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Abstract

The Next Generation Transit Survey (NGTS) is a photometric survey for tran-
siting exoplanets, consisting of 12 identical 0.2-m telescopes. We report a mea-
surement of the transit of HD 106315 c using a novel observing mode in which
multiple NGTS telescopes observed the same target, with the aim of increas-
ing the signal-to-noise ratio. Combining the data allows the robust detection of
the transit, which has a depth less than 0.1%, rivaling the performance of much
larger telescopes. We demonstrate the capability of NGTS to contribute to the
follow-up of K2 and Transiting Exoplanet Survey Satellite discoveries using this
observing mode. In particular, NGTS is well-suited to the measurement of shal-
low transits of bright targets. This is particularly important to improve orbital
ephemerides of relatively long-period planets, where only a small number of
transits are observed from space.

KEYWORDS
planetary systems, planets and satellites: HD 106315 c, techniques: photometric

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Astronomische Nachrichten published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Astron. Nachr. / AN. 2020;341:273-282.

www.an-journal.org 273


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fasna.202013768&domain=pdf&date_stamp=2020-04-12

274 Astronomische

SMITH ET AL.

Nachrichten

1 | INTRODUCTION

The Next Generation Transit Survey (NGTS; Wheat-
ley et al. 2018) is the highest precision wide-field,
ground-based transit survey in operation, allowing it to
detect much shallower transits than the previous gener-
ation of such surveys, such as Wide Angle Search for
Planets (Pollacco et al. 2006) and Hungarian-made Auto-
mated Telescope Network (Bakos et al. 2002). To date,
NGTS has discovered a number of transiting exoplanets
(Bayliss et al. 2018; Costes et al. 2020; Eigmiiller et al.
2019; Ginther et al. 2018; Jackman et al. 2019b; McCor-
mac et al. 2019; Raynard et al. 2018; Vines et al. 2019), as
well as probing other astrophysical phenomena, such as
stellar flares (Jackman et al. 2019a) and low-mass eclipsing
binary systems (Casewell et al. 2018).

The performance of NGTS was recently demonstrated
in the detection of NGTS-4b, whose 0.13 + 0.02% deep tran-
sit makes it the system with the shallowest transit ever
discovered from the ground (West et al. 2019). The detec-
tion of even shallower transits, and thus smaller planets,
from space has now become routine. K2, the second incar-
nation of NASA's Kepler spacecraft (Howell et al. 2014) has
discovered many such systems. In 2018, Transiting Exo-
planet Survey Satellite (TESS; Ricker et al. 2015) began its
2-year survey of 85% of the sky.

One limitation of K2 and TESS, however, is their
observing baseline, which is typically around 80 days in the
case of K2, and as short as 27 days for TESS. This places
strong upper limits on the orbital periods of the systems
discovered by these instruments. Less than 10% of the 389
planets discovered to date by K2 orbit with periods longer
than 25 days.!

HD 106315, also known as K2-109
(2000 = 12h13m53.40s, 852000 = —00° 237 36°.55) is a
system of two planets detected in Campaign 10 of K2
orbiting a bright (V = 8.9) F5V star (Crossfield et al. 2017;
Rodriguez et al. 2017). During observations of Campaign
10, only two transits of the outer planet “c” were observed.
This not only limited the precision to which key system
parameters could be determined, but resulted in a rather
poorly constrained orbital ephemeris. According to the
ephemeris of Rodriguez et al. (2017), the 1 ¢ uncertainty
in the transit time would reach 5 hr just 5.5years after
the discovery epoch. Photometric transit observations
from the ground were required in order to prevent the
ephemeris from being “lost” altogether, and thus impede
future follow-up efforts. With this in mind, we scheduled
NGTS observations of the system (section 2).

In addition to our NGTS observations, Lendl et al.
(2017) observed two transits of HD 106315 c¢ from the

IStatistics from NASA Exoplanet Archive (Akeson et al. 2013), retrieved
September 19, 2019

ground with the 1.2-m Euler telescope, allowing the
ephemeris to be refined and reducing the uncertainty on
the orbital period by a factor of four. Similarly, Barros et al.
(2017) observed one transit with one of the 1-m telescopes
of the Las Cumbres Observatory. They also measured the
masses of both planets orbiting HD 106315 with 93 radial
velocities from High Accuracy Radial velocity Planet
Searcher.

