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Hot Jupiters around M-Dwarfs?
● In the core accretion paradigm, gas giants are formed by accumulating gas on the solid 
core from the disk. This does not work easily around low mass stars because of time 
scale differences (Laughlin et al. 2004, Ida & Lin 2005). The protoplanetary disk dissipates 
before the runaway gas accretion phase is reached. The predicted frequency of giant 
planets should decrease towards lower primary masses. Neptunes and rocky planets 
should be common around low mass stars.
● Gravitational instability models can produce gas giants quickly (if the protoplanetary 
disk is massive enough to become unstable, Boss 2006)

Not many  planets around M-dwarfs known:
● Johnson et al. (2007) Þnd 3 Jupiters around 169 M dwarfs using RVs (1.8%).

● Two transiting planets found around M dwarfs from the ground (Gillon e tal. 2007, Charbonneau
et al. 2009). The Kepler Mission identiÞes 9 high-quality candidates around 1086 cool stars
(3600K<Teff<4100), Howard et al. 2011

→search for transits in the NIR
sensitive to rocky planets in the habitable zone of M-dwarfs



The WFCAM Transit Survey (WTS)
¥ M-dwarf ongoing variability survey (started in August 2007) 

designed primarily to:

i) tightly constrain the M-dwarf hot Jupiter fraction

ii) calibrate low-mass stellar evolution models with M-dwarf 
eclipsing binaries

¥ UKIRT+WFCAM wide-Þeld view of four Þelds (4x1.5 = 6 sq. deg)

Kovacs et al. (2012, in prep.)

3 mmag

1%

WTS 17h

WTS 19h

¥ Infrared J-band (1.25μm) near peak of M-dwarf SED

¥ Poor seeing/sky back-up program - efÞcient but non-
standard observing pattern, one Þeld always visible

U/CMP/2

1% → 3R⊕ / 0.3R☉ super-Earth + late M-dwarf
10% → 2RJ / 0.6R☉ hot Jupiter + early M-dwarf

1% → 1RJ / 1R☉ Jupiter + Sun

M-dwarfs FGK stars



Light curves and analysis

¥ CASU Data reduction pipeline
¥ Aperture photometry (and difference imaging) light curves
¥ Box-Þtting search for transits

More than 1000 epochs in the 19h Þeld

¥ Multi-band (ugrizYJHK) spectral typing
¥ i-band light curve for interesting candidates
¥ low-resolution spectroscopy for better typing and detection of
high amplitude radial velocity variations (binaries)

¥ high-resolution (HET) spectroscopy for precise radial velocity
measurements



Rocky Planets Around Cool Stars (RoPACS)

RoPACS is a Marie Curie Initial Training Network funded by the 
European Community. It involves 6 nodes:oPA

¥ University of Hertfordshire (UH), Hertfordshire - The coordinating node (PI D. PinÞeld)

¥ Institute of Astronomy (IoA), Cambridge

¥ Institute de Astrof’sica de Canarias (IAC), Tenerife

¥ Max-Planck Institut fŸr Extraterrestriche Physik (MPE), Munich

¥ Laboratory of Stellar Astronomy and Exoplanets (LAEX-CAB), Madrid

¥ Main Astronomical Observatory (MAO), Kiev

+ Astrium

RoPACS supports 12 PhD students and 4 PostDocs. The project will end in November 2012 with a 
Conference on:

Hot planets and Cool Stars
http://www.mpe.mpg.de/events/ropacs-2012
MPE,(Garching) 12-16 November 2012
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Detections in the WTS: WTS-1b

Cappetta et al. 2012, MNRAS, in press
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Table 6. Quadratic limb-darkening coe ! cients used for the tran-
sit Þtting, for a star with e " ective temperature Te! =6250 K, sur-
face gravity log g=4.4 and metallicity [Fe /H]=-0.5 dex (Claret &
Bloemen 2011).

Þlter ! 1 ! 2

J 0.14148 0.24832
i′ 0.25674 0.26298

3.2 Planetary parameters

3.2.1 Transit fit

The light curves in J - and i ′-band were fitted with ana-
lytic models presented by Mandel & Agol (2002). We used
quadratic limb-darkening coefficients for a star with ef-
fective temperature Te! =6250K, surface gravity log g=4.4
and metallicity [Fe/ H]=-0.5 dex, calculated as linear inter-
polations in Te! , log g and [Fe/ H] of the values tabulated
in Claret & Bloemen (2011). We use their table derived
from ATLAS atmospheric models using the flux conserva-
tion method (FCM) which gave a slightly better fit than the
ones derived using the least-squares method (LSM). The val-
ues of the limb-darkening coefficients we used in our fitting
are given in Table 6. Scaling factors were applied to the error
values of the J - and i ′-band light curves (0.94 and 0.9 re-
spectively) in order to achieve a reduced ! 2 of the constant
out-of-transit part equal to 1.

Using a simultaneous fit to both light curves, we fitted
the period P , the time of the central transit t0, the radius
ratio Rp/R s, the mean stellar density, " s = M s/R 3

s in solar
units and the impact parameter #impact in units of Rs. The
light curves and the model fit are shown in Figures 6 and 7,
while the resulting parameters are listed in Table 7.

