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ABSTRACT

Context. HD 15082 (WASP-33) is the hottest and fastest rotating stawk to harbor a transiting extrasolar planet (WASP-33bg T
lack of high precision radial velocity (RV) data stressesrked for precise light curve analysis and gathering fufvedata.

Aims. By using available photometric and RV data, we perform adkmalysis, compute more accurate system parameters, &onfin
the planetary mass and attempt to cast light on the obseraesitanomalies.

Methods. We combine the original HATNet observations and varioubfalip data to jointly analyze the signal content and extract
the transit component and use our RV data to aid the globahpeter determination.

Results. The blend analysis of the combination of multicolor lightwes yields the first independent confirmation of the plaiyeta
nature of WASP-33b. We clearly identify three frequency poments in the 15-2d-* regime with amplitudes 7-5 mmag. These
frequencies correspond to thieScuti-type pulsation of the host star. None of these pusdtiequencies or their low-order linear
combinations are in close resonance with the orbital fraqueWe show that these pulsation components explain sotneobull

of the observed transit anomalies. The grand-averagesditiaght curve shows that there is~al.5 mmag brightening shortly after
the planet passes the mid-transit phase. Although theidorahd amplitude of this brightening varies, it is visibler through the
direct inspections of the individual transit events (sorie60% of the followup light curves show this phenomenon). s¥ggest
that the most likely explanation of this feature is the pnegeof a well-populated spot belt which is highly inclinedthe orbital
plane. This geometry is consistent with the inference frboegpectroscopic anomalies. Finally, we constrain thegéam mass to
M, = 3.27+ 0.73 M; by using our RV data collected by the TRES spectrograph.
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1. Introduction flux and the early spectral type of the star we expect thatgelar
amount of UV radiation is deposited in the planet's atmosphe

The short-period B = 1.22 d) transiting extrasolar planetThis, together with its high Roche-lobe filling factor (seedgj
WASP-33b was discovered by Christian et al. (2006) in thi#011) make this system perhaps the best candidate for atyidyi
course of the transit survey conducted by the WASP projegitective planetary envelope evaporation and mass flow onto the
(Pollacco et al[_ 2006). The host star, HD 15082, is a brightost star.
V = 83 mag A-type star with a high projected rotational ve- Due to its brightness and significant transit depth~of
locity of ~ 90 km s™. As a result, high precision radial veloc-14 mmag, the WASP-33 system is highly suitable for followup
ity (RV) measurements usually demanded by the planet verifihotometric observations. Somdlg&/ents have been observed
cation and planet mass estimation processes are V@guitito  over the years by professional and amateur astronomers dflos
take. Followup spectroscopic observations by Collier Game these light curves (LCs) display various anomalies, sudteas
et al. (2010, hereafter CC10) could only yield an upper liofit sjt depth variation, mid-transit humps, tilted full tranphase,
4.1 M, on the planetary mass but no bisector analysis could hsymmetric ingregegress phases and small-amplitude oscilla-
performed due to the several km' scatter of the measured RVtons. Although not all of these variations are necessae,
values. However, due to the large rotational velocity, iars it is clear that the system is peculiar and very much worth for
were able to utilize the surface velocity field mapping cadltgb further attention.
of the prbiting p!anet_anq shoyved very clearly that the aitbit  \WaSP-33 was also observed by HATNet (Bakos et al.,
revolution was highly inclined (i.e., retrograde) in respi the  2002,[2004) in the course of the search for transiting extra-
stellar rotational axis. solar planets (TEPs). After assigning the ‘candidate’ustab

The WASP-33 system stands out from the other transitiige target in January 2010, a followup reconnaissance spec-
systems not only for its highest rotation rate and higfiggtof troscopy conducted by the TRES spectrograph (F(rész)2008
7400 K (CC10) but also because of the planet’s highest didrste
temperature®p = 3800 K, see Sect. 9). Due to the high incident ! httpy/var2.astro.¢ETD/
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has led to the conclusion that the rotational velocity way ve 12F (5 0'81'978'
high. Nevertheless, we continued the spectroscopic folfoand I —
found that the low velocity amplitude may suggest the presen

of a planetary companion. After the SuperWASP announcement
we stopped pursuing this target but here we utilize both ¥e R
and the photometric (HATNet and our early followup) data.

In this paper we perform a comprehensive time series anal-
ysis by utilizing the HATNet data, the followup LCs deposdite I
at the Exoplanet Transit Database (ETD, see Poddany, Brat, & PVl oo oo o
Pejchal(2010)), other published photometric data and nes/ LC 0 5 1 L5 2
from the Fred Lawrence Whipple and Konkoly observatdties. Frequency [d']

Our goal is to verify the planetary nature of WASP-33b purely
from photometry (the ‘Kepler-way’ of system validation -ese Fig. 1. BLS spectrum of the TFA-filtergteconstructed time se-
e.g., Muirhead et al. 2012), to derive more accurate syst#m pies based on the observations of WASP-33 by HATNet. The
rameters and examine the possible causes of light curveanofabel in the upper right corner shows, from left to right, tre-
lies. We also use our RV archive, based on the observations wihitening order, peak frequency, transit depth (assunrigget
tained by the TRES spectrograph, to improve the mass estimatidal transit shape) and th@\sof the peak frequency. The BLS
of the planet. amplitude is normalized to unity at the highest peak andsefe
to the signal without correction for blending by the nearbyne
panion (see text).

T T

-.0109 40.7]

Amplitude

2. HATNet detection

WASP-33 is located in two HATNet fields, internally labelesl a
#166 and 167. The observations were made through Befikel
ter between November 06, 2003 and January 30, 2007 by the
telescopes located at the Arizona (FLWO) and Hawaii (Mauna I
Kea) sites of HATNet. Altogether 12149 data points have beeip "0-015 -
gathered in three seasons, spanning 1181 days. The data were
collected with an integration time of 5 min. We detected a g 0.000
robust transit signal by using the method of Box-fitting Llteasg
Squares (BLS, Kovacs, Zucker & Mazeh 2002) after applyin® 0.015
the Trend Filtering Algorithm (TFA, Kovacs, Bakos & Noyes i 1
20(3]52 tohremovehsystematics (nort]e that thilsignal was adlect 0.030 [, ‘ ‘ ‘ n
with high N without using TFA; however, filtering out system- .
atics helped to increas¢bby a factor of two and substantially -0.50 025 p%gge 025 0.50
clean the folded light curve).
The BLS spectrum of the TFA-filtered data is showfrig. 2. Folded light curve of the TFA-filtergteconstructed time
in Fig. [I. The detection is very strong with the standargskeries based on the observations of WASP-33 by HATNet (dots)
(sub)harmonics at integer frequency ratios. With the peak f The best-fitting simplified light curve model (with bin avgiag
quency of 0819759d-! the signal was reconstructed (i.e., filin the out-of-transit part) is shown by the thick line.
tered out from systematics) by using a modified trapezoidalt
sit model with rounded bottom (to simulate limb darkeninghw
15% maximum deviation from the trapezoidal flat bottom) arfdllowup works (e.g., by CC10). However, the measured tran-
an arbitrary out of transit variation (represented by 40aier- sit depth (computed with the above transit model) is 13 mmag,
ages of the light curve through the full orbital phase). Téeon- which is in the lower tail of the distribution of the transiggths
structed light curve is plotted in Figl 2. Except for the siiywe  derived from the nine followup observations in the same rcolo
do not see any significant variation. We looked for an addétio (see Tablgll and Appendix). The average value of the depth fro
possible transit signal in the [0,2ftfrequency band in the pre-these data is 14 mmag, with a standard deviation®fhimag,
whitened signal by the above main transit. The result oftdtes much higher than the formal errors. If we consider only the
was negative. A Fourier frequency analysis (or Discreteriéou most accurate data gathered by larger telescopes (i.eko§on
Transform — DFT) in the same frequency band also conclud€€10), we get a range of 13-17 mmag, indicating that theitrans
without finding a signal. The upper limit of any sinusoidaj-si depth might indeed vary.
nal in the above frequency range i&dnmag. Both of these =~ We note that the lower value of the transit depth de-
tests strongly suggest that we have a genuine transit signafived from the HATNet data is not too likely to come from
hand (see also the blend analysis in Sect. 4). a third-light efect due to the close,.2 mag fainter neighbor
The total transit duration (from the first to the last contac2MASS 0226516%3732133. This object lies 1 pix outside of
is 27 h, the ingregegress (each) last for 14 min. These valudbe 24 pix radius of the aperture used by the photometric code.
are in good agreement with the ones derived in other, aceuriltith a PSF FWHM of 24 pix some contamination is possible
but this is most likely to be small.

-0.030F T T T T T

2 Photometric data from HATNet, FLWO and Konkoly
are available in electronic form at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or vig. Followup datasets
httpy/cdsweb.u-strasbg/agi-binygcat? A +A/volumgpage . The
linearly detrended light curves (as given in the Appendir ahe We use four photometric datasets in this paper: (i) the HATNe
averaged light curve derived from them are also depositéusasite.  survey LC; (ii) the amateyprofessional data deposited at the
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Table 1. Photometric datasets on WASP-33

LC# Date [UT] N FIL Source LC# Date [UT] N FIL Source

01 2003-2007 2285 | HATNet 23X 2011-10-13 505 J Kitt Peak
02X 2010-03-03 275 z FLWO 24 2011-10-23 96 C LTremosa
03 2010-08-23 245 R KHose 25 2011-11-12 291 | Konkoly
04 2010-08-26 282 R FHormuth 26 2011-11-12 79 V  GCorfini
05 2010-08-26 163 R RNaves 27 2011-11-14 907 \% SDvorak
06 2010-09-17 220 R TScarmato 28X 2011-11-23 404 R JGaitan
07 2010-09-28 277 R EHerrero 29X 2011-11-23 127 R RNaves
08X 2010-10-11 598 B WDauberman 30 2011-11-24 446 I Konkoly
09X  2010-10-15 191 R RNaves 31X 2011-11-24 177 Vv RNaves
10 2010-10-20 434 R ClLopresti 32 2011-12-01 888 | TDax

11 2010-10-20 138 R RNaves 33 2011-12-10 146 C FGarcia
12 2010-11-03 451 7 Kitt Peak 34 2011-12-15 109 | JGaitan
13 2010-11-19 863 \% SDvorak 35X 2011-12-20 149 \ DGorshanov
14 2010-12-06 1254 C SShadick 36 2011-12-21 134 V RNaves
15 2010-12-25 440 C  AMaurice 37 2011-12-27 230 C  JLopesino
16 2011-01-05 437 C CWiedemair 38X 2012-01-01 113 V RNaves
17 2011-01-13 778 V  SDvorak 39X 2012-01-01 420 C JLopesino
18 2011-01-16 238 C SGajdos 40 2012-01-09 316 I SShadick
19 2011-09-21 311 | SShadick 41 2012-01-12 130 V RNaves
20 2011-09-24 468 C LBrat 42 2012-01-20 534 | SShadick
21X  2011-10-05 196 R RNaves 43 2012-02-11 365 I SShadick
22 2011-10-13 310 H Kitt Peak

Comments:

Header:LC#: light curve identification number used in this paperid®atarting date of the observations; N: number of datatpgmay diter

from those given at the ETD site, e.g., because of multipla#); FIL: filter used in the observation (“C” indicates thaffilter was used); Source:
observer or observatory name.

Notes:Plots of these light curves are presented in the main bodigeopaper and in the Appendix. Light curves labelled by “X” ao¢ used in
the analysis presented in this paper. They exhibit theviolig peculiarities. #02: partial transit,fculties in trend filtering; #08: the transit is
deep; #09: deep and skewed transit; #21: deep and skewsd;t#28: near infrared “J” filter is used; #28: large ostibas, earlier and narrower
transit (the diference appears to be 28 min!); #29: large oscillations, s@igte observation as that of #28 but no apparent severeishifie
transit center; #31: deep and skewed transit, is in conflittt the regular behavior observed on the same night (see #3B) deeper by 50%
than the average transit; #38: deep blip after the ingre&$s;deep blip after the ingress (the same night event as #38).

ETD site; (iii) the published followup LC of Herrero et al.G21) Table 2. Result of the BLS analysis
and Sada et al. (201 2); (iv) our own followup data obtaingtiet
Whipple and Konkoly observatories. The list of all theseadats
is given in Tabl€Il. Several of themfBered from various trends

due to instrumental or reductiorffects. We attempted to cor- Data Period [d] Te [HJD]

rect these trends by fitting the following model light cureetie HATNet 12198717 2452956718

observations +0.0000025 +0.0019

HATNet+FUP 12198709 2452956724

LCﬁt(i) =cp+ C2T RAI\(I) + C3At(|) , (1) +0.0000007 +0.0015
Comments:

where TRAN) is the simplified transit mod@ldescribed in
Sect. 2,At(i) = HID(i) — HJDpg, with HJDp,g denoting the
middle of the observing time for the given followup ObserVaﬁons of the simplified model fits [see text] are 12149, 1181,r6mag

tion, ¢1, c; andcs are the regression cigients to be deter- 5,4 54129 3019 and B mmag, for the HATNet and HATNeFUP
mined by a standard least squares method, together wittetie t 4ata, respectively.

sit parameters hidden iRRAN(). The light curves used in the
analysis presented in this paper have been derived by stibtra
ing the best fitting linear trend, as given by the fiméentsc;
andcs. The detrended light curves, the transit parameters and thleen constructing the average transit LC, we cut them in the
trend codficientcs are presented in the Appendix (see Table/A- phase interval{0.1, +0.1].
Figures$ A.B antfAl4). We also employed heliocentric coroest The orbital period and center of transit times were updated
for most of the ETD LCs, as given at the ETD site. Since thtarough a BLS analysis of all available followup (non-flagge
HATNet data cover the full orbital phase, for the purposenef i items in Tablé1l) and the HATNet data. The result is shown in
corporating them in the analysis of the followup observaio Table2, where, for comparison, we also added the resultetbri
from HATNet only. These values are in good agreement with

3 With the depth ratio of the rounded bottom kept constant for dhose of CC10, albeit our period fits better the transit aeote
colors. Herrero et al.[(2011).

Errors have been computed from Monte Carlo runs and comelsfmo
1o limits. Number of data points, total time span and standandad
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3.1. ETD data

Due to its brightness, WASP-33 is high on the list of any fol- -0.030 a L ‘Ko‘nko‘ly, ‘2011»1‘1-2‘4 |
lowup programs, especially those conducted by amateur as- i
tronomers. As of June, 2012, there are 82 entries listedeat thy _g o715«
ETD site on this object. Most of them have been collected b i

skilled amateur astronomers. In the analysis presentéisipa- 4 0.000 - RO "'-'.~._ s, ]
per we use a large number of these followup data and omit onkg i e At ]
those that have especially high noise or very peculiar sHape ® 0.015 - T : Konkoly, 2011-11-12

some cases these datasets are suspect to instrumentalonenv i
mental éfects. Some of those that showed reasonably low noise 0-030 -
level were flagged and left in Tadlé 1 for reference and furthe
discussion in Sect. 6.

‘.«_;;»":fw\.- FLWO, 2010-03-03

S A S ER SR S B
-0.10 -0.05 0.00
phase

0.05

Fig. 3. Photometric observations of WASP-33 at the Konkoly
3.2. FLWO data and Fred Lawrence Whipple observatories. The Konkoly data

have been taken through Cousihsthe FLWO data through
As part of the HATNet follow-up program we obtained a lighfloanz filters. Data points are binned in@®1 phase (i.e., in
curve of WASP-33 on the night of March4 2010 using the 105 s intervals).
KeplerCam imager on the FLWO 1.2 m telescope and a Stoan
filter. These observations began during ingress and enderkbe
third contact. The images were calibrated and reduced tgha li
curve following the procedure discussed in Bakos ef al. @201 -0.005 -

L L L B S B B ) BB
.

0.000 -
3.3. Konkoly data i

0.005

elta mag

The transit was detected on November/1 2011 by the I
60/90 cm Schmidt telescope located at Piszkestetd, Hungary. g g10L
We gathered 2352 exposures with 4 sec integration time. The I
4K x 4K images of the Apogee Alta CCD Camera were trimmed
to 1IKx 1K to speed up readouttime. We used a filter in the Bessel

| band. Since the field is reasonably sparse around WASP33, we
performed simple aperture photometry after the standditataa

tion procedure, including astrometry (Pal 2009). Five pamt  Fig. 4. Foldegbinned HATNet light curve of WASP-33 (dots) vs
son stars of similar brightness were used i 8.3° x 0.3°deg  the best-fitting blend model (continuous line). There a@kifis
field of view centered on the target. After correcting fdfelien-  throughout the full orbital period. The standard deviasiohthe
tial extinction (without the color term), we constructe@ final pin averages are very similar, they scatter aroue 02 mmag.
light curve by averaging the data in 60 s bins. As shown inig. The large out of transit variation of the presumed blendépec
the light curve exhibits both some oscillations (probalelated ing binary excludes the possibility of a blend scenario bgyve
to theg Scuti-type pulsations of the host star) and a hump in thggh significance.

middle of the transit.

