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ABSTRACT

We present high precision transit observations of the exwiWASP-21b, obtained with the
RISE instrument mounted on 2.0m Liverpool Telescope. Aditamodel is fitted, coupled
with an MCMC routine to derive accurate system parametdrs. tWo new high precision
transits allow to estimate the stellar density directlyrirthe light curve. Our analysis sug-
gests that WASP-21 is evolving off the main sequence whidhde previous overestimation
of the stellar density. Using isochrone interpolation, wel fa stellar mass @f.86 £+ 0.04M,
which is significantly lower than previously reported((l + 0.03Mg, ). Consequently, we
find a lower planetary mass 6f27 &+ 0.01Mj,p. A lower inclination §7.4 + 0.3 degrees)
is also found for the system than previously reported, texuin a slightly larger stellar
(R. =1.10+0.03 Re) and planetary radiudd, = 1.14+0.04 Rjyp). The planet radius sug-
gests a hydrogen/helium composition with no core whicmsfiteens the correlation between
planetary density and host star metallicity. A new ephesistiletermined for the system, i.e.,

0 = 2455084.51974 + 0.00020 (HID) andP = 4.3225060 + 0.0000031 days. We found no
transit timing variations in WASP-21b.
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1 INTRODUCTION variations and hence the search for low-mass companionisato “
Jupiters”. RISE has a rapid readout frame transfer CCD afd th
binned mode has a readout time of less than 1 s. This implé&s th
for exposures longer than 1 s, dead time is negligible sobathy
increasing the time on target. However, most exoplanet $tass
are relatively bright and saturate the CCD for 1 second axjgos
To avoid dead time losses, RISE observations are always defo
cussed (e.@g. Gibson etal. 2008; Joshi &t al. 2009). Defedystso-
tometry observations have also the advantage of spredunig3F
over a larger number of pixels, thereby decreasing flatifigler-
rors. RISE is therefore ideal for obtaining high qualitynisé light
curves for exoplanets.

Transiting planet systems are valuable because their gepse
ables us to estimate accurate planetary properties. Tamesgpho-
tometry during the transit allows us to derive the orbitatliima-
tion and the relative radii of the host star and planet. Coinigi
this with radial velocity variations and stellar paramstedlows us
to derive the absolute mass of the planet. Hence, the bulkitgen
of the planet can be estimated with good accuracy, givinghus i
sight into its composition (Guillot 2005; Fortney etlal. 200thus
placing constraints on planetary structure and formatiauets.
Given the remarkable diversity in the structure of largepts, it is
important to obtain planetary parameters which are as atzas

possible. However, obtaining high signal-to-noise traabserva- WASP-21b is a Saturn-mass planet wit, = 0.30 + 0.01
tions is difficult and consequently even some of the brighgts's Mjyp in @ 4.3 day circular orbit (Bouchy etlal. 2010). Its host star
with planets are lacking good quality light curves and, leehave isa G3V type with\/, = 1.01£0.03 Mgy , Teyr = 5800+ 100K
poorly determined planetary parameters. and a low metallicity, [M/H] = 0.4+ 0.1. It was discovered by the
The RISE (Rapid Imager to Search for Exoplanets) instru- SuperWASP-North survey (Pollacco etlal. 2006) in its 20082
ment, mounted on the 2.0m Liverpool telescape (Steele 20aB; observing campaign. Bouchy et al. (2010) argue that WASK-21
Gibson et al! 2008) was designed for exoplanet transit saser a member of the galactic thick disc because of its low metahab
tions. Its main scientific driver was the detection of tratisning dances, velocity relative to the Sun and agel2Gyr, which are

similar to the thick disc population. WASP-21b is among the-|
est density planetg, = 0.24 + 0.05p; (Bouchy et al. 2010), and
* E-mail:s.barros@qub.ac.uk has one of the lowest metallicity host stars. Thereforepiitg-
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erties are particularly important for irradiation model$he cur-
rent parameters of the system (Bouchy et al. 2010) are based o
the SuperWASP discovery photometry and a partial trangitt li
curve taken with RISE. However, the lack of a high precisiome
plete transit light curve required the assumption of thennsa-
guence mass-radius relation which tends to bias the estiofidhe
inclination. Furthermore, the age derived for WASP-21 isgler
than the main-sequence life time ofi@d1Mg star. This suggests
that WASP-21 could be evolved which would invalidate themmai
sequence assumption and bias the parameters of the systéest T
the main-sequence assumption we obtained further obsmrsaif
WASP-21.

