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Analysis of Deflection Effect of 2024 YR4 Asteroid Under the
Velocity Increment Deviation of Kinetic Impact
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Abstract: Focusing on the defense against kinetic impact of the near-Earth asteroid 2024 YR4, the effect of orbital deflection
under velocity increment deviation was investigated. Firstly, an orbital evolution model integrating planetary perturbations and
impact errors was established. Secondly, the influence of velocity increment error on the orbital deflection effect of the asteroid was
systematically analyzed by the semi-analytical method of State Transition Tensor (STT). Finally, the differences in the evolution of
the major axis of the error ellipsoid after impact at different times were analyzed. The study found that the evolution of orbital
uncertainty caused by initial velocity increment error was dominated by the orbital phase, and the magnitude of the velocity
increment only affected the error amplitude rather than the propagation form. When impacts were implemented at different initial
moments and evolved for the same duration, the difference in the size of the major axis of the error ellipsoid reached 3.7 times,
indicating that the timing of the impact had a significant impact on the uncertainty of the orbital deflection effect. In addition, the
analysis found that the Earth Star rendezvous event in 2028 will alter the expected deflection. This study provides reference for
developing asteroid defense strategies that consider error propagation.
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Highlights:

e A high-precision orbital evolution model for near-Earth asteroid 2024 YR4 is established.

e The actual orbital deflection distance of 2024 YR4 is found to deviate from theoretical predictions due to gravitational perturba-

tions from the 2028 close encounter with Earth.

o The evolution of orbital uncertainty caused by initial velocity increment errors is dominated by orbital phase.

e The timing of kinetic impact is found to significantly affect the subsequent uncertainty evolution of 2024 YRA4.
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Introduction due to its high level of technological maturity”™. In 2021,

The discovery of near-Earth asteroid 2024 YR4 and NASA’s Double Asteroid Redirection Test (DART)

the high-impact probability warning it triggered"” under- mission successfully demonstrated the kinetic impact
score the urgency of developing reliable asteroid defense technique, altering the orbital period of the binary asteroid
technologies. Among the various defense options, kinetic system Dimorphos by 33 minutes”, thereby validating the
impact is considered one of the most feasible approaches effectiveness of this technology.
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Previous research has established a theoretical
framework for the deflection of asteroids through kinetic
impactors within a two-body gravitational system. Vasile
et al. derived an analytical expression for calculating the
offset distance of an asteroid using Gauss's planetary
equations”. Their study shows that the post-impact offset
distance is closely related to the instantaneous direction of
the velocity change imparted to the asteroid by the impact.
In actual impact missions, the direction of the velocity
increment delivered by the impactor to the asteroid is
difficult to align perfectly with the theoretically optimal
direction. This is due to various uncertainties associated
with both the impactor and the asteroid. For the impactor,
uncertainties include limitations in navigation accuracy,
which can cause errors in its approach direction, impact
angle, and impact point. For example, during the DART
impact mission, the actual impact point deviated by
approximately 25 meters from the originally intended
target point™. Such random impact deviations inevitably
affect the actual deflection outcome.

For the asteroid, its irregular shape and non-uniform
mass distribution can cause significant perturbations to
spacecraft operations in its vicinity, affecting the actual
impact outcome. Furthermore, many asteroids (such as
Bennu"”"'") belong to loosely aggregated "rubble pile"
structures. This type of structure undergoes complex
processes of energy absorption and transfer upon impact'".
Characteristics such as the internal porosity and boulder
distribution of rubble-pile asteroids are difficult to model
accurately, thereby limiting researchers' ability to predict
the actual impact effects!"”. All the factors mentioned
above can lead to discrepancies between the actual velocity
increment imparted to the asteroid and the expected one.
Minor errors at the moment of impact may result in
significant deviations over the long-term orbital evolution
process. Therefore, it is necessary to incorporate the
uncertainties during the impact process into the research
scope to accurately analyze the orbital evolution'”

This paper addresses the kinetic impact defense
problem for near-Earth asteroid 2024 YR4, establishing a
high-precision orbital model that incorporates planetary
perturbations and impact uncertainties, and systematically
analyzes its deflection effectiveness. Section 1 introduces

the dynamical model for orbit calculation, a semi-

analytical method based on the State Transition Tensor
(STT), and designs the generation method for velocity
increment direction errors. Section 2 analyzes the orbital
characteristics of 2024 YR4, identifying the 2032 close-
approach window and the critical 2028 Earth encounter
event, and calculates the theoretical maximum offset
distances for different impact times using the theoretical
model. Section 3 is the core analysis: it first demonstrates
the effectiveness of the STT method for analyzing impact
deflection problems; it then reveals that planetary
perturbations, especially the 2028 Earth encounter event,
cause the actual deflection distance to be lower than the
theoretical value. Finally, it clarifies that the orbital phase
dominates the error propagation pattern, while the
magnitude of the velocity increment only affects the error
amplitude. Section 4 summarizes the mechanisms by
which planetary perturbations weaken the theoretical
model and the laws of error propagation, providing

theoretical support for defense mission design.

1 Asteroid deflection analysis method
based on state transition tensor

1.1 Dynamics model

For the orbital evolution dynamics model of
asteroids, this paper takes into account the gravitational
perturbations of the eight planets in the solar system as
well as that of the Moon. The expression is as follows

d 1
d_t: - |r|3 Zﬂpt[ 3 pt 3ppi] + Gmoon (1)
pt |pl’i|

where, d,; represents the heliocentric vector of the i-th
planet, and p,; represents the vector from the i-th planet to
the asteroid. The planetary and lunar star calendars use the
DE432t star catalog to obtain the high-precision position
data of the perturbing celestial bodies at each moment.
1.2 State transition tensor

After an asteroid is subjected to a kinetic impact, its
actual trajectory will deviate from the original nominal
orbit. Within the framework of this study, we consider the
! Based

on this premise, it can be assumed that the position vector

asteroid impact event as an instantaneous process'"

of the asteroid remains unchanged at the time of the

impact, while only the velocity vector undergoes a sudden

[15]

change' . For this specific scenario, when the motion state
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of the asteroid deviates from the nominal state, we can
approximate the trajectory evolution process after the

impact by applying the Taylor series expansion of the

solution function to the initial conditions"*. For a
deviation of dx,, the approximate expression is
Pt k k,
Sxi(t) = Z Bl Oy oxy )
p=1 ngher ~order
transition tensor
Its derivative satisfies the following equation
SR
SE (1) = ) — frrhe b 3)
p!

p=1

where, i denotes the i-th component of the vector function,
and M is the order of the Taylor series expansion. The

State Transition Tensor (STT) is defined as

ik, 6”xi(t)

(tr) k,
! Axp' -+ Ox,

4)

iy
=3

These tