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ABSTRACT

The transiting exoplanet WASP-18b was discovered in 2008i&Wide Angle Search for Planets (WASP)
project. TheSpitzer Exoplanet Target of Opportunity Program observed secgratdipses of WASP-18b using
Soitzer’s Infrared Array Camera (IRAC) in the 3y8m and 5.8.um bands on 2008 December 20, and in the 4.5
um and 8.0um bands on 2008 December 24. We report eclipse depth80f0.02% 0.39+ 0.02% 0.37+
0.03%40.41+ 0.02%, and brightness temperatures of 300, 3316:130, 308140 and 3128110 K in
order of increasing wavelength. WASP-18b is one of the Bbtilanets yet discovered - as hot as an M-class
star. The planet’s pressure-temperature profile mostlitezltures a thermal inversion. The observations also
require WASP-18b to have near-zero albedo and almost netrédition of energy from the day-side to the
night side of the planet.

Subject headings: planets and satellites: atmospheres — planets and segelibmposition — planets and
satellites: individual (WASP-18b) — infrared: planetaygtems

1. INTRODUCTION son et al. 2008), XO-1b (Machalek et al. 2008), TrES-2b

; O’Donovan et al. 2010), TrES-4b (Knutson et al. 2009a),
Among the more than 500 extrasolar planets discovered tol
daté, the over 100 close-orbiting gas giants that transit their XO-20 (Machalek et al. 2009) and WASP-1b (Wheatley et al.

host stars have provided the most valuable clues to thes-phy 201hl)' among ot?ers. TTiS Ehengmenon has bein at_tr;iguted
ical natures. The geometry of the transit gives a direct mea-L0 tN€ presence of strongly-absorbing species such as TO an

surement of the density of the host star and the surface gravYO remaining in the gas phase in the upper atmosphere, lead-

ity of the planet (Seager & Mallén-Ornelas 2003: Southworth N9 tO the formation of a stratospheric temperature ineersi
gal. 200p7). Th(ese ?neasurements can be combined with afiBurrows et al. 2008; Fortney et al. 2008). This led Fortney

estimate of the star's mass and radius to provide estimate$! /- {0 propose a scheme in which planets are assigned to
of the planet's mass, radius and density. The closestiogbit ©/@SS PM (with hot stratospheres) or pL (without) according

planets attain dayside temperatures high enough to give 0b%:?atssnggerKarEﬂ:gégﬁfglal(%%ylcv)\gtshugh;ezﬁg2trel\a/1l datrrgtl_sgﬁm%cggll
serzﬁl ble secok? dr?r)a?ﬁllpsre:s ?t E[hermal-lnfcr:ahredbanMSngt fts lack inversions because the TiO and VO are destroyed by

e e e s e S ar oo © DV radiaon e Spegeleta (2009) clamed hat TV
; ; : _ may not be sufficiently abundant in the upper atmospheres to
Observations with theSpitzer Space Telescope have re produce the required inversions. Zahnle et al. (2009b) pro-

vealed that transiting gas giant planets can be divided into d additional absorb lik Ioh 3 hiahd
two classes based on their infrared spectral energy distrip P0S€d additional absorbers, like sulphur species, whialico
potentially form thermal inversions.

tions. A subset of the very hottest planets, with dayside tem . . > .
peratures in excess of 2000 K, display molecular features of WASP-18b is a prime candidate for secondary-eclipse ob-
CO and HO in emission rather than absorption, indicating the Servations to test for the presence of a hot stratosphete(He
presence of a temperature increase with height in the pganet €t al- 2009). It orbits an F6-type star with a period of juSk0.
photospheric layers. Such temperature inversions have beed@ys and is expected to attain a blackbody equilibrium tem-
perature approaching 2400 K, assuming zero albedo and effi-

inferred from the flux ratios between the four bandpasses oftf. . . .
the Infrared Array Camera (IRAC, Fazio et al. 2004) aboard Cient transport of heat from the dayside to the nightsid@ef t
planet. With less efficient transport, an even higher daysid

