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ABSTRACT

Context. The star HD 139139 (a.k.a. ‘the Random Transiter’) is a star that exhibited enigmatic transit-like features with no apparent
periodicity in K2 data. The shallow depth of the events (~200 ppm — equivalent to transiting objects with radii of ~1.5 R in front of a
Sun-like star) and their non-periodicity constitute a challenge for the photometric follow-up of this star.

Aims. The goal of this study is to confirm with independent measurements the presence of shallow, non-periodic transit-like features
on this object.

Methods. We performed observations with CHEOPS for a total accumulated time of 12.75 days, distributed in visits of roughly 20 h
in two observing campaigns in years 2021 and 2022. The precision of the data is sufficient to detect 150 ppm features with durations
longer than 1.5 h. We used the duration and times of the events seen in the K2 curve to estimate how many events should have been
detected in our campaigns, under the assumption that their behaviour during the CHEOPS observations would be the same as in the
K2 data of 2017.

Results. We do not detect events with depths larger than 150 ppm in our data set. If the frequency, depth, and duration of the events
were the same as in the K2 campaign, we estimate the probability of having missed all events due to our limited observing window
would be 4.8%.

Conclusions. We suggest three different scenarios to explain our results: 1) Our observing window was not long enough, and the
events were missed with the estimated 4.8% probability. 2) The events recorded in the K2 observations were time critical, and the
mechanism producing them was either not active in the 2021 and 2022 campaigns or created shallower events under our detectability
level. 3) The enigmatic events in the K2 data are the result of an unidentified and infrequent instrumental noise in the original data set

or its data treatment.

Key words. stars: peculiar — planets and satellites: detection — techniques: photometric

1. Introduction

Thanks to the high precision photometry obtained over hun-
dreds of days with space missions such as Kepler/K2 (Borucki
et al. 2010; Howell et al. 2014) or TESS (Ricker et al. 2015), a
few objects have been observed to exhibit behaviours requiring
novel explanations (Boyajian et al. 2016; Rappaport et al. 2019b).

*Raw and de-trended light curves used in this work are avail-
able at the CDS via anonymous ftp to cdsarc.cds.unistra.fr
(130.79.128.5) or via https://cdsarc.cds.unistra.fr/
viz-bin/cat/J1/A+A/680/A78

** This study uses CHEOPS data obtained as part of the Guaranteed
Time Observation (GTO) programme CH_PR110046.

One of the most intriguing cases, HD 139139 (Rappaport et al.
2019a), was observed during K2 Campaign 15 (August 23 to
November 20, 2017), displaying a series of 28 transit-like events
with shallow depths on the order of 200 ppm and no apparent
periodicity during the 87 days of continuous observation. The
duration and depth of the transits were different at each event,
ranging from 0.7 to 8.2h and 67 to 408 ppm, respectively. The
star shows a 2.7 mag fainter (in Ggp) companion at an apparent
separation of 3.3”, which is probably physically bound, but it
is not clear which star displayed the transit-like events. Among
the different scenarios studied in the discovery paper, none was
entirely satisfactory. The possible investigated explanations in
Rappaport et al. (2019a) included planetary transits in a multi-
ple system, planets orbiting the two stars, a system comprised of
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Table 1. Observing log of the CHEOPS visits used in this work.

id ObsID File Key Start date Obs. efficiency  Visit duration
# (UTC) (%) (b

1 1461054 CH_PR110046_TG000401_V0300 2021-05-01T11:05:38 94.1 19.49
2 1490422 CH_PR110046_TG000501_V0300 2021-05-11T07:50:18 91.3 19.63
3 1489399 CH_PR110046_TG000601_V0300 2021-05-12T14:21:18 91.3 19.63
4 1495676 CH_PR110046_TG000602_V0300 2021-05-17T09:31:17 88.6 19.43
5 1506007 CH_PR110046_TG000701_V0300 2021-06-02T19:06:18 71.9 19.63
6 1502884 CH_PR110046_TG000603_V0300 2021-06-06T22:24:19 72.0 19.63
7 1509091 CH_PR110046_TG000801_V0300 2021-06-08T17:10:18 68.5 22.91
8 1512500 CH_PR110046_TG000901_V0300 2021-06-13T18:33:16 60.6 26.05
9 1783271 CH_PR110046_TG001001_V0300 2022-04-14T02:10:38 71.1 19.43
10 1792614  CH_PR110046_TGO001101_V0300 2022-04-27T12:48:40 93.0 19.63
11 1791182  CH_PR110046_TG001201_V0300 2022-04-28T22:19:37 94.1 19.53
12 1797193  CH_PR110046_TG001202_V0300 2022-05-07T12:30:38 91.8 22.18
13 1795741  CH_PR110046_TG001301_V0300 2022-05-09T05:31:39 90.0 19.63
14 1804287 CH_PR110046_TG001501_V0300 2022-05-20T16:53:39 78.1 19.63
15 1808521 CH_PR110046_TG001502_V0300 2022-05-22T10:37:17 80.0 19.63

