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1 INTRODUCTION

An important factor governing the tidal evolution of plazet sys-
tems is the stellar tidal quality fact@p. (e.g. Goldreich & Soter
1966), which represents the efficiency of tidal dissipatiorihe
star. Its value is necessary for predicting the timescalestotal
circularisation, axial alignment and rotational synclisation of
binary star and planet systems. Short-period giant plaswgfer
orbital decay due to tidal effects, and most will ultimately de-
voured by their host star rather than reach an equilibriuatest
(Levrard et al. 2009; Jackson et al. 2009). The magnitud® of
therefore influences the orbital period distribution of plagpions

of extrasolar planets.

Unfortunately,@. is not well constrained by current observa-
tions. Its value is often taken to H®° (Ogilvie & Lin 2007) but
there exist divergent results in the literature. A valud @f° was
found to be a good match to a sample of known extrasolar ganet
by Jackson et al. (2008), but theoretical work by Penev & Sags
(2011) constrained), to lie between10® and 10°° and an ob-
servational study by Penev et al. (2012) foupd > 107 to 99%
confidence. Inferences from the properties of binary statesys
are often used but are not relevant to this isspe:is not a fun-
damental property of a star but depends on the nature ofdhe ti
perturbation (Goldreich 1963; Ogilvie 2014).. should, however,
be observationally accessible through the study of trengséxtra-

solar planets (TEPS).

Birkby et al. (2014) assessed the known population of TEPs

ABSTRACT

We present 17 transit light curves of the ultra-short peptahetary system WASP-103, a
strong candidate for the detection of tidally-induced tabilecay. We use these to establish
a high-precision reference epoch for transit timing steidighe time of the reference transit
midpoint is now measured to an accuracy of 4.8 s, versus 67 #he discovery paper, aiding
future searches for orbital decay. With the help of publisepectroscopic measurements
and theoretical stellar models, we determine the physiagberties of the system to high
precision and present a detailed error budget for theseladilens. The planet has a Roche
lobe filling factor of 0.58, leading to a significant asphiyicwe correct its measured mass
and mean density for this phenomenon. A high-resolutiecky Imagingobservation shows
no evidence for faint stars close enough to contaminateaire ppread function of WASP-
103. Our data were obtained in the Besg&lland the SDSgriz passbands and yield a larger
planet radius at bluer optical wavelengths, to a confideewee! lof 7.30. Interpreting this as
an effect of Rayleigh scattering in the planetary atmospleads to a measurement of the
planetary mass which is too small by a factor of five, implyingt Rayleigh scattering is not
the main cause of the variation of radius with wavelength.
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(10.4M ), followed by WASP-103 (Gillon et al. 2014, hereafter
G14), then WASP-19 (Hebb et al. 2010; Mancini et al. 2013).

Adopting the canonical value af, = 10°, Birkby et al.
(2014) calculated that orbital decay would cause a shifran-t
sit times — over a time interval of 10 yr — of 350 s for WASP-18,
100s for WASP-103 and 60 s for WASP-19. Detection of this ef-
fect clearly requires observations over many years couplidda
precise ephemeris against which to measure deviations $toah
periodicity. High-quality transit timing data are alreadyailable
for WASP-18 (Maxted et al. 2013) and WASP-19 (Tregloan-Reed
etal. 2013; Abe et al. 2013; Lendl et al. 2013; Mancini et @lL3),
but not for WASP-103.

WASP-103 was discovered by G14 and comprises a TEP of
mass 1.91;,, and radius 1.®;., in a very short-period orbit
(0.92d) around an F8YV star of mass M2 and radius 1.R.
G14 obtained observations of five transits, two with the S\isler
telescope and three with TRAPPIST, both at ESO La Silla. Tilre E
ler data each cover only half a transit, whereas the TRAPEERT
have a lower photometric precision and suffer from°.86eld ro-
tations during the transits due to the nature of the telesoopunt.
The properties of the system could therefore be measuredlyo o
modest precision; in particular the ephemeris zeropoiknisvn
to a precision of only 64 s. In this work we present 17 highligpa
transit light curves which we use to determine a precisetalrbi
ephemeris for WASP-103, as well as to improve measureménts o
its physical properties.

for their potential for the direct determination of the siyéh of

tidal interations. The mechanism considered was the deteof

tidally-induced orbital decay, which manifests itself adexreas- 2 OBSERVATIONSAND DATA REDUCTION
ing orbital period. These authors found that WASP-18 (leelli

et al. 2009; Southworth et al. 2009b) is the most promisingy sy 2.1 DFOSC observations

tem, due to its short orbital period (0.94 d) and large planass

* 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 telesdagth

located at ESO La Silla.

Eight transits were obtained using the DFOSC (Danish Falit O
ject Spectrograph and Camera) instrument on the 1.54 m Banis
Telescope at ESO La Silla, Chile, in the context of the MiINIEPT
microlensing program (Dominik et al. 2010). DFOSC has a field
of view of 13.7x13.7 at a plate scale of 0.3%ixel~!. We win-
dowed down the CCD to cover WASP-103 itself and seven good

 Royal Society University Research Fellow comparison stars, in order to shorten the dead time betwqm e

i Sagan visiting fellow

sures.

(© 0000 RAS, MNRASD00, 000—-000



The ultra-short period planet WASP-103 3

Table 1. Log of the observations presented in this walNg,,s is the number of observation%.x is the exposure timelye,q is the dead time between
exposures, ‘Moon illum.’ is the fractional illumination ¢fie Moon at the midpoint of the transit, ard, ., is the order of the polynomial fitted to the
out-of-transit data. The aperture radii are target aperianer sky and outer sky, respectively.