Spitzer, centered at 3.6, 4.5, 5.8, and & (channels 1-4), temperature is expected. The planet is unusual because of it
in the hot planets HD209458b (Burrows et al. 2008; Knut- very high massM, = 10.43+0.30 Jupiter masse8lyg and

modest radiusi}, = 1.1654 0.055 Jupiter radiiRyyp (South-

sarah.nymeyer@gmail.com . L )
1 Eor ag up_¥o_£?e listing, see http:/fwww.exoplanet.eu worth et al. 2009), which give it a surface gravity an order
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TABLE 1
RUN PARAMETERS
A Pre-Observation Main Observation Post-Observation
Obs. Date tm) Start Frame Time (s) Frames Start Frame Time (s) Frames Start  Frame Time (s) Frames
CH13 2008-12-20 3.6 5.8 820.57796 2,12 260 | 820.61869 2,12 1148 | 820.79721 2,12 10
CH24 2008-12-24 4.5 8.0 824.35796 12 185 | 824.38431 2,12 1148 | 824.56278 2,12 10

2BJD - 2,454,000 ephemeris time

of magnitude greater than that of any known transiting glane

likely to belong to the pM class. The pressure scale heightin  6.71— ‘ ‘
its photospheric layers should therefore be an order of inagn
tude smaller than for planets of similar temperature, movi 6.70
ing an important new dimension for tests of planetary atmo-
spheric models in the presence of strong external irradiati
The small but precisely known orbital eccentricéty0.0085 6.69r
+0.0008 (Triaud et al. 2010) may impart slightly faster-than- =
synchronous rotation, which could help to redistributethea ge.esf
from the dayside to the nightside of the planet. T
WASP-18b was therefore selected as a candidate for obser ¢ o[
vation as part of ougpitzer Exoplanet Target of Opportunity
Program shortly after its discovery was confirmed. In Sec-
tions 2 and 3 of this paper we describe the observations anc  :96]
the analysis of the data. In Section 4 we discuss the con-
straints imposed on the thermal structure of the planetary a 6.65— £ 1o 15 5 55 30

mosphere by the IRAC fluxes, in Section 5 we compare the Time From Start of Preflash (mins)
eccentricity and orientation of the orbit from the timingdan
duration of the secondary eclipse with the values deriveh fr

radial-velocity observations, and in Section 6 we present o

conclusions.

FiG. 1.— Preflash light curve. These are8 data, analyzed with aperture
photometry. The preflash source is bright compared to WASRwvhich al-
lows the array sensitivity to stabilize before the scierttgeovations. Without
a preflash, similar observations generally show a steegklomger ramp in
the eclipse observations. This may be the first descendeftaph, attributed
to an even brighter source in the immediately preceedingrgro.

2. OBSERVATIONS

Sitzer's IRAC instrument observed (program 50517) two
secondary eclipses (see Table 1). After each observation, a
offset 6-minute full-array sequence confirmed the lack of pe
sistent bad pixels near the stellar position. There are two i
dependent analyses of these data, one presented here and one 3. DATA ANALYSIS
by Machalek et al. (2011). All data areSpitzer Basic Calibrated Data (BCD) frames us-

IRAC exhibits some sources of systematic noise that musting version S18.7.0 ofpitzer's preprocessing pipeline. This
be taken into account when planning and analyzing observa-pipeline removes all well-understood instrumental sigres
tions. A positional sensitivity exists in the 3.6 and 4if and produces a flux-calibrated image (Fazio et al. 2004). We
channels (Charbonneau et al. 2005; Knutson et al. 2009bfirst account for light travel time in the solar system by con-
Machalek et al. 2011; Stevenson et al. 2010), and a time-verting to Barycentric Julian Date (BJD), and then mask all

the positional sensitivity at 3.6 and 4u#n, each observation
used fixed pointing.

