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Abstract

Fulfilling the goals of space-based exoplanetary transit surveys, like Kepler and TESS, is impossible without
ground-based spectroscopic follow-up. In particular, the first-step vetting of candidates could easily necessitate
several hundreds of hours of telescope time—an area where 2 m class telescopes can play a crucial role. Here, we
describe the results from the science verification of the Ondrějov Echelle Spectrograph (OES) installed on the 2 m
Perek telescope. We discuss the performance of the instrument as well as its suitability for the study of
exoplanetary candidates from space-based transit surveys. In spite of being located at an average European
observing site, and originally being conceived for the study of variable stars, OES can prove to be an important
instrument for the exoplanetary community in the TESS and PLATO era—reaching accuracies of a few tens of m s−1

with reasonable sampling and signal-to-noise for sources down to V∼13. The stability of OES is demonstrated via
long-term monitoring of the standard star HD109358, while its validity for exoplanetary candidate verification is shown
using three K2 candidates EPIC210925707, EPIC206135267 and EPIC211993818, to reveal that they are false
positive detections.

Key words: planetary systems – stars: individual (EPIC 210925707, EPIC 206135267, EPIC 211993818) –
techniques: radial velocities – techniques: spectroscopic
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1. Introduction

The Kepler space mission discovered about 2500 confirmed
exoplanets. The Kepler/K2 mission uses the method of transit
detection, i.e., the measured decrease in the stellar flux when an
exoplanet moves in front of its host star (Borucki 2016).
However, there are still several thousands of candidates,
needing confirmation by other methods. Even for validated
planets—ones for which we are confident of their planetary
nature—spectroscopic measurements are still needed to
determine the planet mass. For non-validated planets, false
positive detections have various causes such as background
binary stars, incorrect spectral type determination and grazing
eclipses, with the rate of such false positive detections being
discussed already in time of the first ground based exoplanet
searches (Brown 2003). Therefore, systematic ground-based
follow-up of all candidates is crucial in order to separate

candidates from true exoplanetary systems as well as to derive
the parameters of the systems (Cabrera et al. 2017; Shporer
et al. 2017).
There are several important steps in the process of

confirming transit candidates. First, photometric follow-up
is needed to confirm that the transit is on-target and not due to
a contaminating star in the aperture of the space instrument
(Deeg et al. 2009). Second, the spectral type of the host star
gives the first estimate of the stellar radius and thus planet
radius which will eliminate stellar binary companions
(Guenther & Tal-Or 2010; Guenther et al. 2012; Sebastian
et al. 2012; Gazzano et al. 2013; Ammler-von Eiff et al.
2015; Damiani et al. 2016). Third, a few RV measurements
with low precision (100–1000m s−1) can then be used exclude
the eclipsing binary scenario. Finally, those candidates which pass
the initial screening can be followed up by instruments capable of
precise RV measurements (Loeillet et al. 2008; Bouchy et al.
2009; Léger et al. 2009; Gandolfi et al. 2010), such as HARPS,
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UVES or ESPRESSO, for the determination of the planet mass.
Given the intrinsic brightness of the candidates discovered
by space-based missions, all of the tasks preceeding the final
high-precision RV measurements with large facilities can be
carried out with a 2m telescope equipped with appropriate
instrumentation. Furthermore, Jupiter-sized planets and brown
dwarfs showing RV semi-amplitudes of hundreds of m s−1 can be
even characterized with such telescopes (Endl et al. 2002;
Döllinger et al. 2007), eliminating the need for large amounts of
observing time with more over-subscribed facilities. In short, an
efficient follow-up effort can and should employ 2m class
telescopes in order to ease the burden on large facilities where
telescope resources are scarce.

The initial false positive rate for CoRoT was about 83%, with
the remaining 17% requiring follow-up observations, from
which 12% were confirmed as planets (Almenara et al. 2009).
The false positive rate for Kepler/K2 was reported to be around
10% for all candidates and around 20% for hot-Jupiters
(Santerne et al. 2012; Fressin et al. 2013). These false positive
rates were confirmed by numerous other studies (Colón et al.
2012; Dressing et al. 2014; Lillo-Box et al. 2014; Sliski &
Kipping 2014). A detailed study by Santerne et al. (2013)
shows that, due to the large TESS point-spread function (PSF)
of 21″, the removal of false positives by using ground-based
facilities is even more important than for other missions. Since
the PSF of TESS is substantially larger than the Kepler PSF and
the duration of a typical light curve is much shorter than
Kepler’s four years, the centroid method (Section 3.2) is far
less efficient. Using the calculations by Santerne et al. (2013)
we expect a statistical field contamination between 0.2 and 20
stars within the PSF.

