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ABSTRACT

The planet in the WASP-103 system is an excellent candidatednsmission spectroscopy
because of its large radius and high temperature. Appdieadf this technique found a vari-
ation of radius with wavelength which was far too strong toekplained by scattering pro-
cesses in the planetary atmosphere. A faint nearby star waseguently detected, whose
contamination of the transit light curves might explairstanomaly. We present a reanalysis
of published data in order to characterise the faint staremsess its effect on the measured
transmission spectrum. The faint star has a ma$s7@f+ 0.08 M and is almost certainly
gravitationally bound to the planetary system. We find ttegffect on the measured physi-
cal properties of the planet and host star is small, amogntira planetary radius larger by
0.60 and planetary density smaller by8c. Its influence on the measured transmission spec-
trum is much greater: the spectrum now has a minimum aroufidiif6and opacity rises to
both bluer and redder wavelengths. It is a poor match to #imait spectra and the spectral
slope remains too strong for Rayleigh scattering. The emcst of the faint nearby star cannot
therefore explain the measured spectral properties ohtiti@nd inflated planet. We advo-
cate further observations of the system, both with highiapegsolution in order to improve
the measured properties of the faint star, and with highectsal resolution to confirm the
anomalous transmission spectrum of the planet.

Key words. planetary systems — stars: fundamental parameters — stdingdual: WASP-
103

1 INTRODUCTION tected in four transiting hot Jupiters using transmissidmo-p
. . . tometry: GJ3470b| (Nascimbeni et al. 2013; Biddle etal. 2014
Hot Jupiters were the first type of extrasolar planet to beaisred, Dragomir et al. 2015), WASP-103 b (Southworth ef al. 2018ehe

for E)_?th the radialll veloclity I?n%transit mqﬁois (Mayt?r_& (gue after Paperl), and tentatively in GJ 1214 b (de Mooij et all20
1995;| Henry et al. 2000; Charbonneau et al. 2000), theirctiete and Qatar-2 H (Mancini et Al 2014).

being aided by their comparatively large radii and shoritalperi-
ods. They were also the first extrasolar planets whose atmosp

were detected (Charbonneau et al. 2002; Vidal-Madjar| 2084), The WASP-103 system (Gillon etlal. 2014, hereafter G14)
helped by their often-large atmospheric scale heightshi&tgoint, stands out in this list as having the hottest star, the lageset,
approximately 30 transiting hot Jupiters have been studgdg and a highly significant detection of the Rayleigh scattpsiy-

the method of transmission spectroscopy, where opaciheiplan- nal (7.3r) which is, however, much stronger than expected. Adopt-
etary atmosphere is probed by measuring the size of thet@arse ing the MassSpec concept from _de Wit & Seager (2013) leads to
function of wavelength (e.q. Sing etal. 2016). a measurement of the planetary mass which is a factor of five

Such analyses can also be performed using transmission pho-smaller than the dynamical mass measurement (Paperl)e Sinc
tometry, where wavelength resolution is achieved by usingr m  this work, a faint and cool nearby star has been detected avith
tiple passbands rather than via a spectroscopic approagh (e very small sky-projected separation from the WASP-103esyst
Mallonn et all 2015). Versus transmission spectroscopyptéthod (Wollert & Brandnel 2015). The purpose of the current warkad
of transmission photometry typically requires more obisgyv revisit the analysis of WASP-103 to determine the effecheffires-
time and has a lower wavelength resolution, but can be per- ence of this faint companion star on the measured propetite
formed on smaller telescopes and is less subject to system-system, and see if it can provide an explanation for the anoma
atic errors due to Earth’s atmosphere and instrumentattsffe  lous transmission spectrum of the planet. The presence aiht f
(Southworth et al. 2012). Rayleigh scattering has so fan lue nearby star has previously been shown to affect both tramsmi
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sion (Lendl et al. 2016) and emissian (Crossfield et al. 2@p2)-
troscopy.