0'0157\\\\\\\\\\\\\D\\\\\\\\\\\\\\;

-0.50 -0.25 0.00 0.25 0.50
phase

Yet another event was observed on the night of Novembgr
24/25, 2011 with the Andor iXON 888 Electron Multiplying
CCD (EMCCD) camera attached to the 50 cm Cassegrain te@®=10 previously validated the planetary nature of WASP-33b
scope at Piszkestetd. Altogether 12051 exposures ween takased on their Doppler tomography analysis of the systemy Th
with ~ 1 sec integration time, basically corresponding to thfeund that the Doppler tomography and transit light curve- pr
same sampling time due to the frame transfer mode. The fieide consistent values for the fractional area of WASP-38 th
of view was 6 x 6’ with a pixel resolution of (86 arcseconds. is eclipsed by WASP-33b, and concluded that there cannot be
As above, we used a Bessel filter in thband. After the stan- significant photometric dilution from a third body. To prdeian
dard calibration (dark removal and flat field correction) agal independentvalidation of the planetary nature of WASP;32b
photometric data reduction was applied on the reduced imagenducted a blend analysis of the available light curve sinsad-
in the following steps (Regaly et al., in prep.): & 30 suc- lute photometry following the procedure described in Hantm
cessive images were averaged after proper shifts due to- atmial. [2011). (We recall that the traditional bisector spaal-
spheric &ects; (ii) the stellar fluxes on the co-averaged imaggsis does not work in the case of this star, due to its high ro-
were measured by an aperture photometric method in which tagonal speed and the concomitant low accuracy of the Iradia
fuzzy apertures were determined by pixel-by-pixgl Satios; velocity/bisector span values.)

(iii) the individual stellar fluxes were corrected for airesaand We use the TFA-reconstructed HATNet LC and the summed-
by using only three reference stars — the small field of viedv dup followup LCs observed iWv, R, | andz colors. (We did not
not allow to use more — we were able to reach an accuracyusfe the non-specified filter-less ETD-posted measurentbats,

~ 3x10®mag on the above, 30 sec-binned LC. The short-lastiftydata and the) and theH, observations of Sada et al. 2012).
glitches before the ingress and egress phases are attritniteThe HATNet data consists of 12149 data points, whereas the fo
amplified guiding errors due to the nearby faint companion. lowup observations in the four colors listed above, contetby

Blend analysis
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another 8361 data points (with 2891, 1759, 3260 and 451 data 1
points and 6, 7, 8 and 1 events\h R, | andz colors, respec-
tively). Concerning the accuracy of these averaged singjler c
followup LCs in a~ 1 min binning, we note that the bin aver-
ages have an overall standard deviation of 1-2 mmag. (8light
beforgafter the ingregegress the scatter is higher, due to the
sparser coverage of these parts by the followup obsengj}ion
Since the dterence is small, for the blend analysis, we used
all time series without filtering out by th& Scuti components
(see Sect. 5). In finding the best fitting blend model we used th
observed LCs in all colors listed above. In this processrideé i 1
vidual colors were treated separately and the best fit waseatefi
as the best overall fit counting all colors.
We find that a model consisting of a single star with a tran-
siting planet is strongly preferred (with greater tharrldbn-
fidence) over a blend between an eclipsing binary star system .
and another star (either foreground, or physically assedia
with the binary). The best-fit blend model shows both a signifi
cant out-of-transit variation{ 3 mmag peak-to-peak) and a sec-
ondary eclipse{ 1 mmag depth) which are both ruled out by
the HATNet light curve (see Sect. 2 and Hig. 4). o s 0 s 2 s 20
This result enables us to derive more accurate system param-
eters by using the datasets employed in the blend analysis. W
present the this global parameter determination in Sect. 8.

[0:1521646 0.0007 10.4]]

[1:2016232 0.0007 9.8 |}

Amplitude

[2:21.06339 0.0007 9.4 |]

[3: 249398 0.0006 8.1 ]]
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Frequency [d"']

Fig. 5. Successive pre-whitened DFT spectra of the HATNet data
after subtracting the transit component. The labels aree@in

5. The § Scuti pulsation components the same way as in Figl 1

It has been recognized quite early (see CC10) that the lavgifst
WASP-33b is also a variable (i.e., pulsating) star. Theofellp era (i.e., after 2010). Therefore, we filtered out the triagsn-
work by Herrero et al[{2011) clearly showed that WASP-33 wamnent from the followup data and analyzed the so-obtained
a § Scuti-type star. This finding was later confirmed by Smitresiduals with the HATNet data (also without the transinaiyfi
et al. [2011), Sada et al. (2012) and quite recently by Demiiigne Fourier decomposition resulted from this analysis Vegi
et al. [2012) in various infrared bands, involving both grdu in Table[3.
and space observations. The possibility of pulsations igow We may look at various linear combinations of these fre-
surprising, since the physical parameters of the star fitiwel quencies to see if Herrero’s et dl. (2011) resonance hypisthe
the § Sculti instability strip (although the relation between-pulstill holds. We find that with these well-resolved composent
sation and physical parameters is not that simple in thisqdar there is no longer such a simple relation between the patsati
the Hertzsprung-Russel diagram — see Balona & Dziembowskid orbital periods. Thé Scuti pulsation seems to be indepen-
2011, especially in the case of Am stars, such as the hosisof ttient of the planetary companion.
system — see CC10; Balona etlal. 2011). We inspected the relation between the prediét&auti pul-
Herrero et al.[(2011) find that the frequency~a1.3 d! sation and the oscillations obserysaspected in the individual
is in close (but high-order) resonance with the orbital freacy, followup LCs. The general conclusion is that we have a reason
which brings up the interesting possibility of tidally etexl stel- able overall correlation between the two variations, altffothe
lar oscillations by the planetary motion. In spite of thislamther observed amplitudes are larger and there are phase shifis oc
works mentioned above, so far, a clear detection and anaecusionally. In Fig.[6 we show an example on the stronger phase
determination of the underlying frequency componentsilk stcoherence and lack of complete ceasing of the transit aryomal
missing. after the subtraction of th&Scuti components.
We Fourier (DFT) analyzed the HATNet dataset after sub-
tracting the transit signal. The analysis was performechin t ) )
[0.0,30.0] d"! frequency band. The resulting spectra, shown f The mid-transit hump
Fig.[3, clearly display the presence of t_hree discrete siias The 42 followup light curves (in addition HATNet) listed in
components._The low (sub-mmag) amp!|tudes of all COMPGNEeRL e show a remarkable variety, with various oscillagion
and the relatively close frequency spacing of two of the 0mp, . gistortions, occasionally going to the extreme. Obsligu
nents explain why the earlier attempts failed to identifyttedse it is important to clarify if these changes are of astrophys-

components. ical origin or just the result of unknown instrumental or

In employing these oscillations to clean up the followupltig gy ironmentaiveather-relatedfeects. To get some information
curves, we have to consider that the HATNet data were accumu-

lated between 2003 and 2007 which implies that the frequency |n principle, due to the periodic light blockingfect of the tran-
values derived solely from the HATNet data are not accuraging planet, we should deal with both variable stellariltations and
enough to employ them for a useful prediction in the followupansit shapes. However, due to the small size of the plawktee small
amplitude of the pulsations, these are rather snfigdtes, i.e., in the or-

“ We checked also the available SuperWASP datder of less than 2% on the pulsation amplitudes. We alsogtistethe
(httpy/www.wasp.le.ac.ybpublic) but the noise level was too possible color dependence of the pulsation amplitudesdrdiferent
high to permit an in-depth analysis. filters (see, e.g., Liakos & Niarchps 2011).
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Table 3. Fourier decomposition of thé Scuti pulsation of I e e A R LI BRI S
WASP-33 -0.0081 . i
: & 0.000- :
Data i vi [d1] A [mmag] ¢;[rad] g i
HATNet 1 152164306 0758 3982 8 0.008F B
+0.0000409 +0.085 +0.218 E [
2 201622967 0733 5087
+0.0000497  +0.080 +0.244 0.016- ]
3 210633928 0719 4442 r
+0.0000485 +0.078 +0.225 0.024 - ‘ ‘ ‘ ‘ L
HATNet+FUP 1 152151797 ™77 Q429
£00000198  +0.054 +0.113 012008 008 e 00t 008
2 201623010 0739 5167
+00000127 0053 +0081 Fig. 7. An example of the consistency of followup observations
3 210634621 0728 4776 made on the same date of 2010-102A0by diferent observers.