Ground based follow-up will also be extremely important for
the PLATO space mission, expected to be launched in 2026,
which will require more than 50 nights of observing time per
year for six years on 2 m class telescopes to characterize
most of the detected candidates (ESA 2017). Therefore, the
importance of 2 m class facilities with a lot of available
observing time with state-of-the-art instrumentation is of
growing importance.

In this article, we describe first results of scientific verification
process of the Ondrějov Échelle Spectrograph (OES), which is
installed on the 2 m Perek telescope located in the Czech
Republic. Furthermore, we also present the first results of K2
candidates follow-up using the instrument. In Section 2,
the observing site and the telescope will be described. In
Section 3 we present details of the OES instrument, while in
Section 4 we discuss the instrumental stability and the RV
precision obtained during science verification. We conclude
with a discussion of the potential for exoplanetary research
with the OES in Section 5.

2. Perek Telescope, Ground Based Support of Space
Missions

The facility is located 30 km southeast of Prague. The telescope
itself is maintained and operated by the Astronomical Institute of
Czech Academy of Sciences and it is considered as a national
facility, therefore, researchers from all Czech institutions have
access to the telescope. Furthermore, under certain conditions,
international projects are also accepted. The Perek telescope has a
primary mirror with a diameter of 2m and is equipped with two
instruments, a single-order spectrograph and an échelle spectro-
graph. The telescope was inaugurated in 1967 and it is a twin
telescope of the Alfred Jensch telescope located in Thuringia in
Germany.
One of the instruments of Perek telescope is OES—the

subject of our science verification campaign described in the
following sections. The instrument was built in Ondrějov in
2007 but it saw little use due to lack of scientific interest of the
observatory staff. However, renewed interest in OES instru-
ment appeared in 2017 April after establishing a new
exoplanetary research group at the Academy and gaining
access to an iodine cell. Currently, OES is primarily used
for exoplanetary ground based follow-up projects, such as
discrimination of false positives from space missions and for
spectral typing of exoplanetary candidates host stars. In
addition, we are pursuing a long term monitoring project of
exoplanets around A-type stars in collaboration with Tauten-
burg Observatory.

2.1. Observing Site Quality

The observing site has a characteristic central European
weather pattern. Figure 1 shows the distribution of hours
available for observing (Sun below 12 deg) versus actually
observed hours over the year 2015. Typically, the winter period
from October through February has less favorable conditions
for observing characterized with high humidity and low level
clouds. This is reflected in the comparison of the percentages of
available time that was actually observed in winter (October–
February), being only a few percent, and during summer
(March–September), being an order of magnitude greater at
30%–40%. We are able to obtain good data on average of
25%–30% of all available observing hours during the
whole year.
Typical seeing for Ondrějov is between 2″ and 3″ and under

excellent conditions it can be as good as 1 5. However, for our
new key program, ground based follow-up of exoplanetary
candidates, we are generally not limited by the seeing. The
limiting magnitude is currently about 13 mag in V. We are able
to obtain a spectrum of signal-to-noise ratio (S/N) 7 for a 12.6
mag V star in 1.5 hr exposure.
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3. Ondrějov Echelle Spectrograph—OES

The spectrograph of OES is installed in a temperature
stabilized room and is fed by the telescope via the Coude focus.
OES is a white-pupil spectrograph. The light path from the
telescope to OES has a 5 mirror train bringing the light to a
focus on a 0.6 mm slit (corresponding to 2″) and subsequently
to the spectrograph in a separate room. The slit-viewer camera,
a TV EEV CCD 65, is installed in the control room in a closed
box along with the Iodine cell. The Iodine cell can be moved in
the light beam on demand. Standard calibrations for science
frames can be performed using the flat field lamp and ThAr
lamps which are mounted beside the optical path where a
mirror can be inserted such that the beam from the lamp(s) goes
to the spectrograph. (unfortunately, no simultaneous ThAr
calibrations are possible). Dome flats can be taken using a
white screen installed in the dome.

The spectrograph itself is mounted on the stable construction
as presented in more detail in Koubský et al. (2004). The
incoming light from the telescope travels to a collimator
mirror of 147 mm diameter (B in Figure 2). The light is then
reflected to an échelle grating of 408×165×74 mm with
54.5 g mm−1 and a blaze angle θ=69° (C). The optical mirror
(F) reflects the light to a LF5 cross-disperser prism (E) which
separates the orders that are then brought to a focus on the
detector using a Canon EF 200 f/1.8 objective (I). The detector
is an EEV 2048×2048 pixel, nitrogen-cooled CCD with
a pixel size of 13.5 μm, a dynamical range of 65,000 ADUs,

a readout noise of about 3.5 e− rms and a dark current of 1
e−/p/hr. Parameters of optical elements of the spectrograph
can be found in Table 1. The wavelength coverage of the
spectrograph is from 3750 to 9200Å, with a resolving power
of about R=50,000 and spectral sampling 2.4Åmm−1. The

Figure 1. Typical yearly distribution of observing hours over months in the year. The gray column is a total number of observable hours (Sun below −12 deg), the
colored number is the actual total of observed hours and the percentage gives the ratio of total available and observed hours.
(A color version of this figure is available in the online journal.)

