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ABSTRACT

We report three new transiting hot-Jupiter planets discovered from the WASP surveys combined with radial velocities from
OHP/SOPHIE and Euler/CORALIE and photometry from Euler and TRAPPIST. All three planets are inflated, with radii 1.7–1.8
RJup. All orbit hot stars, F5–F7, and all three stars have evolved, post-MS radii (1.7–2.2 R⊙). Thus the three planets, with orbits of
1.8–3.9 d, are among the most irradiated planets known. Thisreinforces the correlation between inflated planets and stellar irradiation.

Key words. stars: individual (WASP-76; BD+01 316) – stars: individual (WASP-82) – stars: individual (WASP-90) — planetary
systems

1. Introduction

The naive expectation that a Jupiter-mass planet would havea
one-Jupiter radius has been replaced by the realisation that many
of the hot Jupiters found by transit surveys have inflated radii.
Planets as large as∼ 2 RJup have been found (e.g. WASP-17b,
Anderson et al. 2010; HAT-P-32b, Hartman et al. 2011).

It is also apparent that inflated planets are found preferen-
tially around hot stars. For example Hartman et al. 2012 reported
three new HAT-discovered planets, with radii of 1.6–1.7 RJup, all
transiting F stars. Here we continue this theme by announcing
three new hot Jupiters, again all inflated and all orbiting F stars.

For a discussion of the radii of transiting exoplanets we refer
the reader to the recent paper by Weiss et al. (2013). It seems
clear that stellar irradiation plays a large role in inflating hot
Jupiters, since no inflated planets are known that receive less
than 2× 108 erg s−1 cm−2 (Miller & Fortney 2011; Demory
& Seager 2011). There is also an extensive literature discussing
other mechanisms for inflating hot Jupiters, such as tidal dissipa-
tion (e.g. Leconte et al. 2010, and references therein) and Ohmic
dissipation (e.g. Batygin & Stevenson 2010).

⋆ Fellow of the Swiss National Science Foundation

2. Observations

The three transiting-planet systems reported here are nearthe
equator, and so have been observed by both the SuperWASP-
North camera array on La Palma and by WASP-South at
Sutherland in South Africa. Our methods all follow closely to
those in previous WASP discovery papers. The WASP camera
arrays are described in Pollacco et al. (2006) while our planet-
hunting methods are described in Collier-Cameron et al. (2007a)
and Pollacco et al. (2007).

Equatorial WASP candidates are followed up by obtaining
radial velocities using the SOPHIE spectrograph on the 1.93-
m telescope at OHP (as described in, e.g., Hébrard et al. 2013)
and the CORALIE spectrograph on the 1.2-m Euler telescope
at La Silla (e.g., Triaud et al. 2013). Higher-quality lightcurves
of transits are obtained using EulerCAM on the 1.2-m telescope
(e.g., Lendl et al. 2013) and the robotic TRAPPIST photometer
at La Silla (e.g., Gillon et al. 2013). The observations for our
three new planets are listed in Table 1.

3. The host stars

The stellar parameters for WASP-76, WASP-82 and WASP-90
were derived from the co-added RV spectra using the methods
given in Doyle et al. (2013). The excitation balance of the Fei
lines was used to determine the effective temperature (Teff). The
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Table 1. Observations

Facility Date
WASP-76:
SuperWASP-North 2008 Sep–2010 Dec 12 800 points
WASP-South 2008 Jul–2009 Dec 7700 points
OHP/SOPHIE 2011 Sep–2011 Dec 9 RVs
Euler/CORALIE 2012 Feb–2012 Dec 8 RVs
TRAPPIST 2011 Nov 06 I filter
TRAPPIST 2012 Aug 25 I filter
EulerCAM 2012 Oct 13 Gunnr filter
TRAPPIST 2012 Oct 31 I filter
TRAPPIST 2012 Nov 20 I filter
WASP-82:
SuperWASP-North 2008 Oct–2011 Feb 15 100 points
WASP-South 2008 Oct–2010 Jan 8600 points
OHP/SOPHIE 2011 Dec–2012 Feb 8 RVs
Euler/CORALIE 2012 Feb–2013 Mar 20 RVs
EulerCAM 2012 Nov 20 Gunnr filter
WASP-90:
SuperWASP-North 2004 May–2010 Oct 40 800 points
WASP-South 2008 Jun–2009 Oct 12 200 points
Euler/CORALIE 2011 Oct–2012 Sep 15 RVs
TRAPPIST 2012 Jun 03 I + z filter
EulerCAM 2012 Jul 28 Gunnr filter
TRAPPIST 2012 Sep 13 I + z filter
EulerCAM 2013 Jun 10 Gunnr filter