2 REANALYSISOF THE LIGHT CURVES

In Paper| we presented light curves of 11 transits of WASB-10
obtained using three telescopes and seven optical passtizigtit
transits were observed using the 1.54 m Danish Telescopg8@t E
La Silla, seven through a Besséllfilter and one through a Bessell

I filter. Two transits were observed in four passbands simeita
ously (similar to the Gun@riz bands) using the GROND imager
(Greiner et al. 2008) on the MPG 2.2 m at the same site. The final
transit was observed using the 2.15m telescope at CASLEO, Ar
gentina, and will not be considered further in this work heseaof

its significantly greater scatter and more complex contimunor-
malisation (Paperl).

2.1 Accounting for the companion star

In Paper| we presented a high-resolution image of the sk are
surrounding WASP-103 using theicky imaging technique and
the Two Colour Imager also on the Danish 1.54m telescope
(Skottfelt et al.| 2015). The image had a FWHM of 5.9 pixels
(0.53 arcsec) in both spatial scales and showed no evidenstafs
sufficiently close by to contaminate the light curves ol#dinf this
object. The lower limit on the spatial resolution of thistiusnent

is approximately 0.5arcsec, imposed by triangular comaegue

in the telescope optics (Skottfelt el al. 2015; see also £edal.
2016a).

Subsequent to this work, Wollert & Brandner (2015) pre-
sented the discovery of a companion star to the WASP-103 sys-
tem, based on observations using the AstralLux lucky imager a
Calar Alto Observatory, Spain. The star is separate®.by2 +
0.016 arcsec at a position angle b32.66+2.74°, so was too close
to be apparent on our own lucky imaging (Paperl). It is faitg
Ai = 3.11 £ 0.46 and Az = 2.59 £ 0.35 mag, so is likely to
be significantly cooler than WASP 103 A and therefore impose a
wavelength-dependent contamination on photometry of beep
tary system.

The two magnitude differences were used to determine the
fraction of contaminating light in the passbands used in Pa-
per| following the method outlined by Southworth (2010) and
Southworth et all (2010). In brief, theoretical spectrarfreorLAs9
model atmospheres and the known effective temperatureeof th
planet host starl.qx = 61104160 K; G14) were used to determine
that of the faint star. A value df.g = 33771753 K was found; its
large and asymmetric uncertainties are due to the largertante
ties in the measured values 4fi and Az, which are logarithmic
guantities.

Magnitude differences and thus the fractional contrimgiof
the faint companion to the total light of the system were tiheter-
mined for the passbands of the light curves from Paper |. Whs
done using the same set of theoretical spectra, the Be3satid
I filter response functions from Bessell & Murphy (2012) and th
GROND griz response functions. The results of this process are
given in Tabl&1L.

During the refereeing process of the current paper, magni-
tude differences in the/, H and K bands were published by
Ngo et al. (2016) along with an improved separation measeném
of 0.2397 + 0.0015 arcsec. These were obtained from adaptive-
optics imaging with Keck/NIRC2 and are much more precisa tha

the measurements lof Wollert & Brandner (2018)7 = 2.427 +
0.030, AH = 2.217 + 0.010 and AK; = 1.965 4+ 0.019. Al-
though they require more extrapolation to visible wavethaghan
the Ai and Az measurements from Woallert & Brandnher (2015),
their much greater precision means they provide bettertints
on the properties of the companion star and thus on the adfect
contaminating light on the transmission spectrum of WASB{1L
We have therefore repeated our analysis in order to inchelag¢w
observations, and discuss the results from both analyges iiol-
lowing work.

The use ofAJ and AK; versusAi and Az makes a sig-
nificant difference to the contaminating light values ardves a
major decrease in the uncertainties (Table 1). The chanpgriie-
ularly pronounced for the temperature of the faint star,clvhie
now find to beTes = 440575 K, in agreement with the values
found bylNgo et al.[(2016). Our results were obtained usirgy th
NIRC2 J and K, transmission functiofls we checked the effect
of using the 2MASSJ and K ; transmission functioffsinstead and
found differences of no more than 0&25This suggests that any
imperfections in the available filter transmission funatidiave an
insigificant effect on our results.

