arXiv:0907.3356v1 [astro-ph.SR] 20 Jul 2009

Mon. Not. R. Astron. Soc. 000, 000-000 (0000) Printed 9 September 2009 (MN IATEX style file v2.2)

High-precision photometry by telescope defocussing. II.
The transiting planetary system WASP-4*

John Southworth 't, T. C. Hinse >3, M. J. Burgdorf*, M. Dominik °}, A. Hornstrup,
U. G. Jgrgensen ?, C. Liebig’, D. Ricci®, C. C. Thone™!, T. Anguita’, V. Bozza "2,
S. Calchi Novati 12, K. Harpsge 2, L. Mancini '''*2, G. Masi '*, M. Mathiasen 2,

S. Rahvar '*, G. Scarpetta 2, C. Snodgrass '®, J. Surdej®, M. Zub’

I Department of Physics, University of Warwick, Coventry, CV4 7TAL, UK

2 Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, Copenhagen @, 2100, Denmark

3 Armagh Observatory, College Hill, Armagh, BT61 9DG, Northern Ireland, UK

4 Deutsches SOFIA Institut, Universitaet Stuttgart, Pfaffenwaldring 31, 70569 Stuttgart, Germany

5 SUPA, University of St Andrews, School of Physics & Astronomy, North Haugh, St Andrews, KY16 9SS, UK

6 National Space Institute, Technical University of Denmark, Juliane Maries Vej 30, Copenhagen @, 2100, Denmark

7 Astronomisches Rechen-Institut, Zentrum fiir Astronomie, Universitit Heidelberg, Ménchhofstrasse 12-14, 69120 Heidelberg, Germany
8 Institut d’Astrophysique et de Géophysique, Université de Liége, 4000 Liége, Belgium

9 Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, Copenhagen @, 2100, Denmark
10 INAF, Osservatorio Astronomico di Brera, 23807 Merate, Italy

1 Dipartimento di Fisica “E. R. Caianiello”, Universita di Salerno, Baronissi, Italy

12 Instituto Nazionale di Fisica Nucleare, Sezione di Napoli, Italy

13 Bellatriz Observatory, Centre for Backyard Astrophysics, Ceccano (FR), Italy

4 Department of Physics, Sharif University of Technology, Tehran, Iran

15 Buropean Southern Observatory, Casilla 19001, Santiago 19, Chile

9 September 2009

ABSTRACT

We present and analyse light curves of four transits of the Southern hemisphere extra-
solar planetary system WASP-4, obtained with a telescope defocussed so the radius
of each point spread function was 17" (44 pixels). This approach minimises both ran-
dom and systematic errors, allowing us to achieve scatters of between 0.60 and 0.88
mmag per observation over complete transit events. The light curves are augmented
by published observations and analysed using the JKXTEBOP code. The results of this
process are combined with theoretical stellar model predictions to derive the physical
properties of the WASP-4 system. We find that the mass and radius of the planet
are My, = 1.289 T0-050 10085 Myyp and Ry, = 1.371 10052 T0-650 Ryup, respectively
(statistical and systematic uncertainties). These quantities give a surface gravity and
density of g, = 17.03 7027 ms~2 and py, = 0.500 75332 +6-090 5 5,p, and fit the trends
for short-period extrasolar planets to have relatively high masses and surface gravities.
WASP-4 is now one of the best-quantified transiting extrasolar planetary systems, and
significant further progress requires improvements to our understanding of the physical
properties of low-mass stars.

Key words: stars: planetary systems — stars: individual: WASP-4 — stars: binaries:
eclipsing

1 INTRODUCTION

The discovery of the first extrasolar planet (Mayor & Queloz
1995) heralded the arrival of a new field of astronomical re-
* Based on data collected by MiNDSTEp with the Danish 1.54m search: the investigation of how planets form‘ and evolve. To
telescope at the ESO La Silla Observatory date over 350 extrasolar planets have been discovered, most
+ E-mail: jkt@astro.keele.ac.uk through the radial velocity motion of their parent stars. The
1 Royal Society University Research Fellow resulting sample is statistically valuable, but only limited
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information can be extracted for individual objects. The ex-
istence of transiting extrasolar planets (TEPs) provides the
solution to this problem, as for these objects it is possible to
determine their masses, radii and temperatures, and hence
surface gravities, densities and to some extent chemical com-
positions. At present about fifty TEPs are known, but the
discovery rate is increasing fast.

Our ability to determine the physical properties of a
TEP is very dependent on the quality of the available ob-
servational data. [Southworth (2008, 2009) presented an ex-
haustive study of fourteen TEPs, to provide an homoge-
neously measured set of physical properties which can form
the basis of statistical studies of these objects. This work
highlighted the fact that measurements of the properties of
TEPs depend critically on the quality of their transit light
curves. The limiting factor for such observations is that the
transits are very shallow (only a few percent of the star’s
light is lost) so it is only possible to measure transit shapes
well if observational errors are very low.

In Paper I (Southworth et al.l2009) we investigated tele-
scope defocussing as a way to minimise the random and
particularly the systematic errors which afflict astronomical
time-series photometry. This technique has a long history
but has only very recently been regularly applied to charge-
coupled device (CCD) observations (see references in Pa-
perI). The most important advantage is that flat-fielding
errors decrease according to the square-root of the number
of pixels in a point spread function (PSF), so the effects
of flat-fielding can be lowered by orders of magnitude com-
pared to focussed observations. Changes in atmospheric see-
ing and telescope pointing affect photometry through flat-
fielding errors, so are similarly diminished. Another benefit
is that longer exposure times are possible without saturat-
ing the CCD, which can thus be read out less often. The
main downside is that more background light is collected,
but for many situations this is unimportant. The signal-to-
noise calculations presented in Paper I show that the opti-
mum defocus, in the sense of achieving the best signal to
noise per unit time, is surprisingly large and can lead to
exposure times of many hundreds of seconds even during
periods of high sky brightness. The limiting factor is actu-
ally the need to adequately sample the temporal variation
of transit events.