Instrument Date of Starttime End time Ny Texp Taeaa Filter Airmass Moon  Aperture N,,, Scatter
first obs (uT) (uT) (s) (s) illum.  radii (px) (mmag)
DFOSC 2014 04 20 05:08 09:45 134 100-105 18 R 1.54—1.24— 154 0.725 142545 1 0.675
DFOSC 2014 05 02 05:45 10:13 113 110-130 19 1 1.28— 1.24—2.23 0.100 142250 1 0.815
DFOSC 2014 06 09 04:08 08:22 130 100 16 R 1.24— 3.08 0.888 162750 1 1.031
DFOSC 2014 06 23 01:44 06:19 195 50-120 16 R 1.35—1.24—1.86 0.168 142240 1 1.329
DFOSC 2014 06 24 00:50 04:25 112 100 16 R 1.54—1.24—1.31 0.103 192540 1 0.647
DFOSC 2014 07 06 01:28 05:20 118 100 18 R 1.28—1.24—1.80 0.564 162650 1 0.653
DFOSC 2014 07 18 01:19 05:45 139 90-110 16 R 1.25— 3.00 0.603 172560 1 0.716
DFOSC 2014 07 18 23:04 04:20 181 60-110 16 R 1.52— 1.24— 1.73 0.502 162455 2 0.585
GROND 2014 07 06 00:23 05:27 122 100-120 40 ¢ 1.45—1.24— 1.87 0.564 246585 2 1.251
GROND 2014 07 06 00:23 05:27 119 100-120 40 r 1.45— 1.24— 1.87 0.564 246585 2 0.707
GROND 2014 07 06 00:23 05:27 125 100-120 40 4 1.45—1.24— 1.87 0.564 246585 2 0.843
GROND 2014 07 06 00:23 05:27 121 100-120 40 =z 1.45— 1.24— 1.87 0.564 246585 2 1.106
GROND 2014 07 18 22:55 03:59 125 98-108 41 g 1.64— 1.24— 193 0.502 305085 2 0.882
GROND 2014 07 18 22:55 04:43 143 98-108 41 r 1.64— 1.24— 193 0.502 254570 2 0.915
GROND 2014 07 18 22:55 04:39 142 98-108 41 ¢ 1.64— 1.24— 1.88 0.502 285683 2 0.656
GROND 2014 07 18 22:55 04:43 144 98-108 41 =z 1.64— 1.24— 193 0.502 305080 2 0.948
CASLEO 2014 08 12 23:22 03:10 129 90-120 4 R 1.29— 2.12 0.920 203060 4 1.552
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Figure 1. DFOSC light curves presented in this work, in the order they a
given in Table 1. Times are given relative to the midpointasftetransit, and
the filter used is indicated. Dark blue and dark red filledlegaepresent
observations through the BessAlland I filters, respectively.
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Figure 2. GROND light curves presented in this work, in the order they a
given in Table 1. Times are given relative to the midpoint a€te transit,
and the filter used is indicateg-band data are shown in light blue:band
in green,-band in orange ang-band in light red.
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Figure3. The CASLEO light curve of WASP-103. Times are given relative
to the midpoint of the transit.

The instrument was defocussed to lower the noise level of the
observations, in line with our usual strategy (see Souttiwer al.
2009a, 2014). The telescope was autoguided to limit pajrdiifts
to less than five pixels over each observing sequence. Sétkea o
transits were obtained through a Besgelfilter, but one was taken
through a Bessell filter by accident. An observing log is given in
Table 1 and the light curves are plotted individually in Rig.

2.2 GROND observations

We observed two transits of WASP-103 using the GROND in-
strument (Greiner et al. 2008) mounted on the MPG 2.2m tele-
scope at La Silla, Chile. Both transits were also observetth wi
DFOSC. GROND was used to obtain light curves simultaneously
in passbands which approximate SD&Sr, ¢ and z. The small
field of view of this instrument (5/45.4 at a plate scale of
0.158’ pixel™') meant that few comparison stars were available

and the best of these was several times fainter than WASP-103

itself. The scatter in the GROND light curves is thereforerseo
than generally achieved (e.g. Nikolov et al. 2013; Mancinale

2014a,b), but the data are certainly still useful. The telps was
defocussed and autoguided for both sets of observatiomthefu
details are given in the observing log (Table 1) and the ligives

are plotted individually in Fig. 2.

2.3 CASLEO observations

We observed one transit of WASP-103 (Fig. 3) using the 2.15m
Jorge Sahade telescope located at the Complejo AstronOftic
Leoncito in San Juan, ArgentihaWe used the focal reducer and
Roper Scientific CCD, yielding an unvignetted field of viewabf
radius at a plate scale of 0/4pixel~!. The CCD was operated
without binning or windowing due to its short readout timéneT
observing conditions were excellent. The images were tyigle-
focussed to a FWHM of’3 and were obtained through a Johnson-
Cousins Schuler filter.

2.4 Datareduction

The DFOSC and GROND data were reduced usingdBeoT
code (Southworth et al. 2009a) with the improvements dissis
by Southworth et al. (2014). Master bias, dome flat fields &yd s

1 Visiting Astronomer, Complejo Astronémico El Leoncitoespted under
agreement between the Consejo Nacional de InvestigaciOiessificas y
Técnicas de la Republica Argentina and the National Unities of La
Plata, Cordoba and San Juan

Table 2. Sample of the data presented in this work (the first datapfint
each light curve). The full dataset will be made availablthatCDS.