Observations of such a shallow transit would also prove
a good test of the capabilities of NGTS in nonsurvey mode.
In the normal mode of operation, each of the 12 NGTS
telescopes observes a separate field, in order to cover the
largest possible area of sky, and maximize the number of
new planetary systems detected. For these observations,
however, we decided to test observing the same target with
all the telescopes. This is a mode of operation that we
expect to prove invaluable in confirming and better char-
acterizing shallow transits detected by NGTS itself, and in
following up shallow transits detected by TESS.

The observations of HD 106315 offered a good opportu-
nity to test this observing mode, and to quantify the advan-
tages of combining data from multiple identical telescopes.
This has particular relevance for the upcoming PLATO
(PLAnets, Transits and Oscillations; Rauer et al. 2014)
mission, which will use a total of 26 0.12-m space-based
telescopes with overlapping fields-of-view to monitor a
large area of sky for nearby transiting exoplanets.

The remainder of this paper is laid out as follows:
in section 2 we present our NGTS observations of HD
106315. In section 3 we describe our data analysis and
custom-built pipeline to produce light curves of HD
106315. In section 4.2 we investigate the combining of
data from multiple telescopes to produce a single light
curve. Our discussion and conclusions can be found in
section 6.

2 | OBSERVATIONS

We observed a field centered on HD 106315 with 11 of the
12 NGTS telescopes on the night of March 8/9, 2017/09.
Each telescope has an aperture diameter of 0.2 m. The
cameras associated with these telescopes are identified
within the NGTS project, and in the rest of this paper as
01, 02, 03, 06, 07, 08, 09, 10, 11, 12, and 13. In contrast to
the usual NGTS survey mode, we defocussed each of the
telescopes slightly in order to avoid saturation or nonlin-
earity of the charge-coupled device (CCD) response, since
HD 106315 is slightly brighter than the usual NGTS bright
limit.

We note that our observations were taken on the same
night as the first transit observed by Lendl et al. (2017),
which was also observed by Barros et al. (2017). These
observations were conducted at La Silla and Cerro Tololo,
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which lie to the south of the NGTS site at Paranal, by
around 500 and 600 km, respectively.

Our observations of HD 106315 comprise around 2730
images per telescope—more than 27,000 in total, spanning
7.56 hr. The normal survey mode for NGTS uses 10 s expo-
sures, but for these observations of HD 106315 we used 7 s
exposures to further reduce the likelihood of saturation.
With the fast readout time of the NGTS CCDs, this results
in an observing cadence of 10 s.

3 | LIGHT CURVE GENERATION

Since our photometry is defocussed, the observations
could not be reduced using the standard NGTS photome-
try pipeline (Wheatley et al. 2018), used for the processing
of survey observations. Instead, we developed a standalone
pipeline for the processing of such datasets, based on
standard aperture photometry with PHOTUTILS (Bradley
etal. 2016), part of the ASTROPY python package (Astropy
Collaboration et al. 2013).

The major processing steps are described briefly
below, and are performed on a per-camera basis. Image
calibration is performed via standard bias and flat cor-
rections as per the usual NGTS data reduction pipeline
(Wheatley et al. 2018). A master frame is generated, and
SEXTRACTOR used to perform astrometry, enabling a
source catalogue to be generated, and cross-matched with
UCAC4 (Zacharias et al. 2013). Aperture photometry is
then performed on each source (with an aperture radius of
3.0 pixels = 15", optimized to minimize the out-of-transit
root-mean-squared scatter (rms)), along with background
estimation via sky annuli (with inner and outer radii of
9.0 and 14.0 pixels, respectively).

The raw light curves are detrended by fitting polynomi-
als to the airmass, and to the CCD x and y positions. The
HD 106315 light curve is further corrected by means of a
combined reference star, consisting of the flux from five
nearby stars of similar magnitude (Table 1). We found the
light curves of HD 106315 generated in this way to contain
little correlated noise (see Appendix A).