In this work we present defocussed photometric ob-
servations of four transits of the Southern TEP WASP-
4, which was discovered by the SuperWASP collaboration
(Wilson_et. all [2008). This object has since been studied
by |Gillon et al! (2009), who used the Very Large Telescope
(VLT) to observe one transit, and (Winn et all (2009), who
measured two transits with the Magellan Baade telescope.
These two studies both used defocussing to improve their
photometric precision, and the larger telescope apertures
(8.2 and 6.5m) also allowed a relatively high observing
cadence. Our observations used a 1.5m telescope, have a
photometric precision comparable to those of |Gillon et al.
(2009) and [Winn et al! (2009), and cover more transit events
but at a lower sampling rate. In this work we will analyse
these three sets of transit observations, plus those obtained
by [Wilson et all (2008) using the 1.2 m Euler telescope. Our
methods are identical to those used by [Southworth (2008,
2009), so are fully homogeneous with the physical properties
of fourteen TEPs determined in these works.
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Figure 1. Surface plot of the PSF of WASP-4 in an image taken
at random from the observing sequence on the night of 2008 Oc-
tober 1st. The = and y axes are in pixels. The lowest and highest
counts are 587 and 25823 electrons, respectively, and the z axis
is on a linear scale.

2 OBSERVATIONS AND DATA REDUCTION

We observed four transits of WASP-4 using the 1.54m
DanisH] Telescope at ESO La Silla and the DFOSC focal-
reducing imager. This setup yielded a full field of view of
13.7'x13.7" and a plate scale of 0.39” pixel™'. The CCD
was windowed down to 1200x1000 pixels to decrease the
readout time from approximately 90s to 30s. An observing
log is given in Table[ll All observations were done through
the Cousins R filter, using exposure times of 120s. The
amount of defocussing was adjusted until the peak counts
per pixel from WASP-4 were roughly 25000 above the sky
background, resulting in a doughnut-shaped PSF with a di-
ameter of about 44 pixels (17”). The pointing of the tele-
scope was maintained using autoguiding, and we did not
change the amount of defocussing during an observing se-
quence. An example PSF is shown in Fig.[Il

Several images were also taken with the telescope prop-
erly focussed, and were used to verify that there were no
faint stars within the defocussed PSF of WASP-4 which
might dilute the transit depth. We found that the closest
detectable star is much fainter and at a distance of 31" (78
pixels), so the edge of its PSF is separated from that of
WASP-4 by 34 pixels in our defocussed images. The closest
star of similar to or greater brightness than WASP-4 lies 80"
away. We conclude that no stars interfere with the PSF of
WASP-4.

Data reduction was performed in the same way as in
PaperI, so we only give a summary here. We used a cus-
tom pipeline written in the IDIS] programming language and
using the DAOPHOT package (Stetson [1987) to perform aper-
ture photometry with the APER routine (distributed as part

1 Information on the 1.54m Danish Tele-
scope and DFOSC can be found at
http://www.eso.org/sci/facilities/lasilla/telescopes/dip5/
2 The acronym IDL stands for Interactive Data Language and
is a trademark of ITT Visual Information Solutions. For further
details see http://www.ittvis.com/ProductServices/IDL.aspx.
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Table 1. Log of the observations presented in this work. Nyps is the number of observations and ‘Moon’ is the fractional illumination of

the Moon at the midpoint of the transit.

High-precision defocussed photometry of WASP-4

3

Date Start time (UT) End time (UT) Nops Exposure time (s)  Filter Airmass Moon  Scatter (mmag)
2008 08 19 04:47 10:24 134 120.0 Rc 1.11 — 1.03 — 1.54  0.936 0.84
2008 08 23 04:30 10:19 126 120.0 Rc 1.10 — 1.03 — 1.59  0.580 0.88
2008 09 23 01:15 05:04 88 120.0 Rc 1.27 — 1.03 — 1.04  0.402 0.75
2008 10 01 00:57 05:27 103 120.0 Rc 1.23 — 1.03 — 1.10  0.035 0.60
% % . % Table 2. Excerpts of the light curve of WASP-4. The full dataset
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Figure 2. Final light curves of WASP-4 from our four nights of
observations. The error bars have been scaled to give x2, = 1.0
for each night, and are mostly smaller than the symbol sizes.

of the ASTROLIH] library). Apertures were placed by eye
then fixed throughout each observing sequence. The aper-
ture which gave the most precise photometry was of radius
26 pixels, with a sky annulus of 33-50 pixels; the shape of
the light curve is not sensitive to the aperture sizes.

Five comparison stars were measured on each im-
age, and subsequently checked for short-period variability.
Many differential-magnitude light curves were calculated for

3 The ASTROLIB subroutine library is distributed by NASA. For
further details see http://idlastro.gsfc.nasa.gov/.
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WASP-4 and between comparison stars. Slow variations in
brightness were observed for almost all of these, and are at-
tributable to atmospheric effects. We therefore defined time
intervals outside transit events and fitted straight lines to
the magnitudes to rectify the light curve shape. Simultane-
ously with this procedure, the comparison stars were com-
bined into a weighted ensemble which produced the final
light curve with the least scatter in the intervals outside
transit. We found that including flat-field corrections pro-
vided only a slight improvement in every case, as the tele-
scope pointing was good, and that accounting for the CCD
bias had a negligible effect. We have applied bias and flat-
field corrections to generate our final light curves, which are
shown in Fig.[2l and reproduced in Table2l The scatter in
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the final light curves varies from 0.60 to 0.88 mmag, and the
most precise data were obtained in dark time when the sky
background was low.

3 LIGHT CURVE ANALYSIS
3.1 Period determination

The first step in defining the physical properties of the
WASP-4 system is an accurate orbital ephemeris. We have
obtained individual times of mid-transit by analysing the
data from our four nights separately, using the JKTEBOP
code and Monte Carlo simulations (see below). These have
been supplemented by the two transit timings given by
Winn et al! (2009) and the five listed by |Gillon et all (2009)
found from their ‘prayer-bead’ analysis.

We have assigned cycle numbers to the times of min-
imum light, taking as reference epoch the midpoint of our
first transit (which by coincidence is the same transit event
as the first one observed by [Winn et all 2009), and fitted
a straight line to the transit timings. We find an orbital
ephemeris of

To = HJID 2454 697.797488(31) + 1.33823150(61) x E

where E is the number of orbital cycles after the reference
epoch and quantities in parentheses denote the uncertainty
in the final digit of the preceding number. The reduced x>
of the fit is x,2 = 1.35, which suggests the possibility that
the orbital period is not constant. The transit timings are
collected in Table[ along with the residuals of the straight-
line fit, which plotted in Fig.[8l

In the course of measuring the times of minimum light
given by our data, we found that the absolute sizes of the ob-
servational error bars delivered by our pipeline (which orig-
inate from the APER algorithm) are not reliable. We have

rescaled the error bars by multiplying them by +/x.2? to
give X2 = 1.0 (Bruntt et al!l2006; |Southworth et all[2007a),
treating each night individually.

