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ABSTRACT

We present the K2 light curves of a large sample of untargeted Main Belt asteroids (MBAs) detected
with the Kepler space telescope. The asteroids were observed within the Uranus superstamp, a
relatively large, continuous field with low stellar background designed to cover the planet Uranus and
its moons during Campaign 8 of the K2 mission. The superstamp offered the possibility to obtain
precise, uninterrupted light curves of a large number of MBAs and thus to determine unambiguous
rotation rates for them. We obtained photometry for 608 MBAs, and were able to determine or
estimate rotation rates for 90 targets, of which 86 had no known values before. In an additional
16 targets we detected incomplete cycles and/or eclipse-like events. We found the median rotation
rate to be significantly longer than that of the ground-based observations indicating that the latter
are biased towards shorter rotation rates. Our study highlights the need and benefits of further
continuous photometry of asteroids.
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1. INTRODUCTION

The Kepler space telescope has single-
handedly revolutionized our understanding of
exoplanets (see, e.g., Borucki et al. 2010;
Batalha et al. 2011; Coughlin et al. 2016; Kane
et al. 2016), matured the field of asteroseismol-
ogy (Huber et al. 2010; Chaplin et al. 2014; Silva
Aguirre et al. 2015), and revitalized the inter-
est in classical variable stars (Gilliland et al.
2010; Molnar et al. 2016) during the last few
years. The original mission was aimed towards
the vicinity of the northern Ecliptic pole, allow-
ing year-long, continuous observations (Borucki
2016). However, after four years of operation,
and the loss its second reaction wheel, Kepler
could not maintain the required precision in at-
titude control any longer. But the telescope was
soon repurposed to observe along the Ecliptic
plane in the K2 mission, in an attitude that min-
imized the uncompensated motion of the space-
craft (Howell et al. 2014).

The change from the vicinity of the Ecliptic
pole to the plane resulted in a new, step—and-—
stare observation mode. The K2 mission is or-
ganized into campaigns that usually last 70-80
days. The new fields opened up the possibil-
ity to observe targets that the original mission
lacked, such as young stars and nearby open
clusters. Moreover, the K2 mission also brought
various Solar System objects (SSOs) into view,
widening the scope of the mission with plane-
tary science applications.

Initial studies showed that the observations
of Kepler can be used to extract light curves
of moving objects such as MBAs (Szabd et al.
2015; Berthier et al. 2016). Since then, our
group has developed a robust pipeline to iden-
tify and measure various classes of SSOs in the
K2 observations and published a series of papers
on trans-Neptunian objects (TNOs, Pél et al.
2015, 2016), the moon Nereid (Kiss et al. 2016),
as well as on Trojans and MBAs (Szabé et al.
2017, 2016). Independent studies also looked at

the (intrinsic and reflected) light variations of
the planet Neptune (Simon et al. 2016; Gaulme
et al. 2016; Rowe et al. 2017).

Kepler observations of asteroids may provide
us with continuous light curves that surpass the
length of ground-based measurements and thus
can break the ambiguity in the determination
of rotational periods caused by daily aliases.
The results from the M35 and Neptune fields
of the K2 mission hinted that the current sam-
ple of asteroid rotation periods may be biased
towards shorter periods, although the K2 sam-
ple size was quite small (Szabd et al. 2016).
Also, the median orbital period of known bi-
nary asteroids is in the order of one day that
clearly hinders the detection of their photomet-
ric variation. Observational biases against long-
period, low-amplitude asteroids also affect the
statistics of various derived physical properties
such as thermal inertia of the asteroid popula-
tion (Marciniak et al. 2017). Better statistics
about the Solar System population also helps
us to put various properties (such as color, ro-
tation period and state, etc.) of interstellar as-
teroids like 11/‘Oumuamua into proper context
(see, e.g., Meech et al. 2017; Jewitt et al. 2017;
Bannister et al. 2017; Fraser et al. 2017).

In this paper we set out to expand on this
research, utilizing a superstamp that is larger
than the Neptune field, but has a similarly low
stellar background, unlike the dense M35 field.
The planet Uranus was observable during K2
Campaign 8, and the planet and some of its
moons were covered by pixel tiles that formed a
continuous mosaic. An analysis of five distant,
irregular moons has been published in a sepa-
rate paper (Farkas-Takdcs et al. 2017). Here we
present the analysis of the asteroids that were
detected by the Kepler space telescope. Section
2 describes the steps of reducing and analyzing
the observations; in Sect. 3 we show the vari-
ous results and conclusions we derived; Sect. 4



Figure 1. The Uranus superstamp from the K2
mission and the tracks of all known asteroids across
it. The white points are the background stars, while
the yellow curves show the apparent tracks of the
asteroids.

Appendix A contain a short outlook and a col-
lection of the light curve plots.

2. DATA ANALYSIS

The Uranus superstamp was observed via the
K2 Guest Observer proposals GO8034 (PI: Ja-
son F. Rowe), and GO8039 (PI: Andras Pal).
Although parts of the superstamp were ob-
served in short cadence mode too, we used
long cadence data only (29.4 min integration
time). None of the asteroids were proposed
beforehand, therefore our sample consists of
untargeted observations of a random popula-
tion. This superstamp contains roughly 10°
pixels in a trapezoid shape covering an area
of 21’ x 21’, plus the extensions corresponding
to the tracks of the moons Setebos and Syco-
rax (see Fig. 1). The observations lasted from
2016 January 04.55 until March 23.28 (BJD
2457392.1-470.0), without interruptions. Over-
all, 3814 cadences were collected.
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As a comparison, our study is broadly simi-
lar to the Thousand Asteroid Light Curve Sur-
vey (TALCS) that used a larger telescope, the
3.5 m CFHT, a wider field-of-view, but ob-
tained much sparser photometry a shorter time
span of two weeks (Masiero et al. 2009).