In this paper, we present transit observations of WASP-21b
with RISE including a full transit light curve. Our high pison
light curves allow us derive the planetary and stellar radgtihout
assuming the main-sequence mass-radius relation for gtestao.

We describe our observations in Section 2. In Section 3, e&uds
our transit model and present the updated parameters ofythe s
tem in Section 4. Finally, we discuss and summarise ourtesul
Section 5.

2 OBSERVATIONS

WASP-21b was observed with RISE (Steele &t al. 2008) mouatted
the auxiliary Cassegrain focus of the robotic 2.0m Livetpiee-
scope on La Palma, Canary Islands. This is a focal reducegrays
utilizing a frame transfer e2v CCD sensor. The detector hased
scale of 0.54 arcsec/pixel that results in a 9.9.4 arcmin field of
view. RISE has a wideband filter coverirg 500—700 nm which
corresponds approximately to V+R. The instrument has namgov
parts.

The Liverpool Telescope has a library of flat fields which are
taken manually every couple of months. RISE flats are takengiu
twilight at different rotator angles so that there is a unifallumi-
nation of the CCD. The exposure times of the images are attoma
ically adjusted so that the peak counts in the individuas fae be-
low the non-linearity limit of the CCD at 45000 counts. Tygilg,
the individual flats have between 20000 and 40000 counts.t®ue
the fast readout, we can obtain approximately 200 flat frames
run, these are combined to create a master flat. For eachvabser
tion run we use the master flat that is closest in time, althomg
note that these are very stable.

On 2009-09-09 we obtained a full transit of WASP-21b. A
total of 6581 exposures in tiex 2 binning mode with an exposure
time of 2.7 seconds were taken. The telescope was defocbysed
-1.2mm which resulted in a FWHM of 11 ”. For defocussed
photometry, the star profiles are not Gaussian. Howeverpwed
that, in our case, a Gaussian provided a good fit to the wings of
the star profile, and could be use as a rough estimate of tlfiéepro
width. Therefore, we estimated the FHWM in the usual way by
cross-correlating a Gaussian profile with that of the star.

A second full transit observation of WASP-21b was attempted
on 2010-11-24. In this case, deteriorating weather terrathéhe
observations shortly after the mid-transit, by which tidh@Q8 inte-
grations had been obtained. During these observation§\itéM
was~ 12.5".

Both data-sets were reduced using the ULTRACAM pipeline
(Dhillon et al.[2007) which is optimized for time-series phme-
try. Initially, we bias subtracted the data while we invgated sys-
tematic effects that were introduced by the flat fielding pssc
We performed differential photometry relative to five comgan
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Figure 1. Phase-folded RISE light curves for WASP-21. From top to bot-
tom in chronological order; 2008 October 07, 2009 SepterdBemd 2010
November 24. We superimpose the best-fit transit model awdsilow the
residuals for each light curve at the bottom of the figure. ddta are binned
into 30 second periods, and bins displaced vertically farityl The indi-
vidual RISE light curves plotted here are available in etedt form at
CDS.

stars in the field, confirmed to be non variable, and we santifed
ferent aperture radii and chose the aperture radius thatmisied

the noise. For the first night, we used a 22 pixel apertureusadi
(~ 12"), and for the second transit, a 32 pixel aperture radius
(~ 17"). The photometric errors include the shot noise, readout
and background noises.

We also included in our analysis, the previously published
egress of WASP-21 taken with RISE (Bouchy €t al. 2010). For co
sistency, we re-reduced the original data using the sameatiets
for the other two observations. On 2008-10-07, 2220 ex@ssaf
5 sec duration were taken. We estimated a FWHNM-0oR.7 ”,
therefore, the level of defocussing was lower than in oueolzs
tions. The best aperture radius was found to be 15 pixeB().

Our results agree well with the previous published lightreur

The final high precision photometric light curves are shown i
Figure[1 along with the best-fit model described in Sedtidh Ble
overplot the model residuals and the estimated uncemaimthich
are discussed in Sectibn B.2.

