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Apophis Flyby Effects

• The most notable effect of the Apophis Earth flyby is that the spin state of the 
tumbling asteroid will undergo a major change:
– Simulations show a change in the complex rotation state periods by a factor of two or more
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Fig. 2. Apophis post-flyby tumbling period distributions (50,000 runs). The dashed lines and white diamond denote the pre-flyby periods.

Fig. 3. Corresponding post-flyby distributions of Apophis’ effective spin rate !
e
and normalized dynamic moment of inertia ÉI

d
. The dashed line denotes the separatrix between

LAM and SAM states. The red region denotes the uniformly sampled pre-flyby initial conditions. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

mean value is 14.5˝ with Ì5˝ being the highest probability outcome.
Values as high as 45.8˝ are observed.

With implications for possible geophysical changes, Fig. 6a shows
the histogram of the angular acceleration magnitude at closest ap-
proach, where accelerations tend to be largest. The maximum accel-
eration magnitude is 4.5 deg/h2 (6 ù 10*9 rad/s2) and the highest
probability outcome is 2.4 deg/h2 (3.2 ù 10*9 rad/s2). For reference, in
torque-free rotation, the maximum angular acceleration for the nominal
photometric spin state is Ì0.4 deg/h2 (5.4 ù 10*10 rad/s2), roughly one
order of magnitude smaller. Fig. 6b shows the corresponding closest
approach acceleration vectors plotted along the asteroid’s long, inter-
mediate, and short axes for all 50,000 runs. These accelerations map
out a relatively thin ‘‘disk’’ with maximum accelerations of ±1 deg/h2
about the long axis and values roughly 5 times that for the intermediate

and short axes. Accelerations are largest about the intermediate (i) and
short (s) axes given the longer lever arms perpendicular to these axes.
Maximum accelerations are slightly larger about the intermediate axis,
likely given its smaller inertia.

To better understand the sensitivity of flyby outcomes to Apophis’
mass distribution, Fig. 7 shows how the post-flyby pole distribution
changes with the asteroid’s moments of inertia assuming the nominal
photometric pole and periods. Here we plot the case for the nominal
inertias in green and additional cases in orange and purple. The notable
changes in these distributions for different inertias demonstrates the
promise of better constraining the inertias by tracking the asteroid’s
spin state evolution through the flyby.
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Fig. 1. Long axis tumbling period convention for Apophis.

Table 1
Apophis nominal pre-flyby spin state solutions. Both correspond to short axis mode (SAM) spin states.
Model P Ñ�

s

(h) P Ñ�
l

(h) P
 
(h) � � I

l
/I

s
I
i
/I

s

Photometric 27.38 ± 0.07 30.56 ± 0.01 263 ± 6 250˝ *75˝ 0.61+.11*.08 0.965+.009*.015

Radar 27.45 30.62 265.7 247˝ *59˝ 0.73 0.95

3.2. Results

We first discuss the post-flyby P Ñ�l
and P

 
distributions. These

are provided in Fig. 2. Histograms are shown for each of the tum-
bling periods separately and also for the combined distribution. The
dashed lines and white diamond represent the pre-flyby values. There
is wide dispersion in the distributions for both periods. P Ñ�l

ranges from
16.4–67.2 hr with a mean of 30.9 hr (30.56 hr pre-flyby). The P Ñ�l

distribution is also bimodal with a highest probability value of Ì21 hr.
This bimodality can be explained by the gravitational torque structure.
P Ñ�l

will remain relatively constant if the asteroid long axis is nearly
aligned with or perpendicular to the Earth direction at closest approach
(the orientations with the smallest gravitational torque). Since we
uniformly sample over �

o
from 0˝–360˝, relatively few runs yield these

torque-minimizing geometries. For most of the sampled orientations,
the long axis is offset from the parallel/perpendicular directions at
closest approach, resulting in a net acceleration that causes either an
increase or decrease in P Ñ�l

. For P
 
, post-flyby values range from 95.8–

1686.9 hr (70.3 days) with a mean of 266.0 hr (263 hr pre-flyby)
and a highest probability value of Ì185 hr. There is strong positive
correlation between the two periods. In other words, runs with smaller
P Ñ�l

tend to have smaller P
 
and vice versa. In 55.8% of runs, P Ñ�l

decreases through the flyby corresponding to faster precession of the
long axis aboutH . In 59.3% of runs, P

 
decreases through the flyby. Of

particular note is the concentration of outcomes in the lower left of the
combined distribution plot. This hotspot, defined by decreases in both
periods, contains 51.2% of runs. The hotspot persisted when only the
close approach phasing was varied, assuming nominal pole and inertias
nominal values. This indicates the hotspot is dictated primarily by the
flyby geometry and can be expected to persist for any viable pole or
inertia ratios. While the hotspot is prominent, it should be noted that
the post-flyby periods are almost as likely to lie outside the hotspot
given the current uncertainties.