2.1. Source identification and photometry

We processed the K2 data in the same way
as in our previous works, utilizing the FITSH!
software package (Pal 2012) and our external
scripts. Briefly, we created mosaic images cov-
ering the entire superstamp from the individ-
ual Target Pixel Files (TPFs) that contain the
time series of small neighboring pixel areas se-
lected for observation. We then derived the as-
trometric solutions for the mosaic images, us-
ing the USNO-B1.0 catalog, where the K2 full-
frame images from the campaign were exploited
as initial hints for the source cross matching.
In the following step, we registered the images
into the same reference system, and subtracted
a median image from each image. This median
image was created from a selection of individual
images that did not include the halo and image
of Uranus in them.

Potential asteroid targets were identified by
our own EPHEMD tool that is able perform
searches for a given sky cone and time range si-
multaneously. We identified 674 asteroids that
likely entered the mosaic image. Then we used
EPHEMD to generate ephemerides for the se-
lected asteroids and computed their positions
for each individual cadence. We then applied
aperture photometry to these positions. Since
the proper motions of the asteroids are fast
enough to smear their images over an LC in-
tegration, we used elongated apertures for the
photometry, based on the directions and appar-
ent velocities of the targets. The same technique
was used to measure the brightness of the Tro-
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jan and other main belt asteroids (Szab¢ et al.
2016, 2017).

The sharp images of the stars that were shifted
to compensate the attitude changes of the tele-
scope, create characteristic residuals in the dif-
ferential images that could contaminate the
photometry of asteroids. Therefore we filtered
out the epochs when the scatter of the back-
ground pixels in the photometric annulus was
high. We also filtered out epochs when the as-
teroid was seen inside the halo cast by Uranus.
We then discarded light curves with less than
12 data points, resulting in a final sample of
608 asteroids. The tracks of these asteroids are
displayed in Fig. 1.

We plotted the photometric uncertainty per
data points in Fig. 2 according to the measured
brightness values. The per-cadence photomet-
ric uncertainty values were derived on the shot
noise of Kepler and the estimated background
noise. Beyond that, we decided to limit the pho-
tometric error to a conservative value of 1072 or
higher for bright targets, in order to account for
any systematic variations that may be present
in the data. The banded structure in Fig. 2 is
caused by this limitation. The upper panel of
Fig. 2 shows the ratio of all photometric points
and those corresponding to the asteroids where
we detected variations (see below). The figure
indicates that Kepler can detect the rotation
signal is practically all asteroids above Kp ~ 19,
but the ratio falls down to 25% at 21 mag,
and the faint limit is reached at approximately
22.5 mag.

A sample of the data file containing measure-
ments of the 608 asteroids is shown in Table 1.
Please note that slow trends were manually fil-
tered from some targets during the analysis, but
we have not removed those from the photomet-
ric data, in order to preserve any potential in-
trinsic signal.

Table 1. Sample table of the photometry of main-
belt asteroids observed in the Uranus superstamp
during Campaign 8 of the K2 mission. The entire
table is available online.

No./ID  BJD (d)  USNO R mag AR mag
1570 2457433.6661 16.747 0.004
1570 2457433.6865 16.756 0.004
1570 2457433.7070 16.761 0.004
1570 2457433.9113 16.749 0.003
1570 2457433.9317 16.746 0.003
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Figure 2. Photometric errors of the individual
data points showing the precision of the K2 mea-
surements at the faint end. Grey points are all
observations, blue points are those where we were
able to determine rotation periods or clear tempo-
ral variations. The top plot shows the number of
points at each 0.25 mag wide bin (grey: all, blue:
with periods), and the ratio of the two measures
is plotted with the black line. For comparison, the
red dashed line follows the scaled Combined Differ-
ential Photometric Precision data (CDPP, Chris-
tiansen et al. 2012), and the red solid line shows
the errors for a faint RR Lyrae star from Leo IV
(Molnar et al. 2015).
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Figure 3. Examples of the various period detection techniques: Fourier transform, Lomb-Scargle, and our
own fit residual scatter algorithm. Asteroid (7737) shows a clear periodicity with additional peaks that
describe the non-sinusoidal light curve. (93461) is a faint object that is affected by low-frequency noise but
shows an obvious signal at higher frequencies. (256340) has a short data set, hence low frequency resolution.
Finally, (23723) displays two possible periodicities: here we plotted the higher-frequency one that is more
separated and is the most significant peak in 2 out of the 3 methods. Note that the plots display the phase
curves twice to follow the variation when it folds at phase 1.0.

2.2. Period search

We analyzed the obtained light curves with
three different methods, namely, with Lomb-
Scargle periodograms, fast Fourier transforms,
and with our own residual minimisation-type
algorithm. In the latter case, we fitted the
data with the function A + Bcos(2wfAt) +
C'sin(27 fAt) where f is the trial frequency, and
At =T —t, where T is the approximate center
of the time series. We then search for the min-
imum in the dispersion of the residual curves
for each value of f. We used the same method
in previous studies too (Pal et al. 2016). We
inspected all light curves and the phase curves
folded with the potential periods visually to se-
lect the candidates. A few examples are shown
in Fig. 3.

We tested the significances of the signals with
multiple methods. We checked the signal-to-
noise ratios (SNRs) of the FFT fits of the main

frequency peaks, and set a lower limit of 3.5
in the vicinity of the peak. The noise was
determined as a moving average of the spec-
trum using a 5 d=! window. We also tested
the Gaussian nature of the noise distribution
on the residual light curves after subtracting
off the main frequency and its harmonics. The
Anderson-Darling test of the light curve residu-
als showed that in the most cases, the residuals
were compatible to the assumption of normal-
ity (76 and 71 asteroids at the 95% and 98%
confidence levels, respectively).

We further examined the possibility of signifi-
cant autocorrelation in the residual light curves.
We found that for the majority of our sample
the correlation length in the residual light curve
do not exceed 2 hours, as shown in Fig 4, which
is 4 times the cadence of the data sampling (0.5
hours). We also compared to the correlation
length with the rotation periods and found that
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Figure 4. Distribution of the autocorrelation
lengths in the residual light curves. In almost all
cases the values are shorter than 2 hours.

for the majority the CL/ P, ratio it is between
0.01 to 0.27, e.g. clearly shorter than the iden-
tified period.

We examined the asteroids visually that failed
one or more of the tests above (both the mea-
surements and the residuals). We found that in
some cases the residuals contain biases due to
blends with stars along the path of motion that
were not completely removed during photome-
try. (Given the shortness of the light curves,
very few outlying points can already skew the
distribution of the residual without significantly
affecting the period determination.) In other
cases the high-order harmonics were identified
as a source of remanent signal, which were not
removed when the residuals were calculated,
and thus introduced autocorrelations and non-
white components. Nevertheless, the major-
ity of the flagged targets show high-amplitude
asteroids with clean and unquestionable detec-
tions. We identified only 7 cases where the de-
tection was considered to be somewhat weak.
We moved these asteroids into the second group
of possible detections.

Finally the visual inspection of the remaining
light curves where periodicities were not found
revealed 16 more asteroids with incomplete ro-
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Figure 5. Observed arc lengths and duty cycles.
Grey points and bars are the entire sample, blue
points are the asteroids where rotational variations
were detectable.

tation cycles covered, or with eclipse-like fea-
tures.

The duty cycles and arc lengths of the individ-
ual light curves are shown in Fig. 5. The median
arc length is about 1.0 day which is about half
of that of the M35 field (Szabé et al. 2016), but
still roughly twice as long as any uninterrupted
ground-based observation.

The duty cycle is defined as the fraction of use-
ful data points in the light curve, 1.0 meaning
no rejected K2 measurements. Here the distri-
bution of duty cycles peaks around 0.8, thanks
to the low number of stars: in contrast, the dis-
tribution for the M35 field peaked at 0.4. The
sizes of the points in Fig. 5 correspond to the
average brightness of the asteroids, and their
distribution shows that duty cycles are gener-
ally higher for brighter objects. Fainter aster-
oids are more susceptible to background vari-
ations, e.g., residuals of stellar PSFs and thus
more data points were rejected from their pho-
tometry. Therefore the period search was hin-
dered by both the lower photometric precision
and the lower duty cycle for faint asteroids.

We marked the asteroids with detectable vari-
ations in Fig. 5 with blue points and bars.
Most of them had duty cycles higher than 0.6



that agrees with our conclusions for the M35
field earlier (Szabd et al. 2016). Notably, we
identified three asteroids — (22438) 1996 HQ;s,
(194109) 2001 SXa31, (359794) 2011 UFjg9g —
that crossed the superstamp twice, both before
and after they reached their stationary points.
The gap between the two crossings lowered the
duty cycles of these asteroids: we marked them
with circles in Fig. 5.

3. RESULTS
3.1. New rotational periods

We were able to conclusively determine the
rotational periods of 79 asteroids, and derive
potential periods for 11 more from the 608 tar-
gets we measured. Most of the light curves
were symmetric and one-peaked: however, as
we expect the light variations to arise primarily
from the variations of the illuminated surface
area of the body as it rotates, we adopted the
double-peaked solutions in all cases. The rota-
tion rates and photometric peak-to-peak ampli-
tudes of these 90 asteroids are summarized in
Tables 2 and 3, while the lower limits for an ad-
ditional 16 targets are listed in Table 4. We note
that one of the asteroids, (89973) Aranyjanos
was discovered by one of the authors as part of
their ongoing Solar System astrometric program
(Kiss & Sarneczky 2011).

We compared our sample with the rotation
parameters found in the Asteroid Lightcurve
Database (Warner et al. 2009). Only six
matches were found: in the cases of (2193) Jack-
son and (80969) 2000 DL;2 our rotational peri-
ods agree with earlier results. The K2 data for
the two slow rotators (10936) 1998 FN;; and
(356766) 2011 UTag9 were too short to cover an
entire cycle, but the light curves are consistent
with the literature values. We did not find con-
clusive periods for the fast rotators (19289) 1996
HY;2 and (92018) 1999 VW42 based on the K2
light curves, and folding with the published pe-
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Figure 6. Top: the histogram of the number of
asteroids (grey: all, blue: K2 sample, black: sim-
ulated values without inclination preference). Bot-
tom: orbital parameters of the K2 asteroids with
detected rotational variations, compared to all as-
teroids with rotational parameters, by Warner et al.
(2009). Red points are asteroids from this study,
blue points are from Szabé et al. (2016).

riods did not give conclusive results either. Nu-
merical values are listed in Table 5.

We also compared our list with the Database
of Asteroid Models from Inversion Techniques
(DAMIT, Durech et al. 2010) to see if any of
our light curves can be compared with synthetic
light curves from shape models, but found no
matches with that database.

Then we examined where the asteroids with
detected rotation signals reside within the aster-
oid belt. It turns out that all 90416 orbit within
the Main Asteroid Belt, between a = 2.12 AU
and 3.24 AU ((289668) 2005 GNy37 and (17771)
Elsheimer being the closest and farthest, respec-
tively). Distribution of the K2 sample, includ-
ing those by Szabd et al. (2016), in the a—i plane
are shown in Fig. 6. The histogram at the top
shows that the numbers of the K2 sample follow
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Table 2. Rotation parameters of the asteroids from the Uranus superstamp. No./ID refers to the
number or provisional designation of the object.

