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ABSTRACT

We describe the Next Generation Transit Survey (NGTS), which is a ground-based
project searching for transiting exoplanets orbiting bright stars. NGTS builds on the
legacy of previous surveys, most notably WASP, and is designed to achieve higher
photometric precision and hence find smaller planets than have previously been de-
tected from the ground. It also operates in red light, maximising sensitivity to late
K and early M dwarf stars. The survey specifications call for photometric precision
of 0.1 per cent in red light over an instantaneous field of view of 100 square degrees,
enabling the detection of Neptune-sized exoplanets around Sun-like stars and super-
Earths around M dwarfs. The survey is carried out with a purpose-built facility at
Cerro Paranal, Chile, which is the premier site of the European Southern Observatory
(ESO). An array of twelve 20 cm f/2.8 telescopes fitted with back-illuminated deep-
depletion CCD cameras are used to survey fields intensively at intermediate Galactic
latitudes. The instrument is also ideally suited to ground-based photometric follow-up
of exoplanet candidates from space telescopes such as Gaia, TESS and PLATO. We
present observations that combine precise autoguiding and the superb observing con-
ditions at Paranal to provide routine photometric precision of 0.1 per cent in 1 hour
for stars with I-band magnitudes brighter than 13. We describe the instrument and
data analysis methods as well as the status of the survey, which achieved first light
in 2015 and began full survey operations in 2016. NGTS data will be made publicly
available through the ESO archive.

Key words: Atmospheric effects – instrumentation: photometers – techniques: pho-
tometric – surveys – planets and satellites: detection – planetary systems

© 2017 The Authors
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2 P. J. Wheatley et al.

Figure 1. The mass-radius relation for known transiting exoplan-

ets with masses determined to better than 20 per cent precision
(taken from the NASA Exoplanet Archive in January 2017). Plan-

ets initially discovered in ground-based transit surveys are plotted

as red circles, while those detected from space are plotted as blue
squares, and planets initially found from radial velocity measure-

ments are plotted as green triangles. Solar system planets are in-
dicated with letters and the dotted lines are mass-radius relations

calculated for different compositions by Seager et al. (2007).

1 INTRODUCTION

The photometric detection of transits has proved to be the
key to determining a wide range of the physical character-
istics of exoplanets. The depth of a transit depends on the
relative radii of planet and star (Rp/R∗) and the first transit
detections immediately showed that hot Jupiters are gas gi-
ants and not composed primarily of heavy elements (Henry
et al. 2000; Charbonneau et al. 2000). Transits also enabled
the measurement of stellar obliquities using the Rossiter-
McLaughlin effect (Winn et al. 2005), with important im-
plications for exoplanet migration (e.g. Triaud et al. 2010;
Albrecht et al. 2012). They also present the opportunity to
determine the composition and structure of planetary at-
mospheres through transmission spectroscopy (e.g. Char-
bonneau et al. 2002; Sing et al. 2016), with detections of
Doppler shifts revealing planetary winds (Snellen et al. 2010;
Louden & Wheatley 2015) and the detection of deep tran-
sits in ultraviolet lines revealing planetary evaporation (e.g.
Vidal-Madjar et al. 2003; Ehrenreich et al. 2015). Detec-
tions of secondary eclipses and phase curves in transiting
systems allow determination of the reflected and thermal
emission spectra of exoplanets, together with albedos and
the efficiency of heat transport around the planet (e.g. Dem-
ing et al. 2005; Charbonneau et al. 2005; Knutson et al.
2007). When coupled with mass determinations based on the
radial-velocities of the star, transits also provide planetary
densities and hence constraints on their bulk composition
and internal structure (e.g. Seager et al. 2007; Baraffe et al.
2008).

A prerequisite for the application of this wide range of

Figure 2. The planet and star radii for known transiting exoplan-

ets with masses determined to better than 20 per cent precision.
Diagonal dotted lines indicate systems with equal transit depth,

while the horizontal and vertical lines indicate the radii of solar

system planets and stars of different spectral types respectively.
The colours and symbols are the same as Fig. 1.

powerful techniques in exoplanet characterisation is the dis-
covery of transiting exoplanets, usually in wide-field photo-
metric surveys. Since most of the characterisation methods
require high signal-to-noise measurements, there is particu-
lar value in the detection of transiting planets around bright
stars.

The most successful ground-based surveys for transiting
exoplanets have been WASP (Pollacco et al. 2006), HAT-
Net (Bakos et al. 2004) and HATSouth (Bakos et al. 2013),
which together account for more than 50 per cent of all the
known transiting planets with masses determined to bet-
ter than 20 per cent (including those found from space).
WASP and HATNet employ telephoto lenses mounted on
CCD cameras to make precise photometric measurements
over large swaths of the sky, while HATSouth employs 24
telescope tubes spread over three locations in the south-
ern hemisphere. Typically these surveys have found plan-
ets around the mass of Saturn to a few times the mass of
Jupiter, and with radii between that of Saturn and twice
Jupiter (Fig. 1). A handful of smaller transiting exoplanets
have also been found in ground-based transit surveys (Char-
bonneau et al. 2009; Bakos et al. 2010; Berta-Thompson
et al. 2015; Gillon et al. 2016, 2017; Dittmann et al. 2017)
and transits have been found for some planets initially iden-
tified in ground-based radial velocity surveys (Gillon et al.
2007; Winn et al. 2011; Bonfils et al. 2012; Dragomir et al.
2013; Motalebi et al. 2015). The full population of transit-
ing exoplanets with masses determined to better than 20
per cent is shown in Fig. 1 (sample taken from the NASA
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Next Generation Transit Survey 7

ity variations cancel out. A portion of one such ratio image
is plotted in Fig. 7 (left panel).

