; VandenBerg et al. 2006; Bt al.
2008), and the host-star spectroscopic properties. Ttieairenod-

els provide an additional constraint on the stellar properheeded
because the system properties cannot be obtained from ady m
sured quantities. The spectroscopic properties were radataby
F13 and comprise effective temperatue = 5600 + 100 K),
metallicity (Fe/H] = —0.25 £+ 0.10) and velocity amplitude
(Ka = 100 +£ 7ms™!). We used the physical constants tabulated
by|Southworth((2011).

We first estimated the velocity amplitude of thianet K,
which was used along with the measured r},, ¢ and K to de-

(© 0000 RAS, MNRASD0O, 000—000



The WASP-57 planetary system9

Table 6. Derived physical properties of WASP-57. The values founéb$ are given for comparison.

Quantity Symbol  Unit This work F13
Stellar mass Ma Mg 0.886+ 0.061 +0.028 0.954+0.028
Stellar radius Ra Ro 0.927+ 0.031 +0.010 0.83610-9%
Stellar surface gravity — logga  cgs 4.452+ 0.024 +0.005 4.57415-009
Stellar density pa o 1.113 £ 0.085 1.6387 503
Planet mass M, Mjup 0.644+ 0.060 +0.014 0.67210-01%
Planet radius Ry, Rjup 1.050+ 0.052 +0.011 0.91617 5017
Planet surface gravity gy, ms—2 14.5+1.5 18.3722
Planet density o PIup 0.521+ 0.072 +0.006 0.87315-07¢
Equilibrium temperature 7., K 1338 4 29 1251722
Safronov number © 0.0522+ 0.0045+ 0.0006

Orbital semimajor axis a au 0.03769 0.00088+ 0.00040  0.038&: 0.0004

T
ks
% ‘|“1 ‘

| .}l“b “i

H'L

ul il ‘\I‘M W’ ‘W“‘\\ _

il 3: — 2008

—— 2009
— 2010 E

100

Period (d)

Figure 6. Scargle periodograms of the SuperWASP data from the 20@® 20d 2010 seasons. The orbital period of the system is shitwa downward-
pointing arrow. The stellar rotational period inferred Hy3Rrom its projected rotational velocity is shown by theikhontal errorbar.

termine the physical properties of the system (SouthwodhH.

without, a core or additional kinetic heating of the plamgtate-

The estimate ofi}, was then iterated to find the best match be- rior. Both are in very good agreement with the radiusl @b +

tween the measuredy, and the calculateéZ—A, and the observed
T and that predicted by a theoretical model for the obtaineld st
lar mass, radius ande/H]. This was done for a grid of ages from
the zero-age main sequence to beyond the terminal-age main s
guence for the star, in 0.01 Gyr increments, and the overst b
K, was adopted. The statistical errors in the input quantitiese

propagated to the output quantities by a perturbation abro

0.05 Rjup wWe find for WASP-57 b.

Tabld® contains our measurements of the physical propertie
of the WASP-57 system. Compared to F13, we find a less mas-
sive but larger star. As planetary properties are measwletive
to those of their parent star, the planet is similarly affelctThe
measured planetary density is &.®wer, at0.521 + 0.072 pjup

compared to the value 6t8737)07¢ psup found by F13. Our re-

We ran the above analysis for each of the five sets of theo- sults are based on a much more extensive set of photometec da

retical model predictions, yielding five different estimsiof each
output quantity. These were transformed into a single fieslit for
each parameter by taking the unweighted mean of the five &stim
and their statistical errors, plus an accompanying sydieragor
which gives the largest difference between the mean andichail
values. The final results of this process are a set of phypirca-
erties for the WASP-57 system, each with a statistical eaxrat a
systematic error. The stellar density, planetary surfaegity and
planetary equilibrium temperatures can be calculatedowitine-
sorting to theoretical predictions (Seager & Mallen-Gase2003;
Southworth et al. 2007; Southwarth 2010), so do not have so+as
ciated systematic error.

so are to be preferred to previous measurements, even ttbegh
errorbars have not changed by much. A significant advancerin o
understanding of the WASP-57 system could be achieved by ob-
taining further spectroscopy of the host star, from whichremure-

cise values fofl ., [Fe/H] and Ko could be measured. This is of
particular interest because of its metal-poor nature, wleffect on

the incidence of different types of planets is currentlyemdiscus-
sion (Buchhave et &l. 2014; Wang & Fischer 2015).