2.1 Optimum exposuretimefor RISE

As mentioned above, defocusing is commonly used in exoplane
transit observations. Southworth et al. (2009) calculakedopti-
mum exposure time for the DFOSC imager mounted on the 1.54m
Danish Telescope. We follow the same procedure and appty it t
RISE mounted on the Liverpool Telescope and hence, we atcoun
for readout noise, photon, background and scintillatios@dSim-



ilar to [Southworth et al.| (2009), we do not include flat-fialgli
noise, assuming that the profile position is stable.

The key difference is that RISE is a frame transfer CCD whose
dead time is the frame transfer time, 35 milliseconds foreolss
tions longer than 1 second. For the brightest comparisanrstar
field, (V" = 9), we found the optimum exposure times with RISE
are approximately 2.7, 7.8, 10.8 seconds during brighty grad
dark time, respectively.

We iterate that the improvement in signal-to-noise for defo
cussed observations, reported|by Southworthlet al. (2G06hly
due to deadtime losses; hence, the defocussing neededpizr{pro
tional to the CCD readout time. If the deadtime was zero thst be
theoretical signal-to-noise would always be for focusedenta-
tions, mainly due to the increase in background noise forewid
profiles.

Moreover, in our case, the improvement on signal-to-noése b
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Figure 2. Light curve of the brightest comparison star for the 200%&®ap
ber 09 observation relative to the ensemble of comparisars stsed in
WASP21b final light curve. It shows systematic noise with expitude of
400 ppm. This comparison was not used in the final light cufW/&SP-
21. We also overplot the photometric errors.

tween 1 second and 10.8 seconds exposure times is quite smallnstrument field of view. We also improved the telescope iggid

on the order ofl0 ppm per30 sec bin. As we will see below, the
strongest reason for defocussing is to minimise systenmaiise
which, due to its nature, is not accounted for in the caloafaand
can substantially increase the noise in a transit lighteurigurd 2
shows systematic noise variations larger than 400 ppm.

3 DATA ANALYSIS
3.1 Systematic noise

Exoplanet transit observations are often dominated byesyatic
noise. Therefore, to improve the precision of the light egnit
is important to determine and minimise this noise source tf®
2009 September 09 observations, the brightest compartan(ts)
on the field was affected by systematic noise. This can glézal
seen in Figur€l2, where we show the flux of c1 relative to the en-
semble of comparison stars used in the final 2009 WASP-21 ligh
curve. This shows a variation of 400 ppm. We found that thgs sy
tematic noise was correlated with the star position in theDCC
which during the transit observation varied by 10 pixelstia
direction and 8 in they. Given that we used an aperture radius of
22 pixels, this implies that only half of the pixels used tofpam
aperture photometry were common for the duration of the mbse
vation. Hence, we concluded that the systematic noise wadalu
variations in the pixel-to-pixel sensitivity which weretraorrected
by flat fielding. In fact, the systematic noise is slightly lnég if we
flat field the data. Our master flat is a combination of 150 feme
each with a mean of 35000 counts. The uncertainty in thisSlat i
0.5 millimags per pixel which is smaller than the photonegriror
(~ 4.4 milimags per unbinned point) and the observed systematic
noise. After careful analysis of the data, we found that theam-
parison star crossed a reflection feature in the CCD thatédtaio
dependent (LT is on an alt-azimuth mount) and thus was net cor
rected by flat fielding. This experience demonstrates theitapce
of good guiding in decreasing the sources of systematienbithe
observations were performed in focus and assuming thegeeis
1 arcsec, the FHWM would have been2 pixels. Using an aper-
ture radius ofl.5x FWHM = 3 pixels, it would have implied that
there were no common pixels during the observations. Thexef
we infer, if the observations were focused, the amount afesys
atic noise would have doubled. Note that the defocussing doge
affect the guiding since the guide camera is always keptdndo
After this incident the RISE instrument was upgraded. The
source of the reflected feature was identified and removexl tihe

system’s stability. This led to an improvement in the priecisof

the light curves which is evident in the latest light curve/¢ASP-

21 taken after the upgrades (see Fig. 1). In the November 2010
observations the variation in position is less than 2 pikekhe x
direction and 4 pixels in thg.