The errors were calculated using a multi-dimensional
grid on which we search for extreme grid points with ∆! 2=1
when varying one parameter and simultaneously minimizing
over the others. Figure 8 shows the correlations between the
parameters of the WTS-1 system derived from the simulta-
neous fit of the J - and i ′-band light curves. Considering the
solar metallicity scenario, with different limb-darkening co-
efficients, the change in the final fitting parameters is smaller
than 1% of their uncertainties. Note that the combined fit as-
sumes a fixed radius ratio although in a hydrogen-rich atmo-
sphere, molecular absorption and scattering processes could
result in different radius ratios in each band (an attempt to
detect such variations has recently been undertaken by de
Mooij et al. 2012). In our case, the uncertainties are too large
to see this effect in the light curves and the assumption of
a fixed radius ratio is a good approximation. The estimated
stellar density of the host star (0.79+0.31

−0.18 " sun) is consistent
with the expected value based on its spectral type (Seager
& Mallen-Ornelas 2003). The noise in the data did not allow
a secondary transit detection.

Subsequently, we searched for further periodic signals in
the light curve after the removal of the data points related to
the transit. No significant signals were detected in the Lomb-
Scargle periodogram up to a period of 400 days. Since WTS-
1 is a late F-star, there are not many spots on the surface

Figure 6. WFCAM J-band light curve data of WTS-1. Upper
panel: whole set of the folded WFCAM J-band data points.
Middle panel: folded photometric data centred in the transit and
best model (red line) Þtted in combination with the INT i ′-band
data. Lower panel: residuals of the best Þt.

Figure 7. INT i′-band light curve data of WTS-1. Upper panel:
photometric data and best model (red line) Þtted in combination
with the WFCAM J-band data. Lower panel: residuals of the
best Þt.

and they do not live long enough to produce a stable signal
over a timescale of several years.

3.2.2 Radial velocity

One of the most pernicious transit mimics in the WTS are
eclipsing binaries. On one hand, a transit can be mimicked
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10 M. Cappetta et al.

Table 6. Quadratic limb-darkening coefficients used for the tran-
sit fitting, for a star with effective temperature Teff=6250K, sur-
face gravity log g=4.4 and metallicity [Fe/H]=-0.5 dex (Claret &
Bloemen 2011).

filter γ1 γ2

J 0.14148 0.24832
i′ 0.25674 0.26298

3.2 Planetary parameters

3.2.1 Transit Þt

The light curves in J- and i′-band were fitted with ana-
lytic models presented by Mandel & Agol (2002). We used
quadratic limb-darkening coefficients for a star with ef-
fective temperature Teff=6250K, surface gravity log g=4.4
and metallicity [Fe/H]=-0.5 dex, calculated as linear inter-
polations in Teff , log g and [Fe/H] of the values tabulated
in Claret & Bloemen (2011). We use their table derived
from ATLAS atmospheric models using the flux conserva-
tion method (FCM) which gave a slightly better fit than the
ones derived using the least-squares method (LSM). The val-
ues of the limb-darkening coefficients we used in our fitting
are given in Table 6. Scaling factors were applied to the error
values of the J- and i′-band light curves (0.94 and 0.9 re-
spectively) in order to achieve a reduced χ2 of the constant
out-of-transit part equal to 1.

Using a simultaneous fit to both light curves, we fitted
the period P , the time of the central transit t0, the radius
ratio Rp/Rs, the mean stellar density, ρs = Ms/R

3
s in solar

units and the impact parameter βimpact in units of Rs. The
light curves and the model fit are shown in Figures 6 and 7,
while the resulting parameters are listed in Table 7.

The errors were calculated using a multi-dimensional
grid on which we search for extreme grid points with ∆χ2=1
when varying one parameter and simultaneously minimizing
over the others. Figure 8 shows the correlations between the
parameters of the WTS-1 system derived from the simulta-
neous fit of the J- and i′-band light curves. Considering the
solar metallicity scenario, with different limb-darkening co-
efficients, the change in the final fitting parameters is smaller
than 1% of their uncertainties. Note that the combined fit as-
sumes a fixed radius ratio although in a hydrogen-rich atmo-
sphere, molecular absorption and scattering processes could
result in different radius ratios in each band (an attempt to
detect such variations has recently been undertaken by de
Mooij et al. 2012). In our case, the uncertainties are too large
to see this effect in the light curves and the assumption of
a fixed radius ratio is a good approximation. The estimated
stellar density of the host star (0.79+0.31

−0.18 ρsun) is consistent
with the expected value based on its spectral type (Seager
& Mallen-Ornelas 2003). The noise in the data did not allow
a secondary transit detection.

Subsequently, we searched for further periodic signals in
the light curve after the removal of the data points related to
the transit. No significant signals were detected in the Lomb-
Scargle periodogram up to a period of 400 days. Since WTS-
1 is a late F-star, there are not many spots on the surface

Figure 6. WFCAM J-band light curve data of WTS-1. Upper
panel: whole set of the folded WFCAM J-band data points.
Middle panel: folded photometric data centred in the transit and
best model (red line) fitted in combination with the INT i′-band
data. Lower panel: residuals of the best fit.

Figure 7. INT i′-band light curve data of WTS-1. Upper panel:
photometric data and best model (red line) fitted in combination
with the WFCAM J-band data. Lower panel: residuals of the
best fit.

and they do not live long enough to produce a stable signal
over a timescale of several years.