instrument  Filter BJD(TDB) Diff. mag. Uncertainty
DFOSC R 2456767.719670  0.0008211  0.0006953
DFOSC I 2456779.746022  0.0004141  0.0008471
DFOSC R 2456817.679055  0.0002629  0.0009941
DFOSC R 2456831.578063  -0.0040473  0.0035872
DFOSC R 2456832.540736  0.0018135  0.0006501
DFOSC R 2456844.566748  0.0000224  0.0006405
DFOSC R 2456856.559865 -0.0004751  0.0006952
DFOSC R 2456857.466519  -0.0000459  0.0005428
GROND g 2456844.521804  0.0008698 0.0013610
GROND r 2456844.521804  0.0003845  0.0007863
GROND i 2456844.521804  0.0005408 0.0009272
GROND z 2456844.521804 -0.0013755  0.0012409
GROND g 2456857.459724  -0.0005583  0.0024887
GROND r 2456857.461385  0.0000852  0.0009575
GROND i 2456857.461385 -0.0016371 0.0015169
GROND z 2456857.459724  0.0012460 0.0015680
CASLEO R 2456882.47535 0.00114 0.00121

flat fields were constructed but not applied, as they weredoun
not to improve the quality of the resulting light curves (Smuth-
worth et al. 2014). Aperture photometry was performed usiirey
IDL2/ASTROLIB® implementation 0bAOPHOT(Stetson 1987). Im-
age motion was tracked by cross-correlating individualgesawith

a reference image.

We obtained photometry on the instrumental system using
software apertures of a range of sizes, and retained thogd wh
gave light curves with the smallest scatter (Table 1). Waothat
the choice of aperture size does influence the scatter innhé fi
light curve, but does not have a significant effect on thesitan
shape.

The instrumental magnitudes were then transformed to
differential-magnitude light curves normalised to zerogmtude
outside transit. The normalisation was enforced with fiist-
second-order polynomials (see Table 1) fitted to the outaofsit
data. The differential magnitudes are relative to a weidjletesem-
ble of typically five (DFOSC) or two to four (GROND) compari-
son stars. The comparison star weights and polynomial casfts
were simultaneously optimised to minimise the scatter éndbt-
of-transit data.

The CASLEO data were reduced using standard aperture pho-
tometry methods, with the IRAF taskbPROCandAaPPHOT. We
found that it was necessary to flat-field the data in order tainta
good light curve. The final light curve was obtained by dirglthe
flux of WASP-103 by the average flux of three comparison stars.
An aperture radius of three times the FWHM was used, as it min-
imised the scatter in the data.

Finally, the timestamps for the datapoints were converted t
the BJD(TDB) timescale (Eastman et al. 2010). We performed
manual time checks for several images and have verified ltleat t
FITS file timestamps are on the UTC system to within a few sec-

2 The acronymIDL stands for Interactive Data Language and is a
trademark of ITT Visual Information Solutions. For furthdetails see:
http://wwmv ittvis.conl Product Services/|DL. aspx.

3 The ASTROLIB subroutine library is distributed by NASA. For further
details seeht t p: / /i dl astro. gsfc. nasa. gov/ .

(© 0000 RAS, MNRASD00, 000—-000



300

280

Pixel row number

260

240

220 240 260

Pixel column number

280 300

300

280

Pixel row number

260

240

220

240 260
Pixel column number

280 300

Figure 4. High-resolution Lucky Image of the field around WASP-103eTh
upper panel has a linear flux scale for context and the loweelpaas a
logarithmic flux scale to enhance the visibility of any fastérs. Each image
covers8’’ x 8" centred on WASP-103. A bar of lengtl is superimposed
in the bottom-right of each image. The image is a sum of the2%éwf the
original images.

onds. The reduced data are given in Table 2 and will be lodggd w
the CDS.

25 High-resolution imaging

Several images were taken of WASP-103 with DFOSC in sharp
focus, in order to test for the presence of faint nearby stéusse

4 http://vizier.u-strasbhg.fr/
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The ultra-short period planet WASP-1035

Table 3. Times of minimum light and their residuals versus the ephiame
derived in this work.

Residual Reference

(d) (d)

0.00079-407.0 0.00019 G14

0.00017 —74.0 —0.00029 This work (DFOS@®)
0.00022 —61.0  0.00054 This work (DFOSO
0.00027 —20.0  0.00019 This work (DFOSR)
0.00039 —5.0 —0.00029 This work (DFOS®)
0.00024 —4.0 —0.00025 This work (DFOS®)

Time of min. Error

(BID/TDB)

Cycle
number

2456459.59957
2456767.80578
2456779.83870
2456817.78572
2456831.66843
2456832.59401

2456844.62641 0.00019 9.0 0.00005 This work (DFQYC
2456844.62642 0.00034 9.0 0.00006 This work (GROfyD
2456844.62633 0.00019 9.6-0.00003 This work (GROND)
2456844.62647 0.00023 9.0 0.00011 This work (GRGIND
2456844.62678 0.00030 9.0 0.00042 This work (GROXD
2456856.65838 0.00018 22.6-0.00007 This work (DFOS®)
2456857.58383 0.00014 23.6-0.00016 This work (DFOS®)
2456857.58390 0.00022 23.6-0.00009 This work (GROND)
2456857.58398 0.00017 23.0 0.00001 This work (GRQND
2456857.58400 0.00025 23.0 0.00001 This work (GRQIND
2456857.58421 0.00025 23.0 0.00022 This work (GROD
2456882.57473 0.00050 50.0 0.00100 This work (CASLEQO

photons might bias our results (Daemgen et al. 2009). Thsesto
star we found on any image is 42 pixels south-east of WASRE-103
and 5.3 mag fainter in th&-band. It is thus too faint and far away
to contaminate the inner aperture of our target star.

We proceeded to obtain a high-resolution image of WASP-
103 using the Lucky Imager (LI) mounted on the Danish telpsco
(see Skottfelt et al. 2013). The LI uses an Andor 5522 pixel
electron-multiplying CCD, with a pixel scale of 0.0pixel™* giv-
ing a field of view of45” x 45”. The data were reduced using a
dedicated pipeline and the 2% of images with the smallesitpoi
spread function (PSF) were stacked together to yield copakim-
ages whose PSF is smaller than the seeing limit. A long-pless fi
was used, resulting in a response which approximates ti&D6IS
i+z. An overall exposure time of 415 s corresponds to an effectiv
exposure time of 8.3 s for the best 2% of the images. The FWHM
of the PSF is 5.9 pixels (0.83in both dimensions. The LI image
(Fig. 4) shows no evidence for a point source closer tharfoloaid
in our DFOSC images.