The age of the system is unconstrained in our analysis above,
as often occurs when the host star is significantly less wessi
than 1M . F13 inferred age estimates &2 Gyr for WASP-57 A
from its photospheric lithium abundance, and.972-3 Gyr from

Bodenheimer et all (2003, their tables 1 and 2) provided pre- gyrochronological arguments and its rotation perlod aefifrom

dicted radii for planets of mass 0.89;,, and7., = 1000K and
1500 K. Their radii are 1.01-1.1y,, with, and 1.03-1.1Rjup

(© 0000 RAS, MNRASD00, 000—-000

its radius and projected rotational velocity. Thg; of the star is
within the regime where starspots are common so we have etleck
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Table 7. Values ofr, and Ry, for each of the light curves. The errorbars exclude all comswurces of uncertainty in, and Ry, so should only be used to

compare different values ef, (\). The final column gives the size of the errorbar®p in atmospheric scale heights.

Instrument  Passband Acen FWHM Th Ry o (H)
(nm) (nm) (RJup)
Euler Gunnr 660.0 100.0 0.01362 0.00004 0.867% 0.038 8.2
BUSCA Gunnu 350.0 68.0 0.010990.00048 1.0610.008 1.8
BUSCA Gunng 495.5 99.5 0.013450.00011 1.063-0.005 1.2
BUSCA Gunnr 663.0 105.0 0.01348& 0.00007 1.106-0.011 2.3
BUSCA Gunnz 910.0 90.0 0.01395% 0.00013 1.0540.017 3.6
DFOSC BesselR  648.9 164.7 0.01343 0.00003 1.06@-0.009 2.0
GROND Gunry 477.0 137.9 0.01344 0.00021  1.0330.010 2.2
GROND Gunnr 623.1 138.2 0.01344 0.00011  1.036-0.017 3.7
GROND Gunni 762.5 153.5 0.01314 0.00013  1.059-0.003 0.6
GROND Gunnz 913.4 137.0 0.01314 0.00022  1.074:0.004 0.8

if it is possible to precisely determine its rotation perfomn spot-
induced modulation. A Lomb-Scargle periodogram was cated

a function of wavelength. Such analyses are the photonetit/-
alent of transmission spectroscopy (Seager & Sasselov) 20@D

for each of the three seasons of SuperWASP data and can be seehave been pioneered at optical wavelengths by Sing et dl1¢90

in Fig[8. There are no strong peaks in the period intervahtefri
est (5-30d), and no moderately strong peaks present at ithe sa
period in all three seasons. We conclude that the rotatiowal-
ulation of the star is below the level of detection with thereat
data.

5.1 Comparison with theoretical models of giant planets

F13 found that the measured mass and density of WASP-57 b im-

plied the presence of a heavy-element core of mass rough;50
via a comparison to the theoretical predictions|_of Fortriealle
(2007). This rather large core mass is surprising given tge s
nificantly sub-solar metal abundance of the host dtas/H] =
—0.25 + 0.10). As we have found a significantly lower density for
the planet (smaller by 40% or 3bit is germane to reconsider this
conclusion. We have therefore compared our new mass angsradi
measurements with predictions based on three batchesartthe
cal models.

Baraffe et al.|(2008, their table 4) find planetary radii &0-
1.06R;up for planets of mass 0.5-1Md;,, and age 0.5-5 Gyr,
again in accord with our results. These values are for a heavy
element fraction oZ = 0.02, and larger fractions result in pro-
gressively smaller radii and thus poorer agreement withradius
measurement.

Finally, the properties of WASP-57 b match the predictiohs o
Fortney et al.|(2007, their fig. 6) for a 25dvheavy-element core.
The difference in radius between models with and withous thi
core are only 0.0Rjyp, for a 1Mjy, planet and 0.18;y, for a
0.3Mup planet, so are of a comparable size to the uncertainty in
the radius of WASP-57 b. Our measured properties for thisgtla
therefore do not provide significant support for a high mieigf
or the presence of a heavy-element core.

6 VARIATION OF RADIUSWITH WAVELENGTH

Two of our datasets include observations in four passbanrds s
multaneously 4grz for BUSCA andgriz for GROND), whereas
we haver- or R-band photometry from four different sources
(DFOSC, EulerCam, BUSCA and GROND), so it is relevant to
search for possible changes in the measured radius of thetga

de Mooij et al. (2012) and Southworth ef al. (2012).