only a few planets with huge transit timing variations (TTVs),
a disintegrating planet, dust-emitting asteroids, S- and P-type
planets around binary systems, dipper-like activity, or multiple
short-lived star spots. Schneider (2019a) suggested the possibil-
ity of one or a few moons with inclined orbits with respect to
the orbital plane of a non-transiting planet. This scenario was
excluded with a few radial velocity data points that are stable to
the 10 ms~! level (Schneider 2019b), and in that work, three new
scenarios were proposed: a belt of eccentric transiters, transits
by interstellar objects, or transits by Solar System objects. Due
to its enigmatic nature, HD 139139 triggered a radio search for
technosignatures using the Green Bank Telescope, resulting in a
null detection (Brzycki et al. 2019).

Another explored possibility in the original paper was that
the K2 data suffered from some instrumental effect. Thus,
a thorough investigation was performed in order to discard
potential instrumental effects, including rolling bands, electronic
crosstalk, centroid motion analysis during the dips, and back-
ground sources. A sophisticated difference image analysis was
consistent with a source of the events located close to the target
star, but the saturation and bleeding of the columns in the K2
data complicated the analysis of these images (J. Jenkins, priv.
comm.).

The very shallow depths of the transits and their non-
periodicity make any ground-based follow-up currently unfea-
sible. Due to its location near the ecliptic plane, HD 139139
has not been observed with TESS, and it is not scheduled to be
observed until at least Sector 86 (October 2024). With the K2
mission now over and the high oversubscription factors of larger
space telescopes, there has been no independent confirmation of
the intriguing events observed with K2 (‘Extraordinary claims
require extraordinary evidence’, C. Sagan). We describe in this
paper our attempt to use the CHaracterising ExOPlanet Satel-
lite (CHEOPS; Benz et al. 2021) to perform such independent
confirmation of the transit-like features on HD 139139.

2. Observations

CHEOPS is the European Space Agency’s first S-class mis-
sion, and its payload consisted of an optical telescope with an
aperture of 30 cm. This telescope is now orbiting on a Sun-
synchronous low-Earth orbit at an altitude of 700 km. The design

A78, page 2 of 7

of the observing strategy was a challenge due to the duration of
the events displayed in the K2 curve, lasting between 0.7 and
8.2h, as well as their intrinsic non-predictability. While a sin-
gle long visit with a duration of several days is possible using
CHEORPS, it would have a non-negligible impact in the other
GTO programmes. Moreover, as our aim is to confirm the ‘ran-
dom transiter’ behaviour of HD 139139 with an independent
instrument, detecting a single event with similar characteristics
as those observed in the K2 light curve would suffice for our
purpose. If one such event were to be detected at the begin-
ning of a long CHEOPS visit, it would render the observations
obtained during the rest of the visit redundant. To avoid this,
we adopted the strategy of scheduling one or two weekly vis-
its of 12 continuous orbits each (a duration of about 20 h) at
random times when the visibility of the target from CHEOPS
was high. The duration of the individual visits would allow for
the detection of individual events, and should one be detected,
the programme would be stopped, as its main goal would be
reached. In case of non-detection of events, we would schedule
additional visits (the scheduling at CHEOPS is planned weekly,
in nominal conditions) until a total integrated time that allows for
a comparison with the K2 light curve was reached. This strategy
was followed during two campaigns, one in 2021 and another in
2022. The exposure time was 60 s, as recommended for this G =
9.56 star. A summary of the observations and their identifiers are
presented in Table 1.

