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Observers who have made visual, photographic, or CCD
measurements of positions of minor planets in calendar year 2020
are encouraged to report them to this author on or before 2021
April 1. This will be the deadline for receipt of reports, for which
results can be included in the “General Report of Position
Observations for 2020,” to be published in MPB Vol. 48, No. 3.

NEAR-EARTH ASTEROID LIGHTCURVE ANALYSIS
AT THE CENTER FOR SOLAR SYSTEM STUDIES:
2020 SEPTEMBER TO 2021 JANUARY
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Lightcurves of 22 Near-Earth asteroids (NEAs) obtained
at the Center for Solar System Studies (CS3) from 2020
October to early 2021 January were analyzed for
rotation period, peak-to-peak amplitude, and signs of
satellites or tumbling.

CCD photometric observations of 22 near-Earth asteroids (NEAs)
were made at the Center for Solar System Studies (CS3) from
2020 September to early 2021 January. Table I lists the telescopes
and CCD cameras that were combined to make observations.

Up to nine telescopes can be used for the campaign, although
seven is more common. All the cameras use CCD chips from the
KAF blue-enhanced family and so have essentially the same
response. The pixel scales ranged from 1.24-1.60 arcsec/pixel.

Telescopes Cameras
0.30-m £/6.3 Schmidt-Cass FLI Microline 1001E
0.35-m £/9.1 Schmidt-Cass FLI Proline 1001E
0.40-m £/10 Schmidt-Cass SBIG STL-1001E
0.40-m £/10 Schmidt-Cass
0.50-m £/8.1 Ritchey-Chrétien

Table I. List of available telescopes and CCD cameras at CS3. The
exact combination for each telescope/camera pair can vary due to
maintenance or specific needs.

All lightcurve observations were unfiltered since a clear filter can
cause a 0.1-0.3 mag loss. The exposure duration varied depending
on the asteroid’s brightness and sky motion. Guiding on a field
star sometimes resulted in a trailed image for the asteroid.

Measurements were made using MPO Canopus. The Comp Star
Selector utility in MPO Canopus found up to five comparison
stars of near solar-color for differential photometry. To reduce the
number of times and amounts of adjusting nightly zero points, we
use the ATLAS catalog r’ (SR) magnitudes (Tonry et al., 2018).
Those adjustments are usually < +0.03 mag. The rare greater
corrections may have been related in part to using unfiltered
observations, poor centroiding of the reference stars, and not
correcting for second-order extinction. Another cause may be
selecting what appears to be a single star but is actually an
unresolved pair.

The Y-axis values are ATLAS SR “sky” (catalog) magnitudes.
The two values in the parentheses are the phase angle (a) and the
value of G used to normalize the data to the comparison stars used
in the earliest session. This, in effect, had all the observations
made at a single fixed date/time and phase angle, leaving any
variations due only to the asteroid’s rotation and/or albedo
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changes. The X-axis shows rotational phase from —0.05 to 1.05. If
the plot includes the amplitude, e.g., “Amp: 0.65”, this is the
amplitude of the Fourier model curve and not necessarily the
adopted amplitude for the lightcurve.

2212 Hephaistos. The estimated diameter for this NEA is 5.54 km
(Mainzer et al., 2016). Pravec et al. (1997) reported a period of
>20 h but the result was considered unreliable. Our data led to two
probable results near 16 h and 48 h when using a second-order fit.
We adopted a period of 48 h with a bimodal lightcurve based on
the presumed amplitude of about 0.35 mag, which makes a
bimodal lightcurve more likely than not (Harris et al., 2014) and
because the slopes of the data agreed with the slopes of the Fourier
model curve.
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2368 Beltrovata. Pal et al. (2020) used TESS data to find a period
0f 5.793 h. Our result confirms their finding.