Figure 2. OES light comes from the Coudé room through the slit A to
collimator B. From the collimator the light beam travels to an échelle grating C
and later to a parabollic mirror D and a plane mirror E. Second collimator F is
in front of the cross-disperser which is the last element before the CANON
lense objective H with a detector. Courtesy of Mirsolav Šlechta.
(A color version of this figure is available in the online journal.)
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spectral range is covered by 56 usable orders which overlap
in the blue about 40 Å but there are gaps in the wavelength
coverage of up to 40 Å in red orders starting at about 4500Å.
The guiding of the star on slit is performed automatically
with help of a custom written software. In case of faint
objects or for special cases, it can be performed also
manually with a handpad. Full description of optical
elements is provided in Table 2. Furthermore, original Zeiss
drawings are available upon request. The overall efficiency
of the telescope system is estimated around 0.4 because of
the optical elements. The estimated (from optical elements)
combined efficiency of OES with the telescope is about 0.05.
All useful parameters of the OES system are summarized
in Table 3. A more detailed technical description with
mechanical setup and all optical elements can be found in the
report from the installation phase of the OES (Koubský et al.
2004).

3.1. Basic Data Reduction

Standard spectroscopic calibrations, such as bias frames and
lamp flat fields are taken before every observing night.
Furthermore, once every seven days a sequence of 10 dome
flat fields is obtained. Cosmic rays are removed based on
algorithm by van Dokkum (2001). We monitor the detector
performance once every week by taking the set of ten 30
minutes dark frames. However, dar subtraction is not required

due to low dark current levels. Currently, data reduction is
performed with standard scripted IRAF routines,8 after every
observing night.

3.2. Influence of Wavelength Calibrations

In order to test the stability of the ThAr calibrations (and derive
the optimum calibration plan), we performed a test sequence of
ThAr frames during a single observing night. As shown in
Figure 3, the scatter over the course of a night shows no clear
trends with random scatter typically less than 0.5 pixels.
We also investigated potential issues which can influence the

stability of the spectrograph. In general, the environment in the

Table 1
Parameters for Optical Elements of OES

Optical Element Value

Beam diameter at collimator (in mm) 142
Collimator focal ratio f/32
Angle of crossdisperser 54°. 5
Objective focal ratio f/1.8
Camera objective lense focal length (mm) 200

Table 2
Optical Elements/Parameters of the Telescope

Element Size

Telescope focal length (m) 63.5
Telescope focal ratio f/32
M1 mirror shape parabolic
M1 mirror (diam in mm) 2080
M1 focal ratio f/4.5
M2 mirror (diam in mm) 580
M2 shape convex hyperbolic
Flat ellipt. mirror 1 (mm) 612×433
Flat mirror 2 (diam mm) 520
Glass plate (mm) 200
Elliptic mirror 3 80×120
OES slit (mm) 0.6

Table 3
Instrumental Characteristics of OES

Parameter Value

Slit width (mm) 0.6
Slit width (arcsec) 1.8
Echelle (Milton Roy) 54.5 g mm−1

Blaze angle (θ) 69°
Spectral resolution 51,600 (500 nm)
Linear reciprocal dispersion (Å mm−1) 2.4
Pixel size Å pix−1 0.0324
Pixel size (km s−1) 1.8
Spectral range (Å) 3753–9195
Spectral orders 56
Spectral order number range 92–36
Inter order separation (in pix—blue) 27
Inter order separation (in pix—red) 12
Limiting magnitude (Vmag) 13

Figure 3. The relative shift of ThAr frames during one night with respect to the
reference frame. The scatter is random during the whole night and typically less
than 0.5 pixels.
(A color version of this figure is available in the online journal.)

8 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Coude room, where the spectrograph is located, is stable down to
1 deg. We also checked the stability of hollow-cathode lamp
calibration frames which were obtained over a period of one year.

The wavelength calibration itself is based on the internal
atlas from the Coude Échelle Spectrometer which was installed
at 3.6 m telescope at La Silla, Chile. We also cross-checked the
calibrations with Redman et al. (2014), Lovis & Pepe (2007)
and we are able to obtain an rms of 0.002Å on the wavelength
solution with both ThAr atlases. An example of typical
residuals from the wavelength solution is demonstrated in
Figure 4.

The resulting 1D reduced scientific spectra are stored on
local discs and they are shown in local web archive. It is
foreseen that, data will be archived at the Virtual Observatory
and will be made public after 1 yr of proprietary time, therefore,
the whole community can benefit from access to our spectra.