2.2 Light curve modelling

The transit light curves were modelled in the same way as in Pa
per 1, by using thekTEBOPcode (Southworth 2013) to fit the data
for each passband individually. The fitted parameters weseot-
bital inclination ¢), reference time of mid-transit{), and the sum
and ratio of the fractional radiirg + r, andk = :—Z) where the
fractional radii are those of the star and planet in unithiefdrbital
semimajor axis fa %). Limb darkening was accounted
for using four two-parameter laws, with the linear coefiitiét-
ted and the non-linear coefficient fixed to theoreticallgeicted
values. Polynomials of order 1 or 2 versus time were used to
malise the flux to unity outside transit (Southworth et all£20 A
circular orbit was assumed (G14). The one modification tgtioe
cedure was to include contaminating light (‘third light'JRTEBOP
parlance) as a fitted parameter but constrained by the meshealr
ues collected in Tablg 1. Error estimates were obtainedjidonte
Carlo and residual-permutation simulations (Southwo@®& and
the larger of the two options retained for each fitted param&he
errorbars were further inflated to account for any scatté¢hénso-
lutions for different limb darkening laws. The final resutis each
set of light curves are given in Taljle 2 and the best fits aressho
in Fig.[1.

It can be seen that imposition of the contaminating light has
led to parameter values which are generally consistent pviki-
ous results, and in some cases more precise due to the grgager
ment between the models for different passbands. The ratleeo
radii is the exception as it has increased significantly (I8¢ as
expected when third light is taken into account (e.g. Daenaiel.
2009).

no

L http: /7 ww2. keck. hawai i . edu/inst/nirc2/filters.htm
2 http://ww.ipac. cal t ech. edu/ 2mass/ r el eases/
al | sky/ doc/ sec3_1bl. htni
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Table 1. The fractional contribution of the faint nearby star to tbit light of the WASP-103 system, assessed using the tweeswf magnitude differences.

Parameter Value fromhi andAz  Value fromAJ andA K
Teft comp (K) 33771788 4405755
Fractional contribution in Besseft 0.023 £0.023 0.0525 £ 0.0040
Fractional contribution in Bessell 0.055 £ 0.017 0.0673 £ 0.0040
Fractional contribution in GRONLQ 0.0068 £ 0.0068 0.0246 £ 0.0032
Fractional contribution in GROND 0.019 £0.019 0.0492 £ 0.0040
Fractional contribution in GROND 0.042 £ 0.020 0.0641 £ 0.0041
Fractional contribution in GROND 0.089 + 0.028 0.0766 £ 0.0037

Table 2. Parameters of the fit to the light curves of WASP-103 fromtkeeBoPanalysis (top). The final parameters are given in bold ang#niemeters
found by G14 and Paper | are given below this.

Source TA +TH k 1 (°) TA Th
DFOSCR-band ~ 0.37079-50% 0.116070:0058  89.5715 0.33110:902 0.038470-0006
DFOSCI-band ~ 0.3747( 010 0115700015 85.673%  0.33610 000 0.03881 00072
GRONDg-band  0.37270 017 0.1196T0-002L  87.07%0 0.33210-00% 0.03971 50023
GRONDr-band  0.37270 000 0.117715-0000 86.315:0 0.33310-009 0.039270 0005
GRONDi-band  0.36470 005 0112670001 89.4F0%  0.32770 000 0.036870 0006
GRONDz-band  0.36870 003 0.115375001¢  89.970- 0.33010-0%9 0.03807 50008
Final results 0.370570:9932  0.1158%0000¢ 88.271% 0.3319709930  0.0385410 30037
Paper | 0.3712:0.0040  0.11270.0009  87.3:1.2 0.3335:0.0035  0.03754:0.00049
G14 0.109375-0019  86.3+2.7  0.335810 0011 0.03670