No./ID P (h) A (mag) D P (h) A (mag) No./ID P (h) A (mag)
1878 2.68 £0.07 0.104+0.01 | 84360 6.0+04 0.71+£0.07 202122 5.40 +£0.07 0.78 +£0.03
2193 4.8+04 0.244+0.03| 83521 5.46+0.13 0.99+0.04 207030 2.6740.08 0.03 £0.01
2255 9.784+0.16 0.41+0.02 | 91172 21.7+3.5 0.13£0.04 209188 6.9+0.7 0.57%0.09
5706 8.25+0.15 0.244+0.01 | 92871 12.4+0.5 0.58£0.09 214304 11.7+0.7 0.51 +0.06
6452 76+05 0.494+0.05| 93177 7.34+0.24 1.05+0.05 229020 37.9+0.5 0.95+0.04
7737 4.494+0.20 0.084+0.01 | 93461 2.85+0.19 0.09 £0.02 233123 33.0+3.3 0.90+0.14
10936 28+4 0.404+0.01 | 94314 31.04+0.3 0.49+£0.02 234522 5.7+09 0.94+£0.15
13407  4.26 £0.05 0.38+£0.01 | 94988 5.43+0.05 0.55+0.02 238321 25,6 £1.6 0.21£0.03
14379 2.74+0.5 0.05+0.01 | 98290 3.3+0.4 0.34+0.08 245568 7.60+£0.26 0.76 & 0.05
14527  6.014+0.25 0.88+0.07 | 101256 5.1+0.6 0.18 +0.06 256340 6.3+0.6 0.56+0.11
17715  6.16 £0.08 1.04+0.03 | 103110 9.8+2.5 0.51+0.15 279947 6.6+0.4 0.44+0.07
19425 9.14+0.6 0.194+0.02 | 108196 2.74 +0.26 0.20 £ 0.04 296879 4.96 +0.18 0.61 £0.06

22478 21.6+1.9 0.254+0.05| 131712 25+5 0.70 £0.15 301268 23+ 3 1.20+0.23
25163 34.3+04 0434+£0.01] 140562 59+04 0.74+0.10 302685 22.0+1.2 0.90+£0.08
27363 12.8+£0.4 0.09+0.01 | 145064 4.89+0.20 0.45+0.03 345804 22.34+1.4 0.57+£0.11
29923 17.94+2.0 0.09+£0.01 | 152876 4.10£0.06 0.51 +0.02 359794 53.5+1.6 0.32+0.03
33543 82+ 10 0.60 + 0.02 | 152926 43+ 4 0.70 +0.14 387038 514+0.8 0.79+0.16
34402 71.84+2.2 0434+£0.03| 156094 55+£0.8 0.32+0.09 392778 87+14 0.88+£0.22
37460 6.4+0.7 0.60 +0.06 | 156230 5.6+0.6 0.80+£0.16 438341 6.74+0.5 0.694+0.11
38963 10.60+0.11 0.604+0.02 | 1656543 4.7+0.3 0.36 =0.06 444569 12.0 4+ 0.6 1.24+04
45086 50+04 0414+0.05| 169703 544+0.9 0.69+0.13 448497 12.1+1.0 0.50 £ 0.09
50934 179+2.7 0.53£0.12 | 171605 7.5+2.1 0.53+0.17 448647 12.2+0.8 0.4040.07
51828 3.6 04 0.88+£0.15 | 182196 6.7+0.9 0.104+0.03 449579 45404 0.6740.15
58163 6.1 +0.8 0.71 +£0.12 | 187014 9.3+0.7 0.41+£0.10 484673 1294+ 1.5 0.60 4+ 0.20
59168 176 £3.0 0.60+0.12 | 194109 3.38 £0.07 0.13£0.01 | 2002 WYos 6.88+1.80 0.12+0.13
80969 139+1.1 0.82£0.14 | 199142 894+1.0 0.45+0.11

83109 21.14+0.8 0.4940.04 | 200761 13.0+1.4 0.60=+0.16

the distribution of other asteroids with orbital
parameters (as well as the distribution of all
known asteroids). The deviations from the ex-
pected numbers (with black symbols), and the
lack of nearer asteroids can be attributed to the
preference of low-inclination targets of the mis-

sion.

3.2. Peculiar light curves and eclipses

Most K2 light curves show either rather sim-
ple variations that can be attributed to roughly
ellipsoidal shapes, or are too uncertain to pro-
vide information about the shape of the aster-
oids. Some other light curves suggest contact



Table 3. Asteroids with possible pe-
riod detections. In three cases we list
two different vaules, respectively.

No. P (h) A (mag)

23723 35+03 0.18+0.04
- 9.6+04 0.15+0.05
24066 11.1+£24 0434+0.14
31101 10.04+1.5 0.934+0.22
60008 81+16 0.16+0.04
- 2.7+08 0.13+£0.04
89973 3.5+£0.6 0.18+0.08
127963 23+04 0.12+£0.04
140194 3.30+0.15 0.17+0.03
- 3.00+0.18 0.13+0.03
308977 6.7+0.6 0.33+0.07
355994 7.24+0.7 0.24+0.07
356102 20.44+0.5 0.62+0.22
2005 QX175  3.6+0.9 0.54+0.19

Table 4. Asteroids with slow variations. (88347)
2000 HL3; shows and eclipse, but no other varia-
tions

No. P (h) A (mag) ID P (h) A (mag)

1570 > 48. > 0.6
9611 >48. > 0.25
16484 > 24. > 0.5
42992 > 36. > 0.7
63486 > 24. >0.1
69524 > 48. >1.3
75722 > 24. > 0.5
88347  ecl. -

92237 > 48. > 0.5
190345 > 24. >1
282500 > 24. > 1
289668 > 48. > 1.2
304953 >48. >10.5
309020 >48. >1.2
356766 > 24. > 1
392619 > 48. >1
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Table 5. Rotation parameters of the asteroids where
literature values are available.