For an illustration of the data output, a raw image of a fits frame
of Vega is shown in Figure 5. In the reddest part of the spectra the
orders are influenced by some fringing. Reduced stellar 1D
spectrum of Vega in the Hα region is shown in Figure 6.

4. Radial Velocity Accuracy

4.1. HD 109358—Stability Test of the OES

We selected the radial velocity standard star HD109358 to
assess the short term (nightly) and long term (over several
days to months) precision that can be obtained with OES.
HD109358 is a G-type star with V=4.25 mag included in the
Geneva catalog of radial velocity standards(Udry et al. 1999).
The star was observed by HARPS and CORALIE and its RV is
constant down to a few m s−1(Konacki 2005). We observed
HD109358 160 times over 15 nights between 2017 March and
2018 June, with a typical exposure time of 600 s resulting in a
S/N of 50–100 for an extraction aperture of 1 pixel. The data
were reduced following the standard calibration flow using
ThAr comparison spectra. To remove the instrumental effects
we used the telluric lines present in the wavelength region of
5917–5926Å. Once the shift of each spectrum with respect to
the chosen reference was determined using IRAF routine fxcor,
all spectra were shifted for the determined value using IRAF

routine dopcor. Figure 7 compares however only ThAr
calibrated frames (blue circles) and same frames with telluric
correction applied (red circles). The scatter in the first part of
the RV curve of telluric corrected data in Figure 7 is given most
likely by the variation of the airmass which was decreasing
from 1.5 to 1.02 during observing period.
In the second step, we determined the shifts of stellar lines

according to a chosen reference frame, typically a spectrum
with highest S/N. These shifts were determined in various
wavelength intervals between 4000 and 5400Åwhich are not

Figure 4. Residuals of the wavelength solution for the OES spectra. Colors
represent different orders. The typical residual rms is 0.002 Å.
(A color version of this figure is available in the online journal.)

Figure 5. A part of a frame with an échelle spectrum of Vega. The reddest
orders are at the top.

Figure 6. Reduced and extracted spectrum of Vega obtained with OES zoomed
around the Hα region.
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affected by telluric lines. The resulting heliocentric radial
velocity curve is presented in Figure 7. The rms of radial
velocities determined for observations during a single night
is roughly 83 m s−1 and does not vary between nights. The
nightly averages of the measured radial velocities present errors
as low as 25 m s−1. This value corresponds with an integration
of approximately 8 hr and the accuracy is approaching the limit
of the telluric line method of RV determination(Gray &
Brown 2006).

In the next step, we investigate the long-term stability. The
radial velocities were all referenced to a chosen high S/N
reference spectrum. The resulting long-term variation is
presented in Figure 8 with blue points. The measurements
span over three weeks and the rms of the resulting series is
111 m s−1 (roughly an order of magnitude lower than the
lowest RV precision that would be required for identifying
binaries among exoplanetary candidates). Furthermore, mea-
surements of the standard star spanning 450 days have an rms
of 350 m s−1 is presented in the same figure (Figure 8). The
reason for outlaying group of measurements around date 370 is
not clear and unfortunately there were no data between date
130 and 350 as the star was not observable. However, the
stability of telluric corrected data over one year is still in the
order of about 350 m s−1. Rms of ThAr only calibrated data set
is about 1 km s−1. Therefore, we can safely discriminate
between planetary candidate and binary or multiple stellar
system on short or even longer timescales. Indeed, the precision
is sufficient that OES could be used to characterize some hot
Jupiter systems which exhibit large RV amplitudes.

4.2. Signal-to-noise and RV Accuracies

Besides the stability of the spectrograph, we tested also the
S/N and exposure time dependence. A graph with S/N versus
exposure time for the standard HD109358 is represented with
green crosses in Figure 9. Furthermore, we overploted also a
few more test stars in the same figure. This graph can be used
as a guideline for the determination of the necessary exposure.
The typical S/N for a star with Vmag=10 is S/N≈20 for an
exposure time of 3600 s. For a faint test star of Vmag=12.5
we obtained a S/N≈7.

Figure 7. Typical radial velocity curve for one night of spectroscopic time
series for standard HD109358. Data were obtained on one night of 2018 April
4. Red circles represent data where telluric correction was applied, whereas the
blue circles represent same data with only ThAr calibration, The rms of telluric
corrected data corresponds to 83 m s−1. Rms of ThAr only calibrated data
corresponds to 560 m s−1.

(A color version of this figure is available in the online journal.)

Figure 8. Radial velocity curve for 15 nights of spectroscopic time series for
standard HD109358. Data were taken over a period of 400 days. The rms
corresponds to 350 m s−1. Blue points indicate measurements of the standard
star in 5 nights spanning over three weeks in 2018 May–June. The
corresponding rms of blue points only is 111 m s−1.
(A color version of this figure is available in the online journal.)