3 TRANSIT TIMING ANALYSIS

We first modelled each light curve individually using thereBOP
code (see below) in order to determine the times of mid-itans
In this process the errorbars for each dataset were alsedstal
give a reduced® of x2 = 1.0 versus the fitted model. This step
is needed because the uncertainties fromaher algorithm are
often moderately underestimated.

We then fitted the times of mid-transit with a straight line-ve
sus cycle number to determine a new linear orbital epheméfés
included the ephemeris zeropoint from G14, which is alsohen t
BJD(TDB) timescale and was obtained by them from a joint fit to
all their data. Table 3 gives all transit times plus theiideal ver-
sus the fitted ephemeris. We chose the reference epoch t@be th
which gives the lowest uncertainty in the time zeropointttas
minimises the covariance between the reference time ofrmoimi
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Figure5. Plot of the residuals of the timings of mid-transit for WA3B3 versus a linear ephemeris. The leftmost point is from &ithithe remaining points
are from the current work (colour-coded consistently witysF1, 2 and 3). The dotted lines show the Uncertainty in the ephemeris as a function of cycle
number.

and the orbital period. The resulting ephemeris is T
To = BJD(TDB) 2456 836.296445(55) + 0.9255456(13) x E

where E gives the cycle count versus the reference epoch and the
bracketed quantities indicate the uncertainty in the fiigit df the
preceding number.

The x2 of the fit is excellent at 1.055. The timestamps from
DFOSC and GROND are obtained from different atomic cloc&s, s
are unrelated to each other. The good agreement betweenighem
therefore evidence that both are correct.

Fig.5 shows the residuals of the times of mid-transit versus
the linear ephemeris we have determined. The precisiorimta-
surement of the midpoint of the reference transit has ingntdrom
64.7s (G14) to 4.8 s, meaning that we have established a high-
quality set of timing data against which orbital decay ccaddnea-
sured in future.

4 LIGHT CURVE ANALYSIS

Normalised flux

We analysed our light curves using theTEBOP code (South-
worth et al. 2004) and thélomogeneous Studieaaethodology
(Southworth 2012, and references therein). The light cuwere
divided up according to their passband (BesRadindI for DFOSC
and SDSgriz for GROND) and each set was modelled together. 0.90 . .

The model was parameterised by the fractional radii of the st .
and the planetr(x andry), which are the ratios between the true
radii and the semimajor axis'{,, = R’Z*b). The parameters of i e a0 5 5
the fit were the sum and ratio of the fractional radii (+ r, and L T ..'~-..
k = Ib), the orbital inclination 4), limb darkening coefficients, A
and a reference time of mid-transit. We assumed an orbitarec ":‘-"'.‘-::3".:_5:.':'-'.‘,‘ e .. s
tricity of zero (G14) and the orbital period found in Sect®briwWe r ol
also fitted for the coefficients of polynomial functions offeien-
tial magnitude versus time (Southworth et al. 2014). Ongmpwl F .
mial was used for each transit light curve, of the order giiren : R
Table 1.

Limb darkening was incorporated using each of five laws (see e e
Southworth 2008), with the linear coefficients either fixétheo- N R S R N S
retically predicted valuésor included as fitted parameters. We did -0.10 —0.05 0.00 0.05 0.10
not calculate fits for both limb darkening coefficients in foer Orbital phase

CASLEO

AT o SO T D5, WO O
GO Tl A ™ e S Ay Eaca s

e en g B 9t ® Sebea teetes”
R e L g S e

0.85

Figure 6. Phased light curves of WASP-103 compared tojtkeEBOPbest
fits. The residuals of the fits are plotted at the base of thedj@ffset from
5 JKTEBOPIs written in FORTRAN77 and the source code is available at unity. Labels give the source and passband for each datdsepolynomial

http://ww. astro. keel e. ac. uk/j kt/codes/ | kt ebop. ht m baseline functions have been removed from the data befoting|.
6 Theoretical limb darkening coefficients were obtained biinéar in-

terpolation in T, and logg using the JKTLD code available from:
http://ww. astro. keel e. ac. uk/j kt/codes/jktld. htm
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The ultra-short period planet WASP-1037

Table 4. Parameters of the fit to the light curves of WASP-103 fromkg&EBOPanalysis (top). The final parameters are given in bold ang#nemeters
found by G14 are given below this. Quantities without quatedertainties were not given by G14 but have been calculated other parameters which

were. The errorbars for the final valueohas been inflated to account for the

disagreement betweenedif measurements.

Source rA +7p k 1 (°) TA Th
DFOSCR-band 0.3703:0.0055 0.1129%0.0009 88.H-2.2 0.3328:0.0048 0.0375%0.00074
DFOSCI-band 0.3766:-0.0146  0.1118-0.0013 84.8-4.2 0.33874:0.0128 0.0378& 0.00175
GROND g-band 0.3734:0.0140 0.11830.0022 86.3:3.9 0.3339:0.0123 0.0394% 0.00201
GRONDr-band 0.3753-0.0102 0.115@:0.0011 85.2-3.2 0.3366£0.0087 0.03876-0.00124
GROND¢-band 0.36640.0132 0.1093%0.0017 87.%3.6 0.330A40.0116 0.03606:0.00129
GROND z-band 0.366140.0111 0.1106-0.0016 89.9-2.4 0.32970.0099 0.036450.00120
CASLEOR-band 0.3665-0.0203 0.111A0.0055 89.6£4.5 0.3296:£0.0167 0.03683 0.00316
Final results 0.37124+0.0040 0.1127+0.0009 87.3+1.2 0333500035 0.03754+ 0.00049
-+0.0019 +0.0111
Gi14 0.3725 0.1093% ) 0017  86.3£2.7  0.33587 (055 0.03670

two-coefficient laws as they are very strongly correlatedufs-
worth et al. 2007a; Carter et al. 2008). The nonlinear caefits
were instead perturbed hy0.1 on a flat distribution during the er-
ror analysis simulations, in order to account for impeifet in
the theoretical values of the coefficients.