surface gravity (logg) was determined from the ionisation bal-
ance of Fei and Feii. The Cai line at 6439Å and the Nai D
lines were also used as logg diagnostics. Values of microturbu-
lence (ξt) were obtained by requiring a null-dependence on abun-
dance with equivalent width. The elemental abundances were
determined from equivalent width measurements of several un-
blended lines. The quoted error estimates include that given by
the uncertainties inTeff and logg, as well as the scatter due to
measurement and atomic data uncertainties. The projected stellar
rotation velocity (v sinI) was determined by fitting the profiles
of several unblended Fei lines. Macroturbulence was obtained
from the calibration by Bruntt et al. (2010).

For WASP-76, the rotation rate (P = 17.6 ± 4.0 d) implied
by thev sinI (assuming that the spin axis is perpendicular to us)
gives a gyrochronological age of 5.3+6.1

−2.9 Gyr using the Barnes
(2007) relation. The lithium age of several Gyr, estimated using
results in Sestito & Randich (2005), is consistent. For WASP-90,
the rotation rate (P = 11.1± 1.6 d) implied by thev sinI gives a
gyrochronological age of 4.4+8.4

−2.4 Gyr. TheTeff of this star is close
to the lithium-gap (Böhm-Vitense, 2004), and thus the lackof
any detectable lithium in this star does not provide a usableage
constraint. WASP-82 is too hot for reliable gyrochronological or
lithium ages.

We list in Tables 2–4 the proper motions of the three stars
from the UCAC4 catalogue (Zacharias et al. 2013). These are
compatible with the stars being from the local thin-disc popu-
lation. We also searched the WASP photometry of each star for
rotational modulations by using a sine-wave fitting algorithm as
described by Maxted et al. (2011). For none of the three starswas
a significant periodicity found (<1 mmag at 95%-confidence).

4. System parameters

The radial-velocity and photometric data (Table 1) were com-
bined in a simultaneous Markov-chain Monte-Carlo (MCMC)
analysis to find the system parameters (see Collier Cameron et al.

2007b for an account of our methods). For limb-darkening we
used the 4-parameter law from Claret (2000), and list the result-
ing parameters in Tables 2–4.

For WASP-76b and WASP-82b the radial-velocity data im-
ply circular orbits with eccentricities less than 0.05 and 0.06 re-
spectively. WASP-90 is a fainter star and WASP-90b is a lower-
mass planet, so, while the data are again compatible with a cir-
cular orbit, the limit on the eccentricity is weaker at 0.5. For
all three we enforced a circular orbit in the MCMC analysis
(see Anderson et al. 2012 for the rationale for this). One of
the WASP-82 RVs was taken during transit, and this point was
given zero weight in the analysis. To translate transit and radial-
velocity information (which give stellar density) into thestar’s
mass and radius we need one additional mass–radius constraint.
Here we use the calibration presented by Southworth (2011).

The fitted parameters were thusTc, P, ∆F, T14, b, K1, where
Tc is the epoch of mid-transit,P is the orbital period,∆F is the
fractional flux-deficit that would be observed during transit in the
absence of limb-darkening,T14 is the total transit duration (from
first to fourth contact),b is the impact parameter of the planet’s
path across the stellar disc, andK1 is the stellar reflex velocity
semi-amplitude. The resulting fits are reported in Tables 2 to 4.

5. Discussion

The three host stars, WASP-76, WASP-82 and WASP-90, are all
F stars with temperatures of 6250–6500 K. Their metallicities
([Fe/H] = 0.1–0.2) and space velocities are compatible with the
local thin-disk population. The stellar densities derivedfrom the
MCMC analysis, along with the temperatures from the spectral
analysis, are shown on a modified H–R diagram in Fig. 4. All
three stars have inflated radii (R∗ = 1.7–2.2 R⊙) and thus appear
to have evolved significantly. The indicated ages of∼ 2 Gyr are
compatible with the estimates from gyrochronology (Section 2).

