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The PDS 110 observing campaign – photometric and spectroscopic
observations reveal eclipses are aperiodic
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ABSTRACT
PDS 110 is a young disc-hosting star in the Orion OB1A association. Two dimming events of
similar depth and duration were seen in 2008 (WASP) and 2011 (KELT), consistent with an
object in a closed periodic orbit. In this paper, we present data from a ground-based observing
campaign designed to measure the star both photometrically and spectroscopically during the
time of predicted eclipse in 2017 September. Despite high-quality photometry, the predicted
eclipse did not occur, although coherent structure is present suggesting variable amounts of
stellar flux or dust obscuration. We also searched for radial velocity (RV) oscillations caused
by any hypothetical companion and can rule out close binaries to 0.1Ms. A search of Sonneberg
plate archive data also enabled us to extend the photometric baseline of this star back more
than 50 yr, and similarly does not re-detect any deep eclipses. Taken together, they suggest
that the eclipses seen in WASP and KELT photometry were due to aperiodic events. It would
seem that PDS 110 undergoes stochastic dimmings that are shallower and of shorter duration
than those of UX Ori variables, but may have a similar mechanism.

Key words: protoplanetary discs – stars: individual:PDS 110 – stars: variables: T Tauri, Her-
big Ae/Be.
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1 INTRODUCTION

In the process of planet formation, a circumstellar disc is formed
around a star. This circumstellar disc, and the subsequent formation
of protoplanetary cores, can be probed and studied by direct
imaging, but also through photometric observations of young stars.

C© 2019 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/485/2/1614/5304181 by U
niversity of Southern Q

ueensland user on 03 M
arch 2022

http://orcid.org/0000-0002-4047-4724
http://orcid.org/0000-0002-7064-8270
http://orcid.org/0000-0001-6391-9266
http://orcid.org/0000-0001-6831-7547
http://orcid.org/0000-0002-0794-6339
http://orcid.org/0000-0002-3164-9086
http://orcid.org/0000-0002-4939-013X
http://orcid.org/0000-0001-6604-5533
http://orcid.org/0000-0002-4901-3289
http://orcid.org/0000-0003-1452-2240
mailto:hugh.osborn@lam.fr


The PDS 110 observing campaign 1615

Protoplanetary cores subsequently draw matter from the circum-
stellar disc, potentially forming a circumplanetary disc that fills a
significant fraction of the Hill sphere of the planet (e.g. see reviews
by Armitage 2011; Kley & Nelson 2012), which accretes either on
to the exoplanet, into exo-moons, or possibly exo-rings (Canup &
Ward 2002; Magni & Coradini 2004; Ward & Canup 2010). Such
objects can also be probed through either direct imaging of young
planets (e.g. Ginski et al. 2018; Vanderburg, Rappaport & Mayo
2018), or through photometric observations as they transit their
host star (e.g. Heising, Marcy & Schlichting 2015; Aizawa et al.
2018; Teachey, Kipping & Schmitt 2018). One such candidate is the
young star 2MASS J14074792-3945427 (‘J1407’) that underwent
a complex eclipse two months in duration that was interpreted as
the transit of a highly structured ring system filling the Hill sphere
(Mamajek et al. 2012; Kenworthy & Mamajek 2015). In the case
of planetary companions, transit photometry and spectroscopy of
such a Hill sphere system provide the opportunity to probe both the
spatial and chemical composition of a circumplanetary disc during
planetary formation.

Alternatively, circumstellar material can also periodically eclipse
young stars, allowing us to probe stochastic processes in protoplan-
etary discs. Many young stars have been observed to display such
‘dipper’ behaviour (Bouvier et al. 1999; Cody & Hillenbrand 2014;
Ansdell et al. 2016, 2018, etc.), and proposed explanations include
the transit of accretion streams (Bouvier et al. 1999), material from
asteroid collisions (Kennedy et al. 2017), coalescing circumstellar
dust clumps (Rodriguez et al. 2013), etc.