No. P (h) A (mag) Ref.
2193  4.794+0.34 0.24 this paper
4.7541 0.24 Oey (2009)
4.755 0.23  Waszczak et al. (2015)
80969 13.9+1.1 0.82 this paper
14.33 0.74  Chang et al. (2015)
14.559 0.64 Waszczak et al. (2015)
10936 28+4 0.4 this paper
17.3 0.35 Warner (2008)
25.7 0.28 Warner (2011)
356766 > 24. >1 this paper
37.848 0.56  Waszczak et al. (2015)

binary bodies, with inverted U-shaped maxima,
and deep, short, V-shaped minima in their light
curves, in accordance with the model predic-
tions (Lacerda & Jewitt 2007). Contact bina-
ries are elongated towards each other due to
mutual gravitational forces and therefore their
light curve amplitudes can be quite high (Leone
et al. 1984). The best candidates are aster-
oids (17715) 1997 WZs9, (25163) Williamm-
cdonald, (88521) 2001 QNigs, (93177) 2000
SP10s, (94988) 2001 YUy1g, (229020) 2003 Y Ugs,
(245568) 2005 URy450, and (302685) 2002 TAs5;.
The K2 observations have phase angles less than
30°, so V-shaped minima with no or very short
flat-bottomed sections are expected (Lacerda &
Jewitt 2007). These objects are therefore good
candidates for further follow-up observations to
confirm or disprove binarity.

Beyond these, we also identified a few in-
teresting cases during the visual inspection of
the light curves and phase plots. Asteroids
(7737) Sirrah and (27363) Alvancark show rela-
tively complex light curves with multiple peaks.
(7737) Sirrah features four maxima and min-
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Figure 7. Top: phase curves of two asteroids with
multi-peaked light curves. (7737) Sirrah feature
likely four different peaks per rotation. The light
curve of (27363) Alvancark shows one dominant
bright phase and a plateau-like feature that con-
tains two smaller bumps. Bottom: the light curve
(94314) 2000 AO1g5, a possible tumbling or precess-
ing asteroid that shows slightly changing cycles and
one at BJD 2457403.5 with peculiarly large ampli-
tude.

ima at different heights. The light variations of
(27363) Alvancark exhibit a long, plateau-like
feature that is not completely flat and likely
include additional, local minima and maxima,
close to the detection limit of our data set.
Many light curves suggest that they origi-
nate from contact binary bodies. However, in
two cases, we identified distinct eclipse-like fea-
tures that suggests separated bodies forming
asteroid—moon pairs. Unfortunately, as shown
in Fig. 8, we only captured a single event for
(88437) 2000 HL3; and (356766) 2004 AF5 both,
therefore we cannot estimate the orbital peri-
ods. The eclipses lasted for 2.3 + 0.2h and
741 h, respectively. The short eclipse of (88437)
2000 HL3;, compared to the length of the light
curve, suggests a wide pair that may be asyn-

20

20.5

R mag

21 | 88347

26 26.25 26.5 26.75 27
BJD-2457400 (d)

20

R mag

20.5

o1 [ 356766

25.25 25.5 25.75 26 26.25 26.5
BJD-2457400 (d)

Figure 8. Asteroids showing eclipse-like light vari-
ations.

chronous, e.g., the main body has a faster ro-
tation period than the orbital period of the
moon, but our light curve show no conclusive
variations outside the eclipse events (see also
Scheirich & Pravec 2009). The case of (356766)
2004 AF, is less certain. The first few points
of the light curve are affected by one of the
diffraction spikes of Uranus, but indicate an ex-
tended flat part. The depth of the event (1.0
mag), however, suggests an extensive eclipsing
event between similar-sized bodies, a scenario
that would favor a close binary. In both cases,
follow-up of the systems is desirable.

Some light curves show apparent amplitude
changes but in almost all cases these can be
traced back either to being very close to the
edge of the superstamp or to contamination by
the extended halo of Uranus. Such examples are
(34402) 2000 RW84 and (83109) that crossed
the halo, and 2001 QRqy4 that crossed the sat-
uration column of Uranus, resulting is a dis-
torted first cycles and rejected points in the light
curve. However, one asteroid, (94314) 2000
AOqg5 shows slightly changing cycles through-
out the observations, including one in the mid-
dle with significantly higher amplitude than the
rest of the cycles, without approaching the im-
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Figure 9. Amplitudes versus rotation rates for
the MBAs observed by Kepler. Blue squares: de-
tections from CO and C3 (Szabd et al. 2016) Red
symbols are the objects from this study: empty cir-
cles show the uncertain detections. Lower limits are
not shown. Small gray points show the distribution
of all asteroids with known rotation rates and am-
plitudes. (Amplitude uncertainties were not listed
by Szabé et al. (2016).)

age of Uranus. We added two horizontal lines
according the heights of the first minimum and
maximum to guide the eye to the bottom panel
of Fig. 7. Amplitude changes are observed in the
light variations of non-principal axis rotators,
and thus the light curve suggests that (94314)
2000 AOq¢5 might be a tumbling asteroid (see
Pravec et al. 2005).

3.3. Period and amplitude distributions

We combined our periods and amplitudes with
the values obtained by Szabd et al. (2016) and
compared the rotation statistics with the sam-
ple of all asteroids in the Asteroid Light Curve
Database (LCDB, Warner et al. 2009) in Figs. 9
and 10. In Fig. 9 we compare the K2 detec-
tions to the sample of all asteroids with light
curves in the LCDB. Data points for 37 aster-
oids from the K2 fields C0O and C3 (the M35 and
the Neptune field, Szabd et al. 2016) are plot-
ted in blue, while the new determinations are
in red. The overall distribution of K2 asteroids
is consistent with the currently known sample,
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No.