The three planets also all have inflated radii (1.7–1.8 RJup)
and are thus bloated hot Jupiters. This is likely related to the
high temperature and large radii of the host stars. Weiss et al.
(2013) have shown that the radii of hot-Jupiter planets correlates
well with their irradiation. Our three new planets fit their rela-
tionship, and are all at the extreme high-irradiation, high-radius
end (their locations on Fig 14 of Weiss et al. being at fluxes 5.1,
5.2 and 2.9×109 erg cm−2, s−1, and radii 20.1, 18.4 and 19.6
REarth for WASP-76b, WASP-82b and WASP-90b respectively).
One caution, however, is that we have a bias against finding un-
bloated hot Jupiter around evolved, high-radius stars, since the
transit depths would be low.

Of particular note is that, atV = 9.5 andRP = 1.8 RJup,
WASP-76 is now the brightest known star transited by a planet
larger than 1.5 RJup. WASP-82 is not far behind atV = 10.1 and
RP = 1.7 RJup, comparable to WASP-79 (V = 10.1, RP = 1.7
RJup; Smalley et al. 2012, and KOI-13 (V = 10.0,RP = 1.8 RJup;
Santerne et al. 2012). Thus the new discoveries will be useful
for studying bloated hot Jupiters. For example, Triaud (2011)
suggests that the orbital inclinations of hot Jupiters are afunc-
tion of system age. Given that radius changes of evolved systems
give age constraints, WASP-76 and WASP-82 will be good sys-
tems for testing this idea. WASP-82 has a relatively smallv sinI
(Table 3) for its spectral type, which could indicate a mis-aligned
orbit.
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Fig. 1. WASP-76b discovery data: (Top) The WASP data folded
on the transit period. (Second panel) The binned WASP data
with (offset) the follow-up transit lightcurves (ordered from the
top as in Table 1) together with the fitted MCMC model. (Third)
The SOPHIE and CORALIE radial velocities with the fitted
model. (Lowest) The bisector spans; the absence of any corre-
lation with radial velocity is a check against transit mimics.

Table 2. System parameters for WASP-76.

BD+01 316
1SWASP J014631.86+024202.0
2MASS 01463185+0242019
RA= 01h46m31.86s, Dec=+02◦42

′

02.0
′′

(J2000)
V mag= 9.5
Rotational modulation< 1 mmag (95%)
pm (RA) 46.6± 0.7 (Dec), –39.9± 0.6 mas/yr
Stellar parameters from spectroscopic analysis.
Spectral type F7
Teff (K) 6250± 100
logg 4.4± 0.1
ξt (km s−1) 1.4± 0.1
vmac(km s−1) 4.0±0.3
v sinI (km s−1) 3.3± 0.6
[Fe/H] +0.23± 0.10
log A(Li) 2.28± 0.10
Distance 120± 20 pc
Parameters from MCMC analysis.
P (d) 1.809886± 0.000001
Tc (HJD) (UTC) 245 6107.85507± 0.00034
T14 (d) 0.1539± 0.0008
T12 = T34 (d) 0.0154+0.0008

−0.0003
∆F = R2

P/R
2
∗ 0.01189± 0.00016

b 0.14+0.11
−0.09

i (◦) 88.0+1.3
−1.6

K1 (km s−1) 0.1193± 0.0018
γ (km s−1) –1.0733± 0.0002
e 0 (adopted) (<0.05 at 3σ)
M∗ (M⊙) 1.46± 0.07
R∗ (R⊙) 1.73± 0.04
logg∗ (cgs) 4.128± 0.015
ρ∗ (ρ⊙) 0.286+0.008

−0.018
Teff (K) 6250± 100
MP (MJup) 0.92± 0.03
RP (RJup) 1.83+0.06

−0.04
loggP (cgs) 2.80± 0.02
ρP (ρJ) 0.151± 0.010
a (AU) 0.0330± 0.0005
TP,A=0 (K) 2160± 40
Errors are 1σ; Limb-darkening coefficients were:
TRAPPISTz:
a1= 0.683, a2= –0.349, a3= 0.565, a4= –0.286
EulerCAM rG:
a1= 0.593, a2= 0.021, a3= 0.327, a4= –0.215
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Fig. 2. WASP-82b discovery data (as for Fig. 1)

Table 3. System parameters for WASP-82.