PDS 110 (HD 290380) is a young (∼11 Myr old) T-Tauri star
in the Orion OB1 Association that showed two extended (2 week)
eclipses (30 per cent) in 2008 and 2011, separated by a delay of
808 d. An analysis by Osborn et al. (2017) of all known photometry
was consistent with an unseen companion in a periodic orbit of
808 d with a predicted 3-week long eclipse occurring around 2017
September, although aperiodic UX Ori-like dimmings could not be
ruled out. If periodic, the resulting ephemeris predicted two eclipses
to have already occurred (in 2013 and 2015), however, due to the
unfavourable placement of PDS 110 during this season, they were
not observed by any photometric survey. An observable eclipse was
predicted at HJD = 2458015.5 ± 10 (1σ region 2017 Sept 9–30 )
with a full width at half-maximum of 7 ± 2 d.

In Section 2, we present photometry from a coordinated
campaign1 to provide high cadence photometric measurements
during the period from 2017 August into early 2018.2

In Section 3, we detail further high-resolution spectroscopic
observations obtained with TRES at the Whipple Observatory, and
UVES on the VLT. In Section 4, we detail the analysis of nearly
40 yr of photographic plates carrying out an archival search for other
eclipse events. With Section 5 and in the Conclusions, we speculate
what caused the observed eclipses and suggest future observations
of PDS 110.

2 2017 PHOTOMETRIC OBSERVATIONS

Photometric observations were taken by 11 professional obser-
vatories, with dozens more professional and amateur observers
contributing through AAVSO. These spanned 10 different optical
filters including SDSS ugriz and Cousins BVRI filters, as well as
the broad-band NGTS filter. The majority of observations began

1Co-ordinated at http://pds110.hughosborn.co.uk.
2All photometry of PDS110 is available as supplementary material.

around 2457 980 (2017 August 15) and finished once the time of
predicted eclipse had past (2458 090, or 2017 December 3). These
are summarized in Fig. 1. Some observations (from NGTS and
AAVSO) continued into 2018, with a small part of that extended
time frame shown in Fig. 3.

In the following section, we briefly summarize the observations
of each contributing observatory.

2.1 Contributing observatories

2.1.1 Las Cumbres Observatory

Las Cumbres Observatory (LCOGT) is a global network of robotic
telescopes perfectly suited to the continuous, median-cadence
observations required to detect long-duration dimmings of young
stars. Under the proposal ‘Characterization of the eclipsing body
orbiting young star PDS 110’ (LCO2017AB-003), we were granted
35 hr of time on the 0.4 m network. This consists of 10 identical
0.4 m Meade telescopes at six LCOGT observatory nodes: Siding
Spring Observatory in Australia, Teide Observatory on Tenerife,
McDonald Observatory in Texas, Cerro Tololo in Chile, South
African Astronomical Observatory (SAAO) in Sutherland, South
Africa, and Haleakala Observatory in Hawai’i. These have a
2000 × 3000 SBIG STX6303 camera with a 14-position filter
wheel including Sloan u

′
g

′
r

′
i

′
z

′
, and Johnson/Cousins V and B.

We primarily used 0.4 m time to observe in Sloan g
′
r

′
i

′
z

′
.

We were also assisted in these efforts by the observing cam-
paign ‘Time-Domain Observations of Young Stellar Objects’
(STA2017AB-002, PI: Aleks Scholz), which contributed 10 hr of
time on the 1 m LCOGT network. This includes telescopes at
McDonald Observatory, Cerro Tololo, SAAO, and Siding Spring
Observatory. These have a 4k × 4k Sinistro camera and 24 filter
options including Johnson/Cousins UBVRI and Sloan u

′
g

′
r

′
i

′
. We

primarily used the 1 m time to observe PDS 110 in Johnson/Cousins
BVRI and Sloan u (where PDS 110 is faintest).