The 6"-order Fourier curve gave a good approximate peak-to-peak
amplitude of 0.91 mag, but fell short of the bottom of the second
minimum at 0.65 rotation phase by about 0.1 mag, giving a false
impression of asymmetry in the lightcurve. In reality, the two
minimums are actually close to the same depth. Lightcurves using
higher order fits had too many artificial deviations from a smooth
curve as the Fourier analysis locked onto noise.
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(7753) 1988 XB. There were no previously reported periods in the
LCDB for this 560-m NEA. The high phase angle helped produce
a somewhat unusual shape. Despite that and the incomplete
coverage, we have high confidence in the result.
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(10115) 1992 SK. This 1-km NEA has been worked numerous
times before, e.g., Pravec et al. (1999web, 7.328 h) and Polishook
(2012, 7.31 h). The first time we observed 1992 SK was in 2013
November (Warner, 2014), which led to a period of 7.323 h. Our
most recent result is in good agreement with the previous works.

T T T T T T T T T
17,50 Period: 7.342 + 0.004 h (10115) 1992 SK |
Amp: 0.58
~17.60- 4
-
=)
& 17.70 - 4
&
© 17.80 4
&
~17.90 |
[
(2
S 18.00 i
2
g
c 18.10 - Year: 2020 |
= * 1897210121
+ 18973 - 10/22
18.20 A 18986 -10/23]
i v 18987 - 1025,
JDo(LTC): 2459143.696846 —6th Order

000 010 020 030 040 0.50 060 070 080 090 100

(16834) 1997 WU22. Pravec et al. (2000web) found a period of
9.345 h using data from 2000 August. Vaduvescu et al. (2017)
reported 9.36 h. This is the fourth time the asteroid has been
observed at CS3. The three previous results were Stephens
(2013web, 9.374 h), Warner (2017a, 9.343 h), and Warner and
Stephens (2019, 9.348 h).

Source a® Lpag  Amp  Ampge
Pravec et al. (2000web) 59 300 0.38 0.14
Stephens (2013web) 5 66 0.29 0.25
Vaduvescu et al. (2017) 58 300 0.48 0.18
Warner (2017a) 77 274 0.60 0.26
Warner and Stephens (2019) 27 21 0.63 0.35
This work 6 53 0.31 0.26

Table Il. A comparison of amplitudes versus phase angle at
different phase angle bisector longitudes for (16834). Amp is
the measured amplitude of the lightcurve. Ampy- is the
derived magnitude at 0° phase angle (Zappala et al., 1990).
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An accurate comparison of amplitudes versus phase angle bisector
longitude (Lpp) requires reducing the amplitudes to a fixed phase
angle, usually 0° by using the formula from Zappala et al. (1990):

Age = Ag/(1 4+ ma)

Where a is the phase angle of the observations and m is a value
based on taxonomic type. Assuming type S, the case for most
NEAs, m = 0.030.

From Table II, a few suppositions can be made. The observations
near Lpyg = 300° show the lowest adjusted amplitudes. From this,
it can be assumed that the pole of the asteroid has an ecliptic
longitude near 300° (or 120°). Since the adjusted amplitudes show
a significant, though not extreme, range, the pole of the spin axis
is moderately inclined from the ecliptic plane. Assuming the
observations by Warner and Stephens (2019) were at a nearly
equatorial view of the asteroid, then the a/b ratio of a smoothed
triaxial ellipsoid is a/b ~ 1.38. Proper lightcurve inversion analysis
is required to confirm the veracity of these results.
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21088 Chelyabinsk. Pravec et al. (2002web) found a period of
2249 h and 4 > 0.13 mag. They followed up in 2014 (Pravec
et al., 2014), finding a period of 22.426 but could not put a firm
cap on the amplitude.
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Our data from long nights in 2020 December allowed following
the lightcurve for a large portion of its lightcurve, if adopting our
period of 11.23 h. Given the amplitude and modest phase angle,
the bimodal solution seems secure (Harris et al., 2014). More so,
the asymmetry of the two halves of the lightcurve led us to reject
the nearly double-period found by Pravec et al (2014).

(66272) 1999 JW6. There were no previous rotation periods listed
in the LCDB. Mainzer et al. (2016) estimated the effective
diameter to be 750 + 350 m. Using H = 17.1, they found an albedo
of py = 0.453. This is unusually high for an NEA (Warner et al.,
2009) but several other NEAs in the LCDB have similar values.