+0.0000127 +0049  +0.081 This is an example of a “regular” transit. Lighter dots aretfe

_ data of Claudio Lopresti (ETD), whereas the heavier ones for
Comments: . . ... those of Ramon Naves (ETD). Continuous line shows the model
The following Fourier sum was fitted to the data (after preteriing fit to the grand-averaged transit light curve. The agreerhent

by the transit signal)d, + 32, A sin(2oyi(t — to) + ), wherety = . P
24545000. Errors have beenlcomputed from Monte Carlo runs and céwee.r.' the tvv_o datasetfs IS very good. Both Indl_cate a small but
significant brightening in the middle of the transit.

respond to & limits.
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: Fig. 8. An example of the consistency of followup observations
Fig.6. An example of the temporal coherence between the ob- by di
served oscillations and the ones predicted by the three- hi%ﬂrﬁgeisogrt]hgxsaa”r?peled%;eaof‘;?gﬁé?yydisc?/e(:)gﬁ{? ?rtac;]bs?terl\_/gﬁi
g:g/l;%g%ygosf C;'Jgrfeurlg 820; C(Zr(?lpf)nﬁg\i (tfee:nTSglt?e?' ljt—cr:at%(t) ots are for the data of Ramon Naves (ETD), whereas the heavie

- TR : nes for those of Jordi Lopesino (ETD). Continuous line show
the amplltqde .of the pulsation is smaller than those of the O&e model fit to thegrand-;)verage(d tran)sitlight curve. e
served oscillations. ment between the two datasets is very good which indicaggs th
the large transit anomaly might be real.

on the reality of certain specific features, we examine thae
given in Tablé L that were observed byfdient observersonthe It is also worthwhile to compare observations made on the
same nights. One such a night is 2010-10220Fig.[T shows same night through fferent filters. Interestingly, the only avail-
that the two ETD observers Claudio Lopresti and Ramon Navaisle such datasets gathered by the Kitt Peak survey (Sada et
derived the same type of LCs, with a characteristic humpén tll.[2012) also show peculiarities which are consistenténtvo
middle of the transit. filters (see Figl19). We see in both colors a step-wise vanati

In the above example the average shape of the LCs (excapd a substantially shallower transit depth in calor he ditfer-
for the center hump) are in agreement with the one we expetice is too large to be accounted for by a limb darkentfere
from a standard transit. Vastly fterent (but consistent) LCs  There are altogether seven parallel observations in the
emerged from the observations made on 2012-Q0:201The database shown in Talile 1. They are all in very good agreement
data come from two dierent sites and tferent telescopes from with each other (including “amateur” and “professionaltala
the ETD contributors Ramon Naves and Jordi Lopesino. The ie., the ones gathered on 2011-1%413), except for the event
sulting LCs are plotted in Fi§] 8. The distortion is enormbus observed on 2011-12-226 by Ramon Naves and Konkoly.
seems to be real from these independent datasets. (NdesgheWhile the Konkoly data (see Fifl 3) display a regular transit
as the referee noted, the relative proximity of the two teges shape, the parallel dataset shows a skewed transit (sé&.H)g.
used in these observations raises further suspicion onsiy®s We think that this signals the need for substantial cautspge-
weather-related issue of the phenomenon.) cially in the case of excessive transit anomalies.
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Fig.9. An example of the consistency of followup observations
made on the same date of 2011-104¥hrough diferent filters 0.016 - i
(Sada et al. 2012). This is an example of a “mildly discrepant ’ | | | | |
transit. Heavier dots are for the observations made throlgh e e
H., whereas the lighter ones for tldilter. The larger scatter in -0.10 -0.05 0.00 0.05 0.10
the H, band is likely due to the smaller aperture of the telescope phase

used with this filter (& m vs. 21 m for theJ filter). Continuous

line shows the model fit to the grand-averaged transit lighte. Fig. 10. Transit light curve obtained by summing up 32 light

Both light curves clearly show the step-like variation of flux ~ curves (see non-flagged items in TeBle 1). We combined tlze dat

with the break in the middle of the transit. in 0.002 phase units. Error bars show thir ranges of the bin
averages. Continuous line shows the reference model ligliec
(see text). The dots in the middle of the plot show the residu-

) - i als (arbitrarily shifted) for the dataset without prewhiteg by
There is one characteristic feature that appears in sevgil s Scuti components (light-shaded filled circles) and for the

LCs: we see a_huml_brightening of a few mmag near the cenyewhitened one (dark-shaded filled circles).
ter of the transit. This anomaly has been noted also by Herrer

et al. [2011) and by Lubos Brat at the ETD $§it8ince it seems

to appear at the same orbital phase in each case, we decidad §lve more wavy residuals and worse fits to the ingezpgss
attempt a more definjte detection of this featu.re by addihg @larts but still a significant central hump (see EiglA.2).
non-discrepant LCs (i.e., the not labelled ones in Table 1)+ Concern (i), the problem of fierent quality, was considered
crease the Bl. first within the standard framework of calculating the agera

In summing up the LCs, one might be concerned about thretrandom variables of fierent variances. However, subsequent
effects influencing the final result: (i) the data were gathenedtiests with various other ways of averaging have led to the con
various filters that yield slightly dierent transit shapes due toclusion of using the simplest way of averaging, with unitges
the color dependence of the limb darkening; (ii) the LCs dre applied to all data points, no matter which LC are they attdch
different quality; (iii) the phenomenon may not appear in alltrato. We used the linear trend-filtered data (as derived in. St
sits and then, averaging might decrease ied the detection. a binned simple summation of the non-flagged LCs in Table 1.

If we had more accurate and less uniformly sampled data, Concern (iii) is very important, and, it seems to be justified
concern (i) could be an important one. Due to limb darkeningn the basis of the current followup database (even if weidens
the transit depth increases byl.4 mmag as we switch from fil- that most of the followup data are too noisy to make statesnent
ter| to filter B. The diterence shrinks te 1.0 mmag if we com- on each individual events). For example, the Kitt Peak dzfta (
pare filtersl andV. If we have roughly uniform coverage in theFig.[d) clearly show that we have a stepwise anomaly ratkaer th
bins by all colors, then large part of the transit will be ghdfin  a slightly df-centered hump (at least on the night of the obser-
magnitude by roughly the same amount. This results in a conseations). The low-noise observations of Josep Gaitan (L€i#3
vation of the transit distortion, depending on the limb dsuikg Table[1) show apparently a flat bottom, whereas the LCs shown
very weakly. We did not see any improvement in the overati-stain Fig.[8 may support the possibility of large, asymmetritali-
dard deviation of the bin averages when we scaled the tgangions (with the caveats mentioned above). Counterexangules
by the expected depth dependence on color. Within this franmtbese varying anomalies are LCs #11 and #25 that show slight
work we also included the “Clearq, no-filter) data, although it but steady humps that survive after pre-whitening bystiseuti
is not clear without detailed consideration of the optieiting components. We think that the noise level of the currentiilav
in each case what filter “C” really means. In selecting theref able data does not allow a clear selection of all LCs showirg t
ence model, we took the one corresponding to color “B”. \asio specific distortion we are searching for. Therefore, thiusion
models corresponding to colors B-I gave increasing residud all, non-peculiar LCs in the averaging process seemsdike
standard deviations toward redder colors (we fitted to the aeasonable approach in the present situation.
eraged LC by omitting the central hump). Redder colors tend The result of the averaging process described above is dis-

played in Fig[ID. We see that the1.5 mmag hump is signif-

6 The high-precision LC presented in a poster by Hardig@ntin this grand-averaged light curve. Itis also visittlat it
& Dhillon [in preparation, to be submitted to MNRAS; seelS slightly of-centered. The hump is slightly less significant, if
www.ing.iac.egastronomysciencestaf/posterd_iam_Hardy.poster.pdf] we subtract thé Scuti component. Since the pulsation compo-
also shows a brightening near the transit center. nents are not in resonance with the orbital period, tfisct of
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decreasing the hump amplitude is attributed to our ingbitt Table 4. Radial velocities measured by TRES on WASP-33
separate the two phenomena. This assumption is supported by
the test we made with the predicted pulsation on the timebfse
the followup data. Here we folded the predicted pulsatitight

1 1

curves by the orbital period and checked if the so-folded LC BJD[UTC] RVIms™ Error[msT] SN
showed any structure, indicating a piling-up close to taadit 2455228.602075 668.5 278.1 63.2
center. We did not see such dffieet, instead, we saw a roughly 2455237.594799 937.1 290.2 74.8
uniform distribution. On the other hand, there are casesite 2455239.621300 637.9 1255 12138
observed wiggles do coincide with tdeScuti component (see, 2455240.577866 0.0 1101 2009
e.g., Fig[®). Therefore, a few such coincidences mightdlye 2455241.574510 754.5 124.3 146.2
d 2455242.623591 880.4 137.8 1515

be suficient to cause some decrease of the hump.