In both 1 m and 0.4 m time, we took observing blocks of three
images in each filter around three times per day, with exposure
times adjusted to achieve signal-to-noise ratio (SNR) ≈ 200. The
data were accessed via the online observing portal, and the images
and calibration files downloaded. AstroImageJ was then used to
perform the calibrations and the reference photometry using the
reference stars provided by AAVSO.

2.1.2 AAVSO

AAVSO is an international organization designed to connect any ob-
servers capable of high-quality photometric observations (including
amateurs) with astronomical projects, which require observations
(Kafka 2016). An AAVSO Alert notice was released to observers
(alert 584, Waagen 2017),3 which included a list of comparison
stars, and more than 30 observers submitted observations during
the campaign.

2.1.3 NITES, La Palma

The Near Infra-red Transiting ExoplanetS (NITES) telescope is
a 0.4 m, f/10 Meade telescope located at the Observatorio del
Roque de los Muchachos on La Palma, and equipped with an e2v,
1024 × 1024 CCD with an FoV of 11.3 × 11.3 arcmin (McCormac

3https://www.aavso.org/aavso-alert-notice-584
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Figure 1. Photometry of PDS 110 from JD = 2457 960 to 2458 090, or 2017 July 25 to 2017 December 2. Telescopes used are shown using marker shape, while
filters are shown by colour and flux offset (with blue to red from bottom to top). ugriz filters correspond to Sloan primed bandpasses. UBVRI are Johnson/Cousins.
Epochs of spectroscopic observations are shown at the base of the plot as vertical (VLT/UVES) and horizontal (TRES) lines. The transparency is dictated by
the SNR, with points with large error bars made fainter. The filled vertical region shows the predicted time of central eclipse from Osborn et al. (2017) with
the boundary corresponding to 1σ uncertainties. Some observations continued into 2018 and are shown in Fig. 3.

MNRAS 485, 1614–1625 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/485/2/1614/5304181 by U
niversity of Southern Q

ueensland user on 03 M
arch 2022



The PDS 110 observing campaign 1617

et al. 2014). NITES observed PDS 110 in four filters (Johnson BVRI)
during 7seven nights between JD = 2457 999 and JD = 2458 011.
The McCormac et al. (2013) ‘DONUTS’ system enabled accurate
autoguiding.

2.1.4 STELLA, Tenerife

STELLA is composed of two 1.2 m robotic telescopes at the Izana
Observatory on Tenerife, Spain (Strassmeier et al. 2004), which
focuses on long-term photometric and spectroscopic monitoring of
stellar activity (e.g. Mallonn et al. 2018). The wide-field imager,
WiFSIP, has a 22 × 22 arcmin FoV and took observations of
PDS 110 four times per night in B, V, and I filters (Johnson) with
exposure times of 20, 12, and 10 s. We obtained data on 38 nights
from 2017 August to October. The data reduction and extraction of
the differential photometry of the target followed the description
in Mallonn et al. (2018). We used SExtractor for aperture
photometry and employed the same comparison stars for the three
broad-band filters.

2.1.5 NGTS, Chile

Next-Generation Transit Survey (NGTS) is composed of 12 × 20 cm
telescopes, each observing 8.1 deg2 (2.8 × 2.8 deg2) of the sky
with a wide-band filter (from 520 to 890 nm) and a 2048 × 2048
deep-depleted CCD. Its primary goal is to achieve mmag-precision
photometry in order to search for transiting exoplanets (Wheatley
et al. 2018). Between Julian dates 2457 997 and 2458 199, PDS 110
was included in one of the NGTS survey fields and continuously
observed by a single camera while above 30◦ elevation. A of total
of 95 nights of data were collected, with a typical hourly RMS
below 1 per cent. The raw 10 s NGTS frames were processed using a
custom reduction pipeline (Chote, in preparation) to extract aperture
photometry using several nearby comparison stars. The data were
binned to 1 hr bins before being included with the other photometric
data here.