Initial analysis of the observations offered the possibility that the
asteroid might be a member of the very wide binary asteroids (see
Warner, 2016; and Jacobson et al., 2014). As more data became
available, the more probable interpretation was that the asteroid
was tumbling.

MPO Canopus is not able to handle tumbling asteroids correctly
since it cannot perform a simultaneous dual-period search. The
best it could do in this case was find the most dominant period in
the data set and then, using an iterative dual-period search, find the
dominant period after subtracting the first period. This led to

finding periods of P; = 502 h and P, =401 h.
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While not obvious from the lightcurves, the slope of the data in
various sessions closely matches the slope of the Fourier curve;
this lends at least some support for the derived periods. However,
as with many tumbling asteroids, the two periods may not be the
true periods of rotation and precession but are related to them by
integral multiples of frequency, i.e., 1/P.

After find the two periods, there were still some residuals that led
to a third period of 15.99 h. This is almost exactly 2/3 of an Earth
day and could easily be the result of systematic errors and the
sampling of the lightcurve at fixed intervals of about 24 hours.

Using the rules of thumb for tumbling damping time (Pravec et al.,
2014; 2005), the diameter and periods make this a good candidate
for tumbling, which lends further support to the results.

(68359) 2001 OZ13. Pal et al. (2020) found a period of 2.9103 h.
Our data were extremely noisy. Even so, we could not find a
period near 2.9, as shown in the period spectrum. We do not have
high confidence in the result. The next favorable apparition is in
2023 January when the asteroid will be V ~ 16.7 at +37°
declination.
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69230 Hermes. Pravec et al. (2003web) and Margot et al. (2003)
reported this to be a binary asteroid. The radar observations by
Margot et al. (2003) showed the asteroid to be “strongly
bifurcated,” being comprised to two bodies and “consistent with a
rotating binary pair.” They estimated the two bodies to have
effective diameters of 300-450 m but they could not fully
constrain the period (13-21 h). Pravec et al. (2003web) were able
to find a period of 13.894 h. Those 2003 observations and results
were the last to be reported in the LCDB for a rotation period.
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Our observations some 17 years later confirm the original period
and, as in 2003, a very low amplitude. This is not surprising since
the 2003 and 2020 observations were at nearly the same viewing
aspect (Lpag = 10° + 10°).

(144411) 2004 EWO9. Pravec et al. (2004web) found a period of
49.94 h based on data from 2004 October. Behrend (2020web)
found 51.150 h. Our result of 50.0 h, based on incomplete
coverage, is in good agreement. We assumed a bimodal lightcurve
because of the large amplitude and relatively low phase angle
(Harris et al., 2014).
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(153201) 2000 WO107. The lightcurve for this 400-m NEA
changed significantly over the short time it was observed (2020
Dec 6-12). Analysis was best done by subdividing the data set.
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The combined lightcurve shows the derived period assuming a
fixed synodic period. However, the individual lightcurves for Dec
6, 11, and 12 distinctly show how the shape and depth of the
shallower minimum evolved and that the synodic period was not
fixed. This is expected when the viewing aspect and and/or
viewing aspect (Lpap) change significantly over the range of the
data set.

The high-order fits were required to get to the bottom of the deep
minimum.
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(154302) 2002 UQ3. Other than Binzel et al. (2019) reporting this
900-m NEA to be taxonomic class Sq, there were no previous
entries in the LCDB. Assuming our adopted period of 4.328 h is
correct, we were able to capture most of the lightcurve during each
observing run. The amplitude and phase angle do not
automatically preclude solutions other than a bimodal lightcurve
(Harris et al., 2014). However, the very slight asymmetry in our
result would seem to exclude a monomodal solution.
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(159402) 1999 AP10. We (Warner and Stephens, 2021) previously
reported the possibility that this asteroid is either binary or, at the
least, has some physical trait that produces a second period beyond
the dominant one near 7.9 h. The previous results are in Table III
but their plots are not included here.
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The main point of interest is that the amplitude of the secondary
lightcurve diminished as the phase angle rose from 11° to 30° and,
more important, the Lp,p changed by more than 30 degrees. The
shape also changed, being much better defined in late August to
early September than in early October.

Given this, when we reobserved the asteroid in early 2021
January, it was not surprising that any indications of a secondary
period were not found, or were hidden within the noise. Our
period (7.937 h) from the most recent observations closely agrees
with the earlier results when accounting for changes in the
synodic-sidereal difference over the span of the observations.

A composite of the three primary period solutions that forced the
lowest minimum to 0° rotation phase provides a dramatic picture
of the lightcurve evolution.

(163902) 2003 SW222. There were no previous reports of a period
in the LCDB for this NEA with an estimated diameter of 1 km.
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The Fourier analysis locked onto a seemingly clear solution of
4.76 h. However, the somewhat noisy data, especially compared to
the low amplitude, makes this solution useable but hardly secure.

(275714) 2000 YH4. There were no previous entries in the LCDB
of any kind for 2000 YH4, which has an effective diameter of
500-600 m. We consider the solution to be secure, but additional
observations are encouraged. The 2022 June apparition (V ~ 18.5)
is the only one with V <19 until 2031.
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(465749) 2009 WO6. Mainzer et al. (2016) found this to be an
usually low albedo object among the NEA population, p; 0.034.
Using H = 17.3, they found a diameter of 2.49 km. Our data set
was obtained over 10 days in 2020 November but was not able to
fully cover the presumed bimodal lightcurve with a period of
86.2 h. Based on Harris et al. (2014), a bimodal lightcurve is
virtually assured.

Using the rule of thumb for the damping time for a tumbling
asteroid (Pravec et al., 2005; 2014), i.e., to go from tumbling to
single axis rotation, the period leads to a time considerably greater
than the age of the Solar System. The shape of the lightcurve,
where the slope of some sessions doesn’t match the slope of the
Fourier model curve, would suggest that the asteroid is in a low-
level tumbling state.
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(474179) 1999 VS6. Warner (2017b) found a period of 16.91 h
using data from 2017. Our 2020 data set led to a shorter period of
15.88 h, which we consider to be significantly more likely than the
one from 2017 since that solution had large gaps in the lightcurve
and the data had much higher noise.
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2000 TU28. There were no previous entries in the LCDB for 2000
TU28, which has an estimated diameter of 200 m. This is close to
the approximate point of about 170 m when the rotation period can
easily be < 2 h. This NEA is completely contrary in that regard.
The large amplitude and phase angle assure a bimodal solution
(Harris et al., 2014). The main issues were tying the sessions
together over the period of ten days and the fact that each one
covered only a short segment of the lightcurve. This is where the
ATLAS catalog (Tonry et al., 2018) proved to be essential since
the systematic errors are on the order of £0.03 mag and less. This
meant leaving the zero points alone (0.0 mag offset) and waiting
until a good portion of the lightcurve was covered. In the end, all
zero-point adjustments were < +0.03 mag.
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The shorter tumbling damping times in Pravec et al. (2014) would
favor this being in a tumbling state. The longer times found in
Pravec et al. (2005) allow for a damping time a little less than the
age of the Solar System. There don’t appear to be clear signs of
even low-level tumbling but it cannot be formally excluded.

2002 GZ8. This was the first entry of any kind into the LCDB.
The solution is considered secure and there don’t appear to be any
signs of tumbling, which fits the rule of thumb for longer damping
times found in Pravec et al. (2005).
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2003 YJ. This is good demonstration of “beating down the noise”
to find a good solution in what might otherwise be a marginal data
set. We consider the solution to be secure, but verification is
warranted. A reasonable chance doesn’t come again until 2029
December when the asteroid will be V ~ 164 and +28°
declination.
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2013 UX14. There were no previous entries in the LCDB. The
estimated diameter of this NEA is 650 m. There are gaps in the
coverage and some of the data runs have noisy data, but we still
consider the solution to be secure since no other period that was
examined produced a plausible lightcurve shape.
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2020 STI. If ever an asteroid showed clear signs of tumbling from
the start of observations, 2020 ST1 was it. Each run covered more
than what appeared to be a full cycle but the data could not be fit
to a single period with a plausible lightcurve, even when using
only one night’s observations, as seen with the individual
lightcurves for Nov 13-15.