Figure 9. Figure shows theoretical S/N vs. exposure time. Green crosses
represent actual measurements of S/N vs. exposure time for a star HD109358
(Vmag=4.25). Red crosses represent measurements for TOI503 (Vmag=9.42)
and AD Leo (Vmag=9.52) test stars. Colored lines represent different values
of Vmag.

(A color version of this figure is available in the online journal.)
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In addition, we can use our S/N estimates for the
determination of the OES RV accuracy. We will apply the
values from Figure 7 to determine instrument characteristic
parameters and to deduce the capability of OES. According to
Gustafsson (1992) the radial velocity measurement error σRV
can be expressed for a (Solar type) star as:

( ) ( )s l= ´ ´ D ´- - -C RS N 1RV
1 0.5 1.5

where S/N is the signal-to-noise ratio and C is an instrument
specific constant, Δλ is the wavelength range of the
spectrograph and R is the resolving power. For OES, Δλ=
5900Å and R=50,000. Therefore, we obtain C=6.5×1012.
Using the determined value of C, we obtain the calculated RV
accuracy of about 200–300m s−1 for a Vmag=9.5 star. This is
consistent with our actual measurements.

4.3. First Results from K2 Candidates Follow-up

We present here the first results of K2 candidate follow-up
obtained with OES during 2017–2018. We selected 3 suitable
K2 candidate stars, EPIC 210925707 (HD 23765), EPIC
206135267 (HD 210809), EPIC 211993818 from K2 cam-
paigns C1 to C6 which were reported in Barros et al. (2016),
Pope et al. (2016), Crossfield et al. (2016). These targets were
chosen based on their brightness (V<11) and transit depths (a
few percent or more) to ensure that OES was well-equipped to

provide accurate and useful RVs. Main parameters of target
stars are summarized in Table 4.
We derived stellar parameters (Teff, metallicity and log(g)

and luminosity class) from the first good spectrum acquired
for each of the candidates with iSpec software (Blanco-
Cuaresma 2019). Subsequently, we obtained a time series of
spectra for each star from which an RV curve of the system was
determined and orbital parameters obtained (via cross-correla-
tion with a synthetic spectrum with the stellar parameters
previously derived).

4.4. EPIC 210925707

EPIC 210925707 (HD 23765) was identified as an
exoplanetary candidate from C4 campaign of K2 mission
(Barros et al. 2016). The K2 light curve shows a transit depth
δ=4.591% with a period 1.68658840 days. However, the
same target was identified as an eclipsing binary in the third
version of the Kepler Eclipsing Binary catalog (Kirk et al.
2016), as the light curve, when phased on double the period
identified by Barros et al. (2016), seemingly displays two
eclipses with slightly different depths and durations. The K2
light curve is shown phased on a period of 3.3731768 days in
the upper panel of Figure 10.
In total, we obtained 28 spectra of this star across 8 different

nights during the 2017–2018 campaign (RVs can be found in

Table 4
Parameters of EPIC 210925707, EPIC 206135267 and EPIC 211993818

Parameter EPIC 210925707 EPIC 206135267 EPIC 211993818

R.A. 03 48 28. 9308h m s 22 13 10. 7474h m s 08 24 49. 1841h m s

Decl. +21°47′50 8233 −11°10′38 4888 +20°09′10 7633
VKepler 9.52 9.23& 7.28

iSpec parameters
Teff (K) 6300±112 5071±163 5393±108
log(g) 4.64±0.38 3.96±0.39 2.58±0.3
Fe/H −1.4±0.1 −0.86±0.13 −0.45±0.3
Spectral type F5V G8IV G5III

phoebe 2 parameters
Period (days) 3.3731768 2.57340205 (fixed) 3902±3 (fixed)
Time of conjunction (HJD) 2457,062.23826 (fixed) 2456,982.6207794 (fixed) 2451306±8 (fixed)
Orbital inclination (°) 76.20±0.04 N/A N/A
Eccentricity 0.0057±0.0004 0.22±0.07 0.612±0.03
Semi-amplitude(s) (km s−1) 97±5, 101±5 13.3±1.9 18.7±0.1
Rms of O − C (km s−1) 9.06 2.88 N/A
Argument of periastron (radian) 1.70±0.03 3.05±2.9 5.42±0.1
T1eff (K) -

+6480 30
20

T2eff (K) 6710±20
R1 (Re) -

+1.95 0.02
0.03

R2 (Re) -
+2.08 0.04

0.03

M1 (Me) -
+1.33 0.04

0.02

M2 (Me) 1.44±0.06
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Table 5). The iSpec analysis reveals the presence of two stars
of similar spectral type, both roughly F4V (with atmospheric
parameters given in Table 2). As such, we were able to derive
the radial velocity curve of both stars—with both components
showing sinusoidal variability with semi-amplitudes of 97±5
and 101±5 km s−1 (consistent with a mass ratio ∼1 and
clearly in support of a binary rather than exoplanetary origin for
the observed eclipses). To further constrain the system, the
OES radial velocity curve and Kepler light curve were
simultaneously modeled using the PHOEBE 2 code (Prša et al.
2016; Horvat et al. 2018; Jones et al. 2019) and following the
same technique employed in Boffin et al. (2018) and Jones
et al. (2019). Fitting was performed via a Markov chain
Monte Carlo method with the python implementation EMCEE