3.2 Photometricerrors

An accurate estimate of the photometric errors is impottiaat-
tain reliable system parameters. Our first estimate of efogreach
light curve includes only the shot noise, readout and bankut
noise, which underestimates the true errors. To obtain & mesr
liable estimate we begin by scaling the errors of each ligihte

so that the reducegd? of the best fitting model is 1.0. This re-
sulted in the multiplication of the errors by97, 1.22 and 1.44,

for the 2008, 2009 and 2010 light curves, respectively. Viém th
calculated the time-correlated noise following the praredrom
Gillon et al. (20009). Using the residuals of the best fit mopdel es-
timated the amplitude of the red noigg, to be 150 ppm, 250 ppm
and 150 ppm, for the 2008, 2009 and 2010 light curves, respec-
tively. These were added in quadrature to the rescaled ptatto
ric errors and were used in the final Markov Chain Monte Carlo
(MCMC) chains. However, Carter & Wihn (2009) found that this
“time-averaging” method of estimating the correlated aaian still
underestimate the uncertainties by 15-30 per cent.

3.3 Determination of system parameters

To determine the planetary and orbital parameters, we fitied
three RISE light curves of WASP-21b simultaneously. We used
the|Mandel & Agal (2002) transit model parametrised by the no
malised separation of the planef,R., ratio of planet radius to star
radius, R,/ R, orbital inclination,:, and the transit epocty, of
each light curve. Our model was originally developed to meas
transit timing variations of exoplanets. Following Boudthal.
(2010) that found no evidence for a significant orbital etideity

of WASP-21b we adopt a circular orbit. We included the quédra
limb darkening (LD) coefficients for the RISE filter V+R frore
models of Howarlh (2011} = 0.45451 andb = 0.210172. These
were calculated fofl. sy = 5800 K, log g=4.2 and [M/H] =-0.5
to match the stellar parameters from Bouchy et al. (2010)iniYe
tially kept the limb darkening parameters fixed during theHr
each light curve, we included two extra parameters to addoua
linear normalization. Therefore, 12 parameters were fiBedides
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the linear normalization, no extra trends were removed ftoen
light curve.

To obtain the best fit parameters and uncertainties, we used a

MCMC algorithm (e.g. Tegmark et @al. 2004; Collier Cameroalet
2007 Gibson et al. 2008). We begin by calculating fRestatistic
of a set of proposed parameters,

N 2
2 (fi —my)
=)
j=1 J

where f; is the flux observed at timg m; is the model flux and

o; is the uncertainty of eaclf; as described in Sectidn 8.2. At
each step in the MCMC chain, each proposed parameter is per-
turbed by a random amount which we call a “jump function”. lEac
jump function is proportional to the uncertainty of eachgmaeter
multiplied by a random Gaussian number with mean zero artd uni
standard deviation. The new parameter set is accepted vabiap

bility,
P:min(l,e:cp( )),

where Ay? is the difference in the? of subsequent parameters
sets. Note, the new parameter set is always accepted yfiis
lower than the previous parameter sBt£ 1). The jump functions
are scaled by a common factor in order to ensure 26% of the
steps are accepted, as suggested by Tegmark et all (200&9tiTo
mate the uncertainty of each parameter and calculate thzfjume-
tions, an initial MCMC fit was performed. With these jump func
tions, we computed seven MCMC chains each of 150 000 points
and different initial parameters. The initial 20% of eachichthat
corresponded to the burn in phase were discarded and thaniegra
parts merged into a master chain. We estimated the best ditrpar
eter as the mode of its probability distribution and the fimits

as the value at which the integral of the distribution eq0a8<1%
from both sides of the mode. We computed lthe Gelman & Rubin
(1992) statistic for each fitted parameter and concludetciain
convergence was good.

To test how the limb darkening coefficients affect the detive
system parameters, we repeated the MCMC procedure alsw fitti
for the linear LD ‘a” which is the most sensitive to the observ-
ing filter. The quadratic LD coefficient, = 0.210172, was kept
fixed, because as reported|by Gibson et al. (2008), the higgti-pr
sion of the RISE light curves is not enough to fully constrtiia
LD coefficients (i.e., the MCMC does not converge when fitting
both coefficients). We restricted the linear LD coefficiembe the
same for all the light curves since they were all taken withsame
filter. Therefore, in the second MCMC procedure we fitted 13 pa
rameters. We estimated= 0.337 + 0.034.