' ' 2020 ST1 All
Period: 2.875 £ 0.001 h
15.40 - B

15.60

15.80

16.00

16.20

16.40

16.60

Magnitude(SR) (a: 6.7° G: 0.15)

16.80

Year: 2020

¥ 19055-11/13 W 19062-11/14 M 19070 - 1115
v 19051-11/13 W 19056-1113 ¥ 19063-11/14 % 19071 -1115
* 19052-1113 ¥ 190591144 m 19064-11/14 m 19072 -1115
4 19053-11/13 o 19060-11/14 & 19068 -11115 19073 -11/15
B 19054 - 11113+ 19061-11144 4+ 19069 - 1115

JDO(LITC): ‘24591‘66.6%7358‘ ‘ ‘ ‘ ‘ ‘
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

T T T T T T T T T T T
15401 —ear 2020 2020 ST1 1
| | ¥ 19051 -11/13] i . - N
15.50 | & 100521113 Period: 2.836 + 0.004 h Amp: 1.10
| 4 19053 - 11/13] .
o 1560 W 19054 -1113 Nov 13
. 15,70} | % 19055 -11/13] i
| 19056 - 1113
@ 15.80} [—S8th Order .
& 1590 .
% 16.00 .
. 16.10}- .
['4
2 16.20 4
S 16,30 .
5 16.40 ]
= 16.50 .
16.60 - .
16.701" JDo(LTC): 2459166.637358 ]
L 1 1

L L 1 1 |
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

| L 1
0.80 0.90 1.00

T T T T T T T

T
15.30 2020 ST
15.40-Period: 2.832 £ 0.005 h Amp: 1.11

__15.50}

< 15.60} .
o
& 15.70 B
;\. 15.80 B
N 15901 B
©
~16.00 B
E 16101 4
S 16.20 B
2
g 16.30 Year: 2020 .
- vV 19059 - 11/14]
£ 16.401 © 19060 - 11/14, b
L + 19061 - 11/14, .
16:50 W 19062 -11/14
16.60 - % 19063 -11/14 _
| 19064 - 11/14 *
16.70 - JDo(LTC): 2459167.626419 ——8th Order b
1 1 1 1

| Il 1 | L Il Il

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

T T T

2020 ST1

Period: 2.836 £ 0.003 h Amp: 1.20

T T T T T

T
Nov 15

15.40 B
)
S 15.60 |
e
< 15.80 ]
~
&
16.00 - 4
x
)
g16.201 |
2
c Year: 2020
216.40- + 19068 - 11/15, i
= + 19069 - 11/15
| 19070 - 11/115|
#* 19071 - 11115
16.60- W 19072 - 11/15] 1
® 19073 - 11/15| {
JDo(LTC): 2459168.643182 ——8th Order
Il 1 | 1 1 1 1 1 1 1 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
| 2020 ST1
22,0 s = . - . (P. Pravec)

. P2: 5.407 h
¢+ Amp: 1.29 !

o 090 0o o® 8% g = oo Op a0 0 o, »

L SR, SO o Siets Boel o v e 00, e R Gl e ot o
S R R A i R e T e R
5 8 o >

B, 8T
)Q@g%a%‘?” 2
o

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

The data from Nov 13 came the closes to fitting a single period but
the lightcurve had three extrema pairs. Given the amplitude and
low phase angle, this was highly unlikely (Harris et al, 2014). The
Nov 14 data set led the worst fit to a single period while the set
from Nov 15 almost fit a single, but implausible, period.

MPO Canopus cannot properly handle the data from a tumbling
asteroid since it does not do a simultaneous search for two periods.
To have any chance of finding the true periods of precession and
rotation, the complete data set was sent to Petr Pravec for his
analysis. He confirmed the tumbling state (private
communications):
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My full 2-period Fourier series analysis shows [the]
following three periods with the highest signal: 1.879, 2.879
and 5.407 h. Two of the three are real periods of the
tumbler, while a third one is related to them; note that
1/2.879 = 1/1.879 - 1/5.407. However, we cannot resolve
which two of the three are the real ones based just on this
analysis. ... future physical modeling may reveal it.