1SWASP J045038.56+015338.1
2MASS 04503856+0153381
RA= 04h50m38.56s, Dec=+01◦53

′

38.1
′′

(J2000)
V mag= 10.1
Rotational modulation< 0.6 mmag (95%)
pm (RA)−17.5± 0.9 (Dec), –17.7± 0.7 mas/yr
Stellar parameters from spectroscopic analysis.
Spectral type F5
Teff (K) 6500± 80
logg 4.18± 0.09
ξt (km s−1) 1.5± 0.1
vmac(km s−1) 5.0±0.3
v sinI (km s−1) 2.6± 0.9
[Fe/H] +0.12± 0.11
log A(Li) 3.11± 0.08
Distance 200± 30 pc
Parameters from MCMC analysis.
P (d) 2.705782± 0.000003
Tc (HJD) (UTC) 245 6157.9898± 0.0005
T14 (d) 0.2077± 0.0012
T12 = T34 (d) 0.0156+0.0012

−0.0004
∆F = R2

P/R
2
∗ 0.00624± 0.00012

b 0.16+0.14
−0.11

i (◦) 87.9+1.4
−1.9

K1 (km s−1) 0.1307± 0.0019
γ (km s−1) –23.62827± 0.00007
e 0 (adopted) (<0.06 at 3σ)
M∗ (M⊙) 1.63± 0.08
R∗ (R⊙) 2.18+0.08

−0.05
logg∗ (cgs) 3.973+0.013

−0.02
ρ∗ (ρ⊙) 0.158+0.006

−0.014
Teff (K) 6490± 100
MP (MJup) 1.24± 0.04
RP (RJup) 1.67+0.07

−0.05
loggP (cgs) 3.007+0.017

−0.032
ρP (ρJ) 0.266+0.017

−0.029
a (AU) 0.0447± 0.0007
TP,A=0 (K) 2190± 40
Errors are 1σ; Limb-darkening coefficients were:
EulerCAM rG:
a1= 0.494, a2= 0.424, a3= –0.266, a4= 0.0436
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Table 4. System parameters for WASP-90.

1SWASP J210207.70+070323.7
2MASS 01463185+0242019
RA= 21h02m07.70s, Dec=+07◦03

′

23.7
′′

(J2000)
V mag= 11.7
Rotational modulation< 1 mmag (95%)
pm (RA)−10.2± 1.4 (Dec), 8.1± 4.3 mas/yr
Stellar parameters from spectroscopic analysis.
Spectral type F6
Teff (K) 6440± 130
logg 4.32± 0.09
ξt (km s−1) 1.3± 0.2
vmac(km s−1) 4.7±0.3
v sinI (km s−1) 6.0± 0.5
[Fe/H] +0.11± 0.14
log A(Li) <1.7
Distance 340± 60 pc
Parameters from MCMC analysis.
P (d) 3.916243± 0.000003
Tc (HJD) (UTC) 245 6235.5639± 0.0005
T14 (d) 0.1398± 0.0022
T12 = T34 (d) 0.033± 0.003
∆F = R2

P/R
2
∗ 0.0071± 0.0002

b 0.841± 0.013
i (◦) 82.1± 0.4
K1 (km s−1) 0.060± 0.006
γ (km s−1) 4.361± 0.0003
e 0 (adopted) (<0.5 at 3σ)
M∗ (M⊙) 1.55± 0.10
R∗ (R⊙) 1.98± 0.09
logg∗ (cgs) 4.033± 0.029
ρ∗ (ρ⊙) 0.20± 0.02
Teff (K) 6430± 130
MP (MJup) 0.63± 0.07
RP (RJup) 1.63± 0.09
loggP (cgs) 2.73± 0.06
ρP (ρJ) 0.145± 0.027
a (AU) 0.0562± 0.0012
TP,A=0 (K) 1840± 50
Errors are 1σ; Limb-darkening coefficients were:
TRAPPISTI + z:
a1= 0.554, a2= 0.041, a3= 0.070, a4= –0.086
EulerCAM rG:
a1= 0.476, a2= 0.422, a3= –0.226, a4= 0.020
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Fig. 3. WASP-90b discovery data (as for Fig. 1)
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Fig. 4. Evolutionary tracks on a modified H–R diagram (ρ versus
Teff). The green lines are for a metallicity of [Fe/H] = +0.19; the
dashed lines are isochrones for 0.07, 2.0 and 2.5 Gyr; the solid
lines are mass tracks for 1.3 M⊙ and 1.4 M⊙. The red lines are for
a metallicity of [Fe/H] = +0.1, with the same isochrones, and the
mass track for 1.5 M⊙. The models are from Girardi et al. (2000).
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