3.2.2 Radial velocity

One of the most pernicious transit mimics in the WTS are
eclipsing binaries. On one hand, a transit can be mimicked
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Inflated HJ in close orbit around a late F-star 9

Figure 5. High-resolution HET stacked spectrum (black full line)
of the WTS-1 Li i line at ∼6707 Å in comparison with three syn-
thetic spectra calculated with the final adopted stellar parameters
and lithium abundances (log N(Li)) of 2.5 (red dashed line), 2.9
(blue dotted line), and 2.1 (blue dash-dotted line). The vertical
line indicates the position of the centre of the multiplet.

tion 3.1.2, the faintness of the star and the reduction process
led to a distortion of the stronger lines in the HET high res-
olution spectrum, reducing the number of reliable lines em-
ployed in the measure of the metallicity. For these reasons,
the relative uncertainty on the metallicity is larger with re-
spect to those of the other parameters. Further observations
would be needed to pin down the exact value of the star
metallicity.

In order to determine the parameters of the stellar com-
panion, mass and radius of the host star must be known.
The fit of the transit in the light curves provides important
constrains on the mean stellar density (see Section 3.2.1).
Joining this quantity to the effective temperature, we could
place WTS-1 in the modified ρ−1/3

s vs. Teff H-R diagram and
compare its position with evolutionary tracks and isochrones
models (Girardi et al. 2000) in order to estimate stellar mass
and age. In this way, we estimated the stellar mass to be
1.2±0.1M" and the age of the system to range between
200Myr and 4.5Gyr.

Further constrains on the stellar age can be fixed consid-
ering the measured Li i line abundance. Depletion of lithium
in stars hotter than the Sun is thought to be due to a not
yet clearly identified slow mixing process during the main-
sequence evolution, because those stars do not experience
pre-main sequence depletion (Mart́ın 1997). Comparison of
the lithium abundance of WTS-1 (log N(Li)=2.5±0.4) with
those of open clusters rise the lower limit on the age to
600Myr, because younger clusters do not show lithium de-
pletion in their late-F members (Sestito & Randich 2005).
On the other hand, it is not feasible to derive an age con-
strain from the WTS-1 rotation rate (v sin(i)=7±2 km s−1)
because stars with spectral types earlier than F8 show no
age-rotation relation (Wolff et al. 1986) and thus they are
left out from the formulation of the spin down rate of low-
mass stars (Stepién 1988).

The true space motion knowledge of WTS-1 allows to
determine to which component of our Galaxy it belongs.

Table 5. Properties of the WTS-1 host star.

Parameter Value

Teff 6250±200K

log g 4.4±0.1

[Fe/H] [-0.5, 0] dex

Ms 1.2±0.1 M"

Rs 1.15+0.10
−0.12 R"

mV 16.13±0.04

MV 3.55+0.27
−0.38

v sin(i)a 7±2 km s−1

ρs 0.79+0.31
−0.18 ρsun

Age [0.6, 4.5]Gyr

Distance 3.2+0.9
−0.4 kpc

True space motion Uc 13±28 km s−1

True space motion Vc 20±38 km s−1

True space motion Wc -12±26 km s−1

a We assumed vmic=0.85 km s−1;
b Epoch J2000;
c Left-handed coordinates system (see text).

In order to compute the U, V and W components of the
motion, the following set of quantities was required: dis-
tance, systemic velocity (from the RV fit, see Section 3.2.2),
proper motion (from SDSS 7th release, Munn et al. 2004,
2008) and coordinates of the star. The distance to the ob-
served system was estimated according to the extinction,
fitted in the SED analysis (AV =0.44 ± 0.07), and a model
of dust distribution in the galaxy (Amôres & Lépine 2005,
axis-symmetric model). The UVW values and their errors
are calculated using the method in Johnson & Soderblom
(1987), with respect to the Sun (heliocentric) and in a left-
handed coordinate system, so that they are positive away
from the Galactic centre, Galactic rotation and the North
Galactic Pole respectively. All the quantities here discussed
are listed in Table 5. Considering the uncertainties on the
derived quantities, maily affected by the error on the dis-
tance, the host star is consistent with both the definitions of
Galactic young-old disk and young disk populations (metal-
licity between -0.5 and 0 dex, solar-metallicity respectively,
Leggett 1992). But we could assess that WTS-1 is not a halo
member.

Combining ρs and Ms, a value of 1.15+0.10
−0.12 R" was com-

puted for the stellar radius. The same result was obtained
considering the stellar mass and the surface gravity mea-
sured from the spectroscopic analysis. Scaling by the dis-
tance the apparent V magnitude calculated from the SDSS
g and r magnitudes (Jester et al. 2005), we computed an
absolute V magnitude of 3.55+0.27

−0.38. This value and all the
other derived stellar parameters are consistent with each
other and with the typical quantities expected for an F6-8
main-sequence star (Torres et al. 2009). They are collected
in Table 5.
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Simultaneous MCMC Þtting of J and i-band with the Mandel & Agol 
models

Evidence against a blended background eclipsing binary:
- consistent transit depths between J and i band
- consistent stellar density from the light curve and spectroscopy

6 M. Cappetta et al.

iraf.echelle package (Willmarth & Barnes 1994).
After the standard calibration of the raw science frame,
bias-subtraction and flat-fielding, the stellar spectra were
extracted order by order and the related sky spectrum
was subtracted. The extracted ThAr spectra were used to
compute the dispersion functions, which are characterized
by an RMS of the order of 0.003 Å. Consistency between the
two solutions (computed from the ThAr taken before and
after the science exposure) was checked for all the nights
in order to detect possible drifts or any other technical
hitch that could take place during each run. Successively,
the spectra were wavelength calibrated using a linear
interpolation of the two dispersion functions.