4 | MEASURING THE PLANETARY
RADIUS

4.1 | Single-telescope light curves

We started our analysis with the 11 light curves, each the
output of a different telescope/camera, the generation of
which is described in section 3. We first fit a transit model
to each light curve individually. The fits were performed
with the Transit Light Curve Modeler (TLCM?; Csizmadia

Zhttp://www.transits.hu
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TABLE 1 List of comparison stars used
ID UCAC4 ID r mag J-K
Target 449-052646 9.396 0.263
Refl 447-053330 8.707 0.675
Ref2 449-052685 9.377 0.879
Ref3 444-054438 8.663 0.209
Ref4 446-054654 9.438 0.659
Ref5 444-054448 10.585 1.03

in press), which uses MCMC for error estimation. In our
first set of fits, the following parameters were freely fit:
the planet-to-star radius ratio, R,/R+, the impact param-
eter, b, the limb-darkening coefficients, u; = u; +u,
and u_- = u; —u,, and an offset to account for possible
imperfect light curve normalization. The scaled orbital
major semi-axis, a/R«, was allowed to vary within the
lo uncertainties determined by Rodriguez et al. (2017)
(a/R+ = 25.69 +1.2). The ephemeris was fixed to that of
Barros et al. (2017) (P = 21.05704 days, to = 2457569.0173
[BIDrpg]), and the orbital eccentricity, e was fixed at zero.
Each MCMC run used 20 independent chains, and we
used the Gelman-Rubin statistic (Gelman & Rubin 1992)
to check for convergence. As a final check, the fits were
repeated to check the consistency of the results, which
were near identical (variations in the best-fitting param-
eter values were much smaller than the associated 1 ¢
errors). The light curves are shown along with the fits
(blue lines) in Figure 1.

Looking at the resulting R,/R+ values (blue points,
Figure 2), we see that in three cases (cameras 06, 09, 13) the
best-fitting model is a straight line that does not include
a transit. In these cases, the best-fitting impact parameter
is larger than R« + Ry, hence there is no transit. In these
three cases, and for camera 10, the radius ratio is poorly
constrained. In the six remaining cases, the radius ratio is
reasonably well determined, and in good agreement with
the value determined by Rodriguez et al. (2017) (the dis-
crepancies are <lo in all cases, except camera 03, where
the discrepancy is <2¢).

To simply things further, and to “force” the fitted
model to include a transit, we decided to constrain the
impact parameter to lie between 0.6 and 0.8, encompass-
ing the best-fitting 0.688*0 %" of Rodriguez et al. (2017).
We also opted to fix the limb-darkening coefficients, using
values from Sing (2010) for a star with Tx ¢ =6250K,
[Fe/H] = —0.3, and log g« [cgs] = 4.5. The mean rms of the
residuals to a single telescope fit is 2700 ppm per minute
or 500 ppm per half hour.
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FIGURE 1

Light curves from individual Next-Generation Transit Survey (NGTS) telescopes, binned to 1 min (small gray circles) and

10 min (large black circles). The best-fitting models from a fit where b, u,, and u_ were free parameters is shown with a blue line, and from a

fit where u,. and u_ were fixed, and b was constrained is shown with a green line

4.2 |
NGTS telescopes

After fitting the individual light curves, we resolved to fit
the light curves from multiple NGTS telescopes together,

Combining data from multiple

to see how our determination of R,,/R+ changes as the num-

ber of light curves used in the fit increases. We decided
to perform two experiments, one where the light curves

are added from “best-to-worst,” and one in which the
light curves are added from “worst-to-best.” Our ranking
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& FIGURE 3  Upper panel: Fitted radius ratio as a function of

To allow for imperfect flux normalization, we fit for a
constant offset in flux between each additional light curve.
Figure 3 shows the fitted value of R,/R+ and its uncertainty,
or,/r, as a function of the number of NGTS light curves
included in the fit. This figure shows a gradual conver-
gence to R,/R+ = 0.0264 + 0.0022 when light curves from
all 11 telescopes are included in the analysis.