(Foreman-Mackey et al. 2013) and parallelized to run on the
LaPalma supercomputer using SCHWIMMBAD (Price-Whelan
& Foreman-Mackey 2017). The masses, temperature and radii

of both stars, as well as the orbital inclination, eccentricity,
argument of periastron were all allowed to vary freely around
initial estimates based on the spectral type and systemic
velocity measured from the OES spectra, and from the shape of
the Kepler light curve. The limb-darkening values for both stars
were fixed to the default prescription in PHOEBE 2, whereby
values for each point on the star are interpolated from tables
derived from the stellar atmosphere models of Castelli &
Kurucz (2004) as outlined in Prša et al. (2016).
The final PHOEBE 2 model light and radial velocity curves

are overlaid on the observations in Figure 10, while the
derived parameters are listed in the bottom part of Table 4.
The model provides a reasonable fit to all observables,
although there are residuals between the observed radial
velocities and the model consistent with stellar jitter
(Martínez-Arnáiz et al. 2010). Additionally, the observed
Kepler light curve shows a clear O’Connell effect (i.e., the out
of eclipse brightnesses are asymmetric) which is not
replicated by the model. This is unsurprising as the origin
of the effect is uncertain and none of the proposed
mechanisms (e.g., star spots Bell et al. 1990) are accounted
for in the simple binary model. Ultimately, this will mean that
the uncertainties on the measured parameters may be some-
what underestimated. However, the stellar parameters of the
model are found to be in reasonable agreement with those
found from the iSpec analysis of the OES spectra, with the
temperatures and masses of both stars found to be consistent.
The modeled radii do imply surface gravities greater than one
uncertainty away from the value determined by the spectral
analysis, however this is one of the most poorly constrained
parameters in the iSpec analysis and also, perhaps, the
parameter most likely to be affected by the O’Connell effect.
If the effect is caused by the presence of a hot spot or stream
on one of the stars (Pribulla et al. 2011), then the model fitting
will tend to over-estimate the radii, therefore underestimating
the surface gravities, in order to increase the tidal distortions
to match the higher maximum. Further investigation of the
origin of the O’Connell effect in EPIC 210925707 is beyond
the scope of this work, but nonetheless the OES observations
(and modeling) highlight the aptitude of the instrument for
filtering exoplanetary candidates from space missions.

4.5. EPIC 206135267

The star EPIC 206135267 (HD 210803) was identified
as an exoplanetary candidate in C3 showing transit depth
δ=4.986% and a period P=2.57340205 days by Barros
et al. (2016). This system was indeed resolved as a binary from
observations from KECK AO with NIRC2 Schmitt et al.
(2016). The original K2 light curve is shown in Figure 11.

Figure 10. Top panel: folded K2 light curve of EPIC 210925707 with the
phoebe 2.0 model overlaid in red. Bottom panel: the folded OES radial velocity
measurements along with their model RV curves.

(A color version of this figure is available in the online journal.)

Table 5
Radial Velocities from OES for EPIC 210925707

Star 1 Star 2
Julian Date (days) RV+error (km s−1) RV+error (km s−1)

2457983.51612 −66.4±1.5 68.5±1.3
2457988.50698 63.9±1.7 −59.1±1.9
2457989.50869 50.5±1.2 −46.2±1.3
2457990.52336 −90.1±1.5 93.8±1.4
2457992.48173 92.2±1.4 −88.6±1.5
2458005.64496 86.0±1.0 −86.6±2.0
2458016.47976 51.0±1.5 −50.6±1.6
2458043.54726 25.4±1.2 −47.4±1.2
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For this star, we obtained 7 usable spectra across 7 different
nights during the 2017–2018 (RVs are presented in Table 6).
We determined the stellar spectral type as G8IV star. The RV
curve of this star obtained with OES (see Figure 12) presents
variations with a semi-amplitude K=13.3±1.9 km s−1,

where period for fitting was fixed to value of P=
2.57340205 days which was determined by K2 team (Barros
et al. 2016). The variations in our radial velocities and spectral
type clearly identify this star as a binary. Our measurements
thus confirm the results from high-resolution AO observations
and derive orbital parameters for this system (summarized in
Table 4).