. . . . . 2455243.584301 1370.3 247.5 102.6
Finally we note in passing that by adding additional follgwu 2455243610300 13833 110.1 167.2
data angbr using diferent mixtures of them — but of course, 2455251.664877 1044.5 500.6  (*)30.8
by keeping the reliable ones — do not result in a considerable 2455252.642637 475.7 212.5 63.1
change in the significance of the central hump. Following the  2455461.002744 716.9 167.9 70.8
recommendation of the referee, in the Appendix (see[Fig) A.1 2455494.798400 826.6 2325 1409

we show the grand-averaged LCs obtained from thré&eréint
mixtures of followup data. Although with a somewhat low&y-si Comments:

nificance, the anomaly is clearly exhibited in all averages] CThe item denoted by (*) has been left out from the fit becausleeobut-
even though the new set of 13 LCs are noisierb80% on the lier status, probably related to the loyNs The velocity is on aelative
average than the set presented in this paper. scale.

. : . by CC10 and us, these valuesidi by 24, 19 and 1 sigma for
7. Radial velocity data — further constraining the Tefr, ViotSiNi and [M/H], respectively. Although the ffierences
planetary mass in Ter and [M/H] are tolerable, we do not know what causes the

As a part of our regular routine on following up planetarycar®'™ally highly significant discrepancy ingsini. For this rea-
didatgs, spectral ogbservations were takengwirt)hpthe Tl’lﬁ)I/Bj son and for the overall better consistency of the tempezatnd
Reflector Echelle Spectrograph (TRES, Frgsz 2008) on ﬁ)ilgttalIlqtytyaluefsthderlvetd by CClO,twe ysgthtelrévalues | th
1.5 m Tillinghast Reflector at the Fred Lawrence Whipplge ermination of the System parameters in Sect. o. -
Observatory in Arizona. Using the medium fiber, which has We fitted a sinusoidal signal (assuming zero eccentriaity) t

: fie 11 RV values by omitting the point with the lowesNS
resolving power obd/d ~ 44000 and a wavelength range Ot];WhiCh one is also an outlier in the fit). Since we fixed the pe-

3200-8900 A, we obtained a total of 12 observations taken Cfiid and the transit center according to the values obtaiyed
e

tween February 1, 2010 and October 25, 2010, to get Complgig’ - yineq analysis of the HATNet and followup data, there
phase coverage of our target. The spectra were extracteghan mained two parameters to fit: (i) the RV semi-amplitidand

alyzed L!sing the_ procedures outlined in Buchhave et a.l'.aﬁOl(ii) the zero point shift. The resulting fit is shown in Flg.111
The radial velocities were meas.ured. by cross correlatlng-a SAIthough the SN of the fit is not particularly high, it is still
gle spectral order (of the Mg b triplet in 51505280 A) against possible to give a reasonable estimate on the RV amplitude an
a synthetic template. Significant velocity variations weeen planetary mass. We gt = 0.443+ 0.095 kms? and, assuming

in the single order velocities but the scatter was fairlgéar 5 stellar mass and a semi-majo?axis of9E+ 0.036 M, and
presumably due to the rapid rotation of this star. In an gteny 5o556.0.0002 AU respectively (see CC10), we get a planetary
to improve the accuracy, we calculated the multi-order eielo mass of D4+ 0.66 M,[ This is in agreement with the broad up-

ties by cross correlating the spectra against each other-d§ ey |imit of 4.1 M; given by CC10 and also suggests that WASP-
order and summing the correlation functions. This incredise 33} t1is in the more massive class of planets. In Sect. 8 we ge

SN by efectively re_ducing the measurement errors. We used re complete set of system parameters (including the felane
strongest observation as a template and covered the Wgﬁelerpnass) by using a global fit to all observed quantities.
range of~ 3980-5660 A. The 12 RV values together with their
errors and spectral/S values are listed in Tablé 4.
For consistency check with other spectrosciotometric 8. System parameters
results concerning the physical parameters of the starone ¢

putedTes, Vot Sini and [MH] by using the weighted averageg;q (in all three colors), we can derive more accurate syp@m

of the Mg b triplet in three adjacent orders. Because theqalar}a eters. In this process we essentially followed the nubties
tary nature of the system can be regarded as proven, we targge o in our discovery papers (e.g., Bakos étal. 2015ndnt,
the well-known ill-conditioning of the physical parametister- o' hine the parameter determination from the LC, RV and

mination by fixing the gravity log as follows from the relation - ; :
o 5 . = X ) _ spectroscopic data through the intermediary of the steilatu-
g = 4a/(Aty)”. (Hereais the semi-major axis antly is the tran tion isochrones (i.e., by using the Yale-Yonsei models oéti

sit duration and we assumed a circular orbit with small plane [2007). The errors are estimated by a Markov Chain Monte

star mass ratio — see, e.g., Seager & Mallen-Omiglas] 20 rlo method as an integral part of the parameter deterioimat

Sozzetti et al. 2007; and Beatty etlal. 2007.) Withdog 4.2, for : : ;

. Because we are using composite data, we did not perform trend
the strongest (highesyI8) spectra we goley = 7700+ 50 K, &~ - : ; i
Vit SiNi = 96+ 0.5 kms L and [mH]= ~0.10+ 0.08. In a com- filtering during the fit (we made a trend filtering as part of the

parison with CC10, we see that our temperature and rotdtiona pue to fixing the stellar and orbital parameters and theirerto

velocity are higher by 270 K and 10 ks whereas the metal- those of CC10, the errors given here are smaller than the tonks
licity is lower by 02 dex. Taking the formal errors given bothobtained in the global parameter fit in Sect. 8.

By using the RV data and the LCs employed in the blend analy-
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Table 5. System parameters of WASP-33

1‘0 [ T T ‘ T T T ‘ T T T T T T T T T T T ]
C % ] Parameter Valy&rror
— 0.5 — .
d r i ] Transit LC parameters
g C ; i Ro/Rs 0.1143+ 0.0002
o 0.0- % - b (impact parameter) 245+ 0.013
> r ] T4 (total transit duration) Q143+ 0.0002 days
M o50 B T12 (ingress duration) 0124+ 0.0002 days
r ] RV curve parameters
C i ] K (RV semi-amplitude) 462 102 ms?
-1.0 PR PR PR PR PR 1 RV fit RMS 251 mSl
0.4 0.2 0.0 0.2 0.4 Stellar parameters
phase Ms 1.561j§:§‘z‘§ Msun
| _ _ _ o R, 150055 Ruun
Fig.11. Phased radial velocity curve with the fitted sinusoidal loggs 4.27+0.01 [CGS]
(assuming zero eccentricity). We fixed the period and thesita Ls 6.17 + 0.43 Loy
epoch as given by the joint analysis of the HATNet and follpwu M, 2.72+0.08 [mag]
data. Due to its large error, the gray-shaded data pointageph Age 0493 Gyr

~ 0.3 was left out of the fit.

Planet and orbital parameters

Mp 3.266+ 0.726 M,
Ro 1.679f°~§gg Ry
data preparation — see Sect. 3). One oth&erdince from the loggp 3.46ig;§2 [CGS]
Bakos et al.[(2011) procedure is that we used a Mandel & Agol ~ #p ~ 0.86+0.19 [CGS]
(2002) model for the HATNet data rather than a simplified flat- i (orbital inclination) 862 + 0.2
bottom transit model. To determine the physical parameters a (semi major axis) D259 ;05 AU
the planet we used the atmospheric parameteys [Fe/H] and 3/ ES ¢ 3'16197:;'01
logg) for WASP-33 taken from Collier Cameron et dl. (2010) (distance) pc
together with the constraint on the stellar density whichnes Comments:
from modeling the transit light curves. The orbital periodidhe Eied parametersT, = 7430 + 100, [MH]= 01 % 02,

X . iX
moment of the transit center was fixed to the values we got Eﬂ/: 12198709 daysT, = 24529506724 [HID].e = O (circular
the BLS ar)aIyS|s of the full dataset (see Sect. ,3)' The edcitpt orbit is used, based on the occultation data of Smith €t &ll2hd
was also fixed to zero, as suggested by the infrared oc@ntatheming et all 2012 — see however de Mooij etal, 2013}, = Tas,
data by Smith et al. 2011 and Deming et al. 2012. Furthermorg,, ingress duration is assumed to be equal to the tramsitidn. The
because of the central hump, during the global analysis we ongentral hump phase of the light curve (see Eig. 10) was othittéhe
ted the data points in the phase intervad{007,0.014]. global parameter determination.