varying sensitivity ("ramp”) exists in the 5.8 and 81th chan-
nels (Charbonneau et al. 2005; Harrington et al. 2007).
The time-varying sensitivity in the 8.am channel mani-

pixels in the Spitzer-supplied permanently bad pixel mask.
We find the remaining bad pixels by grouping sets of 64
frames and doing a two-iteration outlier rejection at eagklp

fests as an apparent increase in flux with time. The rate oflocation. Within each array position in each set, this noeiti
increase depends on the number of photons received by eacbalculates the standard deviation from thadian, masks any
pixel, and is believed to be caused by charge trapping. Thepixels with greater thandtdeviation, and repeats this proce-
effect is successfully reduced by staring at a bright défus dure once. Masked pixels do not participate in the analysis.
source, in this instance an HIl ionized region, prior to the  WASP-18 is very bright relative to the background. A 2D
main observation (a "preflash”). The large number of pho- Gaussian fit to data within 4 pixels of the stellar brightness
tons quickly saturates the detector, resulting in a smediter peak determines the stellar center in each frame. The light
of increase in the main observation than is seen without-a pre curve comes from s-interpolated aperture photometry (Har-
flash (Knutson et al. 2009b). We observed a 30-minute pre-rington et al. 2007), excluding frames with masked pixels in
flash prior to the December 24 event (see Figure 1), which ex-the photometry aperture and not using masked pixels in sky
hibits a decreasing ramp, unlike previous observationsifKn level averages. Table 2 presents photometry parameters. We
son et al. 2009b; Campo et al. 2011). This is attributable tovary the aperture radius between 2.0 and 5.0 pixels in 0.25-
the previous IRAC observation of the bright extended sourcepixel increments, choosing the one with the best light-eurv
IC1396a. fit as described below.

The 5.8um channel exhibits a decreasing ramp Spdzer We model the intrapixel variation affecting the 3.6 and 4.5
stared at the target for 62 minutes prior to the observatont pm channels with a second-order, two-dimensional polyno-
allow time for the detector to stabilize. In order to minimiz  mial (Knutson et al. 2008; Stevenson et al. 2010; Campo et al.
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TABLE 2
DETAILS OF THEANALYSIS AND RESULTSFROM LIGHT CURVE FIT

Parameter 3.6m 4.5um 5.8um 8.0um
Array Position g, pix) 30.24 23.20 24.41 24.17
Array Position ¢, pix) 23.89 24.68 24.05 22.32
Position Consistenéy(dx, pix) 0.018 0.019 0.028 0.022
Position Consistenéy(dy, pix) 0.018 0.038 0.015 0.021
Aperture Size (pix) 3.50 3.00 3.75 3.50
Sky Annulus Inner Radius (pix) 7 7 7 7
Sky Annulus Outer Radius (pix) 12 12 12 12
System Flux Fs, pJy) 168080+t 140 104300t 600 69690t 20 37450+t 10
Eclipse DepthRp/Fs, %) 0.30+0.02 0.39+0.02 0.37+0.03 0.41+0.02
Brightness Temperature (K) 318090 33104+ 130 3080+ 140 3120+ 110
Eclipse Mid-time {yig, phase) 0.4995+ 0.0007 0.4985-0.0006 0.4995-0.0007 0.4985-0.0006
Eclipse Mid-time {yig, BID - 2,454,000 820.7160+0.0006 824.4809-0.0005 820.7166-0.0006 824.4809 0.0005
Eclipse Durationty-y, sec} 8010+ 60 8010+ 60 8010+ 60 8010+ 60
Ingress {-1) and Egresst{_3) Times (sed) 857 857 857 857
Ramp Name Linear Linear Falling Exponential  Rising Exponential
Ramp, Linear Termrg) 0.00540.001 -0.006+0.003 0 0
Ramp, Curvaturerf) 0 0 14+1 17+1
Ramp, Time Offsetr@) 0 0 -0.035689 0.082618
Intrapixel, Quadratic Term in x) 0 0.47+0.13 0 0
Intrapixel, Cross Termp) 0 -0.12+£0.01 0 0
Intrapixel, Linear Term in y 1) 0.06740.004 0 0 0
Intrapixel, Linear Term in x 5) -0.086+0.003 -0.33+£0.06 0 0
Total frames 1148 1148 1148 1148
Good frames 1142 987 996 1031
Rejected frames (%) 0 14 13 10
Standard Deviation of Normalized Residuals 0.002428 01863 0.003738 0.002928
Uncertainty scaling factor 0.31674 0.47164 0.57274 0.2779

2 RMS frame-to-frame position difference

b Duration and ingress/egress time are each a single panmasteteed among all four wavelengths. Eclipse mid-times asingle
parameter for each pair of channels observed together.