0.8 1 1.2 1.4
Amplitude (mag)

0 0.2 0.4 0.6

Figure 10. Histogram of all observed rotational
periods (top) and amplitudes (bottom) from the
LCDB (light grey: quality flag U = 1, dark grey:
U > 1) and the combined K2 sample (blue). Values
for asteroids with two possible periods are in light
blue. The dashed line marks the 24 hour period.
Black points with error bars are simulated results
with the same sample size, but based on the LCDB.

except that there are no very slow rotators in
the K2 sample above 100-h period, which can
be simply explained by the relative short obser-
vation window for K2 asteroids. We separated
the LCDB values according to the quality flag
U in Fig. 10: dark grey columns show where
periods and amplitudes are either accurate (U
> 2) or can be considered as good estimates (U
> 1). We used these values for the statistics
below. We also plotted the U = 1 (e.g., uncer-
tain) values in Fig. 10: only a minority of the
sample falls into this category, and they most
frequent at the shortest periods and the lowest
amplitudes.

In Fig. 10 we plot the period and ampli-
tude distributions of the combined K2 observa-
tions separately. Since our sample size is much
smaller than the LCDB, instead of a direct com-
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parison, we generated a large number of random
test samples from the LCDB, and computed the
averages and standard deviations for each bin.
These are marked with black symbols and error
bars in Fig. 10.

The LCDB shows a clear deficit of asteroids
around the 24-h value (log P = 1.38), as marked
in the top panel of Fig. 10. The K2 sample, in
contrast contains no deficit at this value, but
rather some excess even in consecutive bins, al-
though the latter is not significant. Neverthe-
less, our results indicate that the deficit in the
literature data is not intrinsic, instead it can be
attributed to the inherent difficulties of observ-
ing variations on time scales of 12 and 24 h from
the ground.

Our prior K2 results, based on a smaller sam-
ple, hinted that the median rotation rate of
the K2 sample could be longer than it is as-
sumed from the (mostly) ground-based observa-
tions listed in the LCDB (Szab¢ et al. 2016). A
few years ago the ground-based TALCS survey
found an excess of slow rotators after carefully
de-biasing their sample (Masiero et al. 2009).
The addition of the Uranus sample tripled the
K2 sample size, but the median rotation rate
shows only a slight decrease, from 9.83h (CO0,
M35 field) to 9.45h (all). This value is still
significantly longer than the 7.00 h median rate
of the LCDB: random draws from the database
with the K2 sample size yielded a scatter of only
+0.55 d between the median values. So a 2.45
h difference between the two results cannot be
attributed to the low number of objects.

It is of course possible that we missed some
fast rotators that have very low amplitudes.
Given the long integration time of Kepler, very
fast rotation can be smeared out and appear as
flat light curves. But even at a rotation period
of 2.0 h, observed amplitudes are only decreased
by 37% (Szabd et al. 2016). Comparison with
the LCDB actually suggests that the K2 sam-
ple does not miss the lowest-amplitude targets,

but deficits can be observed in Figs. 10 and 9
at two other areas. Artificially inserting more
short-period rotators into the sample to remove
these deficits from the histograms can lower the
median rotation rate, but it still remains above
8.5 h, indicating that the detection is significant.

3.4. New detections

Contrary to our earlier expectations (Szabd
et al. 2015) we identified a dozen of previously
uncatalogized (which can also mean poorly ob-
served, single-opposition) MBAs in the Uranus
superstamp with K2. However, according to
the new definition of the Minor Planet Center
(Spahr 2010) there is a chance that these 21—
22 mag detections will not qualify as new dis-
coveries.

We also searched the superstamp for unknown
moons of Uranus. We summed the differential
images in 5, 9 and 15 bins to boost the signal
of faint, slow-moving objects and to smear out
the MBAs. We did not identify any new moons,
but discovered one new TNO, a cold Classical
Kuiper Belt Object, (506121) 2016 BPg; (Bar-
entsen et al. 2017). This 22.5 mag distant ob-
ject was independently detected by the Outer
Solar System Origins Survey as well (Bannister
et al. 2016). The detailed light curve analysis
of (506121) 2016 BPg; will be presented in an-
other paper describing the new K2 observations
of TNOs.

4. FUTURE STUDIES

Our results show that continuous, space-based
photometry can be immensely helpful to gather
light curves of Solar System targets, and may
uncover biases inherent to ground-based obser-
vations. Soon, the TESS mission will launch
and provide us, for the first time, continuous,
large-scale coverage of the sky, with high photo-
metric accuracy, by collecting full-frame images
at every 30 min, for 27 days per observing sector
(Ricker et al. 2014). Unfortunately, the mission
will have a faint limit of about 16-17 mag, there-



fore only the bright end of the asteroid popula-
tion will be covered, but for considerably longer
time spans than in our sample. Moreover, the
mission will not only deliver continuous light
curves, but it will observe opposition surges for
the majority of its targets.

As for the K2 mission, the Uranus field is
not the last continuous superstamp observed,
but it probably has been the best-suited one
for tracking MBAs. A large, continuous area
was targeted during Campaign 9 to look for mi-
crolensing signals (Zhu et al. 2017), but the im-
mense source density of the Galactic bulge ren-
ders it useless for our aims. Other superstamps
typically include globular and open clusters,
but those are either rather small or crowded,
or both. Nevertheless, further, smaller stud-
ies can be, in principle, done for the vicinity
of M67 (a well-known open cluster), M8 (the
Lagoon nebula) and IC 1613 (a nearby dwarf
galaxy). Meanwhile, the mission is busy gath-
ering more targeted observations of TNOs, cen-
taurs, comets, Trojans, and even some MBAsSs,
further expanding the unique capabilities of Ke-
pler within the field of planetary sciences.
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APPENDIX
A. LIGHT CURVES

Below we display the light curves of all asteroids where we detected rotational variations. Figure 11
shows the light curves with incomplete cycles. Figures 12-21 present the asteroid detections where
we were able to determine the periods. The left column shows the light curves themselves; the middle
column are the phase curves, folded with the rotation period while the color scale represents time
(BJD-2457400). The right column displays the residual dispersion plots, where the red line marks
the single-peak frequency (2/P,). In the last page we show the solutions for the three asteroids
where two possible periods have been identified. Note that the dispersion of the residual drops at
the characteristic frequencies, therefore the minima are sought, contrary to Fourier transforms or
periodograms.
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Figure 11. Asteroid light curves showing slow variations, from Campaign 8 of the K2 mission.
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Figure 12. Asteroid light curves from Campaign 8
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Figure 13. Asteroid light curves from Campaign 8 of the K2 mission (continued).
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Figure 14. Asteroid light curves from Campaign 8 of the K2 mission (continued).



Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

18 T 18 T T T T T T T 47 a
185 |- o et e 1 . 15f '.-\ 0, ‘.-‘ sy 465 E E
. . © . . =
19F oL 1 5 P oty v, 4% £ E
195 F . ‘ 1 ¥ 19s5fF¢ - ? v 1H 455 g E
20 L L L 20 L L L L L L L 45 a 007 L L L L L L L L L L L L
45 455 46 465 47 0 02505075 1 1.25151.75 2 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase — P = 5.46 h Frequency (1/d)
206 20.6 [T 42 _ o018 ‘
1 DRI R AL APEAES
20F oL T e e {1 g 2 e + w i +ﬁ H# 415 5 0.16 F E
212 ot e 00t {1 & 212¢ + ‘ + 41 S 014l E
2 0
214 | goo7n . E 214 F g
216 s \ 21,6 Eenteciencn i 405 042 bl
40.5 41 415 42 0 02505075 1 1.25151.75 2 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase - P =3.5 h Frequency (1/d)
20 ST 20 45 5 01
202 F ¢ s 1 . 202} 445 £
soa b aree)w e Sonte 1E i f w4 T8 oosf ]
. ool fl %W, 0% ¢ £ . + + * + # 2 .
LU o i < ﬂ. *# 44 Py
206 |- . E 206 | j:
20.8 ‘ ‘ 20.8 435 % 008 VTP FUE VYS VST OVeS Pt P

L L
0 2 4 6 8 101214 16 18 20 22 24 26
Frequency (1/d)

20.5 . T T ) T ] 20.? z t ‘i 225 0.35 T
| R RE T W i #Wiiis Nl

43.5 44 44.5 45 0 0.25 0.5 0.75 1 1. 25 1 51. 75
BJD-2457400 (d) Rotation phase - P =21.7 h

N

Kp mag
Phase disp (mag)

X 225 L 37 0.21
37 37.5 38 38.5 39 0 02505075 1 12515175

BJD-2457400 (d) Rotation phase - P = 12.4 h

Frequency (1/d)

T 18.5 RRPS AR RAR RARAN EPANRRARY

PR R S - , 93177 19 b ¥ ‘.-g' % .‘07
195 F 4
E 20 b H : E

26.5 0.42
0.35
0.28
0.21
0.14

19F e e 26
255

25

!
Kp mag

Phase disp (mag)

205 L L L L L L 245 007 L L L L L L L L L L L L
26.5 0 0.25050.75 1 125151752 0 2 4 6 8 101214 16 18 20 22 24 26
Rotation phase - P = 7.34 h Frequency (1/d)
6 _. 0.08
5 g
i g 4 H
E 2 007 F ]
1 ¢ 3 2
2 &
0 L 1 o 006 L L L L L L L L L L L L
6 0 02505075 1 12515175 2 0 2 4 6 8 101214 16 18 20 22 24 26
Rotation phase — P =2.85 h Frequency (1/d)
6 5 0.21 T
5 £
| g 0
E_ 2 014 B
] < 3 2
2 g
5 L 1 a 007 L L L L L L L L L L L L
6 0 02505075 1 1.251.51.75 0 2 4 6 8 10121416 18202224 26
BJD-2457400 (d) Rotation phase - P = 31.0 h Frequency (1/d)
19.5 T T T T T 1121 = 0.28 T
B8 Ayt 3ie Qi3 T PR A 0 £
20 |, ‘?‘i’%,.ﬁ“&:"ﬂ ] E 8 §- 0.21 F 1
X0 S AN s 6 s
20.5 [ e e [P B 4 4 g 014 | ,
e &
21 L L L L 1 g i 007 L L L L L L L L L L L L
14 0 025050.75 1 12515175 2 0 2 4 6 8 101214 16 18 20 22 24 26
Rotation phase - P = 5.43 h Frequency (1/d)
20 20 T T 49.5 5 0.26
205 o 205 ﬁ b ! ;# b e ig % £ 025
o L 5
21 E € 21 | ¢ ¢ E 48.5 2 024
e # i H
215 | E 215 F E 48 & 0.23
2
22 L L L 22 L L L L L L L 475 o 022 L L L L L L L L L L L L
47.5 48 48.5 49 49.5 0 02505075 1 12515175 2 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase - P =3.3 h Frequency (1/d)
20 T 20 RRaRa: RRaRa: 5475 _  0.13 T
101256 + + gi.gs g ot E
= - = 0.1 E
205 [ - 4 E 205 +++ + m +++ 4 +1+ I8 3%, & o .
o I + | 53.75 E
. X + + + + + 535 g 0.09
. $ 5325 £ 0.8 E
21 L L L L L L 21 L L L L L L L 53 a 007 L L L L L L L L L L L L
53 53.25 53.5 53.75 54 54.25 54.5 54.75 0 02505075 1 1.25151.75 2 0 2 4 6 8 10121416 182022 24 26
BJD-2457400 (d) Rotation phase - P =5.1 h Frequency (1/d)

Figure 15. Asteroid light curves from Campaign 8 of the K2 mission (continued).
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Figure 16. Asteroid light curves from Campaign 8 of the K2 mission (continued).
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Figure 17. Asteroid light curves from Campaign 8 of the K2 mission (continued).
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Figure 18. Asteroid light curves from Campaign 8 of the K2 mission (continued).



Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

Kp mag

19 T T 01558 19 T T T T 455 = 0.7
20 p we, . E 20 ¢ ™, N = I g
21 F % - E g o1 E Z 06F 1
2 o Y ee .-/ S. 2 ’W ﬁ} :w a 44.5 2
E I E 3
23 T T.e 10T 5E M+ +W M+ W a3 O5F
2
24 L L L L L L 24 L L L L L L L 435 a 04 L L L L L L L L L L L L
435 4375 44 4425 445 4475 45 4525 0 02505075 1 12515175 2 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase - P =23 h Frequency (1/d)
20 62085 19 T T T T T T T 36 5 0.4
- W ' 35.5 g
P E P L ” ) E 035
21 N § 20 ’N?‘ :\1‘, f:‘, “&M?’ :\1‘, f:‘, ¥ 35 5 0s
L E S if) % 1 % 345 S ’
22 { X 2 # # g o025
34 ki :
23 L L L L 22 L L L L L L L 335 a 02 L L L L L L L L L L L L
33.5 34 34.5 35 35.5 36 0 02505075 1 12515175 2 0 2 4 6 8 10121416 182022 24 26
BJD-2457400 (d) Rotation phase - P = 22.0 h Frequency (1/d)
20.5 20.5 45 —~
21 | soser7 21 445 g
E + E !
LI e MW g + ﬁ =
215F ¢ 4., -w‘s e S 15 s #ﬂ. wm W& + W “ 8
2 F . . E 22 435 &
2
225 L L L X 43 o 017 L L L L L L L L L L L L
43 43.5 44 44.5 45 0 0.25 0.5 0.75 1 1.25 1.5 1.75 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase - P =6.7 h Frequency (1/d)
20 T 20 T T T T T -5 = 0.44 T
-55 o]
E 21 E 042 ‘ E
=) -6 =
1 E 22f W ‘( WWI i 65 & o4f E
X -7 @
E 23 Wg % 038 L E
-7.
o 75 & e b
-8 -76 -7 -65 -6 -55 -5 0 0.25 045 0475 1 1. 25 1 5 1. 75 2 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase - P = 22.3 h Frequency (1/d)
T 20.4 T BARARRRARY: 29.5 —
. 355994 20.6 ¢ ¢ g
e e o 208 ++ +Lﬁ W +£‘ 29 E
A YNNI D
gt Tt g e 212 [T}, # i Mﬁ 3
U e 22 % + 85 g
L L gj]g L L L L L L L 28 i 016 L L L L L L Il Il Il Il Il Il
285 29 29.5 0 02505075 1 1.25151.75 2 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase Frequency (1/d)
19 T T 19 Ranan T T 55.25 5 1.1
195 F s *, E 19.5 M ¢ 55 g 4
. it .05 F E
208 L%, I A i g 2 t ! ; il ! | [ £
205 F ottt et s 1 E 205F # { # HHg 545 2 1F E
21 F LR R0 s E 4 21 F + + # + E 5425 g 095 b E
215 E 215 f 48 54 & '
356102 &
22 L L L L L 22 L L L L L L L 5375 09 L L L L L L L L L L L L
53.75 54 5425 545 5475 55 5525 0 02505075 1 1.25151.75 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase — P = 20.4 h Frequency (1/d)
20 T 20 20 — 0.2 v e e e
205 | 3 205 | 5§ o ff" T 3
Ny s”’ B, e e % ’,3». 5 o E
s = ¥ e S o7 f E
215 F AR E LIPS 05 g o1E E
- s .
SeO74 B &
22 22 10 0.15
-10 -5 0 5 10 15 20 0 02505075 1 1.251.51.75 0 2 4 6 8 10121416 18202224 26
BJD-2457400 (d) Rotation phase — P = 53.5 h Frequency (1/d)
20.5 . s ™7 20.5 T t\ W; T t\ w: 36.75 5 .
21 | . ° E 21 b i 36.5 1S
TR o 1 f ¢ +M* ++ +++ Ww £ g
215 | s o . . E E 215 E 3625 2
(. t ¢ I LR A i H 1
22F ¢ E 22 F 36 8
0. 387038\ | ! 225 ! ! ! ! ! ! ! 3575 & 0.2 bbbl bbb b b L
35.75 36 36.25 36.5 36.75 0 02505075 1 1.25151.75 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase - P = 5.06 h Frequency (1/d)
T T T T T T T 42 055 it
21 F ; E 21 F ¢f ¢ 2
S I 4 3 ¢ 3 E 3 E
wl TR RSP S B S J“ 14 + J“ 14 + 4“5 = 05
: A RTTEARET sl A 1g g
o b o Tt . 1 2 5 1 JH 41 g 045} E
.
24 392778 L It 24 L L L L L L 405 i 04 L L L L L L L L L L L L
40.5 41 415 42 0 02505075 1 12515175 2 0 2 4 6 8 101214 16 18 20 22 24 26
BJD-2457400 (d) Rotation phase - P =8.7 h Frequency (1/d)
20 T T T 20 T T T T T T T 42.5 5 035 T
U 4225 ¢ ‘
. . R . £
I PRI oo 0% = = 03 F a
21 ol ..-. . Se L, .. § 21 [ Hq** *ﬁ *Wﬂ Hﬁ* ﬁ' *W ﬁ s §
i | a4 h e ﬁ ﬁ 75 % oz f ]
22 b 22 41.5 s
438341 ‘ ‘ e s B o b
41.25 415 41.75 42 42.25 425 0 025 05 075 1 125 1.5 1.75 2 0 2 4 6 8 10121416 182022 24 26
BJD-2457400 (d) Rotation phase - P = 6.7 h Frequency (1/d)

Figure 19. Asteroid light curves from Campaign 8 of the K2 mission (continued).
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Figure 20. Asteroid light curves from Campaign 8 of the K2 mission (continued).
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Figure 21. Asteroid light curves from Campaign 8 of the K2 mission with two possible periods.