3.2 Light curve modelling

We have analysed the light curves using an identical ap-
proach to that discussed in detail by [Southworth (2008). We
therefore retain homogeneity with the fourteen TEPs anal-
ysed in that work, as well as with our study of WASP-5 (Pa-
perI). The light curves were modelled using the JKTEBOH]
code (Southworth et all |2004ab), which is based on the
EBOP program originally developed for eclipsing binary star
systems (Popper & Etzel [1981; [Etzel [1981; [Nelson & Davis
1972). This simulates the two components using biaxial
spheroids, so allows departures from sphericity. The param-
eter which governs the shapes of the components is the mass
ratio; we have adopted the value 0.0013 and find that even
large changes have a negligible effect on the solution.

The main results from the light curve analysis are the
best-fitting orbital inclination, 7, and fractional radii of the
star and planet, ra = B% and 7, = }Z , where Ra and Ry
are the absolute radii of the components and a is the orbital

4 JKTEBOP is written in FORTRAN77 and the source code is avail-

able at http://www.astro.keele.ac.uk/~jkt/

Magellan

Normalised flux

0.85 -

v b v v by by |

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Orbital phase

Figure 4. Phased light curves of WASP-4, compared to the best
fits found using JKTEBOP and the quadratic LD law with both
LD coefficients included as fitted parameters. Top is from the
Danish telescope (this work); second is from the Euler telescope
(Wilson et alll2008); third from the VLT (Gillon et al!l2009); last
is from Magellan (Winn_et all|2009). The residuals of the fits are
plotted at the bottom of the figure, offset from zero.

semimajor axis. ra and 7, are actually parameterised as
their sum and ratio, (ra+r,) and k = :—‘2, because these
two quantities are only weakly correlated for a wide variety
of transiting planet and other eclipsing binary systems.

We included the limb darkening (LD) of the star us-
ing five different LD laws (see |[Southworth [2008 for their
definition) with the coefficients of these laws either fixed at
theoretically predicted values, included as fitted parameters,
or perturbed around theoretical values. The theoretical co-
efficients were obtained by bilinear interpolation in the tab-
ulations of [Van Hamme (1993), (Clareti (2000, 2004a) and
Claret. & Hauschildtl (2003).

The uncertainties of the fitted parameters were as-
sessed using 1000 Monte Carlo simulations for each solu-
tion (Southworth et all|2004d, |2005b). We have also tested
for correlated (‘red’) noise using the residual-permutation
method (Jenkins et all 2002), finding a small but signifi-
cant amount which is probably of instrumental origin. How-
ever, it is possible that it is caused by spots on the sur-

© 0000 RAS, MNRAS 000, 000-000
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Figure 3. Plot of the residuals of the times of mid-transit of WASP-4 versus a linear ephemeris. Some error bars are smaller than the

symbol sizes.

face of the parent star, based on the shapes of our transit
light curves at HJDs 2454701.79 and 2454732.61 (Fig.[2).
The other two transits, one of which was also observed by
Winn et all (2009), are seemingly unaffected.

At the request of the referee we have calculated the
parameter (3, a measure of the systematic noise contribution
(Winn et all2007; |Gillon et al![2006; Winn et al![2008), for
comparison with other works. We evaluated ( values for
individual transits and for groups of between two and ten
datapoints. The average values of 3 over these groups are
1.03, 1.40, 1.41 and 1.14 for our four observing sequences. We
emphasise that we do not use these numbers in our analysis,
but account for systematics using the residual permutation
approach instead.

The final light curve fits consist of sets of best-fitting pa-
rameter values with Monte Carlo uncertainties, for each LD
law and for different combinations of fixed /perturbed/fitted
LD coefficients. In each case the linear coefficient is repre-
sented by ua and the nonlinear coefficient by va. The solu-
tions for all LD coefficients fixed are given in Table[d] and
for all LD coefficients fitted in Table[l The latter solutions
are clearly better, indicating that the theoretical LD coef-
ficients are not a perfect match to the data. We therefore
adopt these solutions, with uncertainties which have been
increased to account for the correlated noise discussed in
the previous paragraph. A fit to the data is shown in Fig.[4]
for which the rms of the residuals is 0.85 mmag.

In order to maximise the accuracy of the final results, we
have also analysed the data obtained by|Gillon et all (2009),
Winn et all (2009), and the Euler Telescope data presented
by (Wilson et all (2008). The full sets of solutions of all four
light curves are given in the Appendix] (Tables [AT] [A2] [A3]
and [A4). In each case we adopted the results for both LD
coefficients fitted, and performed Monte Carlo and residual
permutation analyses to obtain the final errors. The best fits
are shown in Fig.[] and the final parameters for each light
curve are collected in Table[6l

Also in Table[f] are the final photometric parameters,
obtained by averaging our four sets of results for the individ-
ual datasets. We found that the x.2 values for these averages
are generally noticeably greater than unity (between 1.1 and

5 The Appendix is available only in the electronic version of this
work.
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2.3), which suggests that there is additional uncertainty not
picked up by our random or systematic error analyses. The
error bars in our final photometric parameters have been in-
creased to account for this additional uncertainty. The situ-
ation for WASP-4 echoes that for HD 189733 and HD 209458
(Southworth2008) and should probably be attributed to the
effects of starspots. One corollary of this phenomenon is that
a detailed study of a TEP cannot rest on high-precision pho-
tometry of only a single transit: the additional uncertainty
may then exist but not be detectable.

4 THE PHYSICAL PROPERTIES OF WASP-4

The parameters determined from the light curve analysis
are not enough in themselves to calculate the physical prop-
erties of the components of the WASP-4 system, so addi-
tional constraints must be sought from other types of ob-
servations and also from theoretical models of stellar evo-
lution. The observational constraints are the velocity am-
plitude of the parent star, Ka = 24746J_réi;9msfl, plus
its spectroscopically-derived effective temperature and sur-
face metal abundance, Teg = 5500 £+ 100 K and [%} =
—0.03 £+ 0.09 dex (Gillon et all [2009). For theoretical con-
straints we use tabulations from the Claret (Claretl [2004b,
2004, 2006, [2007), Y? (Demarque et all 2004) and Padova
(Girardi et all[2000) models.

