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Figure A1. The exposure-based 5-� limiting magnitude of the Twilight
survey pointings between 2019 September 20 and 2020 January 30.

SUPPLEMENTAL MATERIAL

A1 Discovery, follow-up and orbital determination

The initial discovery observations of �Ayló�chaxnim on 2020 Jan-
uary 4 were made in four sidereally-tracked 30 s r-band exposures
with the 48-inch Samuel Oschin Telescope. The observations were
made during evening astronomical twilight while the telescope was
pointing at 25.5 degrees elevation and the center of the telescope’s
field of view was pointing through 2.3 airmasses. The brightness of
�Ayló�chaxnim during its discovery observations was r⇠18.1 mag-
nitude and was moving approximately ⇠130 arcseconds per hour
resulting in negligible trailing losses of the individual detections of
�Ayló�chaxnim in the images (Fig. 2, A-B). The observations were
taken during average seeing conditions for the Palomar site with
nearby stellar objects of similar brightness to �Ayló�chaxnim hav-
ing a full width at half maximum (FWHM) of ⇠2.1 arcseconds.
The e�ect of airmass on the astrometric uncertainties of obser-
vations at the Palomar Observatory site are small, increasing to
<0.08-0.10 arcseconds in declination at the 2.0-3.0 airmass range
of the observations of �Ayló�chaxnim (Masci et al. 2019). Twilight
observing sessions were conducted each night, alternating between
evening and morning twilight on sequential nights. The typical lim-
iting magnitude in a single Twilight Survey exposure is V⇠20 as
seen in Fig. A1. The orbital elements based on observations of
�Ayló�chaxnim taken between 2020 January 4 and 2020 November
26 is listed in Table A1 and Fig. A2.

A1.1 Discovery, follow up and characterization observation
details

Zwicky Transient Facility, ZTF: The ZTF camera consists of
16 separate 6144 pixel ⇥ 6160 pixel arrays on a single CCD
camera mounted on the 48-inch Samuel Oschin Telescope at
Palomar Observatory and is robotically operated. The plate scale
of the camera is 1.01 arcseconds pixel�1 and has a 7.4 degree ⇥
7.4 degree field of view (Bellm et al. 2019a; Graham et al. 2019;
Dekany et al. 2020). The data processing pipeline produced images
di�erenced from reference frames and removes or masks most
detector artefacts. Transients are extracted from the images and
several algorithms are used to identify slower moving objects that
appear as round point spread function detections in the images
(Masci et al. 2019).
Kitt Peak Electron Multiplying CCD Demonstrator, KPED: The

Table A1. Orbital elements of (594913) �Ayló�chaxnim based on observa-
tions reported to the MPC taken between 2020 January 4 to 2020 November
26. The orbital elements are shown for the Julian date (JD) 2,459,179.5. The
1-� uncertainties are given in parentheses. The value and 1-� uncertainties
for H were taken from the JPL Small Body Database on 2022 July 14.

Element

Epoch (JD) 2,459,179.5
Time of perihelion, Tp (JD) 2,458,907.045±(0.019)
Semi-major axis, a (au) 0.555443170±(3.65x10�7)
Eccentricity, e 0.17696610±(2.33x10�6)
Perihelion, q (au) 0.45714852±(1.56x10�6)
Aphelion, Q (au) 0.653737830±(9.53x10�7)
Inclination, i (�) 15.86824±(0.00014)
Ascending node, ⌦ (�) 6.70827±(0.00035)
Argument of perihelion, ! (�) 187.32773±(0.00053)
Mean Anomaly, M (�) 288.6292±(0.0011)
Absolute Magnitude, H 16.2±(0.8)

KPED instrument was mounted on the Kitt Peak 84-inch telescope
and consists of a 1024 ⇥ 1024 pixel Electron Multiplying CCD
camera and was robotically operated (Coughlin et al. 2019).
The camera has a spatial scale of 0.26 arcseconds pixel�1 and a
4.4 arcminute ⇥ 4.4 arcminute field of view. The camera is capable
of reading out at a rate of 1 Hz and of individual exposures times
up to 10 s. Our observations used 10 s exposures in r-band and
were sidereally tracked due to the short exposure time. Seeing
conditions were ⇠1 arcsec as measured for background stars in the
follow-up images.
Keck I Telescope: The Low Resolution Imaging Spectrometer
(LRIS) (Oke et al. 1995) on the Keck I telescope was used to
observe �Ayló�chaxnim on 2020 January 23 in spectroscopy mode
(Program ID C272, PI M. Graham). The blue camera consists of
two 2k ⇥ 4k Marconi CCD arrays and the red camera consists of
two science grade Lawrence Berkeley National Laboratory 2k ⇥
4k CCD arrays. Both cameras have a spatial resolution of 0.135
arcsec pixel�1. The 1.0-arcsecond wide slit was used with the 560
nm dichroic with ⇠50% transmission e�ciency in combination
with the 600/4000 grating for the blue camera and the 400/8500
grating for the red camera providing a spectral resolution of 0.4 nm
and 0.7 nm, respectively (Oke et al. 1995; McCarthy et al. 1998).
A total exposure time of 600 s over two integrations were taken in
seeing conditions of ⇠0.6 arcseconds measured at zenith, however,
the observations were taken at the large airmass of ⇠3.4 resulting
in degrading the seeing to ⇠1.2 arcsec. Wavelength calibration
used HgCdZn lamps for the blue camera and the ArNeXe lamps
for the red camera. Flux calibration used the G191-B2B and Feige
34 standard stars for the blue and red camera respectively and a
solar analog star 2MASS 22462446+0029244 was used for slope
correction. The data of �Ayló�chaxnim and the standard stars were
obtained from the Keck Observatory Archive (KOA).
Southern Astrophysical Research Telescope: Observations of
�Ayló�chaxnim were conducted with the 4.1 m Southern Astro-
physical Research Telescope (SOAR) on 2021 July 17 Goodman
High Throughput Spectrograph in imaging mode (Clemens et al.
2004). Data were taken in the SDSS r filter, and the telescope was
tracked non-sidereally at the asteroid’s sky motion rate using 30 s
exposures. The seeing during the observations was ⇠1 arcsecond
and the airmass of the observations was ⇠3.3.
Magellan Telescope: The 6.5 m Magellan Baade telescope at Las
Campanas Observatory was used to observe �Ayló�chaxnim on
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Figure A2. Distribution of �Ayló�chaxnim orbital element samples. Corner
plot of 30,000 samples from the multivariate distribution of orbital elements
of �Ayló�chaxnim. The samples were derived from the covariance by fitting
the observations between 2020 January 4 to 2020 November 26. Two di-
mensional histograms are shown for each pair of combinations of Tp , e, q,
Q, a, i, M , ! and ⌦ for the orbital samples. Individual samples are plotted
as tiny grey dots. The contours represent the 0.5,1, 1.5, 2-� levels for a two
dimensional histogram. One dimensional histograms are shown for the Tp ,
e, q, Q, a, i, M , ! and ⌦ values of the orbital samples. The central value
and the 1-� uncertainty for each parameter value is given at the top of each
column in the corner plot.

2021 July 18-19 using the Four Star infrared camera (Persson et al.
2013). Non-sidereal tracking rates at the asteroid’s sky motion rate
were used and data were taken in the broadband J filter in 4-9 s
exposures using a four point dither pattern. The seeing during the
observations was ⇠1 arcsecond and the airmass of the observations
was ⇠2.4.

A1.2 Visual imaging/spectroscopy reduction and astrometry

The Gaia data release 2 catalog (Gaia Collaboration et al. 2016,
2018) was used with the ZTF data reduction pipeline (Masci et al.
2019) to produce an astrometric solution on ZTF data with the
������������ software4. Photometric calibration was performed
using the Pan-STARRS1 catalog database (Tonry et al. 2012). The
LRIS spectroscopic data were reduced using flat field, dark current
and arc lamp exposures with the ����� spectroscopy reduction
software (Perley 2019).