Tableb lists the so-obtained parameters and their errons fr
the Monte Carlo method mentioned above. In comparing with

the set derived by CC10, we see that the parameters are in

goodfair agreement but our planet radius+s 10 % larger. iortion is coupled with the high temperature of the host star
This difference comes mainly from the exclusion of the cernq the higher UV (continuum) flux impinging the planet sur-
tral hump region from our analysis (including the hump, tHe d tace facing the star. Considering that HD 209458 (togetfitr w
ference shrinks down te 4 9%). Our errors, directly related toHp 189733b — see Lecavelier des Etangs ef al. 2010) has al-
the light curve, are substan_tia_lly lower. The absolute maters ready been shown loosing mass (cf. Vidal-Madjar et al. 2003)
(e.g., stellar mass) are of similar accuracy, or worse incase. ang HD 209458 has a rather low Roche-filling factor, it is ex-
The reason for that is not entirely clear but might come fran d pected that those with much higher filling factors are vergdyo
ferences in the computational details anfietences in the error cangidates for observing mass-loosing planets. The higtepl
limits. We agree also on the low age of the system, however Qdperature, UV radiation and the bright apparent magaitud
age estimate is limited to values larger thaih Gyr, to avoid  make WASP-33 especially a good target for observing mass los
ponfusmn V.V'th preé-main sequence evplutpn tracks. Howeve Although there are TEPs with strong stellar variabilityg(e.

is worthwhile to note that systems with high temperaturd hoéoRoT—Exo-4b, see Aigrain et al. 2008), the transit ano@sali
stars are better candidates for accurate age estimate) e qaiected in WASP-33 are unmatched. (Except for the extraor-
larger age spread in the same stellar density interval (epé&F dinary object KIC 12557548, supposedly a Mercury size ul-
of Collier Cameron et al. 2010). tra short period planet, showing dramatic changes in thresitra
depth and shape — see Rappaport €t al. 2012.) The changes seer
in the available followup data (even if we suspect that a itbns
erable part of them may be of instrumental origin) are veryda

To exhibit the special position of WASP-33b among the cucompared with the mild short-lasting humps attributed édlat
rently known TEPs, in Tablg 6 we summarize the relevant progpot activity in some TEPs (e.g., CoRoT-2, HAT-P-11, WASP-
erties (from the point of view of this section) of the top 1@ and Kepler-17, see Nutzman et [al. 2011, Sanchis-Ojeda &
planets ordered by the value of the Roche-filling factor @udwWinn[2011a, Sanchis-Ojeda etlal. 20l11b, and Désert/et &1,20
2011). We see that WASP-33b is among the possible candidatespectively). Some of the anomalies observed are reduaen

for intensive star-planet interaction, including massi$far. In  pearing in similar phases in the transit (e.g., two spotsbialt
the process of planet mass loss, the dynangcavitational dis- HAT-P-11, several of them in Kepler-17). This has led to the

9. Discussion
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Table 6. The first 10 TEPs ordered by the Roche-filling factonot observe a light variation. On the other hand, in the cése o
f(Roche) WASP-33 wedid notdetect a variation in the total flux above
0.5 mmag in the [02] d~! band, relevant for any rotational-
related activities (see Sect. 2). Therefore, the spot lsslirap-
tion is more plausible. Then, this is consistent with thehtit

Star f(Roche) T, P[d] Age[Gyr] Sp y Of the planetary orbit and the stellar rotational axis agssted

by the spectroscopic anomaly observed by Collier Camerah et
WASP-12 0.613 3650 1.09 1.7 GO 11.72070). Interestingly, Kepler-17 also shows a strikingyitar
WASP-19 0.590 2900 0.79 0.6 G8V  12.3:0n1rq| hump in the grand-averaged transit light curvesgdie

\évoAng'_‘ll gféi %ggg i'_%i 33 ggv ig:get al. _2011). While in the case of this system the_ hump can be

OGLE-56 0.414 3180 1.21 20 G 16.6€Xplained by the presence of separate spots (since theg caus

WASP-33 0354 3800 1.22 0.1 A5 g 30bservable fect in the average light variation), as mentioned

WASP-17 0.333 2340 3.74 3.0 F4 11.6above, no such a variation is seen in WASP-33.

TrES-3 0.329 2340 131 0.3 G 12.4

TrES-4 0.292 2500 3.55 29 F 11.6

OGLE-132 0.288 2800 1.69 1.0 F 16.8Low spherical order distortions Explanation suggested in (b)

HD 209458  0.229 2050 3.53 4.0 GOV  7.7sounds exciting, since it would explain in a natural way the

steady-looking hump as a result of non-radial pulsatiorhwit

Comments: | = 3, m= 0 spherical quantum numbers. The obvious condition

f(Roche) values are taken from Budaj (2011), ages and spegpes for this model to work is the existence of a stroboscoyiec

are from http//exoplanet.eli To = Ter VRsw/@ is the equilibrium tem- between the orbital and the pulsation frequencies. Sirere fis

perature at the substellar point (assuming circular ortsiee Cowan no such an &ect (i.e., resonance), this model cannot produce a

& Agol 201.1). The ages listed for WASP-4, CoRoT-1 and for TES (quasi_)steady hump in the same orbital phase_

are from Gillon et all_20094, 2009b and from Sozzetti et aDR0e-

spectively. For OGLE-132 we took an age 1.0 Gyr as the avertile

values given in Guillot et al[(2006). Variation of planet size Model (c) looks also a viable alterna-
tive for a moment but a glimpse on the possible distortiorsedu

utilization of these quasi-stationary anomalies to estirsgellar bY the aspect dependence of a distorted planet in the shaseph

obliquity, independently of the Rossiter-McLaughlifiezt. This  Of transit (see Leconte, Lai & Chabrier 2011), clearly exels

is very promising, although for a more reliable applicatifthe this model fro_m any further considerations as an explanatfo

method one needs well-covered, nearly continuous set af d4p€ short-lasting central hump.

characteristic only of space observations. Even if thietgp

data are available, fiiciently long-lived, constant latitude spots,

are necessary to disentangléfelient geometric scenarii (e.g.,

HAT-P-11, see Sanchis-Ojeda & Wihn 2011a).

Disregarding other light curve anomalies, since the hu
near the center of the transit of WASP-33b seems to be rec
rent, it is important to find an explanation on the physicaior
of this feature. We investigated the following possitd#i(in the
order of likelihood).

dditional bodies Possibility (d) is listed only for complete-

ness, as an unlikely resort to a more exotic explanation of a

steady transit anomaly. We would not only need an additional

anet (or moon) on a resonant orbit but the stability caodit

ould require this object to be of extreme low density. The ob

served hump of 1.5 mmagimplies an object radius©f0.6 R;.

With an “ordinary” gaseous planet density of 1 gcni.e., the

same as of WASP-33b), this results in-&.2 M; object mass,

(a) Recurring spots (a belt of spots or a single spot thatefstaWh_'Ch is c_ertamly a reasonably high value to make the configu
resonantly with the orbital period) ration unlikely to be stable.

(b) Low spherical order distortions due to #h&cuti pulsations

(c) Variation of the projected planet size due to tidal dittm
of the planet

(d) Additional bodies (moons, planets)

(e) Gravity darkening due to fast rotation

Gravity darkening The observability of gravity darkening ex-
erted by fast rotation (possibility (e)) has been broughtirup
the context of the high-precision photometric data attalimay

the Kepler satellite (Barnes 2009). It has apparently bden o
served in KOI-13, a short-period eclipsing binary with faxtt-
Recurring spots Possibility (a) would have seemed to be &g components (4 ~ 70 kms™) in the Kepler field (Szabo
plausible explanation if we had forgotten about the spectas- et al.[2011). The amplitude of the observed anomaly is only
sification of the star. Metallic line A stars are supposedé¢o b- 0.2 mmag. Barnes’ tests with a model system of an Altair
quiet objects with no or very weak magnetic fields, a prerefg Aquilae)-type host star (withy ~ 200 kms?, e.g., van Belle
uisite of spot activity. Furthermore, the elementffulion that et al.[2001) indicate that the central hump might be as lasge a
causes the observability of the chemical peculiaritiesireg the 1 mmag in this case (see his Figs. 5 and 8). To extrapolate this
absence of any mixing process, such as pulsation, if it exciresult to the case of WASP-33, we can compare the ratios of
random motion, i.e., turbulence. Nevertheless, as an itapor the centrifugal and Newtonian components of the surfacgtgra
‘by-product’ of the SuperWASP survey, Smalley et &l. (201 M Rsta/ Mstar. This yields an estimate of the fractional change of
have shown that nearly 13% of the examined 1600 stars claﬁf (in the classical von Zeipel approximation), the major con-
fied as type Am aré Scuti andy Dor stars pulsating with low tributor to the observed flux. We get that this ratio is about 6
amplitudes. Although it is not mentioned in their paper, sontimes larger for Barnes’ model than for WASP-33. We conclude
of the y Dor stars might be actually spotted stars with smathat model (e) is not preferred for WASP-33, since gravitskela
spots. If this is true, then spots should not form a well-gafad ening contributes probably at the level less tha.2 mmag to
belt at a given latitude of activity, since in this case weldouthe distortion of the transit shape.
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As discussed in Sect. 6, there are anomalies in WASP-88nfined resonant multiplanetary system can also lead tdyhig
that are of much more substantial than the central hump. Eviaolined orbits (i.e., Libert & Tsiganis 2012), this does seem
if several of these might come from observational errors, tho be sifficient to excite retrograde orbits.
explanation of the remaining ones (sloping full transit gha
different steepness of the ingreggess phases, varying transi .
depth, asymmetric shifts in the ingrégsgress phases) should im-ao' Conclusions