We can also consider the post-flyby states in terms of their effective
spin rate !

e
= 2T _H and dynamic moment of inertia I

d
= H

2_2T
where H and T are the rotational angular momentum magnitude and
kinetic energy (Scheeres, 2012; Benson et al., 2020). The effective spin
rate !

e
is proportional to the angular velocity vector ! and inversely

proportional to the two tumbling periods. Therefore, !
e
is a convenient

indicator for the asteroid’s overall spin rate. I
d
determines how far the

asteroid is into tumbling. I
d
= I

l
and I

d
= I

s
correspond to uniform

rotation about the long and short axes respectively. For I
i
< I

d
< I

s
,

the asteroid is in short axis mode (SAM) rotation where ! precesses
about the short axis. For SAMs, the asteroid rocks back and forth about
its long axis while this axis precesses about H . For I

l
< I

d
< I

i
, the

asteroid is in a long axis mode (LAM) where ! instead precesses about
the long axis. For LAMs, the asteroid continuously rotates about its
long axis while precessing about H . Finally, for I

d
= I

i
, the asteroid

is in uniform rotation about the intermediate axis or evolving along
the separatrix between LAM and SAM states. To properly compare the
tumbling level for the ensemble of runs with different inertias, we use
the scaled dynamic moment of inertia ÉI

d
. For SAMs, ÉI

d
= (I

d
*I

i
)_(I

s
*

I
i
). For LAMs, ÉI

d
= (I

d
* I

i
)_(I

i
* I

l
). So *1 f ÉI

d
f 1 with the extremal

values indicating uniform long/short axis rotation respectively and 0
indicating intermediate axis rotation or motion along the separatrix.

Fig. 3 shows the post-flyby ( ÉI
d
, !

e
) distribution. The region in red

denotes the pre-flyby values. Over the range of possible outcomes, !
e

roughly halves or doubles compared to the pre-flyby value. In 55.8%
of cases, !

e
increases pre to post-flyby. ÉI

d
on the other hand does not

greatly exceed its pre-flyby range with only 17.3% of runs transitioning
to LAM. With constant I

d
corresponding to constant P

 
_P Ñ�l,s

(Scheeres,
2012; Benson et al., 2020), variation mostly in !

e
is consistent with the

positive period correlation (i.e. roughly constant distribution slope) in
Fig. 2.

Fig. 4 shows the post-flyby pole distribution in the J2000 eclip-
tic frame. The red boundary is the admissible pre-flyby pole region
from Pravec et al. (2014). Again, the pre-flyby poles were uniformly
sampled from this bounded region. The red diamond and square denote
the nominal photometric and radar pre-flyby directions respectively.
There is a notable leftward trend in pole motion with 93.5% of runs
having an increased post-flyby pole longitude. This structure is due
to Apophis’ particular flyby geometry and the fact that a significant
component of the gravitational torque acts in a direction that would
move the long axis towards the instantaneous earth line, rather than
away from it. The change in rotational angular momentum is along this
torque direction, so solutions are grouped to one side of the southern
hemisphere. Considering pole latitude, 55.3% of poles move closer to
the ecliptic plane. The complementary Fig. 5 shows the distribution of
the angular separation � between the pre and post-flyby poles. Here, the

C.J. Benson, D.J. Scheeres, M. Brozović, S. Chesley, P. Pravec and P. Scheirich. 2023. “Spin 
State Evolution of (99942) Apophis during its 2029 Earth Encounter,” Icarus 390: 115324. 
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Apophis Flyby Effects
• Apophis will not fly close enough for significant perturbation of surface material

– Relatively modest surface acceleration changes and slope changes mean that only limited regions of 
the surface may be disturbed, as concluded by several different research groups

• Most likely scenario for a noticeable change is if Apophis is a “contact binary” or 
consists of several larger components at rest on each other
– Maximizes tidal stresses at component contact points and may cause them to reconfigure and shift
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Fig. 8. Nominal Apophis slopes (left) and change due to tidal forces at closest approach (right). Here, the bottom of the asteroid faces Earth.

Fig. 9. Nominal Apophis surface accelerations (left) and change due to tidal forces at closest approach (right). Here, the bottom of the asteroid faces Earth.