2011), 2 show which points are included, as do the electronic light
_ ) curve files. We fit Eq. 5 to the data using a least-squares mini-
Vip(X,Y) = pry> + pox® + Paxy + pay + psx+ 1, 1) mizer. Because the Spitzer pipeline usually overestimates

wherex andy are the centroid coordinates relative to the pixel certainties, we rze-scale the photometric uncertaintiqsrée
center nearest the median position, and ps are free pa-  duce areduceg* of 1 and re-run the fit. This typically con-
rameters. The systematics had little to no dependence on th&¥erges in one iteration. For a given photometric set thersgal
quadraticy term, sop; is fixed to zero for all models. The factors are almost identical for all models, so we choose one

ramps for the 3.6 and 446m channels use a linear model, for use with all models. ) )
Because the underlying physics of the systematics have not
R(t) =r1(t-0.5)+1, (2)  been characterized sufficiently to find an expression thet fit

well in every case, it is possible that, for soigatzer data
sets, different investigators will find different values fey
parameters when using different systematic models and pho-
R(t) = 1+exp(roft —r3)]), (3) tometry parameters. This occurred, for example, when Knut-
son et al. (2009b) re-analyzed the data of Harrington et al.
(2007), finding an eclipse about half as deep. FRamini-
mum that Knutson et al. found was present in the correlation
R(t) = 1-expEraft—ra]), (4) plots of Harrington et al., but it was just a local minimum for
o ] that model. While models for deep eclipses, such as those pre
wherer, andrs are free parameters. Thetermiis fixedtoits  sented here and by Campo et al. (2011), should generally pro-
best-fit value. The eclips&(t), is a Mandel & Agol (2002)  duce compatible results even with different systematic mod

wheret is orbital phase and is a free parameter. We model
the 5.8um channel with a falling exponential

and the 8.Qum channel with a rising exponential (Harrington
et al. 2007)

model which includes the time of secondary ecligseo t4 els, weak eclipses such as those of Harrington et al. (2007)
duration (£'to 4" contact), ingress/egress time, and eclipse and Stevenson et al. (2010) are more dependent on the details
depth. of fitting.

The single-channel light curve model is All of the published results of our current pipeline (Steven

_ son et al. 2010; Campo et al. 2011, and this work) result from
FOy,1) = FVie(x Y)ROE(), (5)  testing a variety of models for each systematic, as well as as

whereF (x,y,t) is the flux measured from interpolated aper- Sessing the best photometry aperture and stabilizatinfom

ture photometry andfs is the (constant) system flux outside €ach data set. We test linear, quadratic, quartic-in-imgt

of eclipse, including the planet. We dropped a small num- falling or rising exponential, logarithmic-plus-quadcand

ber of initial frames in each light curve (0, 150, 100, and 80 logarithmic-plus-linearramps, and a variety of polynokiia

frames in order of increasing wavelength) to allow the point trapixel models, before choosing the final models. Mostef th

ing and instrument to stabilize. The model lines in Figure Possibilities produce obvious bad fits. For this paper we se-
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FiG. 2.— Raw (left), binned (center), and systematics-coea¢tight) secondary-eclipse light curves of WASP-18b i fibur IRAC channels, normalized
to the mean system flux within the fitted data. Colored linesthae best-fit models; black curves omit their eclipse molighents. A few initial points in all
channels are not fit, as indicated, to allow the telescopératdiment to stabilize.