Furthermore, the uncertainty in the radius ratio
decreases as a function of the number of telescopes, n, for
both the “best-to-worst” and “worst-to-best” cases. By tak-
ing oy /g, for a single light curve, and scaling this value by
1/ \/ﬁ , a comparison to the expected white noise behav-
ior may be made. The theoretical curves in the lower panel
of Figure 3 show such a relation for three different values
of og,/r,, corresponding to the smallest, largest and mean
values of og /&, from the fits to individual light curves (with
limb-darkening and the impact parameter constrained;
green squares in Figure 2). When the “best” light curve
is fitted first, the data follow the white noise curve very
closely, with only a slight deviation as ny approaches
11, and the newly-included data is increasingly poor. In
contrast, when we begin fitting the “worst” light curve
first, the improvement in OR,/R, is slow initially, but then
undergoes a more rapid reduction as better data is added.

number of telescopes combined. The blue circles represent the
combinations starting with the two “best” (see text) light curves and
adding successively worse light curves. The red squares represent
the combinations starting with the two “worst” light curves, and
adding successively better light curves. The red line and shaded
region indicate the best-fitting solution and 1 ¢ uncertainties of
Rodriguez et al. (2017). Lower panel: uncertainty on fitted radius
ratio. The red squares and blue circles correspond to the same fits as
the upper panel. The blue dashed line represents the expected white
noise case based on the best individual light curve, the red dotted
line the same, but based on the worst individual light curve, and the
green dash-dotted line is based on the mean uncertainty on the
radius ratio from the individual light curves

We note that the value of R,/R- that our fits converge
upon is somewhat smaller than that of Rodriguez et al.
(2017) (indicated with a red line in Figure 2), at a sig-
nificance of 2.1 ¢. One possible reason for this apparent
discrepancy is the limb-darkening coefficients chosen for
our fit to the NGTS data. Although the NGTS and Kepler
passbands are similar (Figure 4), the blue cut-offs do
differ markedly, and limb-darkening is stronger at these
shorter wavelengths. To test this hypothesis, we tried sev-
eral different approaches to choosing the limb-darkening
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FIGURE 4 Comparison of Kepler/K2 and Next-Generation
Transit Survey (NGTS) instrument response as a function of
wavelength. The Kepler data are taken from the Kepler Science
Center, and the NGTS data from Wheatley et al. (2018)

coefficients, including a fit that allowed them to vary
significantly. We observed no discernible dependence
of the fitted R,/R+ on the chosen limb-darkening
coefficients.

A second potential explanation for the lower-than-
expected value of R,/R+, is the difficulty in determining
the out-of-transit baseline flux. In the uppermost panel
of Figure 5 we plot the combined light curve from all 11
NGTS cameras, while the bottom panel shows the airmass
of HD 106315 during the course of the night. The observa-
tions begin and end at airmass 2, meaning that all of the
out-of-transit data is taken at relatively high airmass. There
is almost no pre-transit data, and only a limited amount
of posttransit data, significantly less than in-transit data.
The light curve shows an apparent decrease in flux at the
end of the night, as well as significantly increased scat-
ter evident in the unbinned light curve, corresponding to
data taken when the target was at an airmass greater than
about 1.5. To test this theory, we tried fitting the light
curves from all 11 telescopes, but excluding data taken
at the end of the night at airmass values greater than
1.5. We also did the same, but excluding the high-airmass
data from both the beginning and end of the night. The
resulting light curves and best-fitting models are shown in
Figure 5.

By excluding the high-airmass data from the end of the
night, we recover a transit depth and hence R,/R- in better
agreement with the previously-published values, based on
the higher-precision K2 light curve. The removal of addi-
tional high-airmass data, from the beginning of the night
results in a virtually identical determination of R,/R+, but
a slightly shorter duration transit. This results from the
complete lack of data covering transit ingress in this case
(Figure 5).

Relative flux

Relative flux

Relative flux

Airmass

0.005 0.01

Orbital phase

FIGURE 5
106315. From top to bottom: (a) full light curve binned to 1 min
(small gray points) and 10 min (large blue points), with best-fitting
model (described in section 4.2. (b) As top panel, but with
observations made at airmass >1.5 excluded from the fit, which is

Combined (11 telescope) light curve of HD

shown with a solid green curve. The red dashed curve shows the fit
from the top panel. (c) As (b), but with high-airmass data at the
start of the night excluded as well. (d) Target airmass during the
observations

In Table 2 and Figure 6 we compare the R, /R« resulting
from our fits to those previously published by others. Even
without removing the high-airmass data, our result is in
reasonable agreement with others (less than 2 ¢, except for
Rodriguez et al. (2017), with whose value ours is slightly
more than 2 o discrepant). Excluding the high-airmass
data at the end of the night from our fit results in an
approximately 1 ¢ change in the value of R,/R+. This new
value is within about 1 ¢ of all previously-published values.