@)

2

Ax
2

)

4 RESULTS

Comparing the fitted and fixed LD solutions, we concluded that
although the fitted linear LD coefficient is statisticallgsificantly
different from the theoretical value, this does not afféet derived
system parameters to any extent. The two solutions aremiith

of each other. Contrary to what was found by other authors,(e.
Gibson et al. 2008; Southwolith 2008), the uncertaintiehefitted

LD solution are slightly smaller than those of the fixed siolut
The x? of the fitted LD solution is similar to the fixed LD solution
which does not justify the addition of an extra free paramigtéhe

fit. Consequently, we conclude that our light curve is of ffisient

Table 1. Time residuals from the linear ephemeris.

Epoch  Time residuals (sec)  Uncertainty (sec)
-78 11 40
0 -7 24
102 8 30

Table 2. WASP-21 system parameters derived from the mcmc

Parameter Value

Normalised separation/ R
Planet/star radius rati&, / R

+0.19
9.6819-19

+0.00082
0.10705Z 50086

Orbital inclination! [degrees] 87.34 + 0.29
+0.043
Impact parametel [ R.] 0.45870_036‘
Transit duratiori’r [days] 0.14301 00015
Stellar density. [pe] 0.65210 550

quality to better constrain the linear LD relative to thati@eed by

theoretical models and we choose to present the fixed LDisnlut
The estimated transit times, combined the original ephismer

(Bouchy et al. 2010) were used to update the linear ephemeris

T.(HJD) = T(0) + EP. ®3)

We found P 4.3225060 =+ 0.0000031 and 7o
2455084.51974 + 0.00020 which was set to the mid transit time of
the 2009 light curve. This ephemeris was used in the final MCMC
procedures.

For future reference, the time residuals from the linear
ephemeris are given in Tallé 1. We conclude that the timel+esi
uals of WASP-21b are consistent with a linear ephemeris.

The geometric system parameters of WASP-21 and éhant
certainties derived from the MCMC analysis with fixed limbylda
ening coefficients are given in Tallé 2. These parametersliare
rectly measured from the transit light curve and are onlykiyea
dependent of stellar properties through the limb darkeriag
efficients. Note, all the derived parameters presented eTa
were calculated at each point of the chain. Therefore, tha fin
derived values and errors were determined from their piitityab
distribution as done for the fitted values. We obtain a sigaifily
lower density than was previous reported in the discovepepa
p« = 0.84 £ 0.09p0).

4.1 Stellar mass and age

To obtain the stellar and planetary physical propertiesgéomet-

ric parameters have to be scaled with the stellar mass. Tie ne
high quality transit light curves give a direct estimate loé stel-

lar density. This allows a more accurate estimation of atetlass
than log g derived from spectral analysis (Sozzetti &t &720Cur-
rently there are two main methods to derive the stellar mass f
the stellar density. The first uses isochrones and massstfemia
stellar models (Sozzetti etlal. 2007) and the second usespin-e
ical calibration derived from stellar eclipsing binaride(res et al.
2010; Enoch et al. 2010).

Bouchy et al.|(2010) derived the stellar mass through the em-
pirical calibration betweeff. s, p. and [Fe/H](Torres et &l. 2010)
with the parametrisation of Enoch et al. (2010). Following same
procedure, with the improveg., we derive a stellar mass of
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Figure 3. Isochrone models (solid lines) from_Demarque éetlal. (2004)
for WASP-21 using [Fe/H] =0.47 and [M/H] =0.4 from|Bouchy et al.
(2010). The age in Gyr is marked in the left of the respectioeleh We also
show the mass tracks (dashed lines) for a stellar mas$06.9, 0.86 and
0.8M¢ . We overplot theT, ; ; = 5800 value adapted from Bouchy et al.
(2010) and the newp.. /pe ) ~1/3.

1.02 & 0.05Mg. In Table[3 we present the mass and radius of
WASP-21 and WASP-21b and the luncertainties derived from
the MCMC for a stellar mass df024+0.05M¢ . We obtain a signif-
icantly larger stellar and planetary radius than previpusported.
This is due to the main-sequence assumption in the previwals a
ysis which as discussed below is found to be invalid.