4 http://www.astrometrica.at/

A1.3 Orbit determination and dynamical integration

We used the ������� N-body orbit integration package (Rein &
Liu 2012) using the IAS15 adaptive time step integrator (Rein &
Spiegel 2015) to determine the orbital history of �Ayló�chaxnim. We
generated 222 clone orbits of �Ayló�chaxnim using the multi-variate
distribution of the orbital parameters presented in Table A1 and
Fig. A2, determined with observations taken between 2020 January
4 and 2020 November 26 with the ����_��� orbital integration
package 5. We integrated the �Ayló�chaxnim orbital clones forwards
and backward 30 Myrs using barycentric coordinates with a
nominal timestep of 14 h. As an adaptive time-step integrator,
IAS15 decreases the time step during close encounters. We find
that �Ayló�chaxnim has experienced numerous, ⇠0.01 au close
encounters with Mercury and Venus that are as frequent as
every few hundred to thousands of years due to it evolving on
to planet-crossing orbits as seen for one example orbit clone of
�Ayló�chaxnim in Fig. 4C. We ignore the Yarkovsky e�ect in our
orbital integrations because the e�ect of perturbations during
planetary encounters on the orbital evolution of planet-crossing
asteroids in the terrestrial planet zone dominates the Yarkovsky
e�ect on the time scales of our orbital integrations (Bottke et al.
2002b, 2006; Granvik et al. 2018).

A2 Comparison with the near-Earth asteroid population and

size estimate

One of the main sources of uncertainty on the⇠1.7±0.6 km diameter
estimate of �Ayló�chaxnim is the 1-� uncertainty on H of ⇠0.8
magnitudes from JPL HORIZONS. We note that this uncertainty
on the H of �Ayló�chaxnim is greater than the ⇠0.3 magnitudes
scatter on H of asteroids from the Minor Planet Center catalog
(Vereö et al. 2015). The large uncertainty on H may be related to the
unknown phase function (Jedicke et al. 2016). We obtain a slightly
lower diameter for �Ayló�chaxnim of ⇠1.4-1.6 km using albedos (in
the range 0.23-0.3) measured for S-types in the general near-Earth
Object (NEO)/near-Earth asteroid (NEA) population (Thomas et al.
2011). The NEA albedo model (Morbidelli et al. 2020) predicts
that ⇠ 60% of km-scale inner-Venus objects should have albedos
exceeding 0.2 as seen in Fig. A3. Combining the spread in albedos
of S-type asteroids (Thomas et al. 2011) with our estimate of the
albedo of �Ayló�chaxnim and the ⇠0.8 magnitudes uncertainty on
H, we estimate a diameter range for �Ayló�chaxnim of ⇠1.7±0.6 km.

The calculation of the absolute magnitude of �Ayló�chaxnim
was made assuming a phase parameter of 0.15. The assumed value
of 0.15 is the average asteroid phase parameter determined by pho-
tometric observations of a large ensemble of asteroids regardless
of spectral class (Oszkiewicz et al. 2012; Vereö et al. 2015). Our
spectrum and the spectrum reported by others of �Ayló�chaxnim
(Popescu et al. 2020) constrains the taxonomy of �Ayló�chaxnim to
be likely S-type (Fig. 5). Therefore, it might be appropriate to as-
sume a higher phase parameter of ⇠0.2 found for S-types (Pravec
et al. 2012; Vereö et al. 2015) which would increase the nominal
absolute magnitude of �Ayló�chaxnim by ⇠0.1 magnitudes, smaller
than the ⇠0.8 absolute magnitude uncertainty.

The scatter in phase parameters determined for asteroids within
the S-types taxonomic class is ⇠0.1-0.2 when measured over a large
ensemble of asteroids (Warner et al. 2009; Vereö et al. 2015), and

5 https://www.projectpluto.com/find_orb.htm
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Figure A3. The cumulative distribution of inner Venus objects with
15<H<18 computed from the NEA albedo model. The predicted albedo of
�Ayló�chaxnim is indicated by the dashed vertical line.

thus the nominal value for the phase parameter of ⇠0.2 for S-type
asteroids is compatible with our assumed phase parameter value of
0.15.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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