In the subsequent data analysis, custom Matlab pro-
grams were used. After the continuum estimation and the
following normalization, the spectra were filtered to remove
the residual cosmic rays peaks left after the previous filtering
performed on the raw science frame with the iraf task cos-

micrays. Comparing the spectra of all the nights for each
single order, the pixels with higher flux, due to a cosmic hit
on the detector, were detected and masked. The telluric ab-
sorption lines present in the redder orders were then removed
in order to avoid contaminations using a high SNR observed
spectrum of a white dwarf as template for the telluric lines.
Finally, the spectra related to the two split science expo-
sures were averaged to obtain the final set of spectra used in
the following analysis. A total of 40 orders (18 from the red
CCD and 22 from the blue one) cover the wavelength range
4400-6300 Å. The spectra have a SNR ∼ 8.

3 ANALYSIS AND RESULTS

3.1 Stellar parameters

3.1.1 Spectral energy distribution

A first characterization of the parent star can be performed
comparing the shape of the Spectral Energy Distribution
(SED), constructed from broad band photometric observa-
tions, with a grid of synthetic theoretical spectra. The data
relative to the photometric bands, collected in Table 3, were
analysed with the application VOSA (Virtual Observatory
SED Analyser, Bayo et al. 2008, 2012). VOSA offers a valu-
able set of tools for the SED analysis, allowing the estima-
tion of the stellar parameters. It can be accessed through its
web-page interface and accepts as input file an ASCII table
with the following data: source identifier, coordinates of the
source, distance to the source in parsecs, visual extinction
(AV ), filter label, observed flux or magnitude and the related
uncertainty. For our purpose, we tried to estimate only the
main intrinsic parameters of the star: effective temperature,
surface gravity and metallicity. The extinction AV was as-
sumed as a further free parameter.

The synthetic photometry is calculated by convolving
the response curve of the used filter set with the theoreti-
cal synthetic spectra. Then a statistical test is performed,
via χ2

ν minimization, to estimate which set of synthetic pho-
tometry best reproduces the observed data. We decided to
employ the Kurucz ATLAS9 templates set (Castelli et al.
1997) to fit our photometric data. These templates repro-
duce the SEDs in the high temperature regime better than

Figure 2. Broad band photometric data of WTS-1: SDSS (filled
dots), Johnson (empty dots), WFCAM (squares), 2MASS (trian-
gles) and WISE (stars). The best fitting template (black line) is
the ATLAS9 Kurucz Teff=6500K, log g=4.5, [Fe/H]=-0.5 model
with AV =0.44. Vertical errorbars correspond to the flux uncer-
tainties while those along the X-axis represent each band’s EW
(see Table 3).

the NextGen models (Baraffe et al. 1998), more suitable at
lower temperatures (< 4500K).

In order to speed up the fitting procedure, we restricted
the range of Teff and log g to 3500-8000K and 3.0-5.0, re-
spectively. These constrains in the parameter space did not
affect the final results as it was checked a posteriori that
the same results were obtained considering the full avail-
able range for both parameters. The resulting best fitting
synthetic template, plotted in Figure 2 with the photo-
metric data, corresponds to the Teff=6500K, log g=4.5 and
[Fe/H]=-0.5 Kurucz model and AV =0.44. Uncertainties on
the parameters were estimated both using χ2

ν statistical
analysis and a bayesian (flat prior) approach. The related
errors result to be of the order of 250K, 0.2, 0.5 and 0.07
for Teff , log g, [Fe/H] and AV , respectively.

As it can be seen in Figure 2, theWISEW2 data point is
not consistent with the best fitting model. Firstly, it is worth
noting that the observed value of W2 = 15.886 (±0.157) is
below the 5 sigma point source sensitivity expected in the
W2-band (> 15.5). The number of single source detections
used for the W2-band measurement is also considerably less
than that of the W1-band (4 and 19 respectively) increasing
the uncertainty in the measurement. Finally, the poor an-
gular resolution of WISE in the W2-band (6.4′′) could add
further imprecisions to the final measured flux, especially in
a field as crowded as the WTS 19hrs field. For these reasons,
the WISE W2 data point was not considered in the fitting
procedure.

Once the magnitude values were corrected for the in-
terstellar absorption according to the best fitting value
(AV =0.44±0.07), colour – temperature relations were used
to further check the effective temperature and spectral type
of the host star. From the SDSS g and r magnitudes,
we obtained a value of (B-V)0=0.43±0.04 (Jester et al.
2005) which imply Teff=6300±600K assuming log g=4.4

c© 2012 RAS, MNRAS 000, 1–15
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WTS-1 b (J=15.4, i=16.2, g=16.8), F7V



Radial Velocities

HET Spectroscopy

No correlation between bisectors and phase within the errors - 
further evidence against a blended background eclipsing binary

Inflated HJ in close orbit around a late F-star 11

−0.5 0.0
−2

 0

 2

 4

! Rplanet [Rjup]

!
in

cl
in

at
io

n [
de

g]

−0.2 0.0 0.2
−2

 0

 2

 4

! Rstar [Rsun]

!
in

cl
in

at
io

n [
de

g]

−0.2 0.0 0.2
−0.5

0.0

! Rstar [Rsun]

!
R

pl
an

et
 [R

ju
p]

−10  0  10  20
−4

−2

 0

 2

! t0 [min]

!
pe

rio
d [

s]

Figure 8. Correlation plots of the quantities derived from the simultaneous fit of the transit in the J and i′-band light curves. The χ2

minima are indicated by crosses while the different tones of grey correspond to the 68%, 95% and 99% confidence level (darker to lighter
respectively). The other couples of parameters do not show significant correlations.