In total, an accumulated time of 6.93 days was acquired in
eight visits of roughly 20 h duration in the 2021 campaign, which
spanned 44.4 days. The 2022 campaign observed HD 139139 in
seven additional visits, accumulating a time of 5.82 days dis-
tributed over 39.1 days. The time gap between the 2021 and
2022 campaigns, due to the visibility constraints of CHEOPS,
was 303 days.

3. Analysis

The data were processed using the CHEOPS Data Reduction
Pipeline (DRP; Hoyer et al. 2020), version 14.0. In short, the
DRP performs an instrumental calibration (bias, gain, linearisa-
tion, and flat-fielding correction) and environmental correction
(cosmic ray hits, background, and smearing correction) before



Alonso, R, et al.: A&A, 680, A78 (2023)

2021 Campaign

1.00021
§ + 2 . 4
“—__ ﬂs +“ H ' t’j 113 {i
e 11 3 1 : - ] }
o fe b $ } i .
=

0.9998

340 350 360 370 380
2022 Campaign

1.00021
>
< ’ W W N it
S ; 4 . o
=

0.9998 -

685 690 695 700 705 710 715 720

BJD - 2459000

Fig. 1. Light curves of HD 139139 in the two campaigns observed with CHEOPS. The individual exposures have been de-trended against different
vectors using pycheops (see text for details) and binned to 29 min (grey dots) and one orbit (98.77 min, black dots) for display purposes. The blue
horizontal lines represent our detectability limit of 150 ppm, which is smaller than the typical depth of the events detected in K2 data. No points in
the one-orbit binned data lie beyond these lines, which we conservatively set as our detectability limit.

extracting the photometric signal of the target in various aper-
tures. After several tests with the different delivered apertures,
we selected the R25 (with a radius of 25 px) as the one produc-
ing the most precise curves, using the standard deviation of the
final curve as a metric. Due to the defocused PSF and the selected
radius, the nearby companion of HD 139139 was also included
in the photometric aperture. We performed several attempts of
using PSF photometry with the PIPE tool!, but did not obtain
better results than the DRP versions. This could be due to the
particular configuration of the system, as the nearby contami-
nant is partially resolved in the images, and it might be confused
with PSF distortions by the pipeline. In the regular CHEOPS
operations, the location of the sub-window of the CCD that is
downlinked is selected as a result of several monitoring and char-
acterisation (M&C) visits designed to track the evolution of the
instrument. Several factors are taken into account, including PSF
shape, dark current, and the location of hot pixels with respect
to the PSF. In a few instances, as a result of these observations,
the location of the sub-window was changed?®. For our observa-
tions, the location of the sub-window in each yearly campaign
remained constant, but there was a change between the 2021
and 2022 campaigns of 11 px and 2 px in the X and Y coor-
dinates of the detector, respectively. Despite this change, the
noise properties of the data obtained in the two campaigns are
comparable.

! https://github.com/alphapsa/PIPE
2 https://www.cosmos.esa.int/web/cheops-guest-
observers-programme/in-orbit-updates

We corrected the DRP data of the remaining systematic
effects using the pycheops set of tools (Maxted et al. 2022),
version 1.1.0. For the sake of homogeneity, we analysed each
visit individually using the same de-correlation vectors for all
the visits. The raw curves were o clipped with clip_outliers
by first using a threshold of 40~ and on a second iteration (after
removal of the most obvious outliers and re-determination of the
mean absolute deviation) by using a more conservative thresh-
old of 60. We masked the data points with background levels
above 0.1 e, as these were increasing the final dispersion of the
curves. Next, the curves were de-correlated against 13 vectors:
linear and quadratic terms in time, X and Y positions in the
detector, linear terms in background flux, contamination, smear,
sing, cosg, sin2¢, and cos2¢, where ¢ is the satellite’s orbital
phase. As the typical duration of any event in the K2 light curve
was shorter than one CHEOPS visit, which is composed of a
minimum of 12 orbits, this correction will have a negligible
effect on their detectability. We tested an alternative method
to the de-trending described above that models the PSF shape
changes using the singular value decomposition of its autocor-
relation function, as described in Wilson et al. (2022), but for
this particular case, we did not obtain better results than with
the pycheops de-trended curves, an outcome which is proba-
bly also related to the effects of the partially resolved nearby
contaminant.