Changes in the radius measured from planetary transits, as
a function of wavelength, are predicted to occur due to dapaci
variations which affect the height at which the atmosphesas-
mits light coming from the parent star in the direction of the
server. At blue wavelengths a greater atmospheric opacigytad
Rayleigh and Mie scattering leads to a higher maximum depth a
which starlight is transmitted, causing an increase in teasured
radius of the planet (e.g. Pont etlal. 2008; Nikolov et al.=)0En-
hanced opacity also leads to signatures of sodium and patass
at optical wavelengths (Fortney etlal. 2008), although @wlsrow
absorption cores have been detected so far (Nikolov et #5)20

The fundamental observable in this work is the transit depth
represented in our notation by the ratio of the rador the frac-
tional planetary radiusy,. The parameter directly comparable to
theoretical predictions is the true planetary radiis, The param-
eterry, is correlated with other photometric parameters (see e.g.
Southworth 2008), and its transformation in®& requires other
parameters which have uncertainty but are common to allophot
metric passbands (the error budgets calculated in thequegec-
tion show that these are\, e and[Fe/H]).

We removed these two effects in order to deternfipevalues
with relative errorbars. We did this by refitting the lightreeis with
all parameters fixed except To, the linear LD coefficient for the
quadratic LD law, and the coefficients of the polynomialsntssn
differential magnitude and time. We then transformed theilte
ing r, values intoR}, using a fixed orbital semimajor axig, This
yielded a set ofR}, values and errorbars which are directly com-
parable to each other. The uncertaintiesjrwere measured using
1000 Monte Carlo simulations each.

The data included in this analysis were the two Euler light
curves (modelled simultaneously), the two DFOSC light earv
(modelled simultaneously), the BUSC#éyrz and the GROND
griz data. We did not include the TRAPPIST light curves because
the very wide passband$+z or blue-blocking filters) yield mini-
mal spectral resolution. Although the GROND data only pdisti
cover a transit, which precluded their use in Sedilon 4, tieg
reliable results here becausg andi were fixed during the fitting
process.

Fig.[d shows the resulting values &, as a function of the
central wavelength of the passbands used. The FWHMs of 8 pa
bands are shown for reference using horizontal lines. Tigénai-

(© 0000 RAS, MNRASD00, 000—000
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Figure 7. Measured planetary radiug{,) as a function of the central wave-
length of the passbands used for the different light curVes. datapoints
show theR);, measured from each light curve. The vertical errorbars show
the relative uncertainty i}, (i.e. neglecting the common sources of error)
and the horizontal errorbars indicate the FWHM of the passb@he dat-
apoints are colour-coded according to passband, and tisbgads are la-
belled at the top of the figure. The symbol types are filledex(BUSCA),
open circles (GROND), upward-pointing arrow (DFOSC) and/nleard-
pointing arrow (Euler). On the right of the plot we show théueaof R},
measured in Secti¢d 4 and the size of ten atmospheric peessale heights
(10H). The grey lines through the empirical datapoints show riktézal
predictions for a transmission spectrum of a gas-giantgplahsolar chem-
ical composition from Madhusudhan (priv. comm.). The dexdkey line
includes features due to Na and K whereas the lighter greydiso in-
cludes TiO opacity.

ing r», values and passband characteristics are collected in[dable
Two conclusions are immediately apparent from this figuistly,
the planetary radius in the-band is very small and very uncertain.
Secondly, theyr Riz results are consistent with no variation®f
with wavelength.

Thewu-band light curve shows a small transit depth and a high
scatter (see Fifl 7), which causes the anomatgusmeasurement
in this band. The discrepancy relative to the overglivalue ob-
tained in Sectiohl4 is highly significant at 4.8and corresponds to
approximately39H. H is the pressure scale height, and in the case
of WASP-57 b is334 435 km (0.0047 +0.0005 Rup). A variation
in Ry, of the size of39H is difficult to explain, and is not believ-
able unless confirmed by additional data of much higher tyuali

The twoz-band light curves also show a clear disagreement of size

3.2.
Fig.[4 also shows two theoretical transmission spectrauealc
lated under different assumptions by Madhusudhan (prmmg
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Figure8. Close-up of the main part of Figl 7 showing tRg measurements
and theoretical transmission spectra. Thband result is off the plot. Its
central wavelength is indicated with a downward-pointingpa. The size
of one atmopsheric scale height is indicated to the righteflot. The
black circles are the values of passband averages of theranenission
spectra, and are shown at the central wavelengths of therglpassbands.

with black filled circles, and differ by up t@H. The Rayleigh
scattering slope could be significantly greater than thisg $t al.
(2011b) found that Rayleigh scattering caused the measadaas
of HD 189733 b to be larger byH at 400 nm than at 900 nm.