3 PHYSICAL PROPERTIES OF WASP-103 Table 4. Values ofry, for each of the light curves as plotted in Fig). 2. Note

that the errorbars in this table exclude all common sourtaaeertainty in
7, SO should only be used to compare different values,oés a function
of wavelength. The central wavelengths and full widths dt tmaximum
transmission are given for the filters used.
The physical properties of the WASP-103 system were medsure
in the same way as in Paper| (see also Southworth! 2012 and ref-
erences therein) so we only briefly summarise the steps .tdken
light curve parameters £, r, and:) from Sectiol ® were combined

Central
wavelength (nm)

Passband FWHM b

(nm)

with the orbital period from Paper | and the spectroscopieame- R 658.9 164.7 0'03846$§}§§§£

ters (L., metallicity [ £2 ], and velocity amplitudé<s ) from G14. I 820.0 140.0 0'0381318:888%

Five sets of tabulated predictions of theoretical stellagion- g 4r1.0 137.9 0'0393218'8885’8

ary models|(Clardt 2004; Demarque €t al. 2004; Pietrinfetrai. " 623.1 138.2 0'0388018:88856

2004, VandenBerg et al. 2006; Dotter et al. 2008) were adtiee. ! 7625 153.5 0'0374218:888%
z 9134 137.0 0.038247" -

overall best fit was then found to all properties using cantsa —0.00031
from each of the theoretical models. Statistical errorsewmop-
agated from all input parameters, and systematic errorsirat
from the scatter between the results for the five sets of dtieat

models.

4 THE OPTICAL TRANSMISSION SPECTRUM OF
WASP-103B

Following the approach of Southworth et al. (2012), we miedel

the light curves of WASP-103 with the geometrical properfired

to their best-fitting value from Tallé 2. The fractional ralbf the

The final measurements for the physical properties of WASP- planet and the linear LD coefficients were retained as fited p

103 are given in Tab[g3, which also hosts the values from Pa- rameters, and the contaminating light was included as itiGé3.
per | and G14 for comparison. The only parameters for whieh th The data for each passband were fitted individually, and rinee t
changes are worth mentioning are the radiusAp.&d density radius of the planet in that band found by multiplying by the
(0.87) of the planet, as expected. These are also the two parameter best-fitting value of: (41.41 Rjyp) neglecting its uncertainty. This
which need to be adjusted to account for the aspherical sfape process yielded measurements of the radius of the planéfén-d
planet (see Paper| and Budaj 2011), and the correctionsagere  ent passbands, calculated in a consistent way and ignainges
plied in the same way as for Paper |. We can therefore conthade of error common to all passhands (e.g. the uncertainty)imhe
the effect of the faint nearby star on the light curves of WASR results can be found in Talfle 4 along with the charactesistithe
is insufficient to cause a significant change in the measuregt p filters used for the observations.
erties of the system. We next turn to the transmission spectior Fig.2 shows the measured planetary radius as a function of
which this statement certainly does not apply. wavelength. The results from Paper| are also shown for compa
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Table 3. Derived physical properties of WASP-103. Quantities mdnkéth a* are significantly affected by the spherical approximatisedito model the

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

Quantity Symbol  Unit This work Paper | G14
+0.094 40.021 +0.039
Stellar mass Ma Me 1.205 75577 Tol01s 1.204+ 0.089 +0.019 1.2207 ) 36
Stellar radius Ra Ro 1.413 £0:038 T0"006 1.419+ 0.039 +0.008 143675057
Stellar surface gravity — logga  cgs 4.219 H5- 012 +0-002 4.215+ 0.014 +0.002 4.2210-02
Stellar density PA po 0.428710-007 0.421 £0.013 0.41475-0%¢
Planet mass M, Mup 1.47+012 +0-02 147+ 011 +0.02 1.490+0.088
Planet radius Ry, Ryup 1.596 1002 0000 1.554+ 0.044 +0.008 152810073
Planet surface gravity gy, ms—2 14347088 15.12 4 0.93 15.7+1.4
Planet density Pb PJup 0.339 70023 +0-007 0.367+ 0.027 +0.002 0.41519:535
Equilibrium temperature 7./, K 2489158 2495 + 66 250872
Safronov number e 0.0303 +5-0020 +0.0001 0.0311+ 0.0019+0.0002
Orbital semimajor axis au 0.01979 T5-00051 +0.60012  0.01978+ 0.00049+ 0.00010  0.0198% 0.00021
Age T Gyr 38111104 3811510 3to5
Planetary parameters corrected for asphericity:
Planet radius Ryup 164610052 1.603 £ 0.052
Planet density Piup 0.30970 052 0.335 £ 0.025