His plot shows the two stronger periods of 1.879 h and 5.407 h
and how confused lightcurves can be with a tumbling asteroid
since the lightcurve almost never repeats itself. It can come close,
as on Nov 13 and 15, but those are unlikely solutions, even though
they are each close to the period of 2.879 h found by Pravec.
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Number Name 2020 mm/dd Phase Lpas Bpas Period(h) P.E. Amp A.E.
2212 Hephaistos 10/19-10/28 6.2,2.9 43 3 48 0.2 0.35 0.04
2368 Beltrovata 12/18-12/20 1.8,2.5 85 3 5.786 0.003 0.91 0.03
7753 1988 XB 11/29-12/12 60.5,18.2 96 1 42.2 0.2 0.65 0.05
10115 1992 SK 10/21-10/25 *18.0,15.8 36 9 7.342 0.004 0.58 0.04
16834 1997 wuU22 11/16-11/20 6.4,6.9 53 10 9.32 0.01 0.31 0.03
21088 Chelyabinsk 12/15-12/19 22.8,21.1 124 5 11.23 0.01 0.34 0.03
66272 1999 Jwe 11/14-12/20 *23.3,34.8 68 8 502 5 0.58 0.05

401 5 0.4 0.1
°15.99 0.01 0.07 0.02

68359 2001 0z13 11/23-12/05 23.9,30.7 44 -13 18.07 0.02 0.27 0.04
69230 Hermes 10/08-10/15 12.5,22.1 4 -5 13.82 0.02 0.08 0.01

144411 2004 EW9 10/19-10/25 23.6,18.7 47 15 50 0.2 0.81 0.05

153201 2000 wWO107 12/06-12/12 18.8,28.1 62 3 5.022 0.001 1.22 0.05

154302 2002 UQ3 10/14-10/19 17.7,14.5 36 13 4.328 0.002 0.22 0.03

159402 1999 AP10 08/24-09/17 *¥11.3,12.4 341 -5 £7.9219 0.0003 0.27 0.02

28.461 0.006 0.06 0.01

159402 1999 APIO0 10/02-10/07 26.3,32.9 356 9 77.9186 0.0004 0.33 0.02

29.30 0.01 0.04 0.01

159402 1999 AP1O 01/04-01/04 24.4 112 18 7. 937 0.005 0.35 0.02

163902 2003 sw222 12/06-12/12 25.7,22.7 78 19 4.76 0.01 0.11 0.02

275714 2000 YH4 12/15-12/19 50.2,45.0 55 -10 4.438 0.003 0.29 0.03

465749 2009 WO6 11/19-11/29 36.1,34.4 97 4 86.2 0.5 1.19 0.06

474179 1999 VS6 10/27-11/03 24.0,32.9 49 10 15.88 0.02 0.33 0.04

2000 TU28 10/07-10/18 *32.6,25.2 35 1 128.5 0.5 1.55 0.10
2002 Gz8 12/06-12/19 43.4,61.3 110 19 25.448 0.005 1.06 0.03
2003 YJ 12/15-12/22 34.1,39.0 66 -11 3.255 0.001 0.22 0.04
2013 UX14 10/02-10/18 51.6,45.4 48 -8 33.119 0.006 0.46 0.03
2020 ST1 11/13-11/15 *5.9,3.8 52 1 2.875 0.003 1.2 0.06

Table Ill. Observing circumstances. "Period of the primary in a binary system. ' "*Period associated with tumbling. *Third period in a solution.

The phase angle (o) is given at the start and end of each date range. If there is an asterisk before the first phase value, the phase angle

reached a maximum or minimum during the period. Lpag and Beag are, respectively the average phase angle bisector longitude and latitude

(see Harris et al.,1984). The results for 159402 in 2020 (in italics) are shown here for comparison (see Warner and Stephens, 2021).
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