Our approach follows that of [Southworth (2009): the
above input quantities are specified and the (unknown) ve-
locity amplitude of the planet is freely adjusted to find the
best match between the properties of the star and the predic-
tions of one of the sets of theoretical models. The process is
repeated many times whilst varying each input quantity by
its 1o uncertainty, building up a complete picture of the solu-
tion and its random-error budget (Southworth et al!l2005a).
There is a clear theoretical dependence arising from the use
of stellar models in this procedure, and a lower limit on the
resulting systematic errors are inferred by comparison be-
tween the results for the three different sets of theoretical
predictions. This is only a lower limit because independent
models have some physical ingredients in common, for ex-
ample opacity tables. As an external check we ignore the
stellar models and instead force the star to match an empir-
ical mass—radius relation, constructed by [Southworth (2009)
from well-studied eclipsing binary star systems. There is one
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Table 4. Parameters of the JKTEBOP best fits of the light curve of WASP-4 for different LD laws with the coefficients fixed at theoretically
predicted values. For each part of the table the upper quantities are fitted parameters and the lower quantities are derived parameters.

Tp is given as HJD — 2454000.0.

Linear LD law

Quadratic LD law

Square-root LD law

Logarithmic LD law

Cubic LD law

+0.0021 +0.0018 +0.0020 +0.0021 +0.0020
A+ T 0.2103 T puce 0.2097 Zyagoe. 0.2097 T oude. 0.2099 00t 0.2092 s
k 0.152457 " 50029 0.153457 " 50023 0.153227 ) 50025 0.15316 7 50024 015377 50026
i (deg.) 89.841961 89.8270-59 89.9719-52 89.9719-19 89.731056
UA 0.60 fixed 0.40 fixed 0.25 fixed 0.70 fixed 0.50 fixed
VA 0.25 fixed 0.50 fixed 0.23 fixed 0.10 fixed
To 365.91689475-000047  365.916893 70090041 365.91689470-09094F  365.91689470:990945 365916894 10500043

+0.0018 +0.0015 +0.0017 +0.0018 +0.0016
™ 183388 01818 :098% 0181 9398 o To 088, 01813 8:0981,
Tb 0.02782T ) 50011 0.02790Z 50010 0.02786 )’ 50009 0.02787Z 50008 0.02788 )" 50009
o (mmag) 0.8792 0.8576 0.8558 0.8555 0.8553
X2y 1.4308 1.3189 1.3187 1.3164 1.3107

Table 5. Parameters of the JKTEBOP best fits of the light curve of WASP-4 for different LD laws with all LD coefficients included as
fitted parameters. For each part of the table the upper quantities are fitted parameters and the lower quantities are derived parameters.

To is given as HJD — 2454000.0.

Linear LD law

Quadratic LD law

Square-root LD law

Logarithmic LD law

Cubic LD law

A+ 0.2085 00037 0.2088 0027 0.2005° 00017 0.2001 00027 0.2008° 0022
k 015471 T0 000 01sas 0 osaneTO00e  oasaastlE osaasTh U0l

i (deg.) 89.3010 76 90.0019-59 89.581957 89.571972 89.3679-92

un 050170012 0.47670 010 0.27670 2% 05050117 0.49370 028

vA 0.081 %5135 041250 216 0.114%0 10 0.093%0 125

To 365.91689475-000039  365.9168857 0000052 365.916885 70 090025 365.916885T0 000022 365.916884 10 500050
" 0150670002 0.1800+0 0019 0.18157 00017 0.1512° 0 001 0.1814%0 0018
™ 00279415 G015 0.027915566;7 0.02794 505617 0.02794 755607 0.02797 5 50077
o (mmag) 0.8568 0.8518 0.8517 0.8517 0.8518

Xea 1.3115 1.1364 1.1362 1.1364 1.1365

output parameter which has no dependence on the mass—
radius relation or theoretical predictions: the surface gravity
of the planet (Southworth et all|2004d, [20071).

Table[l] shows the results of the above process for
WASP-4, taking the light curve parameters from Section[3]
and the Ka, Teg and [%} from |Gillon et al! (2009). The
variations between results for different sets of stellar models
are most important for a and Ma, but for all parameters
the systematics are similar to or smaller than the random
errors. The results found using the mass—radius relation dif-
fer by a similar amount to the systematic errors, being in
general smaller. This probably sets an upper limit on the
systematic errors in the properties of WASP-4, but further
work is still necessary to illuminate the reasons why theo-
retical models persistently underestimate the radii of low-
mass stars (Clausen [1998; [Torres & Ribas 2002; [Ribas et al.
2008). The Y? models yield the most precise of the age es-
timates, due to the smooth evolution through the main se-
quence predicted by these models, but the age of WASP-4
remains poorly constrained.

In Table[] we give the final physical properties of the
WASP-4 system, including both random and systematic er-
ror estimates for all parameters, and compare these to those
found by other studies. The agreement is in general very
acceptable, even though the error bars are small. WASP-4

therefore joins the relatively small group of best-understood
TEPs, helped by the large amount of high-quality photo-
metric data available for it. The error budgets we find for
its physical properties indicate that an improved value for
the velocity amplitude of its parent star would be useful,
plus an improved understanding of the stellar Teg and [%}
and the systematic errors inherent in the effective tempera-
ture scale of low-mass stars.

5 SUMMARY AND CONCLUSIONS

Transiting extrasolar planets (TEPs) are vital as our pri-
mary source of the physical properties of gas giant planets.
The precision with which we can determine the masses and
radii of these objects is critically dependent on the observa-
tional data we can obtain for them, in particular the qual-
ity of the light curves of transit events. Defocussing your
telescope allows a much better control of systematic effects,
many of which arise through pixel sensitivity variations, and
also lowers the amount of observing time lost to CCD read-
out. Telescope defocussing is rapidly becoming a standard
method for observing TEPs, and in this work we have pre-
sented defocussed observations of four transits of the WASP-
4 system.

We analysed these transit light curves in order to define

(© 0000 RAS, MNRAS 000, 000-000
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Table 6. Final parameters of the fit to the light curves of WASP-4. The results of published studies are included for comparison, and
are without error bars if they were not directly quoted quantities.

