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the most efficient discovery method: 
transits



monitoring the sky with small telescopes

Las Campanas Observatory, May 2009



or small satellites: Kepler



KEPLER: There are more planets than stars



but Kepler targets generally faint



landscape

Figure from Heng & Winn 2015 (arXiv:1504.04017)



transits around bright starsCNTAC PROPOSAL FOR PERIOD 2017A 3
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Fig. 1. Left: Radius as function of the orbital period for all TEPs
with masses obtained by RV measurements. The uncoloured region
of the parameter space is composed by the small fraction of sub-
Neptune size Kepler TEPs for which RV measurements were possible.
The dark-coloured region of the parameter space is populated by hot
Jupiters discovered mainly by ground-based transit surveys. HATSouth
is capable of detecting planets in the intermediate (light-coloured) zone
of the parameter space where very few planets are well characterized.

measure true masses in units of the planet’s host star.
This, in turn, is determined via the combination of stel-
lar atmosphere modelling (based on median combined
spectra), isochrone fits, and using the planetary transit
to constrain the mean density of the star (e.g. Torres et
al. 2008). Finally, we have also developed robust tools to
exclude blend scenarios of HATS candidates (Hartman
et al 2011b).

Fig. 2. Follow-up light curves and RVs that allowed the confirmation
of HATS754-001 (in prep), a transiting brown dwarf on a 18d eccentric
orbit. The Coralie data was fundamental for discovering this interesting
system.
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Fig. 3. Follow-up light curves and RVs that allowed the confirmation
of HATS-17b (Brahm et al. 2016), the transiting warm Jupiter (RP =
0.78RJ and MP = 1.3MJ ) with the longest period (16d) discovered by
a ground-based photometric survey . The Coralie data was fundamental
for discovering this interesting system.

III. TECHNICAL DESCRIPTION

Euler/CORALIE is one of the few Southern facilities
capable of delivering RV precisions at the ⇠ 10–20 m s�1

level needed to confirm hot and warm Jupiters. Based on
prior observations we find that we can achieve a precision
of 20 m s�1 with a S/N of 20 per resolution element, and
a precision of 10 m s�1, which is close to the instrumental
limit, with a S/N of 50 per resolution element. We also find
that under median conditions a S/N of 15 per resolution
element requires a 3600 s integration for a V = 13.5
star. Based on previous observing runs we require an
average of 3 equivalent S/N⇠ 20 observations for each
target (planets that we confirm with CORALIE will receive
on average ⇠ 10 observations, while other targets can be
ruled out as false positives or passed on to follow-up with
other facilities such as PFS after 1 or 2 observations),
thus in ten 10 hr nights we can follow-up ⇠ 50 V < 13.5
candidates, or ⇠ 35% of the current sample of bright can-
didates requiring follow-up observations, and as a result
confirm ⇠ 15 planets. In scheduling the observations we
take into account i) visibility; ii) predicted phase in the
orbit; iii) individual priority; and iv) location on the sky
to minimize telescope moves. The predicted phases are
based on the ephemerides from photometry or prior RV,
and we optimize coverage by prioritizing observations
of the RV extremes and also avoiding transit phases
affected by the Rossiter effect. We have developed a
fully automatic reduction software at PUC that provides
calibrated spectra, and a measurement of the radial
velocity and spectral type by cross-correlation. Given the
RA distribution of the fields listed above, we request to
have two separate 5-day runs. Having two separate runs
will allow us also to monitor both short and longer period
systems.

Our targets are in general fainter than those of other
extrasolar planet detection programs. When the moon is
up, our long exposure times produce a great fraction of
moonlight contamination on our images. This contamina-
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HATSouth

HATS17b —16d period (Brahm, Jordán, Bakos et al. 2016).

HATS-17b 3

TABLE 1
Summary of Photometric Observations of HATS-17.