lect the best two models in each channel and fit them for all chain Monte Carlo (MCMC) routine. Each chain began at the
apertures. least-squares minimum. If any step in the chain ever beat the
For each channel, photometry using the various apertureminimum, it would indicate an even deeper minimum at the
sizes produces slightly different data sets. We must skitett ~ bottom of the basin of attraction just entered, so the reutin
the best data set and then the best modelBwind related  would discard the MCMC data, re-run the minimizer, and re-
fitting criteria only compare different models to a singléada  start the Markov chain. The routine runs a “burn-in” of at
set; they are inappropriate for deciding between models fit t least 10 iterations to forget the starting conditions, and then
different data sets. For data sets from different apertuves  runs four million iterations.
choose the one with the smallest standard deviation of nor- We also consider the level of correlation in the residuals.
malized residuals (SDNR) with respect to the system flux for For this, we plot root-mean-squared (RMS) model residuals
a given model and repeat for each of several models. Thisvs. bin size (Pont et al. 2006; Winn et al. 2008) and compare
generally results in a consistent choice of the best apertur to the theoretical /N RMS scaling. Figure 7 demonstrates
size among different models. the lack of significant photometric noise correlation in éur
Once we have the optimal aperture size, we then comparenal models. In the case of Channel 3, we found a high degree
the models. Since adding additional parameters to a modebf correlation between some of the model parameters in the
will always produce a better fit, we use fitting criteria that posterior distribution, and prefer a less-correlated rhaité
properly penalize the addition of parameters. As descitilyed insignificantly poorer BIC and similar SDNR at 3.75 rather
Campo et al. (2011), we apply both the Akaike Information than 4.0 pixel aperture size. Differences in interestingpa
Criterion, eter values for the near-optimal alternative gréo.

AIC = x2+2k, (6) Finally, the marginal posterior distributions (i.e., tha-p
wherek is the number of free parameters, and the Bayesianr"’lme-ter histograms) and plots of their pairwise correlatio
Information Criterion ' help in assessing whether the phase space minimum is global

' and in determining parameter uncertainties. We presesg¢the

BIC = X2+k|n N, (7) plots for the astrophysical parameters in Figures 8, 9,46, a

, . , 11. Table 2 gives the values and uncertainties of all parame-
whereN is the number of data points (Liddle 2007). A lower tgrg

information criterion value indicates a_better model..lﬁgy _ The data files containing the light curves, best-fit mod-
3,4,5, and 6 present SNDR and BIC with the two main candi- g|s centering data, etc., are included as electronic suppl
date models and aperture sizes for each wavelength. Our finanents to this article. Multiple teams analyze the s&iezer

joint model fit, with 28 free parameters, combines the eelips exoplanet data, sometimes obtaining divergent results, (e.
durations for all channels and pairs the simultaneously ob-geaylieu et al. 2011 and Stevenson et al. 2010; Knutson et al.
served mid-times. It resulted in an AIC of 4176 and a BIC of 5009p and Harrington et al. 2007). To facilitate compari-
4302. son of these efforts, we encourage all investigators to make

To assess parameter uncertainties and correlations we exsimilar disclosure in future reports of exoplanetary titns
plore phase space with a Metropolis random-walk Markov-
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FIG. 7.— Root-mean-squared (RMS) residual flgxbin size in each chan-
nel. This plot tests for correlated noise. The straight isntae prediction for
Gaussian white noise. Since the data do not deviate far fheniine, the
effect of correlated noise is minimal.

4. ATMOSPHERE

We model WASP-18b with the exoplanet atmospheric mod-
eling and retrieval technique developed by Madhusudhan &
Seager (2009). This is a 1D, line-by-line, radiative-tfans
model with constraints of hydrostatic equilibrium and gibb
energy balance. The model has six temperature structure pa-
rameters and four molecular abundances, expressed as devia
tions from thermochemical equilibrium and solar abundance
Recognizing the excess of model parameters over data, our
goal is to rule out unreasonable areas of phase space rather
than to determine a unique composition and thermal profile.
An MCMC routine runs a wide range of inversion and non-
inversion models, integrates the resulting spectra agtins
Spitzer bandpasses, and calculai@sagainst the four data
points. Integrals over the MCMC posterior distribution pro
duce robust statistical statements about the undercorestra
model.