We also estimate the stellar mass from stellar models by-inte
polating the Yonsei-Yale stellar evolution tracks by Dequer et al.
(2004) using the metallicity from Bouchy et al. (2010). Theso-
lution tracks are plotted in Figufg 3 along with the positioih
WASP-21. From the isochrones, we estimate a lower mass of
0.86+0.04M¢ and an age of2+2 Gyr for WASP-21. In FigurEl4,
we also show the evolutionary tracks for stellar massesip0195,
0.86 and 0.8Vl adapted from Demarque et al. (2004). These sug-
gest that WASP-21 is close to, or is already in the hydrodesils
burning phase and hence is evolving off the main-sequerfus. T
implies that the assumption of a main sequence mass-raglas r
tionship in the original analysis of Bouchy ef al. (2010)asify.

There is a significant difference between the mass derived
from evolutionary models)/,. = 0.86+0.04Mg,, and the mass de-
rived from the empirical calibration\/,. = 1.02 £+ 0.05Mg. In the
past, the Torres et al. (2010) calibration was found to begeex
ment and a more straight-forward alternative to the stefladels
(Torres et al. 2010; Enoch et/al. 2010). Moreover, it has thaa-
tage that it can be directly included in a transit fitting rdare
(Enoch et all 2010). However, recently the same discrepaeey
tween empirical and isochrone masses was also found for WASP
37 (Simpson et al. 2011) and WASP-39 (Faedi et al. 2011). The
Torres et al.|(2010) eclipsing binaries sample used fobrating
their relationship does not contain many low-metalliciigtems, in
particular in the low-mass regime. Therefore, this suggtett the
Torres et al.[(2010) calibration might not hold for metal petars
specially in the low mass regime. For these reasons, for WABP
we favour the lower mass derived from the evolution modets. F
a stellar mass oM. = 0.86 + 0.04M we present the stellar and
planetary radii for the WASP-21 system in Table 3 along wité t
1o uncertainties derived from the MCMC analysis.
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Figure 4. Evolutionary mass tracks from_Demarque etal. (2004) for the
same stellar parameters as [Elg. 3 from left to right for atefiasses of 1.0,
0.95, 0.86 and 0.81 . WASP-21 position is in the 0.8Bl evolutionary
mass track for which we also show the 8, 10, 12, and 14 Gyr goint

Table 3. WASP-21 system stellar and planetary parameters deriveg as
ther the empirical calibration bf Torres et al. (2010) orYhéstellar models
(Demargue et al. 2004).

Torres models YY models
Stellar mass\/. [M@] 1.02 £ 0.05 0.86 +0.04
Stellar radiusR. R« [Re] 1.16175:937 1.09779-032
Stellar surface gravitjog g« [cgs] 4.32 +0.02 4.29 +0.02
Orbital semimajor axis [AU] 0.052 +0.001  0.0494 £ 0.0009
Planet masa/;, [Mjyp] 0.30 £ 0.01 0.27 £ 0.01
Planet radius?, [Rjyp] 1.21070025 1.143f8;8§g
Planet density, [./] 0.17175:01% 0.18170 030
Planet surface gravitog gp [cgs] 2.71 +£0.02 2.71 £ 0.02

To summarise, we derive a lower stellar mas86+0.04Mg,
and a lower planetary mas8,27 + 0.01M;,,. We estimate the
inclination of the orbit to be87.3 4+ 0.3 degrees. The radius of
the star is found to bé.10 + 0.03 R and the planet radius is
1.144+0.04 Ryup , Yielding a planetary density 6f18 +0.02 ps .

4.2 Eccentricity

Bouchy et al. |(2010) found the eccentricity to be statiditicin-
distinguishable from zero, i.e. the? does not significantly im-
prove when adding the two additional parameters to the laircu
model. For these cases, allowing the eccentricity to floatize
to overestimate the eccentricity (Lucy & Sweeney 1971). déen
Bouchy et al. [(2010) adopted a circular orbit. Assuming altid
dissipation parameter betwedi® and 10°, the circularisation
timescale for WASP-21b is approximately betwe@®17 and
0.17 Gyr, respectively. Since this is much shorter than the dériv
age for the system we expect a circular orbit. However, ifdhe
bit not circular assuming a zero eccentricity results inaredti-
mated uncertainties. Therefore, it is interesting to itigase the
effect of a small non-zero eccentricity in the system patarse
and their uncertainties. As an example, we assume an eiigntr
of 0.04 £ 0.04 which is consistent with the discovery paper. We
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repeated the MCMC procedure allowing the eccentricity tatflo
Because the transit light curves do not constrain the exdcint
we include a prior on the eccentricity of the form:

2
(ecc UgiCCO) 7 @
where we assumeccy = ... = 0.04. This prior is added to
equation 1 at each step of the chain. From the posterior &azign
distribution we obtain an eccentricity 6038 £ 0.036 which is
close to the input value.