For display purposes, we computed a version in which the
data were averaged over one satellite orbit in order to min-
imise any potential remaining effects at the orbital period. The
final light curve is displayed in Fig. 1. The blue horizontal

A78, page 3 of 7


https://github.com/alphapsa/PIPE
https://www.cosmos.esa.int/web/cheops-guest-observers-programme/in-orbit-updates
https://www.cosmos.esa.int/web/cheops-guest-observers-programme/in-orbit-updates

Alonso, R, et al.: A&A, 680, A78 (2023)

450
1.002 %
400
3 1.000 350
[V
’ 300
0.998 = %
‘ ‘ ‘ S 250 * o HH
0 2 4 6 8 10 12 et HH E
£ 1.50 h 2.50 h 6.00 h 4%200
g 200 " 3 . a . ,_P
i L N ! 150 H
I |
8 100 100 1]
(S}
g \NVWWMfWM
L 50; 501
e
m 0 ‘ . : ‘ 0+ : ‘
0 2 4 6 8 10 12 0 2 4 6 8

Time (d)

Duration (h)

Fig. 2. Establishing the transit-like detectability limits of the CHEOPS observations. The upper-left panel shows the 15 CHEOPS visits stitched
together with the original 1 min cadence. From this curve, we estimate the 3-0- detectability levels for transits of different durations, as shown in
the lower-left panel for a sample of three transit durations. The panel on the right shows the duration and depth of the features reported in the
original K2 data (black dots with error bars) and the mean value of the 3-o detectability for different transit durations (red dots and connecting
lines). The error bars of the red dots represent the standard deviation of the 3-o detectability curves for each sampled duration. The blue and purple
lines represent our selected thresholds for the depth (150 ppm) and duration (1.5 h) of the events that would have been clearly detected in our data.
The upper-right quadrant of this panel contains the 16 K2 events that are used to estimate the observation window of our data and to produce the

histogram shown in Fig. 3.

lines in the figure encompass a 150 ppm dimming or bright-
ening. There are no one-orbit binned data points beyond these
lines in any of the two campaigns, and we conservatively set
this as a first threshold for the detection of transit-like events,
with a duration of 1.25 CHEOPS orbits or more (~2 h), in our
data set.

We also constructed versions of the light curves binned to the
same cadence as the K2 data (i.e. ~29 min). As a measure of the
obtained precision, the standard deviation of this light curve is
78 ppm, which is higher than the K2 data by a factor of approx-
imately three. This 29 min cadence light curve is also shown as
grey points in Fig. 1. The number of points beyond our thresh-
old of 150 ppm from unity is comparable both below the lower
threshold and above the upper threshold, in agreement with the
expectations from a constant curve. We also note that there are
no consecutive 29 min data points lying beyond our 150 ppm
threshold.

Finally, we built a 1 min cadence light curve (i.e. the orig-
inal cadence), placing the different visits one after the other as
if the observations had been performed continuously, with the
goal being to better establish the detectability limits. A small
gap of 20 min between the visits was included to mimic the
effect of the orbital interruptions. The transit_noise_plot
tool of pycheops was used to calculate the noise levels pro-
ducing 1o detections of transit features for different durations
spanning the interval of 0.9 to 8 h. We used the ‘scaled’ method,
in which the transit depth and its standard error are calculated
assuming that the true standard errors on the flux measurements
are a factor f times the nominal standard error provided by the
pipeline. For all the calculated transit durations, this factor was
on the order of 1.20 (showing a linear increase from 1.18 for a
0.9 h transit duration to 1.21 for a 8 h duration). The resulting
limits at the 3 o level are presented in Fig. 2. Based on these
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limits, we set two (conservative) constraints to our detectabil-
ity levels: 150 ppm in transit depth and 1.5 h in total duration’.
With these levels, there are 16 features in the K2 data set that fall
safely above the detectability limits. These features were used
to estimate the probability of having missed events due to our
observing window.