Figure 12 shows the observed planet-star flux ratios and

and eclipses. Because of differing photometry methods andiwo model spectra. We find that the observations can be ex-

the vagaries of estimating error, the standard deviatichef
residuals, normalized to the out-of-eclipse flux, shouldHze

plained by models with and without thermal inversions. We
note that the observations are also consistent with a black-

figure of merit for comparing analyses of the same data by pody planetary spectrum with = 3200 K, although a black-

different pipelines.

body spectrum is likely unrealistic. An atmosphere can have
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FIG. 9.— Parameter correlations, continued. Same as Figure 8.
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a blackbody spectrum either if it is isothermal over the uppe 2232283
several optical depths or if there is no opacity source. Nei- CH4 Eclipse Flux Ratio
t,her condition is phyS|caIIy favorabl,e' Several specyratt- FIG. 11.— Parameter histograms. To decorrelate the Markowshéie
tive molecules should be abundant in hot-Jupiter atmogsher histograms come from every 100th MCMC step.
and there is collision-induced opacity (Freedman et al8200
In addition to being coupled with the opacities, the tempera
ture structure is also critically influenced by atmosphdsie librium with solar abundances. CO has a strong absorption
namics (Showman et al. 2009), all of which can cause a non-feature in the 4.5um channel. HO contributes the dominant
isothermal profile. opacity in the 5.8um channel, and contributes significantly

At 3200 K, the temperature of early M-class stellar photo- in the remaining channels. Thus, for temperature decrgasin
spheres, CO andJ@ are the dominant spectroscopically ac- monotonically with altitude, i.e., in the absence of a tharm
tive molecules in the IR. Other molecules like £&hd CQ inversion, the spectra should exhibit noticeable absomgti
are negligible, under the assumption of thermochemicatequ the 4.5 and 5.8um channels and less in the 3.n and 8
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um channels (Madhusudhan & Seager 2010, 2011). The ob-  6F ' ]
served planet-star flux contrast in the 4\ channel should E WASP—18b -4
then be lower than that in the 381 channel (Charbonneau E 3
et al. 2008; Stevenson et al. 2010); the difference depemds o
the temperature gradient and the composition.

Our observations of WASP-18b show excess flux a4
compared to the 3.6m channel. This could be due to a ther-
mal inversion, but the observational uncertainties altoal
just a gentle temperature gradient and no inversion, suath th
the absorption features are not too deep, and a differentche
ical composition (Madhusudhan & Seager 2010). Two mod-
els, with and without an inversion, appear in Figure 12. Both
explain the data fairly well, the inversion model at the 1
level and the non-inversion model within 4.5 The molec-
ular abundances of the models are only marginally different
from those of thermochemical equilibrium with solar abun- A (um)
dances (T%) The inversion model has 10 times more CO, FIG. 12.— Dayside spectrum of WASP-18b. The black circles witlore
and the non-inversion model has 10 times Ie§@ land CO, bars show our o)t;servat?ons of WASP-18b in the fGuitzer IRAC channels.
as compared to TE The mixing ratio of CQis 107 for the The red curve shows the inversion model spectrum and the greee shows