The same light source was used without the lens or filter
to flood the CCD with light in order to measure the illumina-
tion function of the camera shutter. We used a broad range
of exposure times and the formulation of Zissell (2000) to
determine the difference in exposure times with position on
the CCD. An example shutter map is shown in Fig. 7 (right
panel).

High quality master bias and dark frames were also mea-
sured in the laboratory, the gain and linearity were mea-
sured, and hot pixels were mapped so that affected photo-
metric points could be flagged.

3.3 Telescope mounts

The NGTS telescopes are each mounted on an equato-
rial fork mount made by Optical Mechanics Inc.,5 allowing
them to be independently pointed and guided. The mounts
are arranged in two rows of six telescopes running side by
side along the East-West direction (see Fig. 5). The inter-
telescope spacing was chosen such that no telescope can in-
tercept the field of view of any other telescope for elevations
above 30◦.

The mounts are made from anodised aluminium and
are fitted with a custom declination axis ring that interfaces
with a matching ring surrounding the telescope tube. The
two axes are fitted with zero-backlash friction drives and
their orientation is sensed with optical encoders. The axes
are operated as a closed loop servo-actuated system in order
to optimise the response to wind and other environmental
noise. The specification for the blind pointing accuracy of
the mounts is 15 arcsec, with relative pointing to better than
0.5 arcsec over a distance of 1.5◦. The maximum slew velocity
is in excess of 10◦ per second.

Each telescope is polar aligned using the drift method
and by making fine adjustments to the altitude and azimuth
of the telescope baseplate. A pair of micrometers is used to
enable repeatable adjustments at the 10µm level. Precise po-
lar alignment is important in order minimise the motion of
stars through the night due to field rotation, which cannot be
corrected by autoguiding. A telescope pointing model is gen-
erated using a grid of 900 pointings, spaced evenly in altitude
and azimuth, enabling pointing accuracy of ≤ 2 pixels over
the observable sky. The alignment of the telescope is quanti-
fied by analysing the pointing model data with TPoint6 and
our design requirement is to maintain alignment to within
30 arcsec of the celestial pole in order to keep field rotation
below 1 pixel at the edge of the field. In practice we align
the mounts to ∼ 5 arcsec from the celestial pole. As Chile is
seismically active, we plan periodic checks of the alignment
of each mount.

The low level mount control uses Clear Sky Institute
Motion Controller (CSIMC) cards on the right ascension and
declination axes. CSIMC cards are usually operated with the
Talon Observatory Control System, which is capable of con-
trolling a complete observatory, but is not designed for a sys-
tem with multiple telescopes in one building. We have there-

5 http://www.opticalmechanics.com
6 http://www.tpointsw.uk

fore replaced large sections of Talon with custom software
to provide global control of NGTS. A thin layer of Talon re-
mains, essentially as an Application Programming Interface
(API) between our custom software and the CSIMC cards.
We have also made our own modifications to the CSIMC
firmware in order to enable continuous tracking and guiding
on our fields for long periods.

The mounts were supplied with limit switches that in-
form the CSIMC cards and hence our control software when
an axis goes out of safe limits, but we have also fitted our
own fail-safe system that cuts the power to a mount if either
axis goes beyond hard limits. This security system can only
be reset manually.

3.4 Telescope enclosure and infrastructure

The selected site for the observatory is 900m downhill from
the VISTA telescope at an altitude of 2440m. A pre-existing
dirt road links the NGTS facility to the rest of the ESO
Paranal observatory. The NGTS enclosure sits on a concrete
pad measuring 15×15m. The twelve telescope piers are cast
into the inner section of the pad and are isolated from the
surrounding concrete in order to minimise transmission of
vibration. The telescope enclosure measures 15 × 7m and
was supplied by GR PRO7. It consists of a metallic support
structure that is surrounded by a fibreglass composite mate-
rial. The roof is split into two halves that move apart along
the North-South direction (see Fig. 4. The roof panels are
driven by a chain mechanism, which can be operated un-
der battery power in the event of a power cut, and the roof
can also be closed manually. The facility has a further two
buildings; a converted shipping container control building
that contains two server racks and office space; and a smaller
transformer building that connects NGTS to the power grid
at Paranal.

Overarching control of the observatory is by our own
software control system, Sentinel, which monitors the global
status of the facility (weather, network, mains power etc)
and provides the final go/no-go decision to open the roof and
begin observations. Sentinel continues to monitor global sta-
tus during the night and automatically ceases observations
and closes the roof when necessary. The roof is controlled
via a Programmable Logic Controller (PLC) made by Beck-
hoff that communicates with Sentinel via the modbus TCP
protocol. The PLC automatically closes the roof if commu-
nication with Sentinel is lost.

