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Figure 6. Left: the raw light curves with the trend functions; the upper points denote the channel 2 data and the lower points denote the channel 1 data and the
solid lines show the trend functions for each data set. Middle: binned light curves with trend models. Right: the binned light curve with trend function removed
and best-fitting eclipse models (solid lines). The secondary eclipse can clearly be seen in both channels.

Table 4. System parameters from our MCMC analysis.

Parameter Symbol (unit) Value

Orbital period P (d) 2.756 611 ±0.000 008
Epoch of mid-transit (BJD, TDB) Tc 2455 424.108 99 ±0.000 12
Transit duration (from first to fourth contact) T14 (d) 0.097 ±0.002
Duration of transit ingress ≈ duration of transit egress T12 ≈ T34 (d) 0.024 ±0.002
Planet-to-star area ratio �F = R2

P/R2∗ 0.0103 ±0.0003
Impact parameter b 0.82 ±0.02
Orbital inclination i (◦) 82.9 ±0.4
Semi-amplitude of the stellar reflex velocity K1 (km s−1) 0.138±0.002
Centre-of-mass velocity γ (km s−1) 8.4593 ±0.0001
Argument of periastron ω (◦) −90+200

−20

ecos ω −0.0004 ±0.0007

esin ω −0.0011 +0.0023
−0.0110

Orbital eccentricity e 0.002 83 +0.009 65
−0.002 21

Phase of mid-occultation φmid−occultation 0.4998 ±0.0005
Occultation duration T58 (d) 0.097 ±0.002
Duration of occultation ingress ≈ duration of occultation egress T56 ≈ T78 (d) 0.024±0.002
Star mass M� (M�) 1.10±0.03
Star radius R� (R�) 1.29±0.05
Star surface gravity log g� (cgs) 4.26 ±0.03
Star density ρ� (ρ�) 0.52±0.06
Star effective temperature Teff (K) 6000±100
Star metallicity [Fe/H] −0.02±0.09
Planet mass MP (MJup) 1.03±0.02
Planet radius RP (RJup) 1.27 ±0.07
Planet surface gravity log gP (cgs) 3.16 ±0.04
Planet density ρP (ρJ) 0.50 ±0.08
Semi-major axis a (au) 0.0398 ±0.0003
Occultation depth at 3.6 µm �F3.6 0.001 26 ± 0.000 13
Occultation depth at 4.5 µm �F4.5 0.001 49 ± 0.000 16
Planet equilibrium temperature (full redistribution)a TP, A = 0, f = 1 (K) 1623 ±43
Planet equilibrium temperature (day-side redistribution)a TP, A = 0, f = 2 (K) 1930 ± 51
Planet equilibrium temperature (instant reradiation)a TP,A=0,f = 8

3
(K) 2074 ± 55

a A is the albedo, f = 1 is defined as full redistribution,
f = 2 is day-side redistribution and f = 8

3 is instant reradiation as in Smith et al. (2011).
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wavelengths from the irradiated hemisphere of WASP-26b is con-
sistent with the spectrum of an isothermal atmosphere, with the
possibility of a weak thermal inversion within the uncertainties on
the brightness temperatures.

5.2 Atmospheric analysis

We model the day-side emergent spectrum of the hot Jupiter WASP-
26b using the atmospheric modelling and retrieval technique of
Madhusudhan & Seager (2009, 2010). The model computes line-
by-line radiative transfer in a plane-parallel atmosphere in local
thermodynamic equilibrium, and assumes hydrostatic equilibrium
and global energy balance. The pressure–temperature (P−T ) pro-
file of the atmosphere and the chemical composition, i.e. the sources
of molecular line opacity, are input parameters to the model. The
model atmosphere includes the major sources of opacity expected in
hot, hydrogen-dominated atmospheres, namely molecular absorp-
tion due to H2O, CO, CH4 and CO2, and continuum opacity due
to H2–H2 collision-induced absorption. Our molecular line lists are
discussed in Madhusudhan & Seager (2009) and Smith et al. (2012).
Given a photometric or spectral data set of thermal emission from
the planet, we explore the space of atmospheric chemical compo-
sition and temperature structure to determine the regions in model
space that explain, or are excluded by, the data (e.g. Madhusudhan
et al. 2011). In the present case, however, the number of available
data points (N = 2) is far below the number of model parameters
(N = 10), implying that a unique model fit to the data is not feasible.
Consequently, we nominally fixed the chemical composition of the
models to that obtained with solar elemental abundances in thermo-
chemical equilibrium (e.g. Burrows & Sharp 1999; Madhusudhan
2012) for a given thermal profile, and explored the space of thermal
profiles, with and without thermal inversions, that might explain the
data.