2.1.6 CAHA 1.23m, Calar Alto

Remote observations enabled 251 images of PDS 110 to be taken
from the Calar Alto 1.23 m telescope. This robotic telescope has a
DLR Mk3 CCD, which observed in BVRI Johnson filters. Aperture
photometry was performed with DEFOT (see Southworth et al.
2009, 2014) for PDS 110 with three comparison stars providing
relative photometry.

2.1.7 ASAS-SN

The All Sky Automated Survey for SuperNovae (ASAS-SN;
Shappee et al. 2014; Kochanek et al. 2017) is a 20-unit network
of wide-field telescopes designed to survey the entire sky in ugriz
g magnitude down to magnitude 17 each night, with the primary
goal of rapidly detecting supernovae. We accessed ASAS-SN data
of PDS 110 data from the Sky Patrol search page.4

4https://asas-sn.osu.edu/

2.1.8 FEG, Sao Paulo

Observations were carried out with a 16-in Meade LX200 telescope
and a Merlin EM247 camera, with V-band filter and exposure time
of 5 s. Useful data were acquired between 2017 September 2 and
29, totaling 5397 images in 14 nights.

Each one of the 660 × 498 pixels frames was calibrated by bias
subtraction and flat-field correction. The fluxes of the target and
nearby stars were determined from each image through aperture
photometry taking advantage of the routines provided by the
IDL Astronomy Library. The magnitude was calculated using the
comparison stars provided by AAVSO (usually 000-BMH-803),
with an error of 0.01 mag.

To determine the time evolution of the magnitude, the data were
averaged every 36 images (3 min cadence), avoiding any spurious
variation due to instrumental or meteorological effects.

2.1.9 TJO, Montsec Astronomical Observatory

PDS 110 was observed with the Joan Oró robotic 0.8 m telescope
(TJO) at the Montsec Astronomical Observatory in Catalonia. The
TJO is equipped with Johnson/Cousins UBVRI filters and an e2v
2k × 2k CCD with an FoV of 12.3 × 12.3 arcmin. Johnson B
and I filters were used and several observing blocks per night
with five exposures each were configured. The exposure times
for each filter were adjusted in order to achieve SNR ≈ 300. The
images were reduced using the ICAT reduction pipeline at the TJO
(Colome & Ribas 2006) and differential photometry was extracted
using AstroImageJ. The final TJO data set contains 255 and 225
data points in the B and I filters, respectively, taken in 20 different
nights between September 5 and October 9.

2.1.10 pt5m, La Palma

pt5m is a 0.5 m robotic telescope located at the Roque de los
Muchachos Observatory, La Palma (Hardy et al. 2015). It observed
PDS 110 on 21 separate nights between JD = 2457 993 and
2458 015 in Johnson B, V, and R filters. Astrometry was performed
automatically on all images by cross-matching detected sources
against the 2MASS point-source catalog. Instrumental magnitudes
were calculated for all detected objects in the images using SEx-
tractor. Instrumental magnitudes for the B and V observations
were calculated using zero-points derived by cross-matching against
the APASS (AAVSO Photometric All-Sky Survey) catalogue, whilst
a cross-match against catalogued SDSS-r

′
magnitudes gave a zero-

point for the R-band images. No colour terms were applied.

2.1.11 SAAO

The SAAO 1 m was used on two nights to observe PDS 110 in three
bands using a Sutherland high-speed optical camera (Coppejans
et al. 2013). However, the small field of view (2.85 × 2.85 arcmin)
made reference stars difficult, and the reduction required the use of
measurements submitted by other observatories for calibration. The
high-cadence data (cadence from 0.7 to 10 s) allowed a search for
short-period oscillations (P < 3d−1), however, none were detected.
The data were binned with a weighted mean to 7.2-min bins before
being included in the ensemble analysis.
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2.1.12 UCL Observatory

PDS 110 was observed on 11 separate nights between JD 2457 996
and 2458 165 from the University College London Observatory
(UCLO), located in Mill Hill, London. A fully robotic 0.35-m
Schmidt Cassegrain was used with an SBIG STL-6303E CCD
camera. Observations were taken in Astrodon Rc and Ic (Cousins)
filters (for more observing details, see Fossey, Waldmann & Kipping
2009). Typically, 10–30 exposures of 20 s were obtained in each
filter on each night; differential photometry relative to an ensemble
of nearby comparison stars yielded a total of 230 measurements in
Rc and 150 in Ic, binned to provide average relative fluxes on nine
nights for each filter.

