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Extended Abstract— 

On April 13, 2029 the asteroid (99942) Apophis will 

have a close approach to Earth and be observed with 
optical telescopes and the DSN’s Goldstone planetary 
radar in the weeks before and after closest approach [1]. 
This paper will describe how these observations can be 
leveraged to provide information on Apophis’ interior and 
to detect shifts within its mass distribution due to tidal 
effects around closest approach.


A driving scientific question related to the Apophis 
flyby is whether its close Earth passage will induce any 
global or localized mass redistributions due to tidal 
forces. It is well understood that the close approach will 
radically change the tumbling asteroid’s spin state and 
orbit [2] (see Fig. 1), but it is much more controversial 
whether the flyby will induce any mass redistribution. 
This question has been studied by numerous 
researchers (see the summary in [2]) with the conclusion 
that changes in the surface distribution of material are 
likely minimal, if they occur at all (see Fig. 2), but that 
shifts in the Apophis mass distribution could occur if the 
asteroid is a multi-component, contact binary asteroid. 
The current Apophis shape and spin state are consistent 
with such a morphology [3] (see Fig. 1). A strong analogy 
can be made with the investigation into the crack that 
was seen between the head and body of comet 67P [5]. 
Such a localized region between two components will be 
naturally weaker and susceptible to relative motion. 


Such shifts within Apophis can be constrained or 
detected by a combination of radar and optical 
observations and precise modeling. The Apophis 
observations will enable the asteroid spin state and 
moments of inertia to be estimated before and after 
closest approach, enabling a direct detection of 
significant shifts within the body, as well as identifying 
the peak stresses experienced by the asteroid. A 
previous study and analysis of the asteroid (4179) 
Toutatis demonstrated this approach using similar radar 
and optical observations, however the level of precision 
for Apophis will be  improved significantly over those 
demonstrated in [4] due to the much closer Earth 

passage and the large number of dedicated 
observations. 


The moment of inertia ratios of the asteroid Toutatis 
were determined to an accuracy of around 1% 1-sigma 
[4]. Thus we expect to reach at least this level of 
accuracy for the incoming and outgoing observation legs 
of the Apophis Earth flyby. In fact we expect significant 
improvements over these levels of accuracy due to 
several considerations.


1. The observations will be at SNR much greater than 
the bulk of the Toutatis observations used in [4].

2. The resolved imaging observations should cover 
over 10 complete rotations of the asteroid, assuming a 
30 hour effective rotation period. The Toutatis 
observations in general covered less than a full 
rotation period of that body at each observation epoch 
(about 7 days). 

3. The number of observations will be significantly 
greater than those accumulated for Toutatis, which 
consisted of only several poses at each apparition, 
compared with near constant observations across the 
resolved imaging period of 2 weeks.

4. The mass parameters through which the Earth 
torques act on the asteroid through closest approach 
are directly related to those estimated from the 
complex spin state, and thus the accuracy of these 
parameters should be greatly increased.  


Based on simulations reported in [2] we were able to 
estimate the sensitivity of the Apophis flyby rotation state 
to small changes in the moments of inertia. We 
determined the deviation in the spin state over a time 
period of 1.6 hours (which encapsulates the significant 
changes to the spin state, see Fig. 3).  For a 1% change 
in the moment of inertia value, we found that the angular 
velocity deviated by about 4% from nominal and the total 
attitude orientation deviated by 2.5°, and in the following 
period its angular deviation would increase by about 5° 
per day. Thus, these direct interactions with the Earth’s 
gravity gradient torques on the body should further 
improve the estimates if a fit can be made through the 
closest approach.
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A more exciting scenario occurs if the body suffers 
some sort of reconfiguration during the Earth passage. 
In that case we would expect an abrupt change in the 
body’s moments of inertia. This would prevent a single 
solution with fixed moments of inertias to be estimated. 
However, if attitude orientations of the asteroid are 
available through the close approach (perhaps from 
visible imaging in addition to radar imaging), it becomes 
possible to identify the epoch at which the change 
becomes effective. This, when combined with the 
precise orientation knowledge, the estimated moments 
of inertia, and the pathway up to this moment will provide 
precise information on the internal stresses when the 
failure occurred. This in turn will provide a unique 
measurement of the asteroid’s internal strength. If such 
a reconfiguration is detected, then it will be of paramount 
importance to re-estimate the asteroid’s moments of 
inertia and spin state during its outbound departure from 
Earth. A later visiting spacecraft, such as OSIRIS-APEX, 
could also perform this post-flyby determination. 
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Figure 1: Possible changes in Apophis complex spin 
periods as a function of attitude at closest approach. 


Figure 2: Nominal slope and acceleration of Apophis and  
computed changes in these quantities at closest 
approach (for a given attitude). 


Figure 3: Change in rotational energy and angular 
momentum through closest approach. The time span 
covers 1.67 hours. It is clear that significant change in 
energy and angular momentum due to the Earth’s 
interaction only occurs within a period of 2000 seconds 
(a bit over one 1/2 hour). 
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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
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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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around closest approach are not expected to produce significant surface
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low density and a friction angle f 5˝ in order for significant resurfacing
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focuses on the accelerations occurring at the surface of the body. If
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could cause the components to shift, and thus create a change in the
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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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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
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low density and a friction angle f 5˝ in order for significant resurfacing
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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
asteroid may be separated into larger components that are resting on
each other.
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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
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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.
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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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changes assuming a homogeneous body. This was also the conclusion
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