Fig. 7 shows the 3.6 and 4.5 µm data along with the model spec-
tra of atmospheres with and without a thermal inversion, and a
blackbody model. All three models shown allow for very efficient

Figure 7. SED of WASP-26b relative to that of its host star. The blue cir-
cles with error bars denote our best-fitting occultation depths. The green line
shows a model-atmosphere spectrum, based on a model which assumes solar
abundances in thermochemical equilibrium and lacks a temperature inver-
sion, and the dark red line shows a model with a temperature inversion. The
band-integrated model fluxes are indicated with circles of the corresponding
colours. The dashed black line shows a planetary blackbody model with a
temperature of 1750 K. Inset: temperature–pressure profiles for our models.

day–night redistribution. We find that both our planet–star flux ratios
can be explained by a planetary blackbody at around 1750 K. Con-
sequently, the data are consistent with an isothermal atmosphere.
However, an isothermal temperature profile may be unphysical in
radiatively efficient atmospheres at low optical depth (e.g. Hansen
2008). A temperature profile with a non-zero thermal gradient, with
or without a thermal inversion, may be more plausible. As shown
in Fig. 7, the two data are fitted almost equally well by models with
and without a thermal inversion, as shown by the red and green
models, respectively. Further occultation depths measured at dif-
ferent wavelengths are required to break the degeneracies between
the models and to determine the true nature of the atmosphere. It
can be seen in Fig. 7 that there are some differences between the
models with and without a thermal inversion at 1.25 (J band), 1.65
(H band) and 2.2 µm (K band). These wavelengths are accessible
from the ground, so with measurements of the occultation depth at
these wavelengths it may be possible to break the degeneracies be-
tween these models. Hubble Space Telescope WFC3 observations
covering the wavelength range 1–1.7 µm can also be used to detect
spectral features due to water either in emission or in absorption,
and so distinguish between models with and without a thermal in-
version (Madhusudhan 2012; Swain et al. 2012). We emphasize that
we have only presented two possible models here that represent the
average properties of the irradiated hemisphere of WASP-26b. With
additional data other parameters of the models such as composition
can be explored.

5.3 Activity–inversion relation

Knutson, Howard & Isaacson (2010, hereafter K10) presented re-
sults which suggest that planets without thermal inversions orbit
active stars, and those with inversions orbit inactive stars. This may
be due to photodissociation of the opacity source in the upper at-
mosphere of the planet by the UV flux from the active stars (K10).
It is known that solar-like stars have activity cycles on time-scales
of approximately 10 yr. The Duncan et al. (1991) catalogue of SHK

activity measurements taken at the Mount Wilson Observatory was
used to examine to what extent the activity of a star changes on
short time-scales (of the order of months) and long time-scales (of
the order of years). The aim was to determine if the variability
in activity of the stars in the K10 sample was such that, in the
time between the occultation observation and the measurement of
log R′

HK , the activity of the star can change enough to affect the in-
terpretation of this activity–inversion relation. Recently, Montalto
et al. (2012) showed that the activity of WASP-3 changed from
log R′

HK = −4.95 (less active) to −4.8 (more active) between 2007
and 2010. It has been shown by Menou & Rauscher (2009) that
the time-scale for models of hot Jupiter atmospheres to go from
their initial conditions to a statistical steady state was ∼ 20 d. This
suggests that the time-scale of hot Jupiter atmosphere variability
is much shorter than the time-scale of stellar activity variability.
More detailed modelling and additional observations are required
to better understand whether variations in the UV irradiation can
produce observable changes in the eclipse depths for planets near
the boundary between atmospheres with and without strong thermal
inversions.

We converted the SHK measurements in Duncan et al. (1991) to
log R′

HK using the method described by Noyes et al. (1984). A
look-up table based on log R′

HK and B − V colour for the stars
in the Duncan et al. (1991) catalogue was then constructed. Using
this table, the within-season variation of log R′

HK of the stars was
used as a measure of the short-term variability in log R′

HK and the

 at M
IT

 L
ibraries on A

ugust 20, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/


700 D. P. Mahtani et al.

Figure 8. Activity–inversion plot for the stars in K10. Points on the left
of the dotted line (triangles) denote non-inverted planets around active stars
and those on the right of the dotted line (squares) denote inverted planets
around inactive stars. The point on the left-hand side of the plot shows the
typical change in log R′

HK (season to season), assuming measurements over
several nights. The blue circle corresponds to WASP-26. The stars are listed
in Table 5.

season-to-season variation in log R′
HK as a measure of the long-term

variation in log R′
HK . This look-up table was then used to estimate

the variation in log R′
HK for the stars of K10 based on their B − V

colour. It was found that the short-term variability was always ≤0.02
dex and the long-term variability was between 0.02 and 0.06 dex.
This suggests that the variation in log R′

HK is not large enough on
either short- or long-term time-scales to change the interpretation of
K10. However, this may blur the boundary between the two classes
of planets. The error bar shown in Fig. 8 shows the typical change in
activity, assuming that the spectra are measured over several nights.
It is possible for stars to vary by much more than this amount over
their rotation period (e.g. Dumusque et al. 2012). This short time-
scale variation will move the star on the diagram but this may not
reflect changes in UV irradiation. The value of log R′

HK = −4.98

for WASP-26 used in this analysis is taken from Anderson et al.
(2011b).