In the right plots of Figs. 8 and 9 we show the change in the
surface slope and surface acceleration that will be experienced by
Apophis at closest approach, only directly accounting for the tidal
acceleration given in Eq. (3). Here we have chosen the orientation of
the body that will give the maximum differential accelerations, with the
long axis of the asteroid oriented towards the Earth. Given Apophis’
relatively slow spin rate, the surface is not near failure conditions.
While not considered in this analysis, cohesion of the surface material
would further inhibit surface failure. Thus these additional fluctuations
around closest approach are not expected to produce significant surface
changes assuming a homogeneous body. This was also the conclusion
of the earlier analyses in Scheeres et al. (2005), DeMartini et al. (2019),
and Hirabayashi et al. (2021). We also note the analysis by Holsapple
and Michel (2006) which estimated that Apophis would need a very
low density and a friction angle f 5˝ in order for significant resurfacing
through closest approach.

4.2. Effect of non-homogeneous mass distributions

The above analysis treats Apophis as a uniform density body, and
focuses on the accelerations occurring at the surface of the body. If
we consider a non-homogeneous mass distribution for Apophis then
a flyby-induced geophysical change becomes more feasible. A non-
homogeneous mass distribution, in this sense, means that the overall
asteroid may be separated into larger components that are resting on
each other.

The delay-Doppler radar images of Apophis suggest the asteroid has
a bi-lobed shape. See for example those shown in Figure 2 of Brozovi¢
et al. (2018). The most extreme model of non-homogeneous mass
distribution will model the body as two components resting on each
other, maximizing the effect we are studying here and providing a
good extreme case for analysis. Previous research has analyzed rest-
ing ellipsoids (Scheeres, 2007) and contact binary models of general
shapes (Hirabayashi and Scheeres, 2019). To simplify the current anal-
ysis we assume that Apophis consists of two spherical components
resting on each other. This simplified model is shown in Fig. 10 along
with relevant accelerations that will be discussed later in this section.
These two bodies will have a mutual attraction, creating a compressive
force at their point of contact. During closest approach we can evaluate
how much this compressive force is reduced due to the tidal forces and
rotationally-induced radial acceleration. The combination of relaxing
the relative compression combined with the lateral spin acceleration
could cause the components to shift, and thus create a change in the
mass distribution.

Assuming Apophis consists of two spherical components resting on
each other, the compressive acceleration due to their mutual gravity is
simply,

acb =
GM

(r1 + r2)2
(4)

where G is the gravitational constant, M = 4
3⇡r

3
⇢ is the asteroid’s

total mass, r is the asteroid’s mean radius taken from the shape model
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Fig. 8. Nominal Apophis slopes (left) and change due to tidal forces at closest approach (right). Here, the bottom of the asteroid faces Earth.

Fig. 9. Nominal Apophis surface accelerations (left) and change due to tidal forces at closest approach (right). Here, the bottom of the asteroid faces Earth.
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asteroid may be separated into larger components that are resting on
each other.

The delay-Doppler radar images of Apophis suggest the asteroid has
a bi-lobed shape. See for example those shown in Figure 2 of Brozovi¢
et al. (2018). The most extreme model of non-homogeneous mass
distribution will model the body as two components resting on each
other, maximizing the effect we are studying here and providing a
good extreme case for analysis. Previous research has analyzed rest-
ing ellipsoids (Scheeres, 2007) and contact binary models of general
shapes (Hirabayashi and Scheeres, 2019). To simplify the current anal-
ysis we assume that Apophis consists of two spherical components
resting on each other. This simplified model is shown in Fig. 10 along
with relevant accelerations that will be discussed later in this section.
These two bodies will have a mutual attraction, creating a compressive
force at their point of contact. During closest approach we can evaluate
how much this compressive force is reduced due to the tidal forces and
rotationally-induced radial acceleration. The combination of relaxing
the relative compression combined with the lateral spin acceleration
could cause the components to shift, and thus create a change in the
mass distribution.

Assuming Apophis consists of two spherical components resting on
each other, the compressive acceleration due to their mutual gravity is
simply,

acb =
GM

(r1 + r2)2
(4)

where G is the gravitational constant, M = 4
3⇡r

3
⇢ is the asteroid’s

total mass, r is the asteroid’s mean radius taken from the shape model

Icarus 390 (2023) 115324

7

C.J. Benson et al.

Fig. 8. Nominal Apophis slopes (left) and change due to tidal forces at closest approach (right). Here, the bottom of the asteroid faces Earth.