The twelve individual telescopes are controlled by sepa-
rate instances of our own telescope control system, Paladin,
which is responsible for the control of the camera, focuser
and mount. When allowed by Sentinel, the Paladins col-
lect observing jobs from the operations database (described
in Sect. 3.5) and act independently of each other. Sentinel
and each of the twelve Paladins run on rack-mounted Linux
servers situated in the control building.

NGTS is equipped with a variety of sensors to ensure
safe robotic operation. These include redundant mechanical
and proximity sensors that detect the roof status. A Vaisala
WXT520 weather station that monitors temperature, pres-
sure, wind, humidity and rain is installed on the roof of the

7 http://www.grpro.co.uk
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8 P. J. Wheatley et al.

control building, along with an AAG Cloudwatcher sky tem-
perature probe. The Cloudwatcher also contains a light sen-
sor and an additional rain sensor. As the detection of rain is
always post-facto - and the NGTS roof takes approximately
two minutes to close - we have chosen to install multiple
sensors around the facility to permit the earliest detection
of the first rain drops. This includes an additional bank of
sixteen 5×3 cm rain sensors on the roof of the control build-
ing that are connected to a Raspberry Pi, and a further rain
sensor connected directly to the PLC inside the telescope
enclosure (bringing the total to 19). A Dylos dust sensor is
installed in a weatherproof box outside on the East wall of
the telescope enclosure.

A monochromatic Alcor OMEA all-sky camera is in-
stalled on the control building roof and permits the early
detection of incoming clouds. We have also installed eight
AXIS network cameras to monitor the facility, including
three low-light level cameras that allow us to monitor the
status of the telescopes and the enclosure roof even in dark
sky conditions. Network microphones have also been in-
stalled to provide additional remote monitoring of the roof
mechanism.

Equipment in the telescope enclosure is connected to
servers in the control building via a multicore fibre bundle
(a distance of ≥ 20m). A pair of fibres in the bundle also
provides the network connection to ancillary devices in the
telescope enclosure (webcams, network addressable power
distribution units, PLC etc). The fibre connection is con-
verted to USB 2.0 at each end using a pair of Icron Ranger
USB-to-fibre converters.

3.5 Data management system

NGTS employs a database driven system for managing all
aspects of observatory control and data management. This
centralises observatory operations and data analysis, allow-
ing the efficient sharing of information between different
stages of data collection, reduction and analysis (described
in Sects. 4, 5& 6). There are 4 main MySQL databases, de-
scribed below, one for each of operations, data tracking, data
reduction and candidate tracking.

Information required for observation scheduling, meta
data such as the current time, pointing, focus, action type
and autoguiding statistics, along with environmental data
such as weather and Sun/Moon positions are stored in a
series of tables in the operations database at Paranal. A
subset of this information forms the FITS image headers.

The combined 12 telescopes of NGTS generate an av-
erage of 200GB of images per night, which compresses by
around a factor of two with the bzip algroithm. Due to lim-
ited network bandwidth the data is transferred to the Uni-
versity of Warwick each fortnight via removable 2 TB hard
discs. The data are ingested into the NGTS cluster and also
backed up to larger 6 TB discs for safety. The 2TB discs are
then reformatted and returned to Chile for reuse. A database
driven tracking system spanning Paranal and the University
of Warwick, ensures safe transfer of compressed FITS images
from Chile to the archive in the UK. Only once an image is
confirmed to exist in the UK archive, is it flagged for removal
at Paranal.

Data products, such as raw photometry and image
statistics from the data reduction pipeline (described in

Sect. 5) and detrended photometry (Sect. 6), are stored in
the pipeline database at the University of Warwick. A data
quality assessment web page sits on top of the pipeline
database, allowing for checks of the data reduction pipeline
output.

The candidate database houses the measured properties
of exoplanet candidates, external catalogues (for cross ref-
erencing purposes) and candidate summary statistics. The
information on each candidate is displayed on a series of
web pages (named Opis) where members of the consortium
regularly convene to vet potential exoplanet candidates (in-
ternally known as eyeballing).

The two sites (Paranal & University of Warwick) are
synchronised across the network using SymmetricDS. In the
case of a network outage, SymmetricDS gathers all changes
to the databases at each location and automatically syncs
the system when the network connection returns.

4 NGTS OPERATIONS AND SURVEY

The NGTS facility operates robotically, with no human in-
tervention necessary, although we do require a human go/no-
go decision each night as an additional safety measure. The
roof opens one hour before sunset, allowing for equipment
to settle to ambient temperature, and a sequence of approxi-
mately one hundred flat-field images are taken while the Sun
is between altitudes of –4.5◦ and –8.5◦ with the telescopes
pointing at an altitude of 75◦ at the anti-Solar azimuth in
order to minimise brightness gradients (Chromey & Has-
selbacher 1996). Flat fields are followed by a focus run to
monitor the optimal focus offset for each camera, and we
find the focus to be quite stable night-to-night, with ad-
justments needed only occasionally. Science operations are
carried out while the Sun is below an altitude of −15◦, and
are followed immediately by a second focus run. A second
set of flat field images are taken in morning twilight, after
which the roof is closed and a sequence of dark frames and
biases are taken while the ambient light level is low.