Facility/Field a Date Range Number of Points Median Cadence Filter Precision b

(seconds) mmag

HS-2/G700 (LCO) 2011 Apr–2012 Jul 4579 292 r 5.8
HS-4/G700 (HESS) 2011 Jul–2012 Jul 3759 301 r 6.4
HS-6/G700 (SSO) 2011 May–2012 Jul 1499 300 r 6.5
PEST 0.3m (Perth, AU) 2015 Apr 26 215 132 RC 2.4
LCOGT 1m/sinistro (CTIO) 2015 May 13 54 105 i 1.3
Swope 1m/e2v (LCO) 2015 May 29 141 129 i 3.8
Swope 1m/e2v (LCO) 2015 Jul 17 79 99 i 1.6
LCOGT 1m/sinistro (CTIO) 2015 Jul 17 71 162 i 0.8

a For the HATSouth observations we list the HS instrument used to perform the observations and the pointing on the
sky. HS-2 is located at Las Campanas Observatory in Chile, HS-4 at the H.E.S.S. gamma-ray telescope site in Namibia,
and HS-6 at Siding Spring Observatory in Australia. Field G700 is one of 838 discrete pointings used to tile the sky for
the HATNet and HATSouth projects. This particular field is centered at R.A. 13.2 hr and Dec. �45.0�.
b The r.m.s. scatter of the residuals from our best fit transit model for each light curve at the cadence indicated in the
Table.
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Fig. 1.— Unbinned instrumental r band light curve of HATS-
17 folded with the period P = 16.2546107 days resulting from the
global fit described in Section 3. The solid line shows the best-fit
transit model (see Section 3). In the lower panel we zoom-in on
the transit; the dark filled points here show the light curve binned
in phase using a bin-size of 0.002.

in phase with the photometric ephemeris.
After some frustrated attempts with the LCOGT 1 m

telescope network due to scheduling constraints, the first
photometric follow-up light curve of this system was ob-
tained with the 0.3 m Perth Exoplanet Survey Telescope
(PEST)4 located near Perth. The unbinned precision of
2.5 mmag allowed the measurement of a full ⇡ 5 mmag
flat-bottom transit.

Another two partial transits were then acquired with
one telescope of the LCOGT 1m telescope network,
specifically the one at Cerro Tololo Inter-American Ob-
servatory (CTIO), and with the Swope 1 m cpupled with
the e2v camera at Las Campanas Observatory (LCO).
The former registered only the egress of the transit which
weas helpful in refining the ephemeris of the system,
while the latter obtained one ingress and part of the tran-
sit but the weather conditions were suboptimal and did
not allow for a substantial improvement of the measured
transit parameters.

Finally, two partial transits of the same event were
measured with high photometric precision (⇡ 1 mmag)
in one of the last chances to observe it during the season.
The observations were performed with the same two tele-

4 http://www.cantab.net/users/tgtan/

scopes that registered the previous partial transits and
they obtained a fraction of the bottom part of the transit
and the egress. These observations revealed a clear tran-
sit with a depth of ⇡ 6 mmag and improved substantially
the precision of the measured transit parameters.

All the follow-up observations are summarized in Ta-
ble 1. Table 2 provides the light curve data, while the
light curves are compared to our best-fit model in Fig-
ure 2. All the facilities used for high precision pho-
tometric follow-up have been previously used by HAT-
South; the instrument specifications, observation strate-
gies and radopted eduction procedures can be found
in Zhou et al. (2014), Bakos et al. (2015) and Bayliss
et al. (2015) for PEST, LCOGT 1 m/sinistro (CTIO),
and Swope 1 m/e2v, respectively. Given that there were
no evident close companions to HATS-17, all photomet-
ric follow-up observations were acquired with defocusing.

2.2. Spectroscopy

An extensive follow-up campaign is required for vali-
dating the planetary nature of HATSouth transiting can-
didates. Transit-like signals in the light curves can be
produced by artifacts in the data or di↵erent configura-
tions of stellar eclipsing binaries and background stars.
Spectroscopic observations are used for characterizing
the properties of the star and to determine the mass and
orbital parameters of the planets from RV curves.

The first spectroscopic observation of HATS-17 was
carried out by WiFeS on the ANU 2.3 m telescope at SSO
(Dopita et al. 2007). A single low resolution (R=3000)
spectrum was enough for a rough estimation of the stel-
lar parameters of HATS-17. Following the reductions
and analysis procedures detailed in in Bayliss et al.
(2013), the computed stellar atmospheric parameters
were Te↵ = 5315 ± 300 K, log g = 4.4 ± 0.3 dex and
[Fe/H] = �0.5± 0.5 dex. After HATS-17b was identified
as a single-lined G-type dwarf, five additional R=7000
spectra were obtained with the same instrument in order
to measure RV variations. These five RV points were con-
sistent with no variation at the ⇠2 km s�1 level, which
shows that the observed photometric signal is not pro-
duced by an eclipsing stellar mass companion.