The relative uncertainties in our measured radii for WASP-
57 b are below H for two, and below2H for five, of the ten light
curves (see Tablé 7). We are therefore sensitive to radiietioms
at the level oflH, which is smaller than both the difference be-
tween the two theoretical transmission spectra and theofittee
Rayleigh scattering slope detected for HD 189733 b. Our dega
therefore sensitive, in principle, to the atmospheric prtps of
WASP-57b. However, in practise, our measurements arefinsuf
cient for studying the atmosphere of this planet due to thoeren
lous result for theu-band and the scatter of the radius measure-
ments in the- andz-bands. The situation could be improved by ob-
taining data in narrower passhands (i.e. higher spectsaluton),
and with repeated observations over the full optical wawgtie
range. Particular attention should be paid toidHegand, which is an
important discriminant between the two transmission speand
also enhances sensitivity to the Rayleigh scattering slope

7 SUMMARY AND CONCLUSIONS
WASP-57 b is a relatively low-mass hot Jupiter orbiting alctar.

using the atmosphere code lof Madhusudhan & Seager |(2009).Amateur astronomers first noticed that its transits wereloog

These predictions are for a gas-giant planet of radiusR .25 and
surface gravity 25 ms’ so have been scaled to match the smaller
radius and lower gravity of WASP-57 b. Our finding of a small
bandry, is not consistent with these theoretical predictions.

A close-up of the main part of Figl 7 is shown in Fib. 8.
Passband-averaged values for the transmission spectsh@na

(© 0000 RAS, MNRASD00, 000—-000

earlier than predicted, a finding subsequently confirmedisen
vations from professional facilities. We have presentedttansit
light curves from amateur astronomers, plus 13 obtainetysio-
fessional telescopes of which seven predate the discoyenao
curacy in the orbital ephemeris of the system. We have détedn
a revised orbital ephemeris which differs bys2#rom the orbital
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period in the discovery paper, and can be used to predicsitsan  the option to use telescope defocussing techniques to aysid
to a precision of less than 1 minute until the year 2170. We als tematic noise (but see Burton etlal. 2015, for a counter-gl@m

obtained high-resolution Lucky Imaging observations,chtghow Smaller telescopes can be used, making it easier in patitubb-
no evidence for nearby companions whose flux might have otenta  serve multiple transits and thus demonstrate the repéitatfithe
inated our light curves. experiment/(Bean et al. 2013; Gibson 2014).

We have used these and previously published data to redeter- We therefore advocate studies based on observations of mul-
mine the physical properties of the WASP-57 system, findiveg t  tiple transits, obtained simultaneously through manyrmgdiate
both the planet and its host star are larger and less masgive t or narrow passbands. These passbands should be well-dbfined
previously thought. A comparison of our new results for WASP interference filters, thus avoiding compromises such as/énie
57 b to theoretical predictions for the properties of gasqaanets able red edge of the filter due to its reliance on the quantum
reveals a good agreement with models lacking a core or addlti efficiency curve of the CCD used (e!g. Fukugita et al. 1996) or

heat sources. This disagrees with the core mass of S(@bbtu- the red leak in some andU filters which is capable of causing
lated by F13, but is in accord with expectations for a planeictv spurious results for optically-blue objects (e.9. Guhlatinta et al.
formed around a star of significantly sub-solar metal abnoela 1998). With a sufficient number of passbands, it should bsiples
We observed two of the transits of WASP-57 using two 2.2m to achieve low-resolution spectroscopy of the atmosphefrex-
telescopes equipped with simultaneous multi-band imaigistgu- trasolar planets through the full optical wavelength rangiag the

ments: GROND ¢riz passbands) and BUSCAdrz passbands). transmission-photometry approach.

These data are well-suited to investigating the possiblelgagth-

dependence of the planet’s measured radius due to effegtisasu

Rayleigh and Mie scattering, and atomic and molecular gibisor.