Error estimates for the fitted parameters were obtained in
three ways. Two sets were obtained using residual-periontand
Monte Carlo simulations (Southworth 2008) and the largethef
two was retained for each fitted parameter. We also ran sakti
using the five different limb darkening laws, and increadeder-
rorbar for each parameter to account for any disagreeméntba
these five solutions. Tables of results for each light cuiae loe
found in the Appendix and the best fits can be inspected ir6Fig.

4.1 Results

For all light curves we found that the best solutions werainietd
when the linear limb darkening coefficient was fitted and tbe-n
linear coefficient was fixed but perturbed. We found thatdtisa
significant correlation betweenand k for all light curves, which
hinders the precision to which we can measure the photorrri
rameters. The best fit for the CASLEO and the GROKDand
data is a central transit & 90°), but this does not have a signifi-
cant effect on the value &f measured from these data.

Table 4 holds the measured parameters from each light curve.
The final value for each parameter is the weighted mean ofghe v
ues from the different light curves. We find a good agreenarulf
parameters except faf, which is in line with previous experience
(see Southworth 2012 and references therein).Zhef the indi-
vidual values of versus the weighted mean is 3.1, and the errorbar
for the final value ofk in Table 4 has been multiplied by3.1 to
force ax,? of unity. Our results agree with, but are significantly
more precise than, those found by G14.

5 PHYSICAL PROPERTIES

We have measured the physical properties of the WASP-108mays
using the results from Section 4, five grids of predictiomsfithe-
oretical models of stellar evolution (Claret 2004; Demaret al.
2004; Pietrinferni et al. 2004; VandenBerg et al. 2006; Extt al.
2008), and the spectroscopic properties of the host stanrEtical
models are needed to provide an additional constraint ostétiar
properties as the system properties cannot be obtained driyn
measured quantities. The spectroscopic properties weggned

(© 0000 RAS, MNRASD00, 000-000

by G14 and comprise effective temperatufe = 61104160 K),
metallicity ([%2] = 0.06 + 0.13) and velocity amplitudea =

271 + 15ms™!). The adopted set of physical constants is given in
Southworth (2011).

We first estimated the velocity amplitude of thianet K,
and used this along with the measured 1, © and K 5 to deter-
mine the physical properties of the systeifi, was then iteratively
refined to find the best match between the measurednd the
calculated%, and the observed.¢ and that predicted by a the-
oretical model for the obtained stellar mass, radius F{fq This
was done for a grid of ages from the zero-age main sequence to
beyond the terminal-age main sequence for the star, in Y01 G
increments, and the overall bdst, was adopted. The statistical er-
rors in the input quantities were propagated to the outpantities
by a perturbation approach.

We ran the above analysis for each of the five grids of theo-
retical stellar models, yielding five different estimatégach out-
put quantity. These were transformed into a single finalltésu
each parameter by taking the unweighted mean of the five &&tim
and their statistical errors, plus an accompanying sygieragor
which gives the largest difference between the mean andichail
values. The final results of this process are a set of phyprog-
erties for the WASP-103 system, each with a statisticarema a
systematic error. The stellar density, planetary surfaegity and
planetary equilibrium temperatures can be calculatedowitine-
sorting to theoretical predictions (Seager & Mallen-Qase2003;
Southworth et al. 2007b; Southworth 2010), so do not havesan a
sociated systematic error.

5.1 Results

Ouir final results are given in Table 5 and have been added te TEP
Caf’. We find a good agreement between the five different model
sets (Table A8). Some of the measured quantities, in péatitioe
stellar and planetary mass, are still relatively uncert@iminves-
tigate this we calculated a complete error budget for ea¢pubu
parameter, and show the results of this analysis in Tableghwis-
ing the Y2 theoretical stellar models (Demarque et al. 2004). The
error budgets for the other four model sets are similar.

The uncertainties in the physical properties of the planet a
dominated by that itk( s, followed by that inr,. The uncertainties

7 TEPCatis The Transiting Extrasolar Planet Catalogue {Seorth 2011)
at:http://ww. astro. keel e. ac. uk/j kt/tepcat/
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Table 5. Derived physical properties of WASP-103. Quantities mdnkéth a* are significantly affected by the spherical approximatiseduito model the

light curves, and revised values are given at the base oftie.t

Quantity Symbol  Unit This work G14
Stellar mass Ma Mo 1.204+ 0.089 +0.019 1.22075-938
Stellar radius Ra Ro 1.419+ 0.039 +0.008 143670053

. +0.12
Stellar surface gravity  log ga cgs 4.215+ 0.014 +0.002 4.227 5 2
Stellar density P po 0.421 £ 0.013 0.414%00%%
Planet mass My, Mjup 1.47+ 0.11 +0.02 1.49G+ 0.088
Planet radius Ry, Riup 1.554+ 0.044 +0.008 1.52815-073
Planet surface gravity gy, ms—2 15.12 £ 0.93 15.7+£1.4
Planet density Pb Plup 0.367+ 0.027 +0.002 0.41510-546
Equilibrium temperature T/, K 2495 + 66 2508™ 75
Safronov number (S 0.0311+ 0.00194 0.0002
Orbital semimajor axis a au 0.01978t 0.00049+ 0.00010  0.01985-0.00021
Age T Gyr 3.8 ﬁié fg‘i 3to5
Planetary parameters corrected for asphericity:
Planet radius Riyup 1.603 £ 0.052
Planet density PJup 0.335 + 0.025