ison. Significant differences are seen in all passbandspexbe
g-band. Itis clear that the inclusion of the faint star in thelgsis
changes the interpretation of the optical transmissioctspe of
WASP-103 b, primarily by weakening the variation of radiuishw
wavelength.

In Fig.[3 we compare the radius measurements of WASP-
103b to two representative theoretical transmission spect
The spectra are for planets with and without titanium oxide
(Hubeny et all 2003; Fortney etlal. 2008) and were kindly wgalc

lated by Nikku Madhusudhan (see Madhusudhan & Seager 2009 variation of radius with wavelength-(=77=

and all quantities which might be sought on the right (ccsttvéth

eq.4 in Paperl):

_dRy(N) G aksTh
dlnX ksRZ?  uMy
In Paper | we used this approach to infer a mas$.8f +

0.05 Mjup for the planet, with a significance Gt30, which was

much lower than the dynamically-measured value (Table 8). O

new analysis returns a higher mas9df3 + 0.13 M,,p, with the

4R, (MY measured to a lower

©)

and| Madhusudhan & Seager 2010). They have been scaled to thesignificance level oft.4c based on a simple Monte Carlo propaga-

surface gravity and temperature of WASP-103 b, and thetrarbi

ily offset to appear near the centre of the plot. It is cleat treither
match the observations well, and in particular predict a iisra-
dius near the centre of the plot whereas the observationsstilges
show the opposite. The same conclusion is reached whendeonsi
ering alternative sets of model transmission spectra ifEgret al.
2008, 2010).

4.1 Theview from MassSpec

The MassSpec concept (de Wit & Seager 2013) is that it is plassi
to measure the mass of a planet from its transmission specttu
depends on obtaining the atmospheric scale heightfrom the
power-law variation of planet radius with wavelength:

_ ARy
ol == @)

wherea = 4 for Rayleigh scattering (Lecavelier Des Etangs ét al.
2008) and can take other values for different scatteringgsses.

The atmospheric scale height depends on surface gravitshare
fore the mass of the planet:

_ ksT.,  ksTLR?
K gb G My

whereT;, is the local temperature, is the mean molecular weight
of the atmosphere (assumed to be 2.3 a.m.u. for gas gians)h&
Newtonian gravitational constant akg is Boltzmann’s constant.
We recast this equation to include all measurable terms @feth

H

)

tion of the uncertainties (see Fig. 4). In both cases we hdwptad
p =23, a=4andTy = T,,. This mass is still far too low to
match the value found from the analysis in Sedion 3.

However, it is possible to adjust any of the quantities on the
right-hand side of E{]3 to match the measured value of the lef
hand side. It is therefore reasonable to seek the valudpivhere
the planet mass from MassSpec equals the dynamical measutrem
(e.g.Sing et al. 2011; Nikolov etlal. 2015). By manual itenatve
found a7}, = 27900 + 2200, and thereforex = 11.2 4+ 0.9 when
usingT}, = T, which is extremely high. Alternatively, a value for
the mean molecular weight @f = 0.83 + 0.07 a.m.u. would bal-
ance the equation but is unphysically small. We thereforelcaole
that the slope of radius versus wavelength measured for WASP
103 b remains too large to be explained by Rayleigh scatjeas
expressed in the MassSpec paradigm.

5 PHYSICAL PROPERTIESOF THE COMPANION AND
HIERARCHY OF THE SYSTEM

Wollert & Brandner|(2015) did not attempt to charactertsecom-
panion, or assess the chance that it is bound to the plarsststem.