4.6. EPIC 211993818

The main parameters for EPIC 211993818 (HD 70826) from
the C5 campaign of K2 mission are summarized in Table 4. We
selected this system because it was identified as an exoplane-
tary candidate at the time of our selection Pope et al. (2016),
showing a transit depth δ=1.9% and a period Pcomponent=
8.9870246 days and later still kept as a candidate by Mayo
et al. (2018). Figure 13 shows the K2 light curve. We obtained
9 usable spectra with OES for this star across 9 different nights,
from which we identified the luminosity class of the star as
G5III giant. Our RV curve of this star presents no apparent
RV variations down to 630 m s−1 (our RV measurements are
presented in Table 7).

Figure 11. K2 light curve of EPIC 206135267.
(A color version of this figure is available in the online journal.)

Table 6
Radial Velocities from OES for EPIC 206135267

Julian Date (days) RV+error (km s−1)

2457953.47468 −12.3±1.0
2457983.47368 0.0±1.0
2457989.41321 −13.9±0.5
2457990.44055 13.5±2.4
2457991.3917 −7.9±0.5
2458015.34591 −12.6±0.0
2458017.37047 −14.3±0.1

Figure 12. OES RV measurements for EPIC 206135267 with the fit and 1σ
uncertainties indicated by the gray band.

Figure 13. Original K2 light curve of EPIC 211993818.

(A color version of this figure is available in the online journal.)

Table 7
Radial Velocities from OES for EPIC211993818

Julian Date (days) RV+error (km s−1)

2458170.47868 −10.39±0.01
2458174.43933 −11.20±0.06
2458181.44328 −10.78±0.05
2458182.449 −11.49±0.05
2458220.29247 −12.17±0.10
2458223.31822 −11.39±0.10
2458227.35398 −11.90±0.03
2458226.35478 −11.95±0.06
2458229.363535 −12.21±0.05
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However, in the literature, we found that this system was
identified as multiple system of SB1 type with a second stellar
component most likely of A spectral type having a period of
P=3902 days. The OES data compared to those from other
projects (Carquillat et al. 2005) are shown in Figure 14. The
exact configuration of the system at time of discovery was
unclear. The new OES measurements are consistent with
previous points obtained by Carquillat et al. (2005) as is the
subsequent fit to the combined data set.

Data from K2 confirm that the system is a three body system
with the detected transit occurring on the smaller component of
the triple. We estimated the radius R≈11.5 Re and luminosity
L≈101 Le of the primary based on the Gaia data archive,
implying a mass of around M≈3Me. If this information is
combined with K2 light curve data and we assume that the most
of the light comes from the primary G5III star, then the real
(uncontaminated) transit depth would be too large for the system
to be a planet. This is also consistent with conclusions of
Carquillat et al. (2005), however, now we can confirm that this
object is really a triple star and we can also clearly reject the
planetary candidate scenario. We assume that the reason for Pope
et al. (2016) and Mayo et al. (2018) to include the star in the
candidate list is the fact that they were initially not aware of
existing spectroscopic data sets. Large number of candidates can
not be immediately cross-correlated with those existing data sets.

5. Conclusions

We have presented the OES instrument and first results from
our science verification run between 2017 and 2018. Our key
program for OES comprises the ground-based follow-up of
exoplanetary candidates from space missions, especially TESS
and later PLATO. We have demonstrated that the OES
spectrograph is stable on the order of a few weeks down to
80–100 m s−1 and over the whole year to about 300 m s−1.
Therefore, we are able to use the instrument for the rejection of
false positives and thus filtering of exoplanetary candidates for

more-detailed follow-up with larger facilities—our primary
objective. We can securely rule out binary and multiple stellar
systems, brown dwarf systems and flag potential background
binaries.
Weather at our location restricts the usable observing time to

about 30% of total telescope time, corresponding to slightly more
than 100 nights available for our group. The spectroscopic follow-
up of space missions on 2m telescopes will be crucial for the
mission success. If we take into account the weather conditions
and the handful of other existing 2m class telescopes across
Europe, then the probability of a clear night in at least one location
will be dramatically increased and thus such a network would
have a similar yield as a new telescope installed at an observing
site with excellent conditions. Furthermore, as most are equipped
with similarly capable instrumentation, there is no need to build
new instruments for these telescopes.
Since 2017, as a part of the science verification program of