Fig. 9. Nominal Apophis surface accelerations (left) and change due to tidal forces at closest approach (right). Here, the bottom of the asteroid faces Earth.

In the right plots of Figs. 8 and 9 we show the change in the
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relatively slow spin rate, the surface is not near failure conditions.
While not considered in this analysis, cohesion of the surface material
would further inhibit surface failure. Thus these additional fluctuations
around closest approach are not expected to produce significant surface
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we consider a non-homogeneous mass distribution for Apophis then
a flyby-induced geophysical change becomes more feasible. A non-
homogeneous mass distribution, in this sense, means that the overall
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each other.
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a bi-lobed shape. See for example those shown in Figure 2 of Brozovi¢
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distribution will model the body as two components resting on each
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the relative compression combined with the lateral spin acceleration
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Fig. 8. Nominal Apophis slopes (left) and change due to tidal forces at closest approach (right). Here, the bottom of the asteroid faces Earth.

Fig. 9. Nominal Apophis surface accelerations (left) and change due to tidal forces at closest approach (right). Here, the bottom of the asteroid faces Earth.

In the right plots of Figs. 8 and 9 we show the change in the
surface slope and surface acceleration that will be experienced by
Apophis at closest approach, only directly accounting for the tidal
acceleration given in Eq. (3). Here we have chosen the orientation of
the body that will give the maximum differential accelerations, with the
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relatively slow spin rate, the surface is not near failure conditions.
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around closest approach are not expected to produce significant surface
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distribution will model the body as two components resting on each
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ysis we assume that Apophis consists of two spherical components
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These two bodies will have a mutual attraction, creating a compressive
force at their point of contact. During closest approach we can evaluate
how much this compressive force is reduced due to the tidal forces and
rotationally-induced radial acceleration. The combination of relaxing
the relative compression combined with the lateral spin acceleration
could cause the components to shift, and thus create a change in the
mass distribution.
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Fig. 10. Schematic of Apophis approximated as two spherical components resting on each other with relevant accelerations labeled. We assume the long axis points towards Earth
at closest approach. The parameters � and 1 * � denote the mass fractions of the two components.

volume, and ⇢ is the bulk density. The component radii are then r1 =
�
1_3

r and r2 = (1*�)1_3r where � is the mass fraction of one component.
Tidal accelerations oppose acb (see Fig. 10) and will be maxi-

mized when the asteroid long axis is pointed towards Earth at closest
approach. In this case, the acceleration is,

atide =
2�

e

R3 (r1 + r2) (5)

Rotational accelerations due to the tidal torques and spin state,
a
rot

= Ü! ù r + ! ù ! ù r, will also be present. Here r = (r1 + r2)Çl
is the position vector between the primary and secondary centers of
mass. The rotational accelerations can be split into tangential and radial
components, arott =  Ü! ù r and arotr = ! ù ! ù r Ì !

2
e
(r1 + r2)

respectively. These components are shown in Fig. 10.
Assuming ⇢ = 2 g/cm3, r = 168 m, and the well-constrained flyby

radius of Ì 38,000 km, we find that the ratio of the tidal acceleration
relative to the compressive acceleration is atide_acb f Ì 0.1. Considering
also the rotational component with !

e
corresponding to the pre-flyby

P Ñ�
, (atide + arotr )_acb f Ì0.13. With acb proportional to ⇢, halving the

asteroid’s density would double these ratios and vice versa. In any case,
the components will not separate during the encounter. Then consid-
ering the tangential acceleration, arott _acb f Ì0.04 assuming the 4.5
deg/h2 maximum angular acceleration magnitude from Fig. 6. Overall,
these flyby-induced accelerations first indicate that the two components
will remain in contact through the closest approach. However, the
reduction of compressive forces between the binary components could
create conditions for a shift in the components at closest approach,
particularly if there is negligible internal strength to resist ‘‘roll’’ from
the tangential acceleration. Any material in the ‘‘neck’’ region between
the two components would help resist relative motion and provide
some cohesive strength. Again, these derived ratios are the maximum
possible values which assume: (1) equal mass components (i.e. � = 0.5),
(2) Apophis’ long axis pointed towards the Earth at closest approach,
and (3) the largest simulated acceleration.

The scenario for geophysical change implied by this model would
consist of two effects, and would be driven by the body’s orientation
at closest approach. In the following we only consider the previously
defined orientation, although future work could generalize the contact
binary model and study the possible shifts in more detail. The first
effect is a lessening of the contact force between the components, which
reduces the sustaining frictional forces that would exist between the
resting components. The second is the lateral acceleration due to the
angular acceleration, which could then create the conditions for the two
components to shift relative to each other, with the simplest motion be-
ing a rolling or rocking motion. It is hypothesized that the components
of the cometary body 67P have shifted in the past (Hirabayashi et al.,
2016). Similar shifts could occur for Apophis, but are certainly not
guaranteed and would also require the body to be poised in a favorable
way to undergo such a shift.