We therefore now estimate its mass, the probability thatatfiore-
ground or background star, and the probability that it isgptslly
bound given the binary frequency in the solar neighbourhood

The only observed quantities available for the nearby compa

ion star are its sky position and magnitude differences én th,

J, H and K filters versus the planet host star. These magnitude
differences were found to correspond®gs comp = 4405755 K

(© 0000 RAS, MNRASD00, 000—000
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Figure 1. Phased light curves of WASP-103 from Paper |, compared to the

JKTEBOPbest fits from the current work. The residuals of the fits aot-pl
ted at the base of the figure, offset from unity. Labels givegburce and
passband for each dataset. The polynomial baseline funschave been
removed from the data before plotting.

in Sectiol 2. Using the temperature—mass calibration ptedeby
Evans et al. (2016a) we find a mass\dfomp, = 0.72 £+ 0.08 Mg,
where the errorbars include an astrophysical scatter &deR in

log M.omp added in quadrature to the error arising from the un-

certainty inTeg comp- This is in good agreement with the value of
Mcomp = 0.721 £ 0.024 M, derived byl Ngo et al.! (2016). The
companion star is therefore probably a mid-to-late K dwarf.

The probability that the two stars form an asterism was
calculated as follows. We used the TRILEGAL galactic model

(Girardi et al! 2005) to produce a synthetic population afsfor
a1° field centred on WASP-103 & 23.4°, b = +33.0°). Stars
were simulated to a depth o= 26, and the default parameters for
version 1.6 of the model were used (see le.q. Lillo-Box gtGil42
Evans et &l. 2016a).
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Figure 2. Measured planetary radiugf,) as a function of the central wave-
length of the passbands used. Coloured and filled circles e results
from this study, and the passbhands are labelled at the tdedigure. The
results from Paper| are shown using grey open circles whiote tbeen
offset by+3 nm to bring them out from underneath the newer results.
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Figure3. Measured planetary radiugf,) as a function of wavelength com-
pared to the predictions from theoretical models of playesgmospheres.
Filled circles show the results from this study, and the lpasds are la-
belled at the top of the figure. Transmission spectra are sh@ing grey
lines and are for a planet without TiO (dark grey smooth lame) with TiO
(light grey jagged line). Both spectra have been scaled tohrthe surface
gravity of the planet and subsequently offset to appearcqupately in the
centre of the plot.

two stars, giving a combined value &, = 10.767 = 0.020,
which we assume includes all light from both WASP-103 A arel th
companion. Ngo et al. (2016) measurel amagnitude difference
of 1.965 £ 0.019, from which we calculate apparent magnitudes
Ks =10.932 4 0.020 for WASP-103 and's = 12.897 £ 0.026

for the companion. We note that Ngo et al. (2016) also catedla

The 2MASS catalogue (Cutri etlal. 2003) does not resolve the the apparent magnitudes and colours for their detected @oiops
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Figure 4. Variation of planet radius with wavelength in Sl units (filleir-
cles) and the slope dfl‘;(;) determined from the data (unbroken line). For
comparison the values from Paper | are shown with grey opelesiand a

grey dotted line.
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Figureb5. Isochrone from An et al. (2009) for an age of 3.6 Gyr
0.06 compared to the/ — K colour andK s-band absolute magnitude of
the two stars. The isochrone is plotted with a green dottexldnd labelled
with the initial stellar mass at appropriate intervals. Theperties of the
two stars are shown with thick blue lines.

based on 2MASS data, but under the assumption that the 2MASSof a constraint on mass ratio makes the probability consigela

magnitude represents flux from only the planet-host stahditase
of WASP-103 this assumption is not valid, because the compan
is completely unresolved in the 2MASS data and contribiégs
of the total flux.

We binned our synthetic population b¥s magnitude,
weighted the bins by the probability of the companion havimg
correspondingK; magnitude, and then summed over all bins to
determine the density of stars with the companion’s magdeitu
The weighted stellar density was then multiplied by the slgaa
contained by a circle with radius.2397”, to give a probability
of 2.6 x 107° that a star of thisk; magnitude is present within
0.2397” of the planet host star.