Source This work This work This work This work This work Wilson et al. Gillon et al. Winn et al
(final) (Danish) (Euler) (VLT) (Magellan) (2008) (2009) (2009)

ra+r, 02106700019 02001109016 0.210170-09%%  0.210070 503  0.211870-0012 0.2190 0.2078 0.2092

k 0.15399T0-00068  0.1542F00012  0.158679° 0038 0.1541T5:0012 0153747500078 .155270-0016  0.1535315-00038  (.1537510-00

i(°) 88.0 to 90.0 89.679°% 88.8712 88.1179-7 88.6170-5 88.5971-38 89.357053 88.5670 9%

A 0.1825T0-001L 01812700010 0.181475 0028 0.182070002  0.1836710 0012 0.1895 0.1801 0.18271 000

b 0.0281270-00022  0.02794F0-00019 0.0287610-50925 0028051550975 0.02822715-00028 0.02942 0.02764 0.027878

Table 7. Physical properties for WASP-4, derived using either an empirical stellar mass—radius relation or the predictions of different
sets of stellar evolutionary models. Mass, radius, surface gravity and density are denoted by M, R, logg and p, respectively, subscripted
with an ‘A’ for the star and a ‘b’ for the planet.

Mass-radius Padova models Y2 models Claret models

+0.00050 +0.00036 +0.00040

a (AU) 0.022669 + 0.00058 0'02294;8‘888 o0 0'02320;8'6%’8 30 0'02329;8'8%’58
Ma (Mg) 0.867 4 0.067 0.89810- 0.929™0- 0.940™%-
Ra (Ro) 0.889 & 0.024 o.goojﬁfgéllé o.glojﬁfgzé 0.914f§f§2§
logga [cgs] 4.478 £0.012 4.48310-000 4.48810-00% 4.49075-009
pa (po) 123370057 12337005, 12337005, 1.23370°057
My, (Myup) 122170 67 1250100z 127970063 12897 00m
Ry (Ryup) 1.334 £ 0.036 1.350175-032 1.36575-023 1.371109-026
b (ms—2) 17.0379-9% 17.0375-2% 17.0375:2% 17.0375:27

0.033 0.031 0.031 0.032
ob (PIup) 0.51475-933 0.508%)?21 0'502%"820 0'500%»;320
Age (Gyr) 7.3123 55132 6.2153

the photometric parameters for WASP-4 (ra, 7b, ¢ and pe-
riod), with careful attention paid to the incorporation of stel-
lar limb darkening and to the assessment of random and sys-
tematic errors. Three other sets of high-quality light curves
(precision better than 2 mmag per observation) exist in the
literature (Wilson et alll2008;|Gillon et alll2009; Winn et al.
2009), which we have modelled in the same way. Combining
these analyses with our own maximises the quality of the fi-
nal results and minimises the possibility of systematic errors
caused by starspots or instrumental effects. The photometric
parameters were then added to the observed stellar veloc-
ity amplitude, effective temperature and metal abundance
in order to determine the physical properties of the star and
planet in the WASP-4 system. We undertook this step using
additional constraints from theoretical stellar evolutionary
models, and assessed the resulting systematic error by com-
paring results obtained using different sets of models.

We find that WASP-4b has a mass of
M, = 1.289 14000 T005%  Mjup, a radius of
Ry, = 13717492 0081 Rj.p, and a surface gravity
of g = 17.037027 ms2. Its equilibrium temperature
is Teq = 1662 £ 46 K. WASP-4b therefore fits in well

with the trends for short-period planets to have relatively
large masses (Mazeh et all 2005) and surface gravities
(Southworth et all 2007b). Theoretical models of coreless
irradiated gas giant planets (Bodenheimer et al! [2003;
Fortney et all [2007; [Baraffe et all 2008) give predictions
of the radius of WASP-4b ranging from roughly 1.09 to
1.17 Rjup, and are therefore rejected at beyond the 5o
level. Models with a heavy-element core propose smaller
radii and are therefore even more discrepant. However,

© 0000 RAS, MNRAS 000, 000-000

alternative models including an ad hoc additional kinetic
heating source (Bodenheimer et all2003) can satisfactorily
explain the properties of WASP-4b.

The high quality of the available data for WASP-4,
plus the comparative depth of the transits (3%), means
the mass and radius measurements of its planet are
among the most precise available, together with CoRoT-
Exo-2 (Alonso et all 2008), HD 189733 (Pont et all [2007),
HD 209458 (Southworth2009), TrES-3 (Sozzetti et alll2009)
and WASP-10 (Johnson et alll2009). Error budgets indicate
that a more precise velocity amplitude for the parent star
would be useful for better measuring the physical properties
of WASP-4b, but further improvement will require tackling
the systematic errors which are unavoidable in the analysis
of TEPs. The predictions of different sets of theoretical stel-
lar models simply disagree for low mass stars, both between
themselves and with the observed properties of low-mass
eclipsing binary star systems. In the case of WASP-4, this
disagreement is at the 5% level for the mass of the planet
and the 8% level for the star’s mass, with other properties
less affected. This level of disagreement is a problem for in-
ferring the chemical compositions of gas giant planets from
their masses and radii (see|Fortney et al!l2007). For the best-
studied cases, our understanding of TEPs therefore remains
limited by our lack of understanding of low-mass stars.
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Table 8. Final physical properties for WASP-4. Both statistical and systematic uncertainties are included. The corresponding results
from [Wilson et all (2008), |Gillon et all (2009) and [Winn et al! (2009) have been included for comparison. The surface gravity of the
planet has no systematic error as it can be specified by purely observational quantities (Southworth et all2004d, 2007b).

Final result (this work)

Wilson et al. (2008)  Gillon et al. (2009) Winn et al. (2009)

a (AU) 0.02329 +5-00050 +0.0008  0.0230 4-0.001 0.0225570:09095  0.02340 + 0.00060
Ma (Mg) 0.940 T5-090 +0-0°= 0.8997+0-977 0.8510 07 0.925 £ 0.040
Ry (Ro) 0.914 T0020 +0-00° 0.93707 003 0.87310-036 0.912 £0.013
logga [cgs] 4.490 T0613 To-000 o0 4.487T09% 4.4813 £+ 0.0080
oa (po) 123370 020 10040050 12840082 12270011
M, (Mjup) 1.289 10099 0059 1.21570:0%¢ 1217008 1.237 £0.064
Ry, (Ryup) 1.371 T0-032 To0-bed 141670058 130470005 1.365 £ 0.021
b (ms~2) 17.0375:27 13.8779-7% 16.2975-97 16.41+0.75

Pb (Pup) 0.500 T0-532 +0-000 0.42019-0%2 0.546 70059 0.487 +0.034
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Table A1l. Parameters of the JKXTEBOP best fits of the Euler R-band light curve of WASP-4 (Wilson et alll2008), using different approaches
to LD. For each part of the table the upper quantities are fitted parameters and the lower quantities are derived parameters. Tp is given
as HJD — 2454000.0. The light curve contains 213 datapoints.