: : : : : the non-inversion model spectrum discussed in the text. rétiend green
inversion model a.”d 1®for the non-inversion model. Despite circles are the respective spectra integrated oveBSpiteer bandpasses (in-
the weak constraints on the temperature structure, the-0bse dicated with arbitrary scale at the bottom). The black ddsime shows a
vations do place a strict constraint on the day-night energyblackbody at 3150 K, and the blue dashed lines show blackbpelgtra cor-
redistribution in WASP-18b: Both models require a low Bond' responding to the minimum and maximum temperatures in thesghere
albedo f) and inefficient day-night redistributiorg(0.1 for (see Figure 13).
A=0) in WASP-18b. Figure 13 shows the contribution func-
tions of the two models in the four IRAC channels, along with
the thermal profiles.
The presence of a thermal inversion in the dayside atmo- |
sphere of WASP-18b is expected based on theoretical grounds |
(Hubeny et al. 2003; Fortney et al. 2008). At the high temper- §
atures of this planet, TiO and VO can exist in gas phase over®
the entire atmosphere, thus contributing to the strondphesi ol
opacities required to form stratospheres. However, questi
of whether the concentrations of TiO/VO alone are adequate
to cause the required thermal inversion, and whether other 195l
sources of visible/UV opacity are possible at these temper- Teee
atures, merit future theoretical investigation (Spiedgeble FiG. 13.— Pressure-temperature profile (left) and contrilufienctions
2009: Zahnle et al. 2009a). Furthermore, Knutson et al. E)m[ddle and right). The middle and right panels show the redized contri-
- s ution functions for the non-inversion and inversion msdeéspectively, in
'(Zg'loi'fmdt:]h?t' the host star WASP-18 has 3- low aCt“{')EI}'/tﬁvel the indicatedSpitzer filters, with wavelengths imm. The left panel overlays
Inaicating that inversion-causing compounds are no the profiles for both models.
be destroyed by stellar UV radiation, thereby also favotieg
presence of a thermal inversion. Thus, WASP-18b is an apt
candidate for follow-up observations searching for thdima
versions. Stronger constraints on the temperature steiofu
WASP-18b are possible in the near future if ground-based ob-
servations of thermal emission become available (Madhusud
han et al. 2011). Also, the low day-night energy redistiimut
required by the present observations can be verified by poten . Ds-Dp a? - cos’i
tial future observations of thermal phase curves (e.g.utkn esinw = o
p 9. Ds+Dp a?—-2cogi

son et al. 2008)) of WASP-18b.
Dp is the transit duration ards is the secondary eclipse dura-
5. ORBITAL DYNAMICS tion. We definex = B (1+ Q—Ri’) \/11_92 and cos$ = bpRe Ltesine
Our secondary eclipse times further constrain the planet’s Re =Do 7 .

already-precise orbital parameters. Triaud et al. (2089) d and3 =% V(R +1p-p2’ whereR, andR. are the planetary
tect an eccentricity for WASP-18b @& = 0.0085+ 0.0008, and stellar radii, respectivelg,is the orbit's semi-major axis,
the lowest fully-determined value for any transiting plane P is the orbital period, anls is the impact parameter in units
measured with such precision. A joint photometric fit to all of the stellar radius. We solved the equation numericalty fo
four Spitzer observations yields a midpoint phase cf@990+ esinw, and the uncertainties come from sampling Gaussian
0.0004 for the Hellier et al. (2009) ephemeris, and a duration distributions generated from the uncertainties of the igau
of Dg=0.0927+0.0007 days, which is longer than the transit rameters.
duration of Hellier et al. (2009) by 4.8. By itself, after a We jointly fit an MCMC orbit model (Campo et al. 2011)
20-second light-time correction, the eclipse midpoinstak to the BJD time for 2 eclipses, 37 radial velocity (RV) data
thatecosw = —0.0016+ 0.0007, wherew is the longitude of  points from Triaud et al. (2010), and 6 transit midpoints ex-
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periastron. We combine the eclipse phase and duration with
known transit parameters from Hellier et al. (2009) to deter
mine thatesinw = 0.0198+ 0.0072. To do this, we use Eq. 18
from Ragozzine & Wolf (2009) as derived by Kopal (1959):

(8)




8 Nymeyeret al.

tracted from the photometry of Southworth et al. (2009),temi
ting three RV points subject to the Rossiter-McLaughlin ef-
fect. This results in a total of 45 data points, 42 of which

riod of 600 years and an amplitude %‘ or about four min-
utes (Ragozzine & Wolf 2009). Given the orbit’s current ori-
entation, apsidal motion could be detectable agans differ-

are included. Our model has 6 free parameters. Results arence between the best-fit transit and eclipse periods (Gmén

given in Table 3, wherg& is the ephemeris timé is the RV
amplitude, andy is the barycentric velocity.