During the night each of the 12 telescopes operates in ei-
ther survey or follow-up mode. In survey mode the telescope
observes a sequence of pre-assigned survey fields, with each
field followed continuously as long as it has the highest alti-
tude. For our baseline survey we aim to space fields such that
one field rises above 30◦ elevation as the previous field sets
below 30◦. Thus each telescope typically observes two fields
per night. Fields are followed with the same telescope every
night that they are visible, providing the maximum coverage
possible over a single observing season. This results typically
in around 500 h coverage spread over 250 nights. Fields that
pass within 25◦ of the Moon on a given night are replaced
with a back-up field.

In follow-up mode the telescope targets a particular
star, which is placed at the centre of the field of view to
minimise movement due to differential atmospheric refrac-
tion. For both modes the default is to observe in focus and
with exposure times of 10 s, but these choices can be manu-
ally configured.

MNRAS 000, 1–19 (2017)
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Next Generation Transit Survey 11

avoids the risk of misplaced source apertures due to proper
motion, which would disproportionately affect M-dwarfs for
which the smallest exoplanets should be detectable. Using
our own catalogue does mean that some known blended stars
are not resolved in our source catalogues, but only where the
light curves of the blended stars cannot be fully separated.

As the NGTS images are undersampled, the source de-
tection for each field is carried out on a stacked master im-
age that is made from a sequence of images with deliberate
dithering between exposures. This improves the astrometry
by better sampling the stellar profiles. One hundred images
are taken while the field is at low airmass using offsets of
around 30 arcsec (6 pixel) and 10 s exposures. The images are
supersampled, aligned using our autoguider algorithm (Sec-
tion 4.2) and then averaged to produce a deep and high res-
olution master image. The stacked image is then solved as-
trometrically (Section 5.3) and the source detect performed
using imcore from the CASUTools software suite11 (Irwin
et al. 2004).

Sources are detected in the dithered stack down to I
band magnitudes of around 19, but we limit our standard
source catalogues to I < 16, which is close to the detection
limit in a single 10 s exposure. Fainter objects can be added
manually to the target list as required.

Each detected source is cross-matched with a number
of other catalogues including the AAVSO Photometric All-
Sky Survey (APASS; Henden & Munari 2014), Gaia (Gaia
Collaboration et al. 2016), 2MASS (Skrutskie et al. 2006)
UCAC4 (Zacharias et al. 2013), ALLWISE (Cutri & et al.
2014), RAVE (Kunder et al. 2017) and GALEX (Martin
et al. 2005). During cross matching with APASS, Gaia and
2MASS we apply empirically defined limits on colour and
separation to avoid spurious matchings. The matching with
ALLWISE and RAVE is carried out via the 2MASS ID of
each source. The APASS matches are used to compute an
approximate I-band zero point for each field in order to set
the faint limit of the target list. We use the Gaia cross match
to determine whether each NGTS source is a single object or
a blend that is unresolved in NGTS images. For high proper
motion stars we currently use UCAC4 data to improve cross
matching between catalogues, however we plan to use Gaia

proper motions once these are available.

5.1.1 Stellar type estimation

As part of the generation of the target catalogue for each
survey field we perform a preliminary spectral classification
of each star. The classification is used in the vetting of exo-
planets candidates (Sect. 6.3) and is potentially useful for a
wide range of variable star studies.

For each star we determine the most likely spectral type,
luminosity class and interstellar reddening by fitting the
spectral energy distribution (SED) formed from the full set
of available magnitudes (Sect. 5.1). The fit is performed by
finding the minimum χ2 between the observed photometry
and a grid of synthetic magnitudes for main sequence and gi-
ant stars. The synthetic photometry was derived by convolv-
ing the filter profiles with the stellar spectra library by Pick-

11 http://casu.ast.cam.ac.uk/surveys-projects/

software-release

les (1998), which we reddened using the standard RV = 3.1

law by Fitzpatrick (1999). For each NGTS source, we limited
the grid of reddened synthetic photometry to the maximum
line-of-sight asymptotic reddening by Schlegel et al. (1998).
In our SED fitting procedure, we also take into account the
dwarf/giant probability for each source from its position in
a reduced proper motion diagram (Collier Cameron et al.
2007) and estimate photometric parallaxes using the abso-
lute magnitude scale presented in Gray & Corbally (2009).
Spectral type, luminosity class, reddening and distance, are
all included in the source catalogue.

This method will be refined once Gaia parallaxes are
available for our target stars.

5.2 Image reduction and calibration

Science images are bias-subtracted and flat-field corrected
using standard procedures. Bias and dark frames are ac-
quired at dawn after the enclosure roof has closed, and
twilight flat-field frames are acquired at both dawn and
dusk (Sect. 4). Each image is first overscan subtracted us-
ing columns robust to bleeding, as determined by the lab
characterisation (Sect. 3.2.1). Bias residual frames are then
mean combined to produce master bias frames. Dark frames
are not subtracted during the reduction process as the dark
current is negligible, but master dark frames are monitored.
Twilight flat-field frames are sigma-clipped to remove stars
and mean combined. Shutter maps are obtained following
the method from Surma (1993) and are monitored for in-
dications of shutter failure. A full observing season’s worth
of bias and flat-field action master frames, with outlier re-
jection, are used to construct the best overall calibration
master frames for science images. The quality and variation
of flat-field frames over time is monitored, and new master
flats are constructed after hardware maintenance (when a
camera shutter has been replaced for example).