Table 7. Fitted parameters of the WTS-1 system as determined
from the simultaneous fit of the J- and i′-band light curves. Scal-
ing factors to the uncertainties of the J and i′ data points (0.94
and 0.9 respectively) were applied in order to achieve a reduced
χ2=1 in the constant out-of-transit part of the light curves.

Parameter Value

Porb = 3.352059+1.2×10! 5

−1.4×10! 5
days

t0 = 2454 318.7472+0.0043
−0.0036 HJD

Rp/Rs = 0.1328+0.0032
−0.0035

ρs = 0.79+0.31
−0.18 ρsun

βimpact = 0.69+0.05
−0.09

by an eclipsing binary that is blended with foreground or
background star. On the other hand, grazing eclipsing bi-
naries with near-equal radius stars also have shallow, near-
equal depth eclipses that can phase-fold into transit-like sig-
nals at half the binary orbital period. In order to rule out the
eclipsing binaries scenarios, the RV variation of the WTS-1
system were first measured using the ISIS/WHT intermedi-
ate resolution spectra. Eclipsing binaries systems typically
show RV amplitudes of tens of km s−1, while the measured
RVs were all consistent with a flat trend within the RV un-
certainties of ∼ 1 km s−1.

Afterwards, we analysed the high-resolution HET spec-
tra in order to accurately investigate the properties of the
sub-stellar companion of WTS-1. The spectra related to each
single night were cross-correlated using the iraf.rv.fxcorr
task with the synthetic spectrum of a star with Te! =6250K,
log g=4.4 and [Fe/H]=-0.5. Changes in the effective temper-
ature of the synthetic templates, even of the order of sev-
eral hundreds of Kelvin, cause variations of the measured
RV values smaller than the statistical uncertainties due to
noise in the spectra (suggesting the absence of contami-
nation of back/foreground stars of different spectral type).
Even smaller variations occur changing surface gravity and
metallicity of the template. The 40 single RV values, each
one coming from a different order, were used to compute
the RVs and related uncertainty at each epoch of the obser-
vations. Resampling statistical tools were used in order to

Figure 9. Top panel: RVs values measured with the high-
resolution HET spectra of WTS-1 as a function of the orbital
phase. Black dots and blue triangles refers to observations per-
formed in 2010 and 2011 respectively. The data point at φ = 0.33,
empty dot, was excluded from the fitting procedure (see text for
details). Best-fit circular orbit model (χ2

ν=1.45) and 1σ uncer-
tainty of the semi-amplitude (K"=479± 34m s−1) are indicated
with solid and dashed red lines respectively. The black dotted line
refers to the fitted radial systemic velocity (γ=-1 714± 35m s−1).
Zero phase corresponds to the mid-transit time. Middle panel:
Phase folded O-C residuals from the best-fit. The residual scatter
is of the order of ∼ 150m s−1, consistent with the RVs uncer-
tainties. Bottom panel: Bisector spans. No significant deviations
from zero and no correlation with the RVs were found.
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Figure 8. Correlation plots of the quantities derived from the simultaneous fit of the transit in the J and i′-band light curves. The χ2

minima are indicated by crosses while the different tones of grey correspond to the 68%, 95% and 99% confidence level (darker to lighter
respectively). The other couples of parameters do not show significant correlations.

Table 7. Fitted parameters of the WTS-1 system as determined
from the simultaneous fit of the J- and i′-band light curves. Scal-
ing factors to the uncertainties of the J and i′ data points (0.94
and 0.9 respectively) were applied in order to achieve a reduced
χ2=1 in the constant out-of-transit part of the light curves.

Parameter Value

Porb = 3.352059+1.2×10−5

−1.4×10−5
days

t0 = 2454 318.7472+0.0043
−0.0036 HJD

Rp/Rs = 0.1328+0.0032
−0.0035

ρs = 0.79+0.31
−0.18 ρsun

βimpact = 0.69+0.05
−0.09

by an eclipsing binary that is blended with foreground or
background star. On the other hand, grazing eclipsing bi-
naries with near-equal radius stars also have shallow, near-
equal depth eclipses that can phase-fold into transit-like sig-
nals at half the binary orbital period. In order to rule out the
eclipsing binaries scenarios, the RV variation of the WTS-1
system were first measured using the ISIS/WHT intermedi-
ate resolution spectra. Eclipsing binaries systems typically
show RV amplitudes of tens of km s−1, while the measured
RVs were all consistent with a flat trend within the RV un-
certainties of ∼ 1 km s−1.

Afterwards, we analysed the high-resolution HET spec-
tra in order to accurately investigate the properties of the
sub-stellar companion of WTS-1. The spectra related to each
single night were cross-correlated using the iraf.rv.fxcorr
task with the synthetic spectrum of a star with Teff=6250K,
log g=4.4 and [Fe/H]=-0.5. Changes in the effective temper-
ature of the synthetic templates, even of the order of sev-
eral hundreds of Kelvin, cause variations of the measured
RV values smaller than the statistical uncertainties due to
noise in the spectra (suggesting the absence of contami-
nation of back/foreground stars of different spectral type).
Even smaller variations occur changing surface gravity and
metallicity of the template. The 40 single RV values, each
one coming from a different order, were used to compute
the RVs and related uncertainty at each epoch of the obser-
vations. Resampling statistical tools were used in order to

Figure 9. Top panel: RVs values measured with the high-
resolution HET spectra of WTS-1 as a function of the orbital
phase. Black dots and blue triangles refers to observations per-
formed in 2010 and 2011 respectively. The data point at φ = 0.33,
empty dot, was excluded from the fitting procedure (see text for
details). Best-fit circular orbit model (χ2