We find from the fit above that ecosw
-0.00014+0.00053, consistent with 0, leaving domi-
nated by itsesinw component. We note that the value of
esinw found photometrically is positive, while the value in
our joint fit is negative. Eclipse timing does not effectivel
constrairesinw. Radial velocity measurements have a known
tendency to overestima& when it is low (Laughlin et al.
2005). A key sign of this is a value af ~ +90°. Photometric
information, such as the measured durations for our edjpse
cannot yet independently confirm a non-zesinw beyond
the 3 level. Precise determination efis important because
the circularization timescale for a tidal damping quality
factor, Qp ~ 10° (Mardling 2007), is comparable to the age
of the system. Whether the orbit is still eccentric deteesin
if it is still experiencing tidal dissipation, which drivake
evolution of the system. We perform a comparison fit with
e=0, but its BIC value of 155 is considerably higher than
BIC = 102 for the eccentric fit.

To determine if the eccentricity we found could have come
up by random chance, we also performed an experiment sim-

ilar to that of Laughlin et al. (2005) in which we generated
10° radial velocity datasets for a planet in a circular orbitwit

& Bastero 1995). This signal would likely be overwhelmed by
the modulation of the period due to tidal infall (Hellier ét a
2009), which could be measurable within a few decades. The
Applegate effect makes very small transit timing variasion
unmeasurable (Watson & Marsh 2010).

TABLE 3

JOINT ORBITAL FITS
Parameter Value
esinw 0.0091+ 0.0012
ecosw —0.00014+ 0.00053
e 0.0091+ 0.0012
w (°) -91+3
P (days) 0.9414518 0.0000004
To (MID)®  1084.79363: 0.00011
K (ms?) 1818+ 3
) 3327+2
BIC 102.0

2MJID = BJD - 2,454,000 (Terrestrial Time)

6. CONCLUSIONS

Soitzer observed two secondary eclipses of WASP-18b us-
ing all four channels of the IRAC instrument. A blackbody

the same period, mid-transit time, and semi-amplitude as ou model fits the observed brightness temperatures relatively
best fit for WASP-18b. In each dataset, the BJD of each ob-Well. Slightly better fits to both inversion and non-inversi
servation was kept the same as in the real WASP-18b datasethodels exist with the inversion model somewhat preferred.
We added Gaussian noise corresponding to the instrumentapecause the planetis so much brighter than its predicteiel equ
error for each observation and a 3 rhstellar jitter consis-  librium temperature for uniform redistribution, the modei
tent with the tables of Wright (2005), in quadrature. We re- 9uires near-zero albedo and very low day-night energy redis
tained the transit and eclipse timings. We then used a min-tfibution. The very small scale height makes this atmospher
imizer to find combinations oésinw and ecosw that min-  intéresting as an extreme example among irradiated planets
imize the 2 corresponding to each dataset. The mean and! e addition of secondary eclipse data also improves the or-

standard deviation afsinw andecosw were 00000+ 0.0012
and—0.0003+ 0.0002, respectively. Thes3upper limit on
|esinw| is 0.0036, well below our best-fit value in the real
dataset. This is not surprising because of the high signal-t

noise ratio and even sampling (Triaud et al. 2010) of the RV

data (ﬁ ~ 180). Given the MCMC results, the BIC com-
parison between the fits to a circular and non-circular orbit

bital parameters, confirming a slight eccentricity. Files<
taining the lightcurves, model fits, source centers, androth
ancillary data appear as electronic attachments to thidert

We thank Drake Deming for helpful discussions. We re-
ceived free software and services from SciPy, Matplotlital a
the Python Programming Language community; W. Lands-

the Monte Carlo experiments, and the weak but consistentman and other contributors to the Interactive Data Language

photometric support, and despite the improbable orientati
of the orbit, the & non-zero eccentricity of WASP-18b’s or-
bit is likely not an overestimate.

Despite WASP-18b’s short period and close proximity to its
host star, its high density and low eccentricity make it arpoo
candidate for the detection of apsidal precession (Ragezzi

Astronomy Library, the free and open-source software com-
munities; the NASA Astrophysics Data System, and the JPL
Solar System Dynamics group. This work is based in part on
observations made with th#pitzer Space Telescope, which

is operated by the Jet Propulsion Laboratory, Californgiin
tute of Technology under a contract with NASA. Support for

& Wolf 2009; Campo et al. 2011). The precession should this work was provided by NASA through an award issued by

manifest itself as an eclipse/transit timing variationhnatpe-

JPL/Caltech.
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