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We report radar observations of Apophis obtained during the 20122013 apparition.
We observed Apophis on fourteen days at Goldstone (8560 MHz, 3.5 cm) and on
five days at Arecibo (2380 MHz, 12.3 cm) between 2012 December 21 and 2013
March 16. Closest approach occurred on January 9 at a distance of 0.097 au. We
obtained relatively weak echo power spectra and delay-Doppler images. The highest
range resolution we achieved was 0.125 s or ~20 m/pix at Goldstone. The data
suggest that Apophis is an elongated, asymmetric, and possibly bifurcated object.
The images place a lower bound on the long axis of 450 m. We used the Pravec et
al. (2014) lightcurve-derived shape and spin state model (Figure 1) of Apophis to test
for short axis mode (SAM) non-principal axis rotation (NPA) and to estimate the
asteroid’s dimensions. The radar data are consistent with the NPA spin state and
they constrain the equivalent diameter to D = 0.34 ± 0.03 km (1σ bound). This is
+14
slightly smaller than the most recent IR observation estimates of 375-10 m and 380–

393 m, reported by Müller et al. (2014) and Licandro et al. (2016) respectively.
Delay-Doppler images from Jan. 10 and 14 show two clusters of bright pixels with a
narrow radar-dark region between them, hinting that Apophis could be bifurcated
(Figure 2). The radar astrometry has been updated using a 3D shape model and
was included in JPL orbital solution 195. The Yarkovsky acceleration has not been
detected with solution 195, but if the position error in the 2021 encounter exceeds
812 km, then this could be evidence for non-gravitational acceleration. Orbital
solution 195 enables reliable orbit computation from 18292059 and extends the
Earth encounter predictability window by 67 years relative to solution 142 (Giorgini et
al. 2008).
Figure 1. The Euler angles , ,
and  describe Apophis SAM NPA
rotation between 2012 December
21 and 2013 January 17. We
converted the Pravec et al. (2014)
S-convention spin state into the
Samarasinha and A’Hearn (1991)
L-convention spin state. In the Lconvention,  is the nodding
amplitude of the long axis with
respect to the total rotational
angular momentum vector,  is the
rolling amplitude about the long
axis, and  is the rotation angle of
the long axis about the angular
momentum vector.  is the only
angle that circulates. The average
rotation period is P=30.56 hours. The rolling and nodding periods are the same and
have a value P=P=262.66 days. The rotation rate d/dt of the long axis about the
angular momentum vector varies by only a few percent and has a period of P/2.
Figure 2. Collage of, from left to
right: plane-of-sky renderings of the
Pravec et al. model (Model P)
scaled to D = 0.34 km,
corresponding
fits
(synthetic
images),
delay-Doppler
radar
images, fits produced with radar
improvements to the spin state and
shape
(Model
R),
and
corresponding
plane-of-sky
renderings for this model. The
plane of sky view is contained in a
0.7 km  0.7 km square with
151151 pixels. The magenta
arrow shows the instantaneous
orientation of the spin vector, and

the red, green, and blue shafts denote the positive ends of the long, intermediate,
and short principal axes.
References
Giorgini, J.D. et al., 2008. Predicting the Earth encounters of (99942) Apophis. Icarus
193, 1-19.
Licandro, J. et al., 2016. GTC/CanariCam observations of (99942) Apophis. Astron.
Astrophys. 585, A10.
Müller, T.G., et al., 2014. Thermal infrared observations of Asteroid (99942) Apophis
with Herschel. Astron. Astrophys. 566, A22.
Pravec, P. et al., 2014. The tumbling spin state of (99942) Apophis. Icarus 233, 4860.
Samarasinha, N.H., A’Hearn, M.F., Observational and dynamical constrains on the
rotation of Comet P/Halley. 1991, Icarus 93, 194-225.

© 2017. All rights reserved.