! =1.45) and 1σ uncer-
tainty of the semi-amplitude (K" =479± 34m s−1) are indicated
with solid and dashed red lines respectively. The black dotted line
refers to the fitted radial systemic velocity (γ=-1 714± 35m s−1).
Zero phase corresponds to the mid-transit time. Middle panel:
Phase folded O-C residuals from the best-fit. The residual scatter
is of the order of ! 150m s−1, consistent with the RVs uncer-
tainties. Bottom panel: Bisector spans. No significant deviations
from zero and no correlation with the RVs were found.
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Table 8. Radial velocities and bisector spans measurements for
WTS-1 obtained by HET spectra. The phases were computed
from the epochs of the observations expressed in Julian date and
using the P and t0 values found with the transit fit.

HJD Phase RV BS

-2 400 000 [km s−1] [km s−1]

55477.676 0.74 −1.46± 0.12 −0.31± 0.40

55479.666 0.33 −1.80± 0.10 −0.77± 0.39

55499.608 0.28 −2.03± 0.10 0.76± 0.51

55513.586 0.45 −2.06± 0.17 0.87± 0.63

55522.556 0.13 −2.09± 0.44 −0.39± 0.35

55523.542 0.42 −1.70± 0.16 −0.13± 0.44

55742.729 0.26 −1.97± 0.15 0.27± 0.68

55760.673 0.79 −1.11± 0.12 −0.47± 0.59

55782.837 0.22 −2.23± 0.07 0.41± 0.39

55824.722 0.25 −2.31± 0.06 0.16± 0.56

55849.650 0.75 −1.19± 0.06 0.18± 0.31

better estimate mean value, standard deviation and possi-
ble bias in the sample of measured RVs. Finally, the mea-
sured RVs were corrected for the Earth orbital movements
and reduced to the heliocentric rest-of-frame. The phase val-
ues φ were computed from the epochs of the observations,
expressed in Julian date, and using the extremely well de-
termined P and t0 values (relative uncertainties are of the
order of 10−6 and 10−9 respectively) obtained from the pho-
tometric fit (see Table 7).

The data, listed in Table 8, were then fitted with a
simple two parameters sinusoid of the form:

RV = γ +K!sin(2πφ) (1)

where K! is the RV semi-amplitude of the host star
and γ is the systemic velocity of the system. Thanks to the
acquisition of two ThAr calibration exposures (before and
after the science exposure, see Section 2.2.4), we detected
a small drift between the ThAr lines occurring during the
science exposures on November 22, 2010. In the presence of a
suspected systematic trend, which could a! ect the measured
RV value, we performed the fitting procedure excluding the
data point related to that night (at φ = 0.33). The larger RV
error of the data point at φ = 0.13 is due to the integration
time (half hour) of the science frame which is shorter than
those of all the other data points (one hour). The best fitting
model (χ2

ν=1.45) was obtained for K!=479±34m s−1and
γ=-1 714±35m s−1and is plotted in Figure 9 with the RV
data. We imposed the orbit to be circular as the eccentricity
was compatible with zero when a Keplerian orbit fit was
performed (see Anderson et al. (2012) for a discussion of the
rationale for this). In accordance to the RV uncertainties, a
relatively loose upper limit can be plaved on the eccentricity
(e < 0.1, C.L.= 95%). The fitted RV semi-amplitude implies
a planet mass of 4.01±0.35 MJ assuming a host star mass
of 1.2±0.1 M" (see Section 3.1.3). The uncertainty on the
planet mass in mainly driven by the uncertainty on the mass
of the host star. As can be seen in Figure 9, the RVs related
to observations performed in late 2010 and in the second
half of 2011 are consistent, showing no significant long term
trends in our measurements.

Table 9. Properties of the new extrasolar planet WTS-1b.

Parameter Value

Mp 4.01±0.35 MJ

Rp 1.49+0.16
−0.18 RJ

Prot 3.352057+1.3×10−5

−1.5×10−5
d

a 0.047±0.001 AU

e < 0.1 (C.L.= 95%)

inc 85.5+1.0
−0.7 deg

βimpact 0.69+0.05
−0.09

t0 2 454 318.7472+0.0043
−0.0036 HJD

ρp 1.61±0.56 g cm−3, 1.21±0.42 ρJ

Teq
a 1500±100K

a We assumed a Bold albedo AB =0 and re-irradiating
fraction F= 1;

The HET spectra were employed also to investigate
the possibility that the measured RVs are not due to true
Doppler motion in response to the presence of a planetary
companion. Similar RV variations can rise in case of dis-
tortions in the line profiles due to stellar atmosphere oscil-
lations (Queloz et al. 2001). To assert that this is not our
case, we used the same cross-correlation profiles produced
previously for the RV calculation to compute the bisector
spans (BS hereafter) which are reported in Table 8. Follow-
ing Torres et al. (2005), we measured the di! erence between
the bisector values at the top and at the bottom of the corre-
lation function for the di! erent observation epochs. In case
of contaminations, we would have expected to measure BS
values consistently di! erent from zero and a strong corre-
lation with the measured RVs (Queloz et al. 2001; Mandu-
shev et al. 2005). As it can be seen in the bottom panel of
Figure 9, the measured BS do not show significant devia-
tion from zero within the uncertainties. No correlation was
detected between the BS and the RV values. In this way,
contaminations that could mimic the e! ect of the presence
of a planet were ruled out.

4 DISCUSSION AND CONCLUSIONS

In this paper we announce the discovery of a new transit-
ing extrasolar planet, WTS-1b, the first detected by the
UKIRT/WFCAM Transit Survey. The parameters of the
planet are collected in Table 9. WTS-1b is a ∼4 MJ planet
orbiting in 3.35 days a late F-star with possibly slightly sub-
solar metallicity. With a radius of 1.49+0.16

−0.18 RJ , it is lo-
cated in the upper part of the mass – radius diagram of
the known extrasolar planets in the mass range 3-5 MJ

(see Figure 10). The parameters of the other planets are
taken from www.exoplanet.eu at the time of the publication
of this work. Planets with only an upper limit on the mass
and/or on the radius are not shown. It is worth noting that
only a cut-o! of the transit depth, di! erent for each survey,
could act as a selection e! ect against the detection of plan-
ets in this upper portion of the diagram. Larger planetary
radii imply a deeper transit feature in the light curves and
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Figure 10. Mass Ð Radius diagram of the known planets with
a mass in the range 3-5 MJ (black dots). Labels with the related
planet name are shown for an easier identiÞcation. Planets with
only an upper limit on mass and/or radius are not shown. The
blue dashed lines represent the iso-density curves. The green dot-
dashed lines indicate the planetary radii at di fferent ages accord-
ingly to Fortney et al. (2007) (see text for details). Masses, radii
of the planets are taken from www.exoplanet.eu at the time of
the publication of this work, while the related uncertainties were
found in the refereed publication. WTS-1b is shown in red.

thus, within this mass range, larger object are more easily
detectable. The properties of WTS-1b, as well as those of
the other two planets present in the upper part of the dia-
gram, CoRoT-2b (Alonso et al. 2008) and OGLE2-TR-L9b
(Snellen et al. 2009), are not explained within standard for-
mation and evolution models of isolated gas giant planets
(Guillot 2005).

The radius anomaly is at the ∼ 2σ level considering the
stellar irradiation that retards the contraction of the planets,
the distance of the planet from the host star and the age
of the planet (Fortney et al. 2007). The models of Fortney
and collaborators predict indeed a radius of 1.2 RJ for a
600Myr-old planet (see their Figure 5, 3MJ and 0.045AU
model). This radius estimate is an upper limit as 600Myr is
the lower limit on the age of the WTS-1 system due to the Li
abundance (see Section 3.1.3). The radius trend shown in the
figure would suggest an age for WTS-1b less than 10Myr.
The same significance on the radius anomaly is obtained
considering empirical relationships coming from the fit of the
observed radii as a function of the physical properties of the
star-planet system, such as mass, equilibrium temperature
and tidal heating (Enoch et al. 2012, eq. 10). In any case, a
rapid migration of WTS-1b inward to the highly-irradiated
domain after its formation seems required.

Surface day/night temperature gradients due to the
strong incident irradiation, are likely to generate strong wind
activity through the planet atmosphere. Recently, Wu &
Lithwick (2012) showed how the Ohmic heating proposal
(Batygin & Stevenson 2010; Perna et al. 2010) can effec-
tively bring energy in the interior of the planet and slow

down the cooling contraction of a HJ even on timescales
of several Gyr: a surface wind blowing across the planetary
magnetic field acts as a battery that rises Ohmic dissipa-
tion in the deeper layers. In Huang & Cumming (2012), the
Ohmic dissipation in HJs is treated decoupling the interior
of the planet and the wind zone. In this scenario, the radius
evolution for an irradiated HJ planet (see their Figure 9,
3MJ ) leads to a value consistent with our observation up to
3Gyr.

Accordingly to Fortney et al. (2008), the incident flux
(the amount of energy from the host star irradiation, per
unit of time and surface, that heats the surface of the planet)
computed for WTS-1b (1.12±0.26 · 109 erg s−1 cm−2) as-
signs it to the so called pM class of HJs. This classification
considers the day-side atmospheres of the highly-irradiated
HJs that are somewhat analogous to the M- and L-type
dwarfs. In particular, the predictions of equilibrium chem-
istry for pM planet atmospheres are similar to M-dwarf
stars, where absorption by TiO, VO, H2O, and CO is promi-
nent (Lodders 2002). Planets in this class are warmer than
required for condensation of titanium (Ti)- and vanadium
(V)-bearing compounds and will possess a temperature in-
version (which could lead to a smaller inflation due to Ohmic
heating accordingly to Heng (2012)) due to absorption of in-
cident flux by TiO and VO molecules. Fortney et al. (2008)
propose that these planets will have large day/night effective
temperature contrasts and an anomalous brightness in sec-
ondary eclipse at mid-infrared wavelengths. Unfortunately,
the SNR in the J-band light curve, due to the faintness of
the parent star WTS-1, is not high enough for such kind of
detection (see Section 3.2.1).

To conclude, the discovery of WTS-1b demonstrates the
capability of WTS to find planets, even if it operates in a
back-up mode during dead time on a queue-schedule tele-
scope and despite of the somewhat randomised observing
strategy. Moreover, WTS-1b is an inflated HJ orbiting a
late F-star even if the project is designed to search for ex-
trasolar planets hosted by M-dwarfs. Birkby et al. 2012b will
present the second WTS detection, WTS-2b, a Jupiter-like
planet around a cool K-star.
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●
WTS-2b

WTS-1b: one of the largest radius 
anomalies among the known hot 
Jupiters in the mass range 3-5MJ

WTS-2b: a short-period hot Jupiter around a 
sub-solar mass star that favours a 
substantially higher Q (efÞciency of tidal 
dissipation)  value than predicted by theory.