We then checked the probability that the companion star is
physically bound to WASP-103. To compare this hypothesthd¢o
unbound scenario, we determined the fraction of stellatesys
we would expect to have the measured magnitude differende an
projected separation using a Monte Carlo simulation. Weptatb
the binary population model used [in Evans etlal. (2016a)chvhi
utilises the population data from _Raghavan etlal. (2010% 46
stars were assumed to be in hinaries, period (in days) was log
normally distributed with a mean of 5.03 and a standard devia
tion of 2.28, eccentricity was uniformly distributed in theerval
[0.0,0.95], and the mass ratio followed a three-part paterisa-
tion to represent the high frequency of mass ratios h&eand low
fraction of binaries with extreme mass ratios. All otheritabel-
ements were randomised, including the phase at the timesefrob
vation. Projected separations were calculated assuminstande
of 470 + 35pc (G14), and the magnitude difference determined
from the models of An etall (2009), with2| = 0.06 and an
age of 3.6 Gyr. The simulated stars were then weighted based o
how closely they matched the measured magnitude differefice
the companion, from which we determined that the probghilft
a star similar to WASP-103 having a matching stellar compani
within 0.2397” is 0.0013. This is five orders of magnitude more
likely than the background star scenario, even though ttiasion

low, so we conclude that the faint companion forms a part ef th
WASP-103 system.

Assuming the angular separation and distance to the system
as above, the projected separation of the two star$dst 8 AU.
Its orbital period is therefore of order 1000 yr, so is far kmag for
confirmation via spectroscopic radial velocity measuremnefd-
ditional flux ratios covering a wider wavelength range whlbw-
ever, allow us to pin down it§.g and therefore mass and radius
much more precisely.

In Fig[§ we plot the absolute magnitudes of the two stars
against the theoretical isochrone from An et al. (2009) folage
of 3.6 Gyr and[ 2| = 0.06. The position of the planet host star is
in excellent agreement with its measured mass, confirmiagah
rectness of the distance measurement given by G14 Kihkand
magnitude difference suggests a mass of aroundI@, 7for the
secondary star, in agreement with Ngo et/al. (2016) dedpétese
of different synthetic spectras{LAS9 versusPHOENIX) and the-
oretical evolutionary models (An etlal. 2009 versus Bareffel.
1998).

6 SUMMARY AND DISCUSSION

The WASP-103 planetary system is an important tracer of the a
mospheric properties of very hot planets, as its shortarpiriod
and hot host star lead to a high equilibrium temperaturisf) +

66 K. This is even hotter than that for WASP-121b (Delrez et al.
2016), which has very recently been found to have titaniuideox
and vanadium oxide absorption in its atmosphere based an spe
troscopy from the Hubble Space Telescope (Evans|etal. 2016b
although we note that thermal inversions can arise due teroth
chemical species (Moalliere etlal. 2015). The first work tolw the
atmosphere of WASP-103b (Paper ) found that the radius ef th
planet — as measured by transit depth — was greater at bltiealop
wavelengths. The significance level of this detection wemnstat
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7.30, but the slope was much greater than expected from Rayleigh
scattering and therefore its physical interpretation wasclear.

The subsequent detection of a faint nearby star
(Wollert & Brandner | 2015) offered the possibility of remov
ing the discrepancy, by explaining the radius variation eesalt of
light from a faint and red object contaminating the lightvas of
WASP-103, rather than an intrinsic property of the planetys-
tem. We have therefore usdd and K -band magnitude differences
between the planet host and the nearby star, recently peesbn
Ngo et al. (2016), to determine the amount of contaminatiglaf |
as a function of passband, apply the corrections in a resigaby
the transit light curves, and rederive the properties ofsystem
plus the optical transmission spectrum of the planet.