Linear LD law

Quadratic LD law

Square-root LD law

Logarithmic LD law

Cubic LD law

All LD coefficients fixed

0.2150+0A0050

0.2172+0A0053

0.2120-0»0‘0044

+0.0055 +0.0050
atm  aESToham,  O2ame, 3250, F550a, TR,
k 0-15511 2 90077 0.15631 2 90079 0.15578 00074 015605 90084 015587y’ 00060
i (deg.) 88.157157 87.647153 88.217170 87.7071-80 89.151 147
UA 0.60 fixed 0.40 fixed 0.25 fixed 0.70 fixed 0.50 fixed
VA 0.25 fixed 0.50 fixed 0.23 fixed 0.10 fixed
Ty 365.9159770-00017  365.9159979-00011 365.9159815-00011 365.9159815-00012 365.9159715-00017

+0.0045 +0.0041 +0.0042 +0.0044 +0.0036
™ 01807 gozs D189 cons o Th88%%, S ThI8, o TR,
b 0.028977 " 5p0u6 0.029377 " 50069 0.028987 )" 10043 0.029317 " 50072 0.028597 50027
o (mmag) 1.9744 1.9437 1.9478 1.9483 1.9416
Xod 3.4310 3.3099 3.3258 3.3277 3.3011

Fitting for the linear LD coefficient and fixing the nonlinear LD coefficient

+0.0047 +0.0044 +0.0044 +0.0038 +0.0045
TA+Tb 0.2101Z 5h0q 0.2098%( 0016 0.2102% 50015 0.2101%50017 0.2102Z%5 017
: 015806 0000:  oasment b0t oassantBE sl g yus T oDs
i (deg.) 88.67T152 89.9610-2¢ 88.941 122 89.2177° 3% 88.841 120
un 0.400 10052 0.206 0% 0.115 0047 057208 0381100
VA 0.25 fixed 0.50 fixed 0.23 fixed 0.10 fixed
To 365.9159770-00012 365 9159870-00010 365.9159815-00011 365.9159815-00010 365.9159770-90041

+0.0040 +0.0037 +0.0036 +0.0031 +0.0037
. 01812 gogr, O egme 018150006 018140 0012, O 49388
b 0.02881 7 50030 0.02856 7 50022 0-028727 50026 0.02865 50025 0.028757¢ 0026
o (mmag) 1.9255 1.9261 1.9254 1.9255 1.9253
Xod 3.2528 3.2553 3.2527 3.2533 3.2523

Fitting for the linear LD coefficient and perturbing the nonlinear LD coefficient

0.21021+0-:0043

0.21011+0-0042

0.2102-%0‘0048

+0.0038
e s I 138318 33, 133515
@ 0157607 103 0.15821. oo 0.15792%  hooos 01584575 o 0
i (deg.) 89961y 50 88941, 5 8921140 888411 50
UA 02967 545 0.115% 046 0.57224 050 0.38175 538
VA 0.25 perturbed 0.50 perturbed 0.23 perturbed 0.10 perturbed
+0.000095 +0.000110 +0.000101 +0.000102
Ty 365.91597970:990095 365 9159750000110 365 915977+0-000101 365 915975+0:000102
+0.0032 +0.0036 40.0034 +0.0040
TA 0.18127 ¢ ho14 018157 0016 018147 0015 0.18157¢ 017
h 0.02856 000057 0.0287270-00076 0.0286510-00078 0.0287570- 00032
o (mmag) 1.9261 1.9254 1.9255 1.9253
X red 3.2553 3.2527 3.2533 3.2523

Fitting for both LD coefficients

rA+7Th

0.2100719-0046

0.2102#»040040

0.2101+040039

0.210210-:0049

—0.0025 —0.0029 —0.0026 —0.0023
k 0msc2 000 01sse0TU O oassssTolone  o.1ssaory e
i (deg.) 88.811%3 88.871% 88.871% 88.8%12
us 0.870%0 119 0.25270 712 0.4717029 038270 0o
oA 0.0697) 223 0.2397 1500 0.00750 30 0.00070 500
Ty 365.9159770-00012 365.915977 500011 365.915977 500011 365.9159715-00017
A 01813+ 0008 0.1815+0 0022 0.18147 0037 0151570 002
" 0.0287670000% 0028780 0000 ooasTsTO 0% o.02sTery o
o (mmag) 1.9253 1.9254 1.9253 1.9253
X2 ed 3.2682 3.2683 3.2682 3.2681

APPENDIX A: RESULTS OF THE LIGHT

CURVE ANALYSES

The tables in this section contain the full results of modelling

each light curve of WASP-4.
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Table A2. Parameters of the JKTEBOP best fits of the z-band VLT light curve of WASP-4 (Gillon et alll2009), using different approaches
to LD. For each part of the table the upper quantities are fitted parameters and the lower quantities are derived parameters. Tp is given
as HJD — 2454000.0. The light curves contain 244 datapoints.