OES, we are pursuing a joint Ondrějov-Tautenburg RV follow-
up program of exoplanetary candidates from Kepler/K2
missions as reported in Sabotta et al. (2019), where we
introduced first joint analysis of data obtained during
simultaneous monitoring of A stars with brightness range of
Vmag=7–11 from Kepler which were reported as systems
with planetary candidates in Balona (2014). Typical exposure
times were dependent on brightness but covered the range of
1800–3600 s. However, we could not confirm any planet but
we were able to draw conclusions about the lack of planets
around A stars. This particular work also highlights the strength
of two 2 m telescopes working together. Another such example
of joint observing campaign was presented in Gajdoš et al.
(2019) where a system Kepler-410 (Vmag=9.5) was studied
together with spectrographs at Tatranská Lomnica, Slovakia.
Typical exposure times with OES were in this case 45 minutes.
We are currently monitoring TESS candidates. In addition to

the RV follow-up, we will be able to provide initial stellar
parameters for monitored stars by the space missions. We will
be thus able to contribute also to e.g., the PLATO input catalog
—a particularly important task as transit photometry allows
only to determine the ratio of the star to planet radii. This
means that we have to know the radii of the stars in order to
determine the radii of the planets. Our goal is to obtain the R*,
M* from Teff, log(g), and the abundances, determined from
typically 2–3 high resolution spectra (Guenther et al. 2009).
Another interesting science case for 2 m telescopes was
presented in our earlier paper (Kabáth et al. 2019), where we
discuss the use of 2 m telescopes for characterization of TESS
targets. In the flood of data and newly-confirmed exoplanets
around bright stars, 2 m class telescopes could potentially even
characterize exoatmospheres of selected targets.
In the course of the latest stage of science verification

process, we were able to collect spectroscopic data for 3
selected candidates from K2 space mission. Our measurements
confirmed the nature of the candidates as binaries and provided

Figure 14. The Carquillat et al. (2005) RV curve of EPIC 211993818 with new
OES data marked as red points showing the good agreement between the
measurements.
(A color version of this figure is available in the online journal.)
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new orbital elements for all of them. Our first results show that
we will also be able to characterize some close-in and hot
Jupiter-mass planetary systems from e.g., TESS which will
exhibit large semi-amplitudes of few hundreds of m s−1. As
service for community, the OES data are currently publicly
available upon a request. The first scientific results from OES
were reported in Skarka et al. (2019) presenting a discovery of
a first Ap star (Vmag=8.16) with large stellar spots and
exhibiting δ Scuti puslations. Furthermore, the primary Ap star
HD99458 is orbited by the red dwarf companion. This system
was reported originally as a planetary candidate from K2
mission. We took a series of several dozens of measurements
mostly with 1800 s exposure times. In our recent paper Subjak
et al. (2019) based on OES data, we report on the confirmation
of the first transiting Brown dwarf detected with TESS space
mission. Our team led joint analysis of data obtained with OES
and with other mid-sized aperture telescope facilities and
determined the mass and radius of the Brown dwarf TOI-503b.
The apparent brightness of TOI-503 is Vmag=9.40 and
typically the exposures with OES were about 2700 s long.

It is worth to compare OES performance with similar class
instrumentation on similar aperture telescopes, therefore, we chose
a representative sample consisting of SOPHIE, HERMES and
Tautenburg spectrographs. The spectrograph SOPHIE at 1.93m
telescope at Observatoire de Haute Provence has two modes with
RR=40,000 and with RE=75,000 with wavelength range
coverage of 387–694 nm. The difference to OES is that SOPHIE
is a fiber fed spectrograph located in the thermally controlled
chamber. The performance of SOPHIE for RV accuracies is down
to 50 cm s−1 short term and about 3–4m s−1 in a month Perruchot
et al. (2011), Bouchy et al. (2013).

HERMES at 1.2m Mercator telescope at La Palma, Spain,
is a fiber fed spectrograph with spectral resolving power of
R=85,000. HERMES is located in thermally well controlled
room, therefore the RV accuracies are around 2m s−1 (Raskin
et al. 2011). The Tautenburg Échelle Spectrograph (TLS) is
mounted at 2m Alfred Jensch telescope in Thuringia, Germany.
The spectral resolving power R=67,000 and the reported best
accuracy in RVs is about 1.7 m s−1 for a very bright star β Gem
(Hatzes et al. 2006). However, the measurements were taken with
an Iodine cell. OES is not thermally stabilized as SOPHIE and
HERMES and it is not a fiber fed spectrograph, therefore, it is
only directly comparable with TLS. The accuracy of OES without
Iodine cell is a factor 1.2–1.5 worse than TLS (as seen in e.g.,
Subjak et al. 2019, Figure 5). This is given by the optical design
of OES with not optimal camera objective. However, OES was
planned as a spectrograph for stellar physics of hot Be stars and
not for precise radial velocity measurements. The strengths of
OES are joint observing with TLS and the availability of the
telescope time. In light of our science verification results and
due to need to use the OES for exoplanetary science, upgrades
of the OES, especially thermal stability and the optical design

(objective exchange) can be planned in future to improve OES
performance.
Finally, we plan to install a new échelle spectrograph,

PLATOSpec, at ESO La Silla 1.52m telescope, which will be
fully dedicated to TESS and PLATO ground-based follow-up
observations and which should become operational in 2022.
Combined facilities at Ondrějov, Tautenburg and La Silla will be
a powerful team to perform a ground-based support observations
for future exoplanetary space missions from both hemispheres.
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