ply major changes in the stellar flux. For example, the overal \WASP-33b is a peculiar planet both in term of its host stariand
crease in the temporal transit depth (see notes added te[Tpblrespect of the size of its tidal distortion and the radiatéwe! re-
can only be explained if we assume a temporal but substanfialved from its star. These properties, combined with iigHir
dimming of the stellar light (or a sudden increase of the @lanness, have made this target a very attractive one for vafius
radius due to a violent Roche-lobe overflow). We do not haygwup studies, in particular for photometric ones.
any idea on the explanation of the asymmetric distortiorth®f Although our work primarily focused on the (time-domain)
transit shape (but the case of KIC 12557548 is tempting — S§%otometric properties of the system, by using our archacibl
Rappaport et al. 2012). velocity (RV) data gathered by the TRES spectrograph we were
The issue of the variability of the nearby comparison staghble to give a better estimate the mass of WASP-33b. Theatkriv
as an explanation of the unusual transit anomalies has cpmemass of 27+0.73 M; is in agreement with the earlier raw upper
early in this work. The HATNet data allowed us to study thémit of 4.1 M; given by Collier Cameron et a[. (2010). With the
variability of the some 140 objects in the trimmed field of theignificant RV signal we can state that WASP-33b belongsdo th
Konkoly Schmidt telescope (see Sect. 3). Since faintes st@an- more massive class of extrasolar planets.
tribute very little to the flux if only few comparison starsear By using the HATNet database, we searched for the signature
used, we concentrated only on the 10 bright close neighlners eof short-period oscillations of the host star as reporteliezdy
ployed by most of the followup works. Assuming that standarsbme followup works (in particular, that of Herrero etlal.12p
DFT and BLS analyses are the proper means to qualify thg§e confirmed the presence &fScuti-type pulsations, and, for
variability (i.e., no sudden — non-periodic — dimming ordhtt- the first time, we resolved the pulsation in three discret@-co
ening occur in these stars), we found that none of them shew ffonents in the 15-21-drange. All three peaks have sub-mmag
level of variability that could cause the observed strongnaa- amplitudes. Due to the well-knownfiiculties (mode identifica-
lies. There are only two stars worth for further considemti tion, need for full evolutionary model structure, mode sttm,
the rest do not show a significant variation abov@-Q mmag. etc. — see, e.g., Casas etlal._2009) in using these compdnents
Star 2MASS 022635663735479 often appears as one of the pulsation analysis to constrain the stellar parametezem-
comparison stars in the various followup works. This igagéi- ployed these oscillations only to test thefiieet on the finally de-
able object with f = 3.12274 d* and a Fourier amplitude of rived grand-averaged transit light curve (whigteet has proven
A = 2.6 mmag. The variability is slightly nonlinear (has a nonto be negligible for the current data). Opposite to what wags s
zero 2 component). The star is seldom used alone and everyésted by some earlier works (i.e., Herrero et al. 2011)tmer
it is done so, its variability introduces only some smalglsily frequencies neither their linear combinations are in clese-
nonlinear distortion (i.e., a trend) in the transit shapat tan nance with the orbital period.
be partially filtered out. Followup light curves using domuirily Due to the lack of high precision RV data, we excluded pos-
this comparison star do not show intriguing peculiarit®s sible blend scenarios primarily on the basis of the HAT Ngtt i
the other hand, the very nearby bright (although stll hag curve. The absence of the predicted out of transit variation
fainter) star 2MASS 02265168732133 could be problematicthe best-fitting blend model is a very strong support of the su
if the aperture is not correctly setin the photometry. ThdNAt  pected genuine star—planet configuration based on therapect
data show that this object has some remaining systematcs (tomography performed by Collier Cameron et Al (2010). As a
1 d* variation) at the 4-10 mmag level. By judging from the acty-product” of the blend analysis we also derived more jz®c
companying maps at the ETD site, we think that most of the fadystem parameters (see Tdlle 5).
lowup LCs were processed by small-enough apertures and thisin addition to the high rotational speed and high tempeeatur
companion did not cause any important distortion in theefrgof the host star, the most remarkable peculiarity of thisesyss
light curve. the numerous transit anomalies observed in the variousdalb
Finally, we draw attention to the extremely young age of tHaght curves. In addition to thé Scuti pulsations, these are ex-
system (see Tabléd 6). Although the early phase of planetderntra features of the system. Interestingly, one type of ariesia
tion, including the consumption of the gas component and ttiee slightly gf-centered~ 1-2 mmag hump within the transit
inward migration of the planet have probably ended, theidebseems to persist in more than half of the followup data so that
disk might still be present (e.g., Krivav 2010). This migkitls it becomes very nicely visible in the grand-averaged lightve,
be observable in the far infrared. Furthermore, the retrdgor-  using 32 followup light curves and the HATNet survey data. We
bit and the young age pose the intriguing question on the@atattempted to give a phenomenological explanation of thas fe
of the body that was able to perturb WASP-33b at such an eatlye by invoking, e.g., low-spherical order stellar pulzat a
phase of evolution, right after the planet formation in adlisk belt-like starspot structure and variation in the projdateoss
structure. The observations of Moya et al. (2011) by adaptigection of a tidally distorted planet. We think that the staot
optics in the near infrared is a step in the direction of figdinhypothesis could be a viable one but the existence of spots is
the perturber. If the low-luminosity object (a brown dwarfao questionable on the basis of the Am classification of the star
dwarf star) found by Moya et al._(2011)\gas gravitationally WASP-33 is a very interesting system for the substantial
bounded to WASP-33, then perhaps a close violent encourtransit anomalies, for the retrograde orbit of the planet fam
with WASP-33b at an early phase of planet formation in thihe young age of the parent star. The data used in the present
stellar binary caused the near driving out of this planetdnyse work have been able to give a more accurate estimate of the ba-
ing a perturbation that left it now on a retrograde orbithdligh sic system parameters and to show the quasi-permanengnatur
planet-planet scattering due to dynamical instability plane- of the central small hump within the transit. However, besgau
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of the~ 0.1% dfect, we were unable to show if this feature (persmalley, B., Kurtz, D. W., Smith, A. M. S. et al. 2011 A&A, 5353
haps with varying amplitudes) is present during all traggiints. Smith A., Anderson D., Skillen I. et al. 2011, MNRAS, 416, B09

Also, because of the observational systematics and rehatiyS0ZZetth A., Torres, G., Charbonneau, D. et al. 2007, ABd, 6190
. . . Sozzetti, A. et al. 2009, ApJ, 691, 1145
h|gh noise level, the re_allty of several (but not a_lll) ot_hepma— Szabo, Gy. M., Szabo, R., Benkd, J. M. et al. 2011, ApJ, £36
lies can also be questioned. Therefore, gathering higbigio® van Belle, G. T., Ciardi, D. R., Thompson, R. R. et al. 2001 459, 1155
(sub-mmagmin) photometric transit data would be crucial in unVidal-Madjar, A., Lecavelier des Etangs, A., Désert, 1.2003, Nature, 422,
derstanding this puzzling system. 143 ,
Yi, S., Demarque, P., Kim, Y.-C. et al. 2001, ApJS, 136, 417
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Fig.A.1. Grand-averaged transit light curves obtained from vaFig. A.2. Effect of the assumed average color of the grand-
ious datasetsYellow: our basic set of 32 LCs as presentedveraged light curve (Fi§._10) on the transit anomaly. The co
in Sect. 6;Cyan: 32 LCs from the basic set and 13 LCdinuous curves show the best fitting models fréfthe deep-
recommended by the referee from the ETD in/hisr sec- est curve) through/, R to | (the shallowest curve). The dots
ond report. [These LCs come from the following followupsepresent the (shifted) residuals remaining after sutitigithe
(name-date-filter): CLopresti-2010-09-11-R, SGajdo$@®@0- model light curves corresponding Band| (upper and lower
27-V, SKorotkiy-2010-10-25-R, JGarlitz-2010-11-19-RBrat-  sets of points, respectively). The “kinks” in theesiduals in the
2010-11-27-C, Dhusar-2010-12-03-R, SShadick-2011@2-lngresgegress parts suggest that shorter wavebands give a better
I, DSergison-2011-09-29-R, CGillier-2011-09-29-R, S@hbk- representation of the mixture of colors the grand-averdigat
2011-10-01-l, SShadick-2011-10-30-I, ABourdanov-2a®t- curve is assembled from.