Linear LD law

Quadratic LD law

Square-root LD law

Logarithmic LD law

Cubic LD law

All LD coefficients fixed

0.2094-%0‘0016

0.2094-%0‘0015

0.2092-%0‘0016

rA+ T 0.208510-0004 0.209970-0013 —0.0015 —0.0015 —0.0015

k 015167500000 0153047000 ousasTOONY  oassosTOU0r  0.ss1sTh o0l
i (deg.) 89.9110-06 88.561070 88.6110-57 88.6410-22 88.651 029

UA 0.50 fixed 0.25 fixed 0.10 fixed 0.59 fixed 0.40 fixed

VA 0.31 fixed 0.54 fixed 0.26 fixed 0.10 fixed

To 396.69540175-000037  396.69539175-0000%5  396.695394T0-990035  396.695393T0 000035 396.695395T0 090035
" 0.1810°) 00n 0152070017 0.151670 0017 0.151670 0017 0.1814%0 0012
" 0.027431 0 00T ooe7sst0U0% ooemsotiun  ooamsiTionl ooxmrst) 00
o (mmag) 0.6650 0.6111 0.6056 0.6059 0.6075

Xed 2.0671 1.6927 1.6552 1.6571 1.6680

Fitting for the linear LD coefficient and fixing the nonlinear LD coefficient

+0.0016 +0.0017 +0.0015 +0.0017 +0.0016
A+ T 0.2103+5-0016 0.20860 9087 0.20995-901% 0.2094 159017 0.209970-9016
k 015442706005, 0.15244 1500055 01535170 go03g 0153070 go037 01537810000k
i (deg.) 87.9610-25 89.4215-56 88.33170-63 88.651025 88.2510-0%
ua 0.30240010 0.270° 000" 0.056- 0101 0.590° 112 03750012
VA 0.31 fixed 0.54 fixed 0.26 fixed 0.10 fixed
To 396.69539479-000031  396.69539370-0900%2  396.69539370-090938  396.60539370-090932  396.695393 70500035

+0.0013 +0.0014 +0.0013 +0.0014 +0.0014
™ pongper O %95 e x O 93820 et 1
b 0.02813 7 50026 0.027597 90010 0.02793 2 90027 0.02780Z 90023 0.02797 00029
o (mmag) 0.6046 0.6095 0.6049 0.6059 0.6046
X2 o4 1.6533 1.6900 1.6566 1.6640 1.6538

Fitting for the linear LD coefficient and perturbing the nonlinear LD coefficient

k 0.152447 " 50048 0.15351 % 50039 0.15307Z 50049 0.15378 ) 50060

i (deg.) 89.42;08:052}17 88.33}036%?8 88.65}0(1)6%% 88.25;08:031%

UuA 0270 029 0.086 % g39 0.590% o353 03757 016

VA 0.31 perturbed 0.54 perturbed 0.26 perturbed 0.10 perturbed

+0.000037 +0.000033 +0.000038 +0.000034

To 396.69539370:000037 396, 695393+0-000033 3966953931 0-000038 396 69539310:000034
+0.0013 +0.0013 +0.0015 +0.0013

TA 0.18107 ¢ 0g07 0.1820¢ 0014 0.1816 7 0011 018197 0014

™ 0.02759 " 00010 0.02793% 00058 0.02780% 0 00054 0.02797% 00036

o (mmag) 0.6095 0.6049 0.6059 0.6046

XQred 1.6900 1.6566 1.6640 1.6538

Fitting for both LD coefficients

0.2100#»040017

0.210110-0016

0.210079-0017

0.2101+040017

TA+ T —0.0017 —0.0016 —0.0015 —0.0017

K 0151270000 ozl oasaathibe oisart) (0T
i (deg.) 88.127072 88.0910 78 88.11109 88.0870 1%

uA 0371 y'0a0 0.20070:2%0 0.437+0:001 0.38570:023

oA 00507 001 0797010 0.0507 12 003970 i)
To 396.695393 170000058 396.69539310-0000%3  396.69539370 L0005 396.69539310 000030
A 01819500, 01820700015 0182000013 01820100014

m 0038047000 002805 000 00280570 008 0.028067 00022
o (mmag) 0.6042 0.6044 0.6044 0.6044

X2ea 1.6586 1.6596 1.6592 1.6595
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Table A3. Parameters of the JKTEBOP best fits of the Magellan z-band telescope light curve of WASP-4 (Winn et all 2009), using
different approaches to LD. For each part of the table the upper quantities are fitted parameters and the lower quantities are derived

parameters. Tp is given as HJD — 2454000.0. The light curves contain 713 datapoints.

Linear LD law

Quadratic LD law

Square-root LD law

Logarithmic LD law

Cubic LD law

All LD coefficients fixed

0.2122-%0‘0015

0.2124-0»0‘0014

0.2119+0A0015

rA+ T 0.2103%0-000% 0.212670:0013 —0.0013 —0.0016 —0.0013

k 00520070000 015405700000 ousansTO00N oasaterii0  oasasiTh i
i (deg.) 89.63170:25 88.2610-50 88.2510-75 88.2470-50 88.3170-50

UA 0.50 fixed 0.25 fixed 0.10 fixed 0.59 fixed 0.40 fixed

VA 0.31 fixed 0.54 fixed 0.26 fixed 0.10 fixed

To 697.7975721 0000032 697.797565T 0000020 697.797567 0 0o00aa  697.797566 10 Doonas  697.79756810 500038
" 015247 0002 0184270012 0.153075 0012 0154070 0012 0183670 0012
0.0270070 000 00283870000 ooesariOlont  oosssTOUOT 0028337000
o (mmag) 0.6479 0.6039 0.6013 0.6012 0.6027

X2 ed 0.7892 0.7003 0.6944 0.6947 0.6964

Fitting for the linear LD coefficient and fixing the nonlinear LD coefficient

k 0-15506 2 90039 0-15336 2 90033 0-15424 74 99046 0-15387Z 90041 0-15452 25 99041
i (deg.) 88.0010-38 88.9815-22 88.2710-6% 88.5110-79 88.1817523
+0.011 +0.012 +0.012 +0.012 +0.011
UA 04127 515 02767 014 0.102% 53 0.603%4 013 03917 012
VA 0.31 fixed 0.54 fixed 0.26 fixed 0.10 fixed
To 697.79756879-000032 697 7975655090036 697.7975670-090032  697.797566 70000052 697.797567 0000034
+0.0012 +0.0013 +0.0013 +0.0013 +0.0012
. yoge 1) A ueges s . oy 1 . e e L
b 0.028497 5 50023 0.02808 50015 0.02836 Z 9927 0-02825 7 90024 0.02840Z 50025
o (mmag) 0.6039 0.6020 0.6014 0.6009 0.6018
XZea 0.7014 0.6961 0.6954 0.6943 0.6965

Fitting for the linear LD coefficient and perturbing the nonlinear LD coefficient