5.3 Astrometry

For each NGTS science image we find a full World Coordi-
nate System (WCS) astrometric solution, which we store in
the standard FITS keywords (Greisen & Calabretta 2002).
This enables precise placement of photometric apertures for
each target star. An astrometric solution is needed for each
image despite the precise autoguiding of the NGTS tele-
scopes (Sect. 4.2) in order to account for field stretching due
to differential atmospheric refraction (Sect. 2) and any field
rotation due to imperfect polar alignment (Sect. 3.3).

The NGTS telescopes have non-linear radial distortion,
and so we chose to use the zenithal polynomial (ZPN) pro-
jection (Calabretta & Greisen 2002). We found it necessary
to use a 7th order polynomial, with the distortion described
by the 3rd, 5th and 7th terms (PV2 3, PV2 5 and PV2 7
WCS keywords). The distortion is stable with time, so we
measure it once for each telescope and keep the distortion
model fixed when solving individual images. The distortion
model is only revisited after hardware maintenance (e.g. re-
fitting of a camera after a shutter replacement).

The radial distortion is measured using our own code
that employs a Markov chain Monte Carlo (MCMC)
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12 P. J. Wheatley et al.

method12 to find the polynomial coefficients and the pixel
coordinates of the centre of the distortion. Individual images
are then solved for translation, rotation, skews and scales
using the wcsfit program from the CASUTools software
suite (Irwin et al. 2004, with the results stored in the CDi j
WCS FITS keywords). Both programs use the 2MASS cat-
alogue for the reference astrometry. An initial approximate
solution for each field is found using astrometry.net (Lang
et al. 2010).

5.4 Photometry

Our photometric measurements are made using aperture
photometry with the CASUTools imcore list program
(Irwin et al. 2004). For each star in our input catalogue
(Sect. 5.1) we define a soft-edged circular aperture with a ra-
dius of 3 pixels (15 arcsec) and these are placed in pixel coor-
dinates using our per-image astrometric solutions (Sect. 5.3).
The sky background for each pixel in the source aperture is
estimated using bilinear interpolation of a grid of 64 × 64

pixel regions for which the sky level is determined using a
k-sigma clipped median.

Although not routinely applied, the NGTS pipeline also
allows for difference imaging before aperture photometry us-
ing a method based on the ISIS code by Alard (2000). We
found that for fields with typical crowding there was no clear
advantage to image subtraction, as was expected for our
under-sampled images, but this remains an option for more
crowded fields. Due to our precise autoguiding (Sect. 4.2) it
is generally not necessary to register images before applying
the image subtraction.

6 DATA ANALYSIS AND TRANSIT SEARCH

Once data for a given field have been reduced and photo-
metric measurements made for each science image (Sect. 5)
we assemble a light curve for each target star, detrend for
red noise sources (Sect. 6.1) and search for exoplanet tran-
sits (Sect. 6.2). Detected signals are subjected to a number of
vetting tests (Sect. 6.3) before the best candidate exoplanets
are followed up with further photometric and spectroscopic
observations (Sect. 7).

6.1 Light curve detrending

To detrend the photometric data from systematic signals,
we use several detrending algorithms. To correct first order
offsets, common to all light curves, a mean light curve is cal-
culated and used as an artificial standard star for correcting
all the stars. This is the first step of our own implementa-
tion of the SysRem algorithm (Tamuz et al. 2005), which is
an updated version of that used by the WASP project Col-
lier Cameron et al. (2006). SysRem removes signals that are
common to multiple stars, even where the amplitudes of the
signals vary between stars.

Additionally we found systematic signals that corre-
late with Moon phase and sidereal time, which have dif-
ferent shapes for different stars, are not completely removed

12 emcee: http://dan.iel.fm/emcee/current/

by SysRem. The signals related to Moon phases are likely
to reflect imperfect sky subtraction and/or low-level non-
linearity of the detectors. Sidereal time is degenerate with
airmass, as well as sub-pixel movements of stars due to differ-
ential atmospheric refection, and so systematics correlating
with sidereal time might arise from differential extinction,
imperfect flat fielding and/or sub-pixel sensitivity variations.

To correct for such periodic systematics and to allow
for removal of periodic stellar signals (which are not noise
but might still prevent us from detecting transit signals) we
perform an analysis of variance to identify significant peri-
odic signals. After verifying that the detected signal does
not have a transit shape these signals are removed by cal-
culating the floating mean in the phase domain (a detailed
description can be found in Eigmüller et al. in preparation).
In addition we have tried detrending with x and y pixel po-
sition with similar results.

We found that correcting for periodic signals improves
our transit detection efficiency by 10–30 per cent and de-
creased the number of false detections by 50 per cent (see
Sect. 8.3.

6.2 Transit detection

After de-trending, the NGTS light-curves are searched for
transit-like signatures using a Box-Least-Squares (BLS) al-
gorithm. The code, called orion, has been used for most of
the transit detections of the WASP project and is described
in more detail by West et al. (in preparation). It is based
on the formulation of Collier Cameron et al. (2006) with a
number of key enhancements that improve the sensitivity
and speed of the transit search. Foremost amongst these is
an extension to allow for the fitting of box profiles of multi-
ple widths (from 1.5 hr to 3.75 hr in steps of 0.75 hr) in order
to better match the transit signatures of planets in inclined
orbits. With an appropriate re-casting of the original formu-
lation this was achieved with minimal loss in speed. orion
can combine data from multiple cameras, survey fields and
observing seasons. It also incorporates the Trend Filtering
Algorithm (TFA) de-trending from Kovács et al. (2005). The
code is parallelized using OpenMP, and scales well to high
core-count.