4.3. Detection of mass shifts and internal mass distribution

There have been proposals to have a spacecraft in proximity to
Apophis around its closest approach to ascertain whether there is any
change in the surface or mass distribution of the asteroid. Such a fly-
along mission has been analyzed in Scheeres (2019), however it is
not necessary to have an in-situ spacecraft perform before and after
mappings to detect a change in the mass distribution. If there is a shift
in the Apophis components such as described here, the body’s moments
of inertia will change. Pre and post-flyby spin state solutions provided
by ground-based optical and radar observation campaigns will yield
moment of inertia ratios. Comparison between the pre and post-flyby
values would allow for determination of possible mass shifts. The pre
and post-flyby campaigns will also provide independent, high resolu-
tion shape model solutions. The shape-derived moments of inertia from
the assumed constant density shape models can also be compared to
the dynamical moments of inertia obtained from spin state estimation.
Differences between the shape-derived and dynamical inertias could
provide evidence for density inhomogeneity. The eventual visit of the
OSIRIS-APEX spacecraft to Apophis (DellaGuistina et al., 2022) will fur-
ther refine the asteroid’s post-flyby spin state and mass distribution for
comparison with the pre-flyby values. OSIRIS-APEX’s detailed surface
mapping operations will also allow for determining whether there are
freshly uncovered surfaces due to regolith displacement.

Finally, the measured change in spin state across the flyby, indepen-
dent of possible changes in the moments of inertia, can also be used to
model the asteroid’s mass distribution more precisely. Here, the spin
dynamics and gravitational torques are combined and provide unique
insight on the second degree and order mass moments of Apophis. A
similar analysis as performed by Takahashi et al. (2013) for Toutatis
can be conducted, with the mass distribution sensitivity for Apophis
being much greater given its closer encounter distance.

4.4. Yarkovsky acceleration

Flyby-induced changes to Apophis’ heliocentric orbit and spin state
will also affect the asteroid’s Yarkovsky acceleration and resulting semi-
major axis drift rate. For small asteroids like Apophis, the diurnal
drift component tends to be significantly larger than the seasonal
component (Vokrouhlicky et al., 2015). So here we only consider the
diurnal component. We assume that the changing spin periods have
a negligible effect on the drift rate. Furthermore, studies have shown
that the Yarkovsky drift models for uniform rotators yield accurate
approximations for tumblers as well (Vokrouhlicky et al., 2015). So
using the diurnal equation for uniform rotators and canceling out all
constant terms, the ratio of the post-flyby semi-major axis drift rate Üa

f

to the pre-flyby value Üa
i
can be written as (Vokrouhlicky et al., 2015),

Üa
f

Üa
i

=
cos �

f

cos �
i

v
a
i

a
f

(6)

Relatively modest changes in surface environment Possible pathway to a larger 
reorientation of components 
(Benson et al. 2023)
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Tracking the Apophis Spin State
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Figure 3. Toutatis’ orbit. The semi-major axis is a = 2.53 [AU], the eccentricity
is e = 0.629 (n.d.), and the inclination is i = 0.446 (deg).

epochs and the minimum distance from the Earth to Toutatis
during these periods.

Toutatis’ closest approach to Earth since its discovery oc-
curred during the 2004 flyby, at a distance of four lunar dis-
tances, and the recent flyby in 2012 December will be the closest
Earth encounter between then and 2069. During the outbound
leg of the 2012 December flyby, Toutatis was imaged by the
Chinese Chang’e 2 spacecraft, a lunar probe that departed from
the Earth–Moon L2 Lagrange point to fly by Toutatis as an ex-
tended mission. This was the first time that a near-Earth asteroid
has flown by a spacecraft while making a flyby of Earth.

As shown in Figure 3, the Earth apparition nearly coincides
with the perihelion passage when the torque due to the solar
tide becomes the greatest. In order to illustrate the significance
of the Earth flybys and solar tidal torque on the change in the
rotation dynamics of the asteroid, Figure 4 shows the signed
change in the magnitude of the angular momentum, normalized
by the initial angular momentum magnitude at a reference epoch
in 1992.