The maximum effect of the eccentricity upon the derived pa-
rameters corresponds to the case where the transit ocoses td
periastron ¢ = 90°) or apastrony = —90°). Hence, in order
to investigate the maximum deviation from a circular orbé as-
sumew = 90°. For this particular case by assuming a circular orbit
we would be overestimating/ R., inc andp., and underestimat-
ing the stellar and planetary masses and radii. The oppwsitd
have happen if we have assumed= —90°.

The derived eccentric solution is within one sigma of the cir
cular solution and the uncertainties@fR.., I andp. are~ 30%
larger. This results in an increased uncertainty~of30% on the
radii and~ 20% on the masses. Hence, we conclude that if the or-
bit eccentricity is< 0.038 the system parameters would be within
~ 1.30 of the values given in Tables 2 and 3.

5 DISCUSSION AND CONCLUSION

We have presented two high quality transit light curves of SRA
21b taken with RISE. Together with the previous RISE patftat-

sit, these were fitted with an MCMC procedure to update the pa-
rameters of the system. We have been conservative in oures+o
timates by scaling thg? and by including time correlated noise in
our analysis.

The derived stellar densify, = 0.65 & 0.05p¢ and the esti-
mated age for the systert2 + 2 Gyr, suggest that WASP-21 is in
the process of evolving off the main sequence. Therefoeanthin-
sequence mass-radius relation assumed for WASP-21 ingbevdi
ery paper was invalid which led to a significant overestioratf
the stellar density, thus affecting the derived planetaoperties.
Using the stellar models of Demarque et al. (2004), we ddrive
significantly lower stellarp/, = 0.86 £+ 0.03Me, and planetary
mass,M, = 0.27 £ 0.01M,,. This lower host star mass some-
what compensates the lower stellar density which resuléssiel-
lar radius which is withinlo of the one presented by Bouchy et al.
(2010).

We obtained a slightly larger planetary radidg, = 1.14 +
0.04 Ryup, for WASP-21b than previously reported. Fortney et al.
(2007) hydrogen/helium coreless models predict a radius- of
1.06 Re which is consistent withirRe with our estimated ra-
dius without the need for any extra heating mechanism. ®wello
ing [Laughlin et al. [(2011) we compute a radius anomaly,=
0.09, for WASP-21b. This supports the correlation reported by
Laughlin et al. |(2011), i.eR = T/ss, whereT.q. is the equilib-
rium temperature of the planet, which 4s 1320K for WASP-
21b.|Bouchy et al.[ (2010) argued that the density of WASP-21b
strengthens the correlation between planetary densityhaststar
metallicity for hot Saturns| (Guillot et al. 2006). With theldi-
tion of the latest Saturn-mass planet discoveries (e.g. WAS,
Faedi et al. 2011; WASP-40, Anderson €t al. 2011) this catici
appears weaker. However, if we scale for the equilibriumpem
ature with, for examplér, the correlation with metallicity is still

strong (see Figure 6 in_Faedietal. 2011). Moreover, theeeorr
lation also holds for the more massive planets (see Figune 3 i
Laughlin et all 2011).

Exoplanet transit light curves are often affected by system
atic noise that can in some cases dominate the photomeige.no
Therefore, it is important to minimise the sources of sysiten
noise. In Section 3.1, we show an example of systematic noise
present in our exoplanet transit observations and sughatthe
first step to decrease this noise is to maintain the star isdhge
pixel position in the CCD during the observations. We continat
defocused observations can also help decreasing systemoée,
as well decreasing deadtime losses and hence improvingthed-s
to-noise [(Southworth et al. 2009). The systematic noiseuimob-
servations was due to the variation of the stellar positmoss the
CCD.
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