The rms of the residuals to our 11 telescope fit is
850 ppm per minute or 240 ppm per half hour. These val-
ues fall to 777 and 204 ppm, respectively, when removing
the high-airmass data at the start of the night, and 657 and
145 ppm when high-airmass data from both the beginning
and the end are excluded.
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5 | IMPROVING THE EPHEMERIS
Since one of the motivations for these observations was to
improve our knowledge of the planet's orbital ephemeris
(section 1), we performed a series of fits designed to mea-
sure only the time of mid-transit. Our fitting procedure was
similar to that described in section 4.2, but here we fixed
the values of a/R+, b, and R,/Rx to those determined from
the K2 light curve (Rodriguez et al. 2017). The epoch of
mid-transit and a vertical offset (to account for imperfect
flux normalization) were the only parameters for which we
fitted.

We performed a fit to each individual light curve, the
results of which are shown in Figure 7. We also performed
a series of fits, in which we incrementally added additional
light curves. We used the same ranking of light curves as
in section 4, and again performed two sets of fits, start-
ing with both the “best” and the “worst” light curves. The
results of these fits are shown in Figure 8.

Similarly to the radius-ratio case, we see that
adding an increasing number of telescopes results in a
better-determined transit time. The results show a greater
departure from the simple white noise (1/4/ni case
than did the radius ratio. As the number of telescopes

light curves. The value and uncertainty of t,,;4 from the K2
ephemeris (Rodriguez et al. 2017) is indicated with a red solid line,
and pink shaded region. The dashed green line, and region
indicates the t,,;q from the Eulercam observations (Lendl et al. 2017)

used increases, there is a relatively rapid improvement in
our epoch determination until five telescopes, but then
only modest improvement beyond that. Our value of the
epoch from combining all 11 light curves is very close
to that obtained with a 1-m telescope, both in the value
and its precision (Lendl et al. 2017). Our observations
result in an epoch value that is significantly better deter-
mined than that from the K2 observations alone, reducing
the 1o uncertainty from more than half an hour, to just
5.6 min. This demonstrates the power of such observa-
tions to improve the ephemeris, and hence the future
observability, of transiting systems like HD 106315.

6 | DISCUSSION AND
CONCLUSIONS
6.1 | Summary and outlook for NGTS

follow-up of TESS targets

By observing the same target with multiple NGTS
telescopes, and combining the resulting data, we are
able to measure an exoplanet transit with a depth of just

TABLE 2 Comparison of fitted planet-to-star radius ratio with previously published values
Significance
of difference w.r.t.
No. Source R,/R. Full NGTS (1) Cut NGTS (2)
1. NGTS (11 cams, full) 0.0264 +0.0022 - 11lc
2 NGTS (end of night cut) 0.0297 + 0.0019 llo -
3. NGTS (both ends of night cut) 0.0301 +0.0016 l4c 020
4 Rodriguez et al. (2017) 0.032170.50% 2.60 l4o
5. Crossfield et al. (2017) 0.030470.901 150 040
6. Barros et al. (2017) 0.0309 + 0.0010 1.7¢ 0.6 ¢
7. Lendl et al. (2017) 0.0315 +0.0041 100 040
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light curves and adding successively worse light curves. The red
squares represent the combinations starting with the two “worst”
light curves, and adding successively better light curves. Note that
the two-telescope point is a significant outlier, and is therefore not
shown. The dashed green line and red shaded region indicate the
best-fitting solution and 1 ¢ uncertainties from observations with a
1-m telescope (Lendl et al. 2017). The green triangle indicates the
transit time and uncertainty predicted by the ephemeris based on
K2 photometry alone (Rodriguez et al. 2017). Lower panel:
Uncertainty on transit epoch. The red squares and blue circles
correspond to the same fits as the upper panel. As in Figure 3, the
solid red line represents the individual light curve with the smallest
uncertainty, scaled by 1/ \/@ . The dotted green line is the same,
but based on the mean uncertainty from an individual light curve.
The dashed black line is the uncertainty obtained by observing the
same transit using a 1-m telescope (Lendl et al. 2017)

1mmag. The precision of this measurement rivals 1-m
class telescopes such as Euler (Lendl et al. 2017), even
though the diameter of a single NGTS telescope is just
0.2 m. We are able to reduce the noise by binning data
from multiple telescopes, as expected given that for bright
stars the NGTS noise budget is dominated by scintillation
(Wheatley et al. 2018).