Figure 4 shows that the solar tide exerts a strong torque around
perihelion passage, and the terrestrial tidal torques further
change the rotation dynamics of Toutatis (0.1% change in the
magnitude of the angular momentum in 20 yr). The terrestrial
tide is significant only during each Earth flyby, so the dynamical
model only includes it from one month before until one month
after each flyby epoch. The solar tide is active at all times,
and tides from the Moon are proven to be negligible (≈1%
of the terrestrial tides). Although the magnitude of the angular

Table 1
Observation Epochs and Earth–Toutatis Distance

Year Month Dmin (Lunar Distance)

1992 November 9.40

1996 November 13.79

2000 October 28.75

2004 September 4.03

2008 November 19.56

2012 December 18.03

momentum is relatively constant between each Earth flyby, there
are small oscillations due to the solar tide that lead to significant
orientation offsets. The 2004 apparition is by far the strongest
perturbation from the terrestrial tides, as indicated by a large
change in the magnitude of the angular momentum.

Not only the rotation dynamics, but also Toutatis’ orbit
changes due to perturbations after every Earth flyby and during
the course of its heliocentric orbit, which prohibits one from
using simple two-body dynamics in the heliocentric frame.
Therefore, Toutatis’ orbit was retrieved from the JPL Horizons
system (http://ssd.jpl.nasa.gov/?horizons). The relative position
of Toutatis with respect to Earth was obtained in 30 minute
increments, and that of Toutatis with respect to the Sun was
obtained in one-day increments. The terrestrial torques were
computed by linearly interpolating Toutatis’ position in the
inertial frame. For the solar tidal torque, a more accurate
interpolation method, the f –g series (Danby 1962, chapter 6.7),
was employed due to the large time interval in order to lower
the position errors to less than ∼10 [m].

4. OBSERVATIONS

The fundamental observational data used in our estimation
were obtained by correlating radar images of Toutatis to the
existing shape model. For example, Figure 5 shows the delay-
Doppler radar images of Toutatis from Goldstone in 2000 and
Arecibo in 2004 and 2008.

Within each image in Figure 5, time delay, equivalent to dis-
tance from the Earth, increases from top to bottom, and Doppler
frequency, equivalent to line-of-sight velocity, increases from
left to right. These images have a total range extent of 5 km,
and a range resolution of 18.75 m pixel−1 at Goldstone and
15 m pixel−1 at Arecibo. The Doppler extents of the images
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Figure 4. Change in Toutatis’ rotational angular momentum magnitude H over time.

4

Estimating Apophis’ Spin State
• Radar observations can generate attitude sequences of Apophis

– These can be fit dynamically to estimate the spin state and moment of inertia ratios 
– Plans are to acquire high SNR radar images of Apophis ± 30 days from C/A (SAT Report)

• Using techniques previously applied to Toutatis over multiple Earth C/A it is possible to perform 
before / after estimates of spin state and inertia ratios, which can detect changes across the flyby
– Toutatis MoI ratios estimated to better than 2%, Apophis observations will enable significant improvements 
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Figure 5. Delay-Doppler radar images of Toutatis from Goldstone in 2000 and
Arecibo in 2004 and 2008.

vary; Doppler resolution was 0.033 Hz at Goldstone, 0.011 Hz
at Arecibo in 2004, and 0.019 Hz at Arecibo in 2008. In this
projection, Toutatis appears to rotate counterclockwise, but be-
cause of the asteroid’s slow rotation, there is little rotation smear
during the imaging during each day. The Goldstone images have
low signal-to-noise ratios because of the greater distance to the
asteroid in 2000 and the relatively low sensitivity of the tele-
scope as compared to Arecibo.

Using these radar images, the 3-1-3 Euler angles, along
with the body frame angular velocity, were estimated at each
observation epoch. All observations are listed in Table 3 in
Appendix A.2. There are varying numbers of observations for
each apparition, totaling 17 observations in 1992, 8 observations
in 1996, 2 observations in 2000, 4 observations in 2004, and
2 observations in 2008. Uncertainties have been omitted for
brevity, but range between 3 deg and 15 deg for Euler angles and
between 2 deg day−1 and 10 deg day−1 for components of the
instantaneous spin vectors. These observations were processed
by the filter (Section 5) to estimate the rotational dynamics and
relevant physical parameters of Toutatis. Another example of
the radar images is presented in Figure 6.