We also plan to use the DST algorithm (Détection Spé-
cialisée de Transits; Cabrera et al. 2012) which provides a
better description of the transit shape with the same number
of a free parameters as BLS. DST also allows a more flexible
definition of the region in transit, which is useful for tak-
ing into account transit timing variations (see also Carter &
Agol 2013). The experience of the CoRoT community was
that applying independent transit detection algorithms to
the same data maximised the number of transit detections
and facilitated the identification of false positives (Moutou
et al. 2005, 2007).

6.3 Planet candidate vetting

For vetting of candidates we aim to automate the procedure
as much as possible to ensure repeatable outcomes and best
possible performance. We use an automated vetting algo-
rithm named CANVAS (CANdidates Vetting, Analysis and
Selection) which identifies the signals detected by Orion
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Next Generation Transit Survey 13

(see Section 6.2) that are most consistent with a transit-
ing planet signal. CANVAS first fits the Mandel & Agol
(2002) transit model to each feature detected by Orion us-
ing the BATMAN code (Kreidberg 2015). Combined with
estimated stellar parameters from SED fitting (Sect. 5.1.1)
this provides putative planet radii, impact parameters, or-
bital separations and stellar densities. CANVAS then down-
weights detections with common periods (usually arising
from systematics), detections with poor phase coverage dur-
ing transit, and detections from light curves with large am-
plitude variability (usually variable stars). The NGTS light
curve is also used to check whether secondary transit events
are visible, or if a difference between odd and even transit
events can be spotted. Either would suggest the observed
signal is caused by an eclipsing binary. Using the transit fit-
ting and SED results, together with information from the
Besançon galaxy model (Robin et al. 2003), we also assess
the plausibility of the planet hypothesis using the stellar
density (Tingley et al. 2011).

In addition to the CANVAS diagnostics, we assess the
significance of the transit feature by sliding the transit model
through phase space and computing the likelihood at each
step. This method is also adept at identifying eclipsing bina-
ries through their secondary eclipses. We model and compute
the likelihood of individual transits to check that the signal
increases with additional transits in the manner expected
for a genuine occultation as opposed to correlated noise.

For the first time in a ground-based transit survey,
NGTS also employs automated centroid vetting (Günther
et al. 2017b). This is important because background eclips-
ing binaries blended in the photometric aperture can mimic
planetary transits, and our modelling has shown that such
signals are four times more frequent than planet transits for
NGTS, making them very costly in follow-up time (Günther
et al. 2017a). The centroiding technique detects the small
shift in flux centroid towards the target star when off-centre
flux is lost during the eclipse of a blended binary. We reach
a precision of < 1 milli-pixel on average over an entire field,
and as low as 0.25 milli-pixel for specific targets. We estimate
that this enables the identification of more than 50 per-cent
of background eclipsing binaries without requiring follow-up
observations. Additionally, the centroiding technique pro-
vides the undiluted depth of any transit signal, preventing
misclassification of planet candidates. Our full method is
described by Günther et al. (2017b).

We are also developing a machine-learning based au-
tovetter to further automate the candidate vetting process.
This will incorporate all of the above information to pro-
vide ranked lists of candidates, prioritising those most likely
to represent true transiting planets in a systematic and re-
peatable fashion. While not yet finalised, proven algorithms
such as Random Forests (McCauliff et al. 2015) and self-
organising-maps (Armstrong et al. 2017) are being explored.

The results of the various vetting procedures are in-
gested into the candidates database of the NGTS data man-
agement system and can be interactively interrogated using
our Opis web interface (Sect. 3.5). The most promising can-
didates are flagged for follow up observations (Sect. 7).

Figure 10. CORALIE radial velocity measurements. Top NGTS

candidate NG0531-0826-35017 phase-folded using the photomet-
ric period (P = 5.70232 d) and phase (Tc = 2457291.7583). Bottom:

NGTS candidate NG1947-4200-11647 phase-folded using the pho-

tometric period (P = 1.29297 d) and phase (Tc = 2457289.537789).
For both plots the red circles are individual CORALIE measure-

ments (uncertainties smaller than point size in top plot) and the
solid line is a best fit Keplerian orbit with e = 0 and period and

phase fixed at stated values.

7 FOLLOW UP OBSERVATIONS

Transit candidates that survive the vetting described in
Sect. 6.3 are passed to CORALIE for spectroscopic vetting
(Sect. 7.1) and then for radial velocity follow up with FEROS
and HARPS (Sects. 7.2& 7.3). System parameters are de-
termined from joint fits to light curves and radial velocity
measurements (Sect. 7.4).