We compiled updated values of RP/R∗ and the secondary eclipse
depths for the stars in the K10 sample (Table 5). Fig. 5 of K10
was then replotted; this is shown in Fig. 8. We include in this plot
WASP-26b. As can be seen from Fig. 8, it seems to lie very close
to the boundary between the two classes. Using the convention as
in Anderson et al. (2011c) the abscissa value for WASP-26b is
ζ = −0.020 ± −0.023 per cent µm−1, where ζ is the gradient of
the measurements at 3.6 and 4.5 µm, i.e. �F3.6 − �F4.5/(−0.9µm),
minus the gradient of the blackbody that is the best fit to the two
measurements. The theory behind this is that at 4.5 µm there are
opacity sources that are not present at 3.6 µm (CO and H2O) (Mad-
husudhan & Seager 2010). The 4.5 µm data probe a higher region
of the atmosphere compared to the 3.6 µm data. This suggest that if
the brightness temperature at 4.5 µm is greater than that at 3.6 µm,

then there is likely to be a thermal inversion in the atmosphere.

5.4 Eccentrictiy

From secondary eclipse measurements, it is also possible to con-
strain the eccentricity of the orbit from timing of the secondary
eclipse relative to transit. We find that the eccentricity of the orbit is
small (e = 0.0028+0.0097

−0.0022), which is consistent with a circular orbit
at the 1σ level. We find a 3σ upper limit on the eccentricity of the
planet’s orbit of 0.0399 which is similar to Anderson et al. (2011b)
3σ upper limit of 0.048.

6 C O N C L U S I O N

In this paper, we present new warm Spitzer photometry of WASP-
26 at 3.6 and 4.5 µm along with new transit photometry taken in
the g, r and i bands. We report the first detection of the occultation
of WASP-26b with eclipse depths at 3.6 and 4.5 µm of 0.001 26 ±
0.000 13 and 0.001 49 ± 0.000 16, respectively, which correspond
to brightness temperatures of 1825 ± 80 and 1725 ± 89 K. Our
analysis shows that the atmosphere of WASP-26b is consistent with
an isothermal atmosphere with the possibility of a weak thermal
inversion (within the uncertainties on the brightness temperatures).
If the K10 activity–inversion relation holds for WASP-26b, then we

Table 5. Stars in Fig. 8.

Star Log(R′
HK ) ζ value RP/R∗ Eclipse depth in channel 1 Eclipse depth in channel 2

HD 189733 −4.501a − 0.1707 ± 0.0271 Carter & Winn (2010) Charbonneau et al. (2008) Charbonneau et al. (2008)
TRES-3 −4.549a − 0.0721 ± 0.0715 Southworth (2011) Fressin et al. (2010) Fressin et al. (2010)
TRES-1 −4.738a − 0.0682 ± 0.0204 Southworth (2008) Knutson et al. (2010) Charbonneau et al. (2005)
WASP-4 −4.865a − 0.0961 ± 0.0457 Southworth et al. (2009b) Beerer et al. (2011) Beerer et al. (2011)
XO-2 −4.988a − 0.0271 ± 0.0292 Southworth (2010) Machalek et al. (2009) Machalek et al. (2009)
TRES-2 −4.949a 0.0447 ± 0.0354 Southworth (2011) O’Donovan et al. (2010) O’Donovan et al. (2010)
XO-1 −4.958a − 0.0135 ± 0.0127 Burke et al. (2010) Machalek et al. (2008) Machalek et al. (2008)
HAT-P-1 −4.984a 0.0178 ± 0.0260 Southworth (2008) Todorov et al. (2010) Todorov et al. (2010)
HD 209458 −4.970a 0.0770 ± 0.0194 Southworth (2008) Knutson et al. (2008) Knutson et al. (2008)
TRES-4 −5.104a − 0.0301 ± 0.0216 Southworth (2012) Knutson et al. (2009) Knutson et al. (2009)
COROT-1 −5.312a − 0.0343 ± 0.0660 Southworth (2011) Deming et al. (2011) Deming et al. (2011)
WASP-1 −5.114a 0.0599 ± 0.0259 Southworth (2008) Wheatley et al. (2010) Wheatley et al. (2010)
WASP-2 −5.054a 0.0251 ± 0.0432 Southworth et al. (2010) Wheatley et al. (2010) Wheatley et al. (2010)
WASP-18 −5.430a 0.0332 ± 0.0176 Southworth et al. (2009c) Maxted et al. (2013) Maxted et al. (2013)
HAT-P-7 −5.018a 0.0481 ± 0.0309 Southworth (2011) Christiansen et al. (2010) Christiansen et al. (2010)
WASP-26 −4.98b − 0.0200 ± 0.0229 This paper This paper This paper

aLog(R′
HK ) value from Knutson et al. (2010).

bLog(R′
HK ) value from Anderson et al. (2011b).
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would expect it to host a thermal inversion. More secondary eclipse
data at different wavelengths, particularly near-IR secondary eclipse
depths near the peak of the planet’s SED, will be able to better
constrain the true nature of the atmosphere of WASP-26b.
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