Figure 6 shows the predicted orientation of Toutatis on 2008
November 23 using the best-fit torque-free spin state for the
2000–2004 images (left) compared to the observed orientation
(center). The ∼100 deg offset in the asteroid’s orientation is due
to the tidal torques, primarily from the Earth during the 2004
flyby. Including the terrestrial torque resolves the discrepancy
(right). Insets show the orientation of the Toutatis shape model
projected onto the plane of the sky for the two spin state models.
Arecibo viewed Toutatis nearly end-on, with the smaller lobe
closer to Earth. The observed and modeled radar images are
oriented as in Figure 5.

5. LEAST-SQUARES FILTER

All of the 1992–2008 Euler angle observations were fit in
a least-squares sense incorporating both terrestrial and solar
tidal torques. For this purpose, a batch filter with a square-root
information filter algorithm was implemented, and observations
were processed with respect to the epoch (i.e., t0) to get the best
estimates of the epoch state. The estimated quantities are the
initial Euler angles, angular velocity, moment of inertia ratios,
and a potential COM-COF offset. This section briefly reviews
the filter equations for the least-squares batch filter. Most of the

Figure 6. Predicted orientation of Toutatis on 2008 November 23.

equations in this section are well documented by Tapley et al.
(2004), and only the key steps are highlighted.

5.1. Dynamical Equations

For a state vector X that is an array of estimated parameters,
we have the dynamical equation Ẋ and observation Y :

Ẋ = F (X, t); (21)

Y k = Z(Xk, tk) + εk, (22)

where F is the dynamical equation that computes the time
derivative of the state vector, Z is the observation model, ε is the
observation error, and k is the index of the time t. As mentioned
above, the state vector consists of the 3-1-3 Euler angles, angular
velocity, moment of inertia ratios, and COM-COF offset:

X = [α ωB Ī r̄], (23)

where α is the 3-1-3 Euler angles in a vector form, ω is the
angular velocity with the B subscript indicating the body frame
notation, Ī is an array of moment of inertia ratios, and r̄ is the
COM-COF offset. As the dynamical equation is non-linear for a
rotating rigid body, it is only possible to estimate the corrections
to the full state. Assuming that the dynamics of the reference
state stays sufficiently close to the true state over the period of
data arc, Equations (21) and (22) can be expanded in a first-order
Taylor series to yield

ẋ(t) = A(t)x(t); (24)

yk = H̃k xk + εk. (25)

This process is often called the “linearization” of the dy-
namical and observable equations. In Equations (24) and (25),
lowercase letters are used to denote the deviations of the full
state, A is the dynamics matrix, and H̃ is the observation partial
given as

A(t) = ∂F (t)
∂ X(t)

∣∣∣∣
X=X∗

; (26)

H̃k = ∂Z

∂ X

∣∣∣∣
X=X∗(tk)

, (27)

where X∗ is the reference state. Thus, both the dynamics
matrix and the observation partial are computed on the reference
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Table 2
Initial Condition and Converged Solution of the State Vector and Their Uncertainties at 17:49:47 UTC on 1992 November 9

Parameter Initial Value A Priori Estimated Value Estimated
1σ Uncertainty 1σ Uncertainty

α (deg) 144.863 15 145.498 3.762
β (deg) 65.467 15 65.865 2.388
γ (deg) 241.785 15 241.524 2.586

ω1 (deg day−1) 14.514 0.1 14.510 0.0994
ω2 (deg day−1) 33.532 0.1 33.529 0.0971
ω3 (deg day−1) −98.713 0.1 −98.709 0.0957

Īxx (n.d.) 3.091 1 × 10−1 3.0836 0.02822
Īyy (n.d.) 3.2178 1 × 10−1 3.235 0.0714
Īzz (n.d.) 1 1 × 10−9 1 1 × 10−9

Īxy (n.d.) 0 1 × 10−2 −7.1082 × 10−4 0.00994
Īyz (n.d.) 0 1 × 10−2 1.1707 × 10−3 0.00939
Īxz (n.d.) 0 1 × 10−2 1.3252 × 10−3 0.00753

r̄x (km) 0 1 × 10−3 5.126 × 10−7 1.6789 × 10−5

r̄y (km) 0 1 × 10−3 −1.720 × 10−7 3.3489 × 10−5

r̄z (km) 0 1 × 10−3 −3.6732 × 10−7 4.2864 × 10−5
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Figure 7. Euler angle post-fit residuals normalized by observation uncertainties.
The circle markers are the first Euler angle, the diamond markers are the second,
and the square markers are the third.

As shown in Figure 8, none of the observations exceed the
3σ bounds, or even 1σ bounds, and the angular velocity is well
modeled by the converged solution.