Whilst the radii in thgy andr/R bands are in generally good agree-

ment, thei-band measurement is slightly smaller than expected and ACKNOWLEDGEMENTS

the two z-band measurements are discrepant by Bhe u-band Giorgio Corfini suddenly passed away at the end of 2014. He had
radius is crucial for measuring the Rayleigh scatteringe|as been for many years an active observer and member of the flgnio
well as separating the pM and pL classes proposed by Fortre@y € Astrofili Italiani” (UAI). The UAI and the working groups oftie
(2008). Our measurement is Below theoretical predictions, and  sections “Extrasolar Planets” and “Variable Stars” ackiedge his

the size of the discrepancy is inexplicable using curregorétical important contribution and would like to dedicate this patpehis
transmission spectra. This result is almost certainlyispsr and memory.

can plausibly be blamed on the strong absorption by Earthis-a The operation of the Danish 1.54m telescope is financed by
sphere at blue-optical wavelengths plus the faintnessedidst star 3 grant to UGJ from the Danish Natural Science Research Coun-
in this passband. cil (FNU). This paper incorporates observations collectgidg the

Gamma Ray Burst Optical and Near-Infrared Detector (GROND)
instrument at the MPG 2.2 m telescope located at ESO La Silla,
Chile, program 093.A-9007(A). GROND was built by the high-
Successful detections of radius variations in optical dnais- energy group of MPE in collaboration with the LSW Tautenburg
sion photometry have recently been announced for the TEPsand ESO, and is operated as a Pl-instrument at the MPG 2.2m tel
GJ3470b|(Nascimbeni etlal. 2013; Biddle etial. 2014), Qatar-  scope. This paper incorporates observations collectedeatCéen-
(Mancini et al.l 2014) and WASP-103 b_(Southworth et al. 2015) tro Astrondmico Hispano Aleman (CAHA) at Calar Alto, Spai

7.1 Futureopportunitiesfor transmission photometry

Only one of these studies presented data obtained shorbfénd operated jointly by the Max-Planck Institut fur Astronamand
Balmer jump, which is an important but observationally difft the Instituto de Astrofisica de Andalucia (CSIC). TRABPIis
wavelength interval (see F[d. 8). funded by the Belgian Fund for Scientific Research (Fond Na-

Transit light curves in thew and U bands have previ- tional de la Recherche Scientifique, FNRS) under the grafG-R
ously been presented for several TEPs, and have shown plane2.5.594.09.F, with the participation of the Swiss NatioBalence
tary radii either consistent with other optical passhandg$P- Fundation (SNF). MG and EJ are FNRS Research Associates. LD
12,|Copperwheat et gl. 2013; TrES:3, Turner et al. 2013; WASP is a FNRS/FRIA Doctoral Fellow. We thank the anonymous ref-
17,|Bento et al. 2014; WASP-39 and WASP-43, Ricci et al. 2015; eree for a helpful report and Dr. Francesca Faedi for disouss
X0O-2,|Zellem et all 2015) or somewhat larger than other aptic  The reduced light curves presented in this work will be madd-a
passbands (HAT-P-5, Southworth el al. 2012, J. Dittman 202 able at the CDShtt p://vizier.u-strasbg.fr/) and at
comm.; GJ 3470, Nascimbeni el al. 2013). A universal featfire  http://ww. astr o. keel e. ac. uk/ ~j kt /. JSouthworth
these studies is the reliance on either a singleand transit light acknowledges financial support from STFC in the form of an Ad-
curve, which yields large uncertainties on the measuredepday vanced Fellowship. This publication was partially suppdrby
radius, or the use of data not obtained simultaneously irtipheil grant NPRP X-019-1-006 from Qatar National Research Fund (a
passbhands, so the results are hostage to temporal chameassu  member of Qatar Foundation). TCH is supported by the Korea

induced by magnetic activity in the host stars. Most trassion Astronomy & Space Science Institute travel grant #2018Q-4
photometry studies also suffer from the use of wide passhand 06. TCH acknowledges support from the Korea Astronomy and
which are insensitive to spectral features other than booein- Space Science Institute (KASI) grant 2014-1-400-06. OWREN
uum slopes (see Nikolov etlal. 2013). research fellow) and J Surdej acknowledge support from the-C
Whilst suffering from a lower spectral resolution, transsidn munauté francaise de Belgique - Actions de rechercheertires
photometry has several advantages over transmissionageapy. - Académie Wallonie-Europe. The following internet-base-

These include being able to observe over a wide wavelentgh-in  sources were used in research for this paper: the ESO [&iditiz
val without being subject to second-order contaminatioa ability Sky Survey; the NASA Astrophysics Data System; the SIMBAD
to use comparison stars more distant from the planet haststa database and VizieR catalogue access tool operated at G@S; S

(© 0000 RAS, MNRASD0O, 000—000
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bourg, France; and thexar scientific paper preprint service oper-
ated by Cornell University.
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