Planets around M-Dwarfs

Kovacs et al. 2012, 
submitted to MNRAS

●19h Þeld: 2844 M0-2, 1679 M2-4 to J=17 

No planet candidates around the M-dwarf sample in 
the 19h Þeld→more stringent upper limit on the hot Jupiters 
fraction (with periods less than 10 days) than Kepler.

16 G. Kovács et al.

Figure 12. Cumulative number of discovered Jupiter size (8-
32R⊕) planets in Kepler Q2 as a function of orbital period (T)
in different stellar temperature bins. There are no planets in the
two coolest stellar bins (3600–4100K, 4100K–4600K). Planet oc-
currence fractions in Fig. 13 are calculated for the 0.8–10 days
region, augmenting the contribution of each discovery by its geo-
metric transit probability.

later M subtype bin (M2-4), upper limits are slightly worse
due to the smaller sample size: 3–5 per cent. These up-
per limits are no lower than the fractions found by Kepler
around hotter stars, so we can’t rule out similar planet for-
mation scenarios around at least the hotter M dwarfs (M0-4)
here. Assuming proportionally higher numbers for M dwarfs,
the whole WTS survey has a total of ∼ 14700M0-4 dwarfs.
A null detection for hot Jupiters in the completed WTS sur-
vey would mean 3.2 times lower upper limit values: 0.5–1.1
per cent for M0-2, 0.9–1.7 per cent for M2-4 (taking the
same sensitivity in the 3 other fields). This would still be in
the same region as the values for hotter stars in Fig. 13.

There are some caveats in our comparison. i) The early
M dwarf (M0-2) temperature bins are not exactly the same
in the present WTS study (3400K–3800K) and in H11
(3600K–4100K) thus the WTS bins are systematically ∼
250K cooler. We can still assume the similarity of the early
M dwarfs as accuracy of temperature values are not bet-
ter either for WTS or Kepler. ii) We cannot use the same
method to estimate temperatures for Kepler. Hopefully, as
more follow-up data is released this will become possible. iii)
The sample of Kepler objects used to calculate planetary oc-
currences is restricted to bright objects (K p < 15) which is
di! erent from the magnitude range of WTS objects studied
here (J < 17). It is possible that the Kepler early M dwarf
sample is inherently di! erent from the sample in the present
study (Mann et al. 2012). iv) The sensitivity for Jupiters in
the WTS was determined for a conservative 10R⊕ radius
while hot Jupiters may have higher radii. The Kepler study
uses the 8–32R⊕ radius range for hot Jupiters. Considering
that the WTS sensitivity gets better toward higher planet
radii, the upper limits on hot Jupiter occurrence could be
stricter than presented here.
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Figure 13. Short period (0.8–10 day) hot Jupiter planetary oc-
currence fractions and upper limits in case of null detections in
the WTS (green) and in Kepler Q2 (red). Kepler rates are based
on H11 (see text). WTS upper limits (green arrows) are shown for
the M0-2 and M2-4 bins, vertical error bars cover the uncertainty
of values from different interpretation of Table 5. Horizontal bars
show temperature bin widths, horizontal arrows mark estimated
uncertainty of bin edges where available. Red arrows in the two
coolest Kepler bins (M0, K5) are upper limits for Kepler null
detections.

f = 0.001 f = 0.024 f = 0.11
M0-2 0.03 0.82 3.75
M2-4 0.05 1.20 5.72
Total 0.08 2.02 9.47
M0-2 0.01 0.14 0.63
M2-4 0.02 0.36 1.66
Total 0.03 0.50 2.29

Table 8. Expected number of detections for Neptunes in the
WTS 19hr field for best (upper part) and worst case (lower part).

7.1 Number of hot Neptunes in WTS

We can use the short period planetary occurrence fraction
for Neptunes in the Kepler M dwarf bin to make predictions
about the number of discoverable Neptunes in the WTS.
To make a prediction, we use our Pdet sensitivity from the
present study (Table 5) with the estimated Neptune frac-
tion f from the Kepler data in Eq. 2. The Kepler Q2 data
contains 1 short period Neptune size (4-8R⊕) planet in the
Kepler M0 bin (3600K–4100K) that means an occurrence
rate of f = 0 .024+0.085

−0.023. In Table 8 we listed the number of
expected detections using the best and worst (WTS sensi-
tivity) case numbers and f in the above range. They are not
well constrained and we predict the number of hot Neptunes
in the range of 0.03–9.47, potentially a large number in the
19hr field data. Extrapolated to the 4 WTS fields, this means
up to a total of 30.87 planets. As we learned from present
study, detections for Neptunes typically have low signal-to-
noise and measured periods are often dominated by aliases.
The corresponding high false alarm rate, coupled with the
faintness of our targets suggests that firm identification of
Neptunes will be very di" cult.

c© 0000 RAS, MNRAS 000, 000–000

Potent ia l ly up to 31 hot 
Neptunes present in the 4 Þelds, 
but with high false alarm rate.

Still not possible to 
discriminate between
formation theories.



Conclusions

¥ Ground-based infrared transit surveys with 
irregular observing patterns are capable of Þnding 
exoplanets.

¥ WTS-1b and 2b are hot Jupiters around an F7V and 
a K3V star. 

¥ The fraction of M-dwarfs with hot Jupiters with 
periods less than 10 days is less than 2-3%.

¥ Larger M-dwarf samples are needed to put stronger 
constraints →PanPlanets 