7.1 Candidate vetting with CORALIE

We spectroscopically vet candidates using the CORALIE
spectrograph (Queloz et al. 2000) on the 1.2m Euler Tele-
scope at La Silla Observatory, Chile. CORALIE is a high-
resolution (R ∼ 50, 000) fibre-fed echelle spectrograph de-
signed for high precision radial velocity measurements. For
bright stars, the long term radial velocity precision of
CORALIE is < 6 m s−1(Marmier et al. 2013). For NGTS
candidates, with a mean magnitude of V = 13.5, the radial
velocity precision is photon limited, and we typical achieve
20-30m s−1 with a 30-45min exposure time. CORALIE has
a long history of being used to confirm transiting exoplanets,
most notably for the WASP survey (Pollacco et al. 2006).
The primary differences in terms of monitoring NGTS tar-
gets is that they are typically fainter than WASP candidates,
and the expected planet masses can be considerably lower.
The combination of these factors means that for NGTS can-
didates, CORALIE is mainly used to vet candidates rather
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14 P. J. Wheatley et al.

than provide confirmation and mass determination - al-
though this is possible for some hot Jupiters discovered by
NGTS.

Observations of an NGTS candidate begins with a sin-
gle spectrum, preferably acquired at the expected maximum
or minimum radial velocity phase (phase = 0.25 or 0.75). The
guider camera image is inspected for evidence of a visual bi-
nary which may not have been apparent in the NGTS or
archival imaging. The data are reduced with the standard
CORALIE data reduction pipeline, and we inspect the re-
sulting cross-correlation function (CCF) for evidence of two
peaks indicative of a binary star system. We also check that
the CCF is not broadened (due to rapid rotation of the star)
which would make precise radial velocity measurements dif-
ficult. If the CCF is single-peaked and not broadened, we
acquire further epochs spanning the orbital phases. We fit
the resulting multi-epoch radial velocity measurements with
a zero-eccentricity Keplerian model, fixing the period and
phase from the NGTS photometric discovery data. This pro-
vides a mass estimation for the companion object, or a mass
limit where no variation is seen above the level of the mea-
surement uncertainties. Data are archived and analysed us-
ing the DACE platform. 13 As examples, CORALIE radial
velocity measurements for candidates NG0531-0826-35017
and NG1947-4200-11647 are shown in Fig. 10. NG0531-0826-
35017 displays a high amplitude (K = 21 km s−1) in-phase
variation indicative of an eclipsing binary. NG1947-4200-
11647 shows no variations > 5 m s−1 ruling out a high-mass
planetary companion and warranting higher precision mon-
itoring with FEROS and/or HARPS (see Sects. 7.2& 7.3).

7.2 Radial velocity monitoring with FEROS

The Fibre-fed Extended Range Optical Spectrograph
(FEROS; Kaufer et al. 1999) is a high-resolution (R ∼

48, 000) echelle spectrograph that maintains a very high
throughput of light (∼20% total efficiency), covering almost
the entire optical spectral range (3700 – 9000Å). FEROS is
mounted on the MPIA 2.2m at La Silla Observatory, Chile.
Calibration and reduction of the observed data with this in-
strument uses the pipeline procedure CERES (Brahm et al.
2017), where typical echelle spectral calibration routines are
performed, such as debiasing, flat-fielding using the illumina-
tion from a halogen gas lamp, scattered-light removal, and
wavelength calibration. The pipeline also measures radial
velocities and bisector spans, and Brahm et al. (2017) have
shown FEROS to have a long-term stability at the ≈ 8 m s−1

level for bright dwarfs. Work measuring precision radial ve-
locities of giant stars has shown FEROS to be stable at a
similar level (Soto et al. 2015; Jones et al. 2016).

The increased telescope aperture compared to
CORALIE means that FEROS can reach a higher ra-
dial velocity precision at the brightness of typical NGTS
target stars, therefore NGTS candidates vetted with
CORALIE may be passed to FEROS for further vetting or
mass and orbit characterisation.

13 https://dace.unige.ch

Figure 11. HARPS radial velocity measurements for NGTS can-

didate NG1947-4200-11647, phase-folded using the photometric
period (P = 1.29297 d) and phase (Tc = 2457289.537789). Red cir-

cles are individual HARPS measurements and the solid line is a
K = 1 m s−1 Keplerian orbit with e = 0 and period and phase fixed

at stated values. The radial velocity measurements rule out this

candidate as being a transiting Neptune.

7.3 Radial velocity follow up with HARPS

To confirm and determine the mass of NGTS transiting exo-
planets, we use the HARPS spectrograph (Pepe et al. 2000)
on the ESO 3.6m telescope at La Silla Observatory, Chile.
HARPS is a ultra-stabilised, high resolution (R ∼ 120, 000),
fibre-fed echelle spectrograph designed for high precision
radial velocity measurements. HARPS is capable of sub
1m s−1 radial velocity precision (Mayor et al. 2003), although
in the case of NGTS candidates the host star magnitudes
mean that we are photon limited and typically we achieve
∼ 2−3 m s−1 in a typical 45min exposure. We show the exam-
ple of the HARPS monitoring of NGTS candidate NG1947-
4200-11647 in Fig 11. In this case two radial velocity epochs
showed no variation at a level of K = 1 m s−1, which when
combined with the constraints from the photometric data
rules out the candidate being a transiting Neptune.

For NGTS candidates around faint stars (mag > 14),
and where a radial velocity precision of 30m s−1 is thought
to be sufficient, we use the HARPS high-efficiency mode,
EGGS. This gains a factor two higher throughput at the cost
of increased systematics, and provides higher radial velocity
precision for photon limited observations.