Table 6. Detailed error budget for the calculation of the system progs
of WASP-103 from the photometric and spectroscopic pararsgand the
Y2 stellar models. Each number in the table is the fractionatrdmution
to the final uncertainty of an output parameter from the eapof an input
parameter. The final uncertainty for each output parametéeiquadrature
sum of the individual contributions from each input paraenet

Output Input parameter

parameter K i rA T Togg [%}
Age 0.012 0.035 0.873 0.471
a 0.030 0.020 0.797 0.601
Ma 0.029 0.020 0.796 0.602
Ra 0.027 0.469 0.703  0.530
log ga 0.019 0.706 0.563 0.424
PA 0.002 1.000 0.001

My, 0.809 0.014 0.012 0.466 0.352
Ry, 0.025 0.017 0.544 0.668 0.504
Ib 0.901 0.016 0.434

Pb 0.772 0.014 0.006 0.564 0.232 0.174

in the stellar properties are dominated by thos&in and %]

followed byra. Improvements in our understanding of the WASP-
103 system would most easily be achieved by obtaining neeatispe
from which additional radial velocity measurements andrimepd
T.¢ and [ 52| measurements could be obtained.

To illustrate the progress possible from further spectspic
analysis, we reran the analysis but with smaller errorbfssid K
in T.¢ and+0.05dex in[ 2 |. The precision in\Zx changes from
0.091M to 0.041M . Similar improvements are seen forand
smaller improvements foRa, Ry, and p,. Augmenting this sit-
uation by adopting an errorbar éf5ms=! in K changes the
precision inM;, from 0.11Mj,;, to 0.047M 5., and yields further
improvements foiRy, and py,.

5.2 Comparison with G14

Table 5 also shows the parameter values found by G14, whech ar
in good agreement with our results. Some of the errorbans; ho
ever, are smaller than those in the current work, despitdatte

that G14 had much less observational data at their dispagads-
sible reason for this discrepancy is the additional comgtrizsed
to obtain a determinate model for the system. We used eacteof fi
sets of theoretical model predictions, whilst G14 adoptezhla
bration of M as a function opa, T.s and [%¢| based on semi-
empirical results from the analysis of low-mass detachédigsec
ing binary (dEB) systems (Torres et al. 2008; Enoch et al0201
Southworth 2009, 2011). The dEB calibration suffers fronaan
trophysical scatter of the calibrating objects which is ngeeater
than that of the precision to which the calibration functaan be
fitted (see Southworth 2011). G14 accounted for the uncaytai
the calibration by perturbing the measured propertiese€giibra-
tors during their Markov chain Monte Carlo analysis (Gilletnal.
2013). They therefore accounted for the observational nigice
ties in the measured properties of the calibrators, buteosed the
astrophysical scatter.

There is supporting evidence for this interpretation of why
our errorbars for some measurements are significantly dainge
those found by G14. Our own implementation of the dEB cal-
ibration (Southworth 2011) explicitly includes the astmgpical
scatter and yields\/a 1.29 + 0.11 M, where the great-
est contribution to the uncertainty is the scatter of thébcators
around the calibration function. G14 themselves found aevalf
Ma = 1.18 £0.10 M, from an alternative approach (comparable
to our main method) of using the &S theoretical models (Scu-
flaire et al. 2008) as their additional constraint. This iscmless
precise than their default value 8f, = 1.22015932 Mg from
the dEB calibration. M. Gillon (private communication) ¢ioms
our interpretation of the situation.

5.3 Correction for asphericity

As pointed out by Li et al. (2010) for the case of WASP-12b, som
close-in extrasolar planets may have significant departtnam
spherical shape. Budaj (2011) calculated the Roche shdpabs o
transiting planets known at that time, as well as light caraad
spectra taking into account the non-spherical shape. Helfthat
WASP-19b and WASP-12b had the most significant tidal distor-
tion of all known planets. The Roche model assumes that tigeibb
is rotating synchronously with the orbital period, theraisegli-
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Table 7. Specification of the shape of WASP-103 b obtained using Roche [ o Tk T ]

geometry. I ]
Symbol Description Value L ]
Rgub (Ryup) Radius at substellar point ~ 1.7210.075 160 T
Rpack (Ryup) Radius at antistellar point  1.7190.072 [ c ]
Rgide (Ryup) Radius at sides 1.570.047 . [ + .
Rpyote (Ryup) Radius at poles 1.53%0.043 & i C]
Reross (Ryup) Cross-sectional radius 1.5540.045 [ ) ¢ 'R, 1
Rmean (Ryup)  Mean radius 1.603 0.052 1.55 j1on S
fRL Roche lobe filling factor 0.584:0.033 | + .
Rgub/ Rside 1.09540.017 L o
Rsub/Rpole 1.120+0.020 L o
Reide/ Rpole 1.02240.003 150 _
Rback/Rsub 0.994-+ 0.002 I 1 1 1 . | . , , | , , | ,
Rmean/RZ.ss  density correction 1.096+ 0.015 400 600 800 1000

Wavelength (nm)

Rjup, the equatorial radius of Jupiter, is adopted to be 71492 km. Figure 7. Measured planetary radiug{,) as a function of the central wave-

length of the passbands used for different light curves.detepoints show
the R}, measured from each light curve. The vertical errorbars shewel-

gible orbital eccentricity, and that masses can be treatguoant ative uncertainty inRy, (i.e. neglecting the common sources of error) and
masses. The Roche shape has a characteristic pronouna@t exp the horizontal errorbars indicate the FWHM of the passbaihe datapoints
sion of the object towards the sub-stellar point, and a 8lidass are colour-coded consistently with Figs. 1 and 2 and thebzamts are la-
pronounced expansion towards the anti-stellar point. Bldé on belled at the top of the figure. The dotted grey line to thetraghhe figure
the side of the object are smaller, and the radii at the migidles shows the measured value Bf, from Table 5, which includes all sources
are the smallest. Leconte et al. (2011) developed a modielaift of uncertainty. The solid grey line to the left of the figur@sis how big ten

distorted planets which takes into account the tidallyatetd mass ~ Pressure scale heights is.

distribution within the object assuming an ellipsoidalghaBurton
et al. (2014) studied the consequences of the Roche shapeon t
measured densities of exoplanets.