Our observations of HD 106315 demonstrate the
sensitivity of NGTS to shallow transits, particularly in
“follow-up” rather than “survey” mode. TESS discovers a

large number of transiting planets for which only one or
two transits are observed with TESS (Cooke et al. 2018;
Villanueva Jr. et al. 2019). Observing additional transits
with ground-based observations is crucial to refine sys-
tem parameters, particularly the orbital ephemeris, and
we have demonstrated here that NGTS is extremely well
suited to this task.

For many bright targets, NGTS' wide field-of-view com-
bined with its high photometric precision places it among
the very best ground-based facilities for follow-up transit
observations. This is because 1-m class telescopes, while
perhaps offering similar photometric precision, typically
have rather limited fields-of-view, resulting in few or no
available reference stars of similar brightness to the target.
Each NGTS telecope has a field-of-view of 2.8° x 2.8, and
thus plenty of reference stars for even bright targets.

Further observations in the multi-telescope mode
employed here will allow us to build up experience of
how photometric precision varies both with the number
of telescopes used in the observations, and with target
brightness. This will allow the selection of the optimal
number of telescopes for a given target, improving the
efficiency of telescope operations.

Since our observations of HD 106315, transits of sev-
eral other targets have been successfully observed in
multi-camera mode, with various numbers of cameras
employed (Lendl et al. 2019; Jenkins et al. under review).

6.2 | Looking forward to PLATO

Although seemingly very different types of transit survey,
PLATO (Rauer et al. 2014) and NGTS have several com-
mon characteristics which makes the analysis performed
in this work relevant in the context of PLATO. PLATO
is designed to detect the transits of Earth-sized planets
in Earth-like orbits around Sun-like stars. However, such
transits can only be detected by combining data from mul-
tiple PLATO telescopes. Datasets like the one analyzed in
this work, where the transit is shallow with respect to the
noise level, therefore offer a platform to explore possible
strategies for combining data from multiple telescopes in
PLATO.

Both NGTS and PLATO consist of a number of identi-
cal individual telescopes, which are subject to sources of
noise, some of which are common between multiple tele-
scopes, and some of which act at the level of the individual
telescopes (Table 3). For instance, the PLATO telescopes
share a common spacecraft platform and so jitter arising
from the spacecraft pointing will affect all telescopes in a
similar way. While the NGTS telescopes are mounted inde-
pendently, they are all located in the same enclosure, and
thus experience environmental and atmospheric effects in
common.
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NGTS PLATO TABLE 3 Comparison of
noise sources in NGTS and
Individual telescope Pointing Telescope optical unit temperature PLATO photometry
Focus Focus

Position of target on CCD

Common across all telescopes Airmass, temperature

Seeing

Temperature

PLATO will combine data from multiple telescopes
taking nonsimultaneous exposures (timing offsets are
up to 18.75s). Similarly, the NGTS exposures were not
synchronized. The multi-telescope mode of NGTS offers
the possibility of testing different approaches to combin-
ing/binning data from multiple cameras, with a view to
optimizing the performance of PLATO.
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residuals to these fits were analyzed by binning them with

Shallow transit follow-up from Next-Generation a range of bin sizes, and determining the rms in each case.

Transit Survey: Simultaneous observations of HD Figure A1 shows the results of this analysis, and indicates

106315 with 11 identical telescopes. Astron. Nachr. that little-to-no residual systematic noise is present in the

2020;341:273-282.

https://doi.org/10.1002/asna.202013768

photometry, with the exception of camera 03.

APPENDIX A. FITS AND NOISE PROPER-
TIES OF INDIVIDUAL NEXT-GENERATION
TRANSIT SURVEY LIGHT CURVES

As discussed in section 4.1, we fitted each individual
Next-Generation Transit Survey light curve separately. The

FIGURE Al The rms of the
binned residuals for each individual
light curve (green curves). The plots
here result from fits with fixed
limb-darkening, and constrained
impact parameter, but are virtually
indistinguishable from those resulting
from fits with the aforementioned
parameters freely fitted. The white
noise expectation, where the rms
decreases in proportion to the square
root of the bin size, is shown with a
gray line in each panel
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