7.4 Stellar and planetary parameter estimation

During follow up of transit candidates we fit light curves and
radial velocity measurements with physical models to deter-
mine system parameters and estimate their uncertainties.
We use two modelling codes, the Transit and Light Curve
Modeller (TLCM) and GP-EBOP, each of which has its own
strengths. Figure 12 shows a single-transit NGTS observa-
tion of the hot Jupiter WASP-98b fitted with both TLCM
and GP-EBOP. In both cases the fitted transit parameters
were consistent with those from the discovery paper (Hellier
et al. 2014).

TLCM has been used in the discovery and modelling
of exoplanets from CoRoT, Kepler and K2 (e.g. Csizmadia
et al. 2015) and it is described by Csizmadia (in prepa-
ration). It employs the Mandel & Agol (2002) model to
fit the photometric transit and it uses a genetic algorithm
to find the approximate global minimum followed by simu-
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16 P. J. Wheatley et al.

Figure 14. Fractional RMS noise in detrended NGTS light curves

plotted as a function of stellar brightness for one of our completed

survey fields. The data span 156 nights with a total of 695 hours
of high-quality photometric monitoring at 12 s cadence (208,500

images). For this figure the data have been binned to exposure

times of 1 h.

variable stars in the Kepler field. Despite relatively poor ob-
serving conditions we made photometric measurements with
10 s exposures across parts of seventeen separate nights be-
tween 4 June 2013 and 2 August 2013. These data provided
the test-bed for the development of our data reduction and
analysis pipelines described in Sects. 5& 6.

An example result from the Geneva testing is shown in
Fig. 13. This is the binned (blue) and unbinned (red) phase
folded NGTS measurements of KIC 11497012, which is a
δ Scuti star detected in the Kepler survey (Uytterhoeven
et al. 2011). The solid black line shows the folded Kepler

light curve of the stellar pulsations, which have an ampli-
tude of only 1mmag on a period of one hour. It can be seen
that the binned NGTS light curve is a close match to Ke-

pler, demonstrating that the individual NGTS data points
bin down to high precision measurements. The signal is also
independently detected with high significance in in the un-
binned data using a Lomb-Scargle periodogram. The slightly
larger amplitude detected with NGTS probably reflects our
different bandpass, which is optimised for red light (Sect. 3
& Fig. 6).

8.2 Full instrument at Paranal

As summarised in Fig. 9, the NGTS survey began with four
telescope units in September 2015. A number of full survey
fields have since been completed, and in Fig. 14 we show a
summary of the noise properties of one of these completed
survey fields. The data summarised here were taken at 12 s
cadence across 156 nights with a total exposure time of 579 h
(208,500 images with 10 s exposures). We carried out pho-
tometry of 8504 stars with I band magnitudes brighter than
16, and passed the data through the reduction and detrend-
ing pipelines described in Sects. 5& 6. While we continue
to refine our pipelines, particularly with regard to precise

Figure 15. Single transit observations of the hot Jupiter WASP-
4b with one NGTS telescope unit (top) and WASP (bottom). It

can be seen that a Jupiter-sized exoplanet can be identified in a

single transit with NGTS.

background subtraction and flat fielding, we are encour-
aged by the generally close correspondence of data with our
noise model. For many stars the fractional RMS noise is
below 1mmag (for data binned to 1 hour exposure) which
we believe is the highest precision ever achieved in a wide-
field ground-based sky survey. Inspection of individual light
curves shows that most stars lying substantially above the
noise model are genuine variables.

In the top panel of Fig 15 we plot a portion of the NGTS
light curve of a known transiting exoplanet, WASP-4b (Wil-
son et al. 2008). And we compare it with a single transit
from the WASP discovery data (lower panel). With NGTS
precision, it can be seen that this hot Jupiter is readily de-
tected in a single transit. Indeed the quality of our data is
comparable with that attained by specialised follow-up using
much larger telescopes (e.g. Gillon et al. 2009; Winn et al.
2009; Nikolov et al. 2012). As well as demonstrating the pho-
tometric precision of our individual light curves, these data
illustrate how NGTS is capable of single transit detection of
long-period giant planets.

8.3 Transit detection efficiency

To quantify the detection capability of NGTS, and to hone
our detrending procedure (Sect. 6.1), we developed a code
to generate realistic transit signals and inject them into real
NGTS light curves. We run our standard transit detection
algorithms on these signals (Sect. 6.2) in order to measure
the recovery rate as a function of exoplanet size and orbital
period as well as stellar type and brightness. The synthetic
transit signals are injected into raw light curves, and the
detrending algorithms run afterwards (Sect. 6.1), in order to
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18 P. J. Wheatley et al.

NGTS exoplanets have already been confirmed by radial ve-
locity observations with HARPS (e.g. Bayliss et al. 2017)
NGTS data are also being used for a wide range of vari-
able star studies. The NGTS facility stands ready to pro-
vide ground-based support to TESS, including testing tran-
sit candidates for blended eclipsing binaries and searching
for orbital periods of single-transit detections. NGTS is also
ready to support PLATO by characterising stellar variabil-
ity and activity in advance of target selection, and it will
be able to search for transits of wide-separation exoplanets
with edge-on orbits detected in Gaia astrometry.

All NGTS data will be made publicly available through
the ESO data archive, and we expect to a support a
large user community carrying out a wide range of science
projects. We encourage potential collaborators to contact
us in order to optimise the use of the NGTS for maximum
scientific return.
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