10-C, ERomas-2011-12-10-BREd:as for thecyanset but omit-

ting 11 stars recommended by the referee in/Hier3rd re-

port. [These omitted LCs come from the following followups

(name-date-filter): SGajdos-2010-10-27-V, SKorotkiytaal 0-

25-R, LBrat-2010-11-27-C, and #6, #15, #18, #24, #26, #33,

#34, #36 from our basic set as given in Table 1.] Notation and

data sampling is the same as in [igl 10. The residuals have bee

shifted vertically for better visibility.

Appendix A: Individual and various grand-averaged
light curves, effect of limb darkening, transit and
trend parameters
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Fig. A.3. Light curves for the first half of the dataset as listed in &&hlPhase was computed from the ephemeris given for the full
dataset in Tablgl2. The light curves were linearly detreradedescribed in Sect. 3. The filters and the internal ideatitio numbers
(see Tabl€ll) are given in each panel in the upper left and ciyimers, respectively (the signis overplotted on the internal ID if
the light curve is not included in the analysis presentetiimpaper). The reference model light curve is plotted bytioapus line

in each panel. Since the main purpose of the plot to displayasily the ETD light curves, for simplicity we left out #0HATNet),

#02 (FLWO) and #30 (Konkoly), shown in other figures in the grap
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Table A-1. Simplified transit model fits to the individual transit evenf WASP-33

LC# Depth[mag] T12[d] T14[d] Te Cs Tt N

01 -0.01292 000890 011098 529882950 -0.00022 000458 2196
+0.00022 +0.00096 +0.00119 +0.00031 +0.00154

03 —-0.01541 001497 011412 554389064 -0.01787 000353 245
+0.00063 +0.00278 +0.00370 +0.00082 +0.00482

04 -0.01127 001059 010914 554354799 -0.02317 000252 282
+0.00032 +0.00191 +0.00226 +0.00057 +0.00378

05 —-0.01240 001356 010911 5543%5093 000652 000268 163
+0.00057 +0.00418 +0.00505 +0.00095 +0.00298

06 -0.01632 001800 012099 554550954 -0.07299 000262 220
+0.00062 +0.00282 +0.00340 +0.00072 +0.00402

07 -0.01437 001331 011643 5546&8488 -0.02304 000174 277
+0.00035 +0.00111 =+0.00138 +0.00035 +0.00339

08 —-0.02460 003090 012431 554858451 008107 000382 598
+0.00040 +0.00103 +0.00080 +0.00051 +0.00488

09 —-0.02051 005230 016881 554854744 004160 000358 191
+0.00098 +0.00549 +0.00626 +0.00147 +0.00416

10 -0.01284 000878 010884 554914146 003935 000428 434
+0.00053 +0.00254 +0.00319 +0.00064 +0.00499

11 -0.01235 000973 011151 5549@4463 -0.02676 000185 138
+0.00040 +0.00278 +0.00306 +0.00073 +0.00243

12 —-0.01265 001494 011766 555086355 -0.01721 000240 451
+0.00029 +0.00191 +0.00210 +0.00045 +0.00199

13 —-0.01575 001336 011250 555191991 002985 000568 863
+0.00049 +0.00278 +0.00315 +0.00059 +0.00290

14 —-0.01425 001566 012709 555369915 009255 000909 1254
+0.00061 +0.00452 +0.00512 +0.00104 +0.00558

15 —-0.01695 001077 011811 555581457 001598 000745 440
+0.00115 +0.00370 +0.00393 +0.00094 +0.01329

16 —-0.01425 001666 011604 555629575 -0.01508 000325 437
+0.00035 +0.00201 +0.00264 +0.00070 +0.00376

17 -0.01524 001272 010953 555741261 002431 000518 778
+0.00046 +0.00222 +0.00247 +0.00059 +0.00365

18 -0.01816 001187 011168 555727423 006357 000455 238
+0.00088 +0.00374 +0.00449 +0.00088 +0.00864

19 —-0.01453 001675 011957 55820836 -0.03323 000315 311
+0.00057 +0.00247 +0.00285 +0.00073 +0.00599

20 —-0.01604 001095 011408 5582%6788 000009 000326 468
+0.00034 +0.00175 +0.00183 +0.00038 +0.00298

21 -0.02118 001743 012884 558404767 006557 000407 196
+0.00073 +0.00383 +0.00480 +0.00102 +0.00430

22 —-0.01657 001132 011590 5584B6651 004421 000287 310
+0.00047 +0.00173 +0.00205 +0.00051 +0.00241

23 —-0.01159 001211 012316 558486687 001058 000136 505
+0.00015 +0.00093 +0.00098 +0.00027 +0.00073

24 -0.01131 000366 010183 5585682251 -0.03481 000258 96
+0.00059 +0.00303 +0.00370 +0.00077 +0.00548

25 -0.01273 001525 011739 558786071 -0.01035 000174 291
+0.00025 +0.00173 +0.00224 +0.00046 +0.00217

26 —-0.01605 001424 011138 558786171 003985 000223 79
+0.00080 +0.00301 +0.00373 +0.00106 +0.00915

27 —-0.01390 001724 010546 5587%8875 -0.04512 000620 907
+0.00071 +0.00278 +0.00383 +0.00092 +0.00504

28 —-0.02336 001086 008862 558882128 005757 000921 404
+0.00122 +0.00411 =+0.00531 +0.00070 +0.01072

29 —-0.01469 000985 011435 558883912 003363 000305 127

+0.00076 +0.00320 =+0.00386 +0.00090 +0.00607

Comments:

See Sect. 2 for the description of the simplified transit rhadeader: LC#: light curve identifying number (see Table 1); Deptlarsit depth;
T12: ingresséegress) durationt 14: total transit durationf,: time of the center of transits: linear trend cofficient (see Eq. (1); negative values
indicate overall brightening}rs;: standard deviation of the residuals throughout the tote span of the followup data; N: number of data points.
Note: The partial transit observation from FLWO (#02) has beendaf, due to numerical fliculties in fitting the trend and the transit models
simultaneously. The center of transit time of #28 seems &tioagly influenced by the large oscillations, leading teatimate of 28 min earlier
than predicted.
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Table A-1. Continued
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LC# Depth[mag] T12[d] T14 [d] Te Cs it N

30 —-0.01670 001081 011132 5589(6016 -0.01488 000302 446
+0.00034 +0.00111 +0.00138 +0.00034 +0.00391

31 —-0.03987 005448 013802 5589(57094 005401 000331 177
+0.00258 +0.00399 +0.00223 +0.00069 +0.00492

32 —-0.01367 001229 011489 55896071 -0.04361 000355 888
+0.00031 +0.00163 +0.00176 +0.00041 +0.00187

33 —-0.01518 000906 011289 5590811511 008610 000279 146
+0.00071 +0.00204 +0.00238 +0.00061 +0.00789

34 —-0.01587 001721 011740 5591P9675 000249 000172 109
+0.00044 +0.00194 +0.00234 +0.00059 +0.00394

35 —-0.02361 001385 012109 559187801 000774 000264 149
+0.00062 +0.00132 +0.00148 +0.00044 +0.00580

36 —-0.01990 000574 010720 559189612 013020 000566 134
+0.00105 +0.00335 +0.00410 +0.00072 +0.00722

37 —-0.01489 003037 013544 5592319690 005587 000283 230
+0.00096 +0.01478 +0.02050 +0.00148 +0.00472

38 —-0.01680 001616 012705 559287473 -0.02463 000200 113
+0.00055 +0.00220 +0.00289 +0.00060 +0.00517

39 —-0.01468 001312 011406 559287224 -0.02589 000299 420
+0.00033 +0.00233 +0.00300 +0.00057 +0.00258

40 —-0.01541 001615 012301 5593%9728 -0.00475 000356 316
+0.00065 +0.00287 +0.00316 +0.00071 +0.00398

41 -0.01402 001076 011294 559385322 002748 000150 130
+0.00032 +0.00102 +0.00137 +0.00038 +0.00219

42 —-0.01384 000736 011353 55947657 004735 000414 534
+0.00043 +0.00245 +0.00246 +0.00068 +0.00233

43 -0.01245 001017 011581 559683311 005396 000300 365
+0.00040 +0.00169 +0.00193 +0.00054 +0.00274
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