2.2 Photometric ensemble analysis

With any observing campaign involving the inclusion of photometry
between multiple observatories across multiple filters, the pooling
and comparison of data are a difficult task. Each observer introduces
their own systematics, including most visibly an offset in the mag-
nitude or normalized flux level. This is despite, in some cases, using
identical filters and the same comparison stars.5 In the case of our
PDS 110 campaign, however, the precise magnitude measurements
are not as important as the relative change overtime. Therefore,
we applied an offset to each light curve to enable comparisons
between them, using the long baseline and high accuracy of the
LCOGT photometry as a guide. In the case where light curves were
provided with normalized flux, we converted these to differential
magnitudes taking the archival magnitude as the whole light-curve
flux median before assessing the offsets.

The potential low-level variability of PDS 110 and the large
variations in observation cadence between observations mean that
simply adjusting the medians of data in a certain region is not ideal.
Instead, we developed a minimization process that computes the
sum of the magnitude difference between each point on one light
curve and each point on another (ya,i−yb,j in equation (1) where y is
magnitude and a and b represent two photometry sources). This is
then weighted for the time separation between those points (xa,i−xb,j

in equation (1), where x is time in days). In an effort to remove the
influence of a structured light curve combined with irregular time
sampling, we weighted the magnitude difference between points by
the absolute time difference between them, scaled using a squared
exponential and a length-scale (l) of 4 d. The minimization function
(fmin) is defined in equation (2.2):

fmin =
Na∑

i=1

Nb∑

j=1

(
ya,i − (yb,j + �m)

)2

σ 2
a,i + σ 2

b,j

exp
−(xa,i − xb,j )2)

2l2
. (1)

Bootstrapping was performed to assess the increase in errors due
to this method, which were added in quadrature to the flux of the
adjusted points. This procedure was then performed iteratively on
each data set in each filter until the offsets converged, with the
exception of our LCOGT data (and CAHA data in I band), which
we held as a fixed reference light curve. The result is a magnitude
offset (�m) and uncertainty for each filter, and for each telescope.
NGTS data were not minimized in this way as it observed in a
unique broad-band filter.

The computed offsets for each telescope, which have been
converted to relative flux to match the light curves presented in
the following figures, are shown in Table A1 and A2. They show

5Provided by AAVSO

Figure 2. Photometry of PDS 110 binned into 0.333 d time bins for each
filter and spanning the same time period as Fig. 1. The combined light curve
for all filters is shown above in grey.

good agreement for the B and V band, but large negative shifts in
relative flux for R and I, suggesting a disagreement between the
historic R- (Zacharias et al. 2003) and I-band values (Epchtein et al.
1994), which the baseline LCOGT data were adjusted to. However,
as we are focused on the change in time, these variations are unlikely
to cause significantly increased systematics.

Full photometry for PDS 110 during the campaign is shown in
Fig. 1. We also release all data publicly as supplementary material
to this publication.

2.3 Observed candidate dimming events

Two significant dimming events were observed, although their
occurrences are inconsistent with the prediction from previous
dimmings, in terms of both timing and depth. The first was before
the predicted time of eclipse at JD ∼ 2457 996 in all bands (visible
in the binned photometry in Fig. 2). It lasted less than 1 d and saw
flux dip by only ∼5 per cent, so does not resemble the previously
reported events.

A second dimming event was seen after the official end of the
campaign in 2018 with a centre at JD = 2458 186 (see Fig. 3).
Similarly, its shape is for the most part inconsistent with the
previously observed dimmings – it is both far weaker and of
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