4. Comparison to K2 events

The light curves of both campaigns of CHEOPS data do not
show any clear detection of transit-like features similar to those
seen in the K2 data. In response to this outcome, we sought
to establish whether there is a significant probability of this
to happen due not observing long enough or because we were
unluckily observing at times when no events were happening.
Due to the intrinsic non-predictability of the events and their dif-
ferent individual duration and depths, this was a non-trivial task.
Our approach was to replicate a simplified version of the K2 light
curve with random starting points for each of the campaigns. The
starting points were selected between 7y + Ar — 87 and 7y, where
to is the time of the first point in one CHEOPS campaign, At is
the time span of the observations of one campaign, and 87 days
represents the duration of the K2 observations. With these limits,
we were assured that a fraction of the K2 light curve was sam-
pled entirely in the At of each of the CHEOPS campaigns, which
span roughly half the duration of the K2 data.

The central times, duration, and depth of the events con-
tain all the needed information from the K2 light curve for our
purpose. For a given starting point, we considered one event as

3 There are a few points in the 3-o detectability curve of the 1.5 h tran-
sit duration above the 150 ppm threshold, but these take place mostly at
the intersections between visits.
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Fig. 3. Histogram of the number of events detected in our observation
window, under the assumptions that they share the properties of the ones
detected in Rappaport et al. (2019a). From the number of times no events
were detected, we estimate the probability of having missed all events
in our data set due to our limited observing time to be 4.8%. In this plot,
only the K2 features with depths larger than 150 ppm and durations
longer than 1.5 h have been considered.

being detected in the CHEOPS data if the number of points (in
the 1 min cadence) between the beginning and the end of the
event was at least the equivalent to 1.5 h multiplied by the mean
observing efficiency of the visits, which is 82.4%. We assumed
we were only sensitive to the 16 events in K2 that are both deeper
than 150 ppm and longer than 1.5 h, according to the previous
results.

We simulated 10000 curves with random starting points
and counted the number of events that were detected with the
assumptions above. The result is summarised in the form of a
histogram displayed in Fig. 3, and we can estimate the probabil-
ity to have missed all the events in our observing window as the
fraction of times there were no detected events in our simulated
curves. Thus, we obtained a probability of 4.8%.

5. Summary and conclusions

We observed HD 139139 for a total accumulated time that should
have allowed for the detection of at least one of the most sig-
nificant events that was seen in the K2 data with a reasonable
confidence level (95.2 %). There are a few scenarios that are
compatible with these results:

— Our total observing duration still allows for a small prob-
ability (which we estimate to be 4.8%) of having missed
transit-like features with the same characteristics as those
in the K2 data in our window of observations. In the case
that these events became less deep or less frequent, as in
the epoch of the K2 observations, the probability of hav-
ing missed them would obviously increase. This was the
main driver for performing the 2022 campaign, that is, to
increase the confidence in our non-detectability of K2-like
events, which has now reached the subjective level inside the
GTO team such that no further observations with CHEOPS
will be scheduled. We note that the next possibilities are our
preferred explanations;

— The events seen in the K2 data were real and ‘active’ at the
time of the K2 observations, and they were ‘inactive’ at the

times of CHEOPS observations. There are a few proposed
scenarios that could explain this behaviour, such as a clus-
ter of planetesimals or clouds in a shared eccentric orbit
that would have transited in 2017 (time of K2 data). Under
this scenario, conducting two CHEOPS campaigns in sep-
arate years and not finding any transit-like features in the
data could be regarded as the potential physical mechanism
having a slight preference for periods of non-activity versus
activity;

— A subset of the previous scenario would be that while
Rappaport et al. (2019a) made a significant effort to dis-
card possible instrumental effects in the K2 data, there is
still a possibility that the events in the K2 data set arise from
some very infrequent and unidentified noise(s) in that data
set. Part of the pixels used in the aperture of the target were
exclusively downlinked for the observations of this target
(Fig. 6 in Rappaport et al. 2019a), and it was not possible
to check for the behaviour of the same pixels in different
Kepler/K2 pointings. This prevents us from checking if one
or a few of these pixels could be malfunctioning (e.g. show-
ing a random telegraphic signal, as in Hoyer et al. 2020).
The fact that HD 139139 was saturated and bleeding in the
K2 images might have masked such pixels in the core of the
stellar image or pixels that were affected by the saturation
and bleed.

With our observations not providing an independent confir-
mation of the enigmatic, random transiter configuration of
HD 139139, it is improbable that new CHEOPS campaigns
would be dedicated to following the behaviour of the system.
Nonetheless, should any other independent data provide further
support for the anomalous events seen in the K2 data, we have
shown that CHEOPS can reach the precision required for this
confirmation.
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