The effect of the inclusion of contaminating light is signifi
cant on some the photometric parameters, in particularatie of
the radii, which has increased by 2.9This quantity is typically
the best-determined of the photometric parameters becadse
pends directly on the transit depth and is only weakly catesl
with other parameters. It is also generally found to be tremntjty
which exhibits the worst agreement between different dai@sg.
Southworti 2009, 2010, 2011, 2012). We have usually asttiie
issue to the very fact that the ratio of the radii is the betednined
photometric parameter, so therefore is the parameter viditiost
sensitive to the existence of red noise in transit light earvt is
also clear that some of this discord can be attributed to #niav
tion of opacity with wavelength, which is the underlying gioal
process probed using transmission spectroscopy and pbattom
However, it is likely that some is due to flux contributiongsarg
from undetected faint nearby stars, in which case the sdatthe
ratio of the radii is not intrinsic to many of the planetanstsms
which have been studied in the past.

The effect of the inclusion of contaminating light on the mea
sured physical properties, however, is somewhat smalter.iiain
changes for the WASP-103 system are that the measured pdanet
dius increases by QGw6and the density decreases by®.8his is
encouraging in that our understanding of the general plpopt
ulation is not greatly affected by the presence of undetieclese
companions (see also Daemgen €t al. 2009). Such a statement i
valid in general, however, as light curves in redder bandsrare
affected in the typical scenario whereby the faint stardgles than
the planet host star. Whilst there are many advantages ervihg
at redder optical wavelengths, such as weaker stellar lianketh-
ing and starspot perturbations, it is better to observelpmpass-
bands if contaminating light from a redder star is an issixs Will
be an important consideration for the TESS mission (Rickatie
2014), which has a very coarse pixel scale and a passbant whic
cuts on at 600 nm in order to minimise the chromatic abematio
present in refractive optics.

The impact of the contaminating light on the transmission
spectrum of the planet is much more important. Instead ofaa re
tively featureless slope throught the optical wavelengttge, there
is now an upward inflection redward of 760 nm. This is not re-
produced by existing theoretical models of planetary trassion
spectra, which tend to predict the opposite: larger radinemid-
dle of the optical band due to broad absorption from eithemét
sodium and potassium, or titanium oxide. An explanationhef t
transmission spectrum of WASP-103 b demands strong ali@orpt
from species at both bluer and redder wavelengths.

The MassSpec concept was invoked to explore possible expla-
nations of the transmission spectrum of WASP-103 b. We riate t
this is not strictly applicable, because the spectrum doeexhibit
a monotonic slope through the optical wavelength range laemt
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fore is not consistent with purely scattering processes.sftectral
slope is much weaker once the contaminating light has been in
cluded in the analysis, and is also more uncertain due toatige |
errorbars in the measurements of the contaminating ligte.slope
now has a significance df4o, and corresponds to a planet mass of
0.5340.13 Myp Which is still much smaller than the dynamically-
measured value df.47 £+ 0.11 M up.

The magnitude differenceAJ and AK; between the com-
panion and the planet host star are consistent with the coigmpa
having a temperature @t .omp = 44055 K and thus a mass of
Mecomp = 0.72 £+ 0.08 M. The probability of the two stars being
aligned by chance is very low,6 x 1072, so they are almost cer-
tainly gravitationally bound. WASP-103 is therefore a hrehical
system consisting of (at least) two stars and one planet.

It is clear that our understanding of the WASP-103 system re-
mains incomplete. A major improvement could be obtainedhfro
more precise characterisation of the flux ratio between theep
host and the faint nearby star. The available flux ratios @here
extremely uncertain (Wollert & Brandmer 2015) or requirtrap-
olation from near-infrared to optical wavelengths (Ngol&Pa16).
Additional observations should be obtained at optical Wengths
using adaptive optics on a large telescope, which can bétmpa
much greater resolution than a lucky imager on a 2.2 m tepesco
It is entirely possible that such observations will causeirgher
revision to the measured transmission spectrum of WASH3103

Finally, the WASP-103 system is now known to be another
example of a planet in a stellar binary system. It is thee&or im-
portant tracer of the formation mechanisms of binary andqitary
systems|(Desidera etlal. 2014; Neveu-VanMalle gt al.[20046 R
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