The Roche shape of a planet is determined by the semi-major
axis, mass ratio, and a value of the surface potential. Asgythe
parameters found above & 4.25+0.11 Re, Ma /M, = 85444
andR;, = 1.55440.45 Rjup) One can estimate the tidally distorted
Roche potential, i.e. the shape of the planet which woula g

Table 8. Values ofry, for each of the light curves as plotted in Fig. 7. Note
that the errorbars in this table exclude all common sourteseertainty in
r, S0 should only be used to compare different values,dh\).

Passband  Central FWHM b
wavelength (nm)  (nm)

same cross-section during the transit as the one inferced fne g 477.0 137.9 0.0391+ 0.00029
observations under the assumption of a spherical planetsiape r 623.1 138.2 0.0380€: 0.00022
of WASP-103b is described by the parametBtssy, Roack, Rside B 322'2 igg; g'gggg 8'88822
and R,.1. (see Budaj 2011 for more details). The descriptions and ZI 820.0 140'0 0'037% 0'00022
values of these are given in Table 7. The uncertainties iteTaare - 913.4 137.0 0.0369& 0.00033

the quadrature addition of those due to each input paranbtsr

are dominated by the uncertainty in the radius of the planet.
The cross-sectional radiuBeross = \/ Rside Rpole, IS the ra- 2.2% toR), = 1.603 + 0.052 Ryup, and its density falls by 9.6%

dius of the circle with the same cross-section as the Roche su tg p, = 0.335 & 0.025 pJup. These revised values include the un-

face during the transifzc.oss is the quantity measured from transit  certainty in the correction for asphericity and are inchilidie Ta-

light curves using spherical-approximation codes SUGK&EBOP. ble5. These departures from sphericity mean WASP-103 béds on
Rmean Is the radius of a sphere with the same volume as that en- of the three most distorted planets known, alongside WASB-1
closed by the Roche surface. and WASP-12b.

Table 7 also gives ratios betwedR,,, Rback, Rside and
Rpo1e. Moderate changes in the planetary radius lead to very small
changes in the ratios. In the case that future analyses giedd

. . - VARIATION OF RADIUSWITH WAVELENGTH
vised planetary radius, these ratios can therefore be nseddale 6 ONO us G

the values ofRsub, Rback, Rside aNd Rpo1c @appropriately. In par- If a planet has an extended atmosphere, then a variationagf op
ticular, the quantityR.mcan / R oss IS the correction which must be ity with wavelength will cause a variation of the measureangl
applied to the density measured in the spherical approiomab etary radius with wavelength. The light curve solutionsh{@a)
convert it to the density obtained using Roche geometry. show a dependence between the measured valkeod the cen-
WASP-103b has a Roche lobe filling factofz(,) of 0.58, tral wavelength of the passband used, in that latgealues oc-

where fry, is defined to be the radius of the planet at the substellar cur at bluer wavelengths. This implies a larger planetadjusin
point relative to the radius of the L1 point. The planet isréffiere the blue, which might be due to Rayleigh scattering from dhig

well away from Roche-lobe overflow but is significantly diséal. altitude atmospheric haze (e.g. Pont et al. 2008; Sing &0dl1;
The above analysis provides corrections to the propertessored Pont et al. 2013).
in the spherical approximation. The planetary radius iases by We followed the approach of Southworth et al. (2012) to tease
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out this signal from our light curves. We modelled each dztagth
the parameters, and: fixed at the final values in Table 4, but still
fitting for To, v, the linear limb darkening coefficient and the poly-
nomial coefficients. We did not consider solutions with biirtib
darkening coefficients fixed, as they had a significantly pofit,
or with both fitted, as this resulted in unphysical valueshefd¢oef-
ficients for most of the light curves. This process yieldeadla® of
r, for each light curve with all common sources of uncertairmty r
moved from the errorbars (Table 8), which we then converdegit
using the semimajor axis from Table 5. We discluded the CASLE
data from this analysis due to the low precision of thét gave.
Fig. 7 shows theRy, values found from the individual light
curves as a function of wavelength. The valuei®f from Table 5
is indicated for context. We calculated the atmosphericsre
scale heightH, of WASP-103b using this formula (e.g. de Pater
& Lissauer 2001):

. ks Te/q
228

where kg is Botzmann’s constant and is the mean molecular
weight in the atmosphere. We adopted= 2.3 following de Wit
& Seager (2013), and the other parameters were taken from Ta-
ble5. This yieldedd = 597km = 0.00834 Rjup. The relative
errors on our individualR,, values are therefore in the region of
few pressure scale heights, and the total variation we fihad®n
the g and bands is13.3H. For comparison, Sing et al. (2011,
their fig. 14) found a variation o8 H between 330 nm and dm
in transmission spectra of HD 189733 b. Similar or largeec#
have been noted in transmission photometry of HAT-P-5 (&out
worth et al. 2012), GJ 3470 (Nascimbeni et al. 2013) and Qatar
(Mancini et al. 2014c).