0.2122-%0‘0015

0.2118+0‘0016

0.2122-%0‘0015

10.0016
e it 21N 1339867 1339585 138388
k 0.15336 ) ng049 0.154247 " 50040 0.15387Z 50054 0.154527 " 50059
i (deg.) 88.98;08:033% 88.27}036%%8 88.51}0355’5& 88.18;08:03136
UuA 0.276 7 29 0.102Z g39 0.603Z¢ o502 03917 018
VA 0.31 perturbed 0.54 perturbed 0.26 perturbed 0.10 perturbed
40.000033 +0.000033 40.000033 40.000032
T 697.797565 10000088 g7 7975670-000033  Go7 79756610-000088  Go7 7q7567+0.000052
10.0014 10.0012 10.0014 10.0013
TA 0.18317 ¢ 0008 0.1838¢ 0013 0.1836 ¢ 0015 0.1838 7 0014
™ 0.0280875-00075 0.02836 7500036 0.02825™-0003 0.028407(:56035
o (mmag) 0.6020 0.6014 0.6009 0.6018
X2red 0.6961 0.6954 0.6943 0.6965

Fitting for both LD coefficients

TA +Th

0.2116+040016

0.211910-0017

0.2118+0-0017

0.2118#»040016

10:086% +6:08030 +0:00080 +0:0803s
k 0.154007 " 50066 0.15356 ") 50086 0.15376 7, 50077 0.15363~ ) 40036
i (deg.) 88.5270 03 88.601; 22 88.5715 48 88.6170 3
+0.04 025 £0.10 £0.02
A 032 00 012020 0022919, 03T 003,
VA 0.2027 0.928™" 0.2827" 0.2407"
2’8%%0034 5}6%%0035 5}&%%0033 Q’&%%ooss
i 697.7975660-000084 697 7975661 0-000035 o7 7975660000033 o7 7975660-000035
10.0013 10.0014 10.0014 10.0012
ra 01834 bt 01837y 0.1835T 0o o.1836T
Tb 0.028247 " 50026 0.028217 " 50025 0.028227 ' 50027 0.028217 " 50026
o (mmag) 0.6009 0.6010 0.6009 0.6010
X red 0.6952 0.6953 0.6952 0.6952
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Table A4. Parameters of the JKTEBOP best fits of the Danish telescope R-band light curve of WASP-4 (this work), using different
approaches to LD. For each part of the table the upper quantities are fitted parameters and the lower quantities are derived parameters.

To is given as HJD — 2454000.0. The light curves contain 452 datapoints.

Linear LD law

Quadratic LD law

Square-root LD law

Logarithmic LD law

Cubic LD law

All LD coefficients fixed

0.2097-%0‘0020

ra T 021030 000 020970 0008 o 0000 020990000 020920 000

k 015245700000 0assasTOON  ousanTO0 oasmeriil  oassrrl o
i (deg.) 89.841961 89.8270-59 89.9719-52 89.9719-10 89.731056

UA 0.60 fixed 0.40 fixed 0.25 fixed 0.70 fixed 0.50 fixed

VA 0.25 fixed 0.50 fixed 0.23 fixed 0.10 fixed

To 365.91689475-000047  365.916893T0-00000L  365.916894T0: 05000 365.916894T0 000005 365.91689410 500073
" 01525+ o0ns 01518700017 0.151070 0017 015207 0008 0.1813%0 001¢
YO Y N 1 o S
o (mmag) 0.8792 0.8576 0.8558 0.8555 0.8553

Xed 1.4308 1.3189 1.3187 1.3164 1.3107

Fitting for the linear LD coefficient and fixing the nonlinear LD coefficient

+0.0019 +0.0021 +0.0020 +0.0020 +0.0019
ATy o Thane, b0, 0-2095  o.0008, 0-2094 0.0007, TN,
k 0-154711%07%041 0.153441%1%05045 0.15:J,92_+%;0702045 0.15:J,6:J,_+%;%%045 o.154071%1%%041
i (deg.) 89.3015-76 89.6070-0° 89.507072 89.9570-03 90.007029
ua 0.501 1900 0401000 0.2201 0003 0.678 10011 0.455 15
VA 0.25 fixed 0.50 fixed 0.23 fixed 0.10 fixed
To 365.91689479-000039 365916893 70-00004%  365.91689470-090944  365.91689370:990945  365.916894 10500047

+0.0015 +0.0017 +0.0016 +0.0016 +0.0016
TA 0.1806% ho07 0.18197 4 0507 0181475 h007 0.1815%5 007 0.18097 0006
" oot il ooumatlUR ooamn DU ooomsstDUE ooomsrl 0
o (mmag) 0.8568 0.8575 0.8559 0.8562 0.8559
X o 1.3115 1.3222 1.3116 1.3138 1.3109

Fitting for the linear LD coefficient and perturbing the nonlinear LD coefficient

ot 02090Tgc0,  CXpp  0Mdlppp 028

k 0.15344 75 50064 0.15392% 0043 0.15363 ¢ 0052 0.15407% 0058

i (deg.) 89.60;0(1):02229 89.50}0(1)65)338 89.95}0(1)65)5% 90.00}0(1’;0?137

UuA 0401 08 02207 041 0.678%( 051 04857 018

VA 0.25 perturbed 0.50 perturbed 0.23 perturbed 0.10 perturbed

+0.000045 40.000046 40.000047 +0.000042

To 365.91689370:00005 365 916894 10-000046 365 916893+0-000047 365 91689417:000042
40.0016 +0.0016 +0.0016 40.0015

TA 0.18197 008 0.18147 0007 0.18157 o908 0.18097 0008

™ 0.0279270 ooy 0.02791¥ 55607 0.027885-56009 0.027874 5000

o (mmag) 0.8575 0.8559 0.8562 0.8559

X2red 1.3222 1.3116 1.3138 1.3109

Fitting for both LD coefficients

0.2088#»040023

0.2093709-0019

0.209110-0022

0.2093#»040022

TATTH —0.0011 —0.0014 —0.0012 —0.0015

K O e AR CYE s 1 RV 41

@ (deg.) 90.0017 5 89.58* 908 89.5770° 15 89.3670-92

ua 047670030 0.27610:201 0.5957 0131 0.49370-058

VA 0.0815173 0.41270 33 0.11410-151 0.093+0-141

To 365.9168857 5090052 365.91688570° 090050 365.916885T 0 0o00cs  365.91688470 500050
A 018090010 0.1813% 00015 0.181210-001% 0.181470:0018
00279 D0 oooroath 0T ooty 00N 0.oomo7T o0
o (mmag) 0.8518 0.8517 0.8517 0.8518

Xed 1.1364 1.1362 1.1364 1.1365
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