Once HATS-17 passed the recognisance spectroscopy
filter of our follow-up structure, further spectroscopic
characterisation of the HATS-17 system was performed
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follow-up: CHAT

first light curves (YESTERDAY!! - 1mmag transit of WASP-78b)
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Figure 2: (a): Equal-area projection of the sky showing the total amount of time spent observing [hr] by ⇧̂ after
5 years of observations, including time lost to weather. The white band shows positions within 10� of the Galactic
plane, which are excluded from our TEP recovery simulations. (b): Similar map for the 2-year NASA TESS mission.
For most of the sky, ⇧̂ will provide much greater time-coverage than will TESS (comparable to the TESS coverage at
the ecliptic poles). (c): Simulated TEP yield in the period–radius plane, for planets with P>10 days and (V<12mag
or d<50 pc), showing the very significant expected yield of long period planets from ⇧̂.

based on the realized performance of the prototype (§ C). We find that by combining 5 years of
⇧̂ observations with the 2 year NASA TESS mission, a total of 410 TEPs with P > 20 d or
R

p

< 6R� will be identified with S/N> 7 around bright (V < 12) or nearby (d< 50 pc)
stars (Fig. 2(c)), representing an 85% increase over the expected TESS-only yield of
220 such planets. A few of the planets found by ⇧̂ will be in the habitable zones of their host
stars, but not detected by TESS itself. More than 1000 planets will be found around fainter stars
as well. Extending the ⇧̂ observations to 10 years doubles the overall yield. Moreover, ⇧̂ will
have much greater sensitivity to long period TEPs around bright or nearby stars compared to any
existing or planned survey—by itself it will find 2.5⇥ as many planets with P > 20 d as TESS. An
example of the enhanced sensitivity of ⇧̂ to long period planets is shown in Fig. 3, where we show
a simulated ⇧̂ light curve for the known Earth-size planet GJ 1132b [9], together with a light curve
for a hypothetical long-period GJ 1132b-like system. The former will be easily recovered by both ⇧̂
and TESS, the latter could be only recovered by ⇧̂. Altogether, while only 1% of the TESS
budget, ⇧̂ o↵ers an excellent synergy with TESS, significantly increasing its value.

We carried out comparable simulations for other existing ground-based surveys, such as HAT,
WASP, KELT, NGTS and Evryscope, and found that none of these come close to ⇧̂ in their
expected yields of long-period planets or small planets around bright/nearby stars that would not
be discovered by TESS alone. Of all of these surveys Evryscope has the greatest expected yield
(with 7 such planets). While Evryscope covers the same area of the sky as ⇧̂, it has much lower
photometric precision (10⇥ less flux) greatly limiting its sensitivity to long period or small planets.

The extended time coverage and high photometric precision of ⇧̂ will even allow the recovery
of very long period TEPs (100 d<P < 3000 d) discovered astrometrically by the Gaia mission. To
estimate this yield we simulated 5 yr ⇧̂ light curves for the predicted Gaia planet discoveries
presented in [38] and find that ⇧̂ will recover one or more transits for ⇠ 12 of these long
period Gaia planetary systems, including ⇠ 3 that are within the habitable zones of
their host stars, and several beyond the snow line. No other survey has significant
sensitivity to these planets: Kepler/K2 cover too small an area, TESS will not observe enough
of the sky for a long enough duration, Evryscope does not have su�cient precision, and, as noted by
[38], the orbital solutions from Gaia will be too imprecise to enable targeted follow-up to recover the
TEPs. Combining the masses and eccentricities from Gaia with the radii from ⇧̂, and subsequent
follow-up observations, will allow, for the first time, a detailed physical characterization of giant
exoplanets beyond the snow line via their transits. Those planets that are in the habitable zones
of their host stars will also be prime targets to search for habitable Earth-size moons.
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