Is this variation with wavelength plausible? To examines thi

H @)

The presence of unocculted starspots on the visible didteof t
star could cause a trend in the measured planetary raditlgisim
to what we see for WASP-103. Unocculted spots cause an over-
estimate of the ratio of the radii (e.g. Czesla et al. 2009teBai
et al. 2012; Oshagh et al. 2013), and are cooler than theww¥o
ing photosphere so have a greater effect in the blue. Theg-the
fore bias planetary radius measurements to higher valuesda
so more strongly at bluer wavelengths. Occulted plage caseca
an analagous effect (Oshagh et al. 2014), but we are awardyof o
circumstantial evidence for plage of the necessary bragsrand
extent in planet host stars.

The presence of starspots has not been observed on WASP-
103 A, which atT.g = 6110 K is too hot to suffer major spot activ-
ity. G14 found no evidence for spot-induced rotational mation
down to a limiting amplitude of 3 mmag, and our light curveewsh
no features attributable to occultations of a starspot byplanet.
This is therefore an unlikely explanation for the strongrefation
betweenR), and wavelength. Further investigation of this effect re-
quires data with a greater spectral coverage and/or résolut

7 SUMMARY AND CONCLUSIONS

The recently-discovered planetary system WASP-103 issuititd
to detailed analysis due to its short orbital period and tighiness
of the host star. These analyses include the investigafidiual
effects, the determination of high-precision physicapenties, and
the investigation of the atmospheric properties of the gliakve
have obtained 17 new transit light curves which we use tdéurt
our understanding in all three areas.

The extremely short orbital period of the WASP-103 system
makes it a strong candidate for the detection of tidallyaietl or-

we turned to the MassSpec concept proposed by de Wit & Seagerhital decay (Birkby et al. 2014). Detecting this effect abyield

(2013). The atmospheric scale height depends on surfagéygra
and thus the planet mass:

ksT.,R?
wGH

whered is the gravitational constant. The variation of the measure
radius with wavelength due to Rayleigh scattering depemndhe
atmospheric scale height under the assumption of a powerdaw
lation between the wavelength and cross-section of theesag
species. Rayleigh scattering corresponds to a power lafficient

of « = —4 (Lecavelier Des Etangs et al. 2008) where

M, = 2

_ dRy(Y)
ol = =% ®
which yields the equation
kT [Ru(N)]?
My, = - ZBe A eg[lf)‘(f) ) 4)
1G=Fmx

We applied MassSpec to otit, () values for WASP-103b.
The slope ofR}, versusln ) is detected to a significance 0f3o
and corresponds to a planet mas$§.6fl +-0.05 M;,,,. The slope is
robustly detected, but gives a planet mass much lower tleaméss
of My, = 1.4940.11 My, found in Section 5. The gradient of the
slope is greater than it should be under the scenario odtibeve.
We can equalise the two mass measurements by adopting gestron
power law with a coefficient ok = 19.0 £+ 1.5, which is extremely
large. We conclude that our data are not consistent withdRglyl
scattering so are either affected by additional physicat@sses or
are returning spurious results.

a measurement of the tidal quality factor for the host stéuiciv
is vital for assessing the strength of tidal effects such ragad
circularisation, and for predicting the ultimate fate of Bapiters.
The prime limitation in attempts to observe this effect iattthe
strength of the signal, and therefore the length of the ohsienal
program needed to detect it, is unknown. Our high-precigit
curves improve the measurement of the time of midpoint clasit
at the reference epoch from 67.4 s (G14) to 4.8 s (this wothgrd
are currently no indications of a change in orbital periad,these
effects are expected to take of order a decade to becomeeappar
Our work establishes a high-precision transit timing atrdierence
epoch against which future observations can be measured.

We modelled our light curves with thix TEBoPcode follow-
ing the Homogeneous Studierethodology in order to measure
high-precision photometric parameters of the system. &hege
combined with published spectroscopic results and withsiéte of
theoretical stellar models in order to determine the playgcop-
erties of the system to high precision and with robust ersti e
mates. We present an error budget which shows that morespreci
measurements of th€.¢ and [%} of the host star would be an
effective way of further improving these results. A higlsokition
Lucky Imagingobservation shows no evidence for the presence of
faint stars at small (but non-zero) angular separatiorma f/ASP-
103, which might have contaminated the flux from the systech an
thus caused us to underestimate the radius of the planet.

The short orbital period of the planet means it is extremely
close to its host star: its orbital separation of 0.01978aiee
sponds to only3.0R4. This distorts the planet from a spherical
shape, and causes an underestimate of its radius when lighgsc
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are modelled in the spherical approximation. We determithed
planetary shape using Roche geometry (Budaj 2011) andadili
these results to correct its measured radius and mean ylémsit
the effects of asphericity.

Our light curves were taken in six passbands spanning much
of the optical wavelength region. There is a trend towarditiig a
larger planetary radius at bluer wavelengths, at a stedissignif-
icance of7.30. We used the MassSpec concept (de Wit & Seager
2013) to convert this into a measurement of the planetans mias
der the assumption that the slope is caused by Rayleiglesoatt
The resulting mass is too small by a factor of five, implyingtth
Rayleigh scattering is not the main culprit for the observada-
tion of radius with wavelength.

We recommend that further work on the WASP-103 system
includes a detailed spectral analysis for the host starsitrdepth
measurements in the optical and infrared with a higher splaets-
olution than achieved here, and occultation depth measmeso
determine the thermal emission of the planet and thus @insts
atmospheric energy budget. Long-term monitoring of itsesnof
transit is also necessary in order to detect the predicteitabde-
cay due to tidal effects. Finally, the system is a good caatdifor
observing the Rossiter-McLaughlin effect, due to the safusl
rotational velocity of the stan(sini = 10.6 + 0.9kms™!; G14).
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