7. DISCUSSIONS AND FUTURE
OBSERVATION OPPORTUNITIES

The moment of inertia ratios Ixx/Izz and Iyy/Izz are estimated
to a fractional precision of 0.9% and 2.2%, respectively. These
measurements are unprecedented for any near-Earth asteroid,
and will provide stringent constraints on Toutatis’ internal
density distribution. However, it is still inappropriate to make
any claims to the absence or presence of internal density
variations at this time, because the current Toutatis shape
model is not sufficiently accurate to distinguish mass anomalies
of <3% of the asteroid’s total mass from shape differences.
The radar and Chang’e 2 images from 2012 show that the
shape model of Hudson et al. (2003) only corresponds to
Toutatis’ actual shape over ∼97% of its volume. When a more
accurate shape model of Toutatis is available, the moment ratio
measurements will be sensitive to smaller mass anomalies.

Using the converged solution provided in Table 2, we ex-
trapolated our model of Toutatis’ spin state forward in time
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Figure 8. Angular velocity post-fit residuals normalized by observation uncer-
tainties. The circle markers are the first components, the diamond markers are
the second components, and the square markers are the third components of the
angular velocity.

from 2008 to Toutatis’ next Earth flybys in 2012 December and
2016 December/2017 January. The uncertainties in Toutatis’
predicted orientation grow with time; during the 2012 flyby,
they were ∼25 deg (3σ ). With that caveat, we predicted what
we would see during future radar imaging campaigns.

During the 2012 flyby, over December 3–22, Goldstone ob-
tained delay-Doppler resolution as fine as 0.025 µs delay/
3.75 m range resolution (closest approach was 0.04633 AU
on 2012 December 12). As viewed from Earth, Toutatis was
seen from both broadsides (sub-Earth point near the + z and
−z directions) and both ends (sub-Earth near the + x and −x
directions), showing nearly the entire surface. The asteroid’s
orientations matched our predictions to within their uncertain-
ties. Following the radar campaign, we have begun to refine our
spin state model to match Toutatis’ orientation in 2012 to within
a few degrees and to match the spin vector measurements from
radar speckle tracking (Busch et al. 2009). We will then be able
to make a better comparison between our model and images
from the Chang’e 2 flyby. The final results of the 2012 radar
campaign will be the subject of a future paper.

At the end of 2016 and the beginning of 2017, Toutatis will
be much farther from the Earth than in 2012 (0.2512 AU on
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D.J. Scheeres, A. Richard Seebass Chair, University of Colorado at Boulder

Tracking Apophis’ Spin State through C/A

• Spin state estimates also allow precise predictions through C/A, enabling the MoI ratio 
estimates to be further improved by measuring deviations from the nominal
– A 1% variation in MoI yields a variation in angular velocity of 4%, and in attitude by 2.5 degrees 

across a < 2 hour closest approach window and increasing by several degrees per day afterwards
– This level of sensitivity provides additional improvement in the mass parameters, given the precisely 

known flyby conditions and Earth gravitational parameters
– Additional observational data types can be used to track attitude around the close approach epoch 

• Reconfigurations of the body will appear as abrupt deviations from these predicted 
profiles, and can provide precise timing of failure events 
– This would allow the internal stresses at failure to be constrained, and would provide unique insight 

into the interior structure and strength of the body

• Moment of Inertia ratio measurements combined with improved shape models can 
constrain internal density inhomogeneities, providing additional insight on the interior
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Update on Janus to Apophis
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D.J. Scheeres, A. Richard Seebass Chair, University of Colorado at Boulder

Janus Mission Status: Apophis
• The Janus Spacecraft are currently being transitioned to storage
• The Janus team continues to analyze new possible targets, with a focus on Apophis

– Currently evaluating several different rideshare opportunities that can send the S/C to Apophis, with flybys 
prior to its Earth C/A in 2029; plan to brief NASA on possibilities later this year

• Science Goals are being formulated for this activity, draft goals include…  
– Utilizing both spacecraft in phased flybys to maximize surface area coverage 
– Characterize the pre-close encounter shape, MoI and surface morphology of the asteroid, enabling rigorous 

evaluation of the flyby effect compared with ground-based and post-Earth C/A space-based observations
– Provide improved predictions for the flyby attitude orientation and state 
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Malin Space Science Systems cameras 
1 Long Wave IR microbolometer (left) 

6.1° x 4.5° Field of View, 640x480 pixels 
1 Visible Camera (center) 
 2.3° x 3° Field of View, 5 Mpixel CMOS  
 Heritage from Lucy, OSIRIS-REx S/C coming out of TVAC (6/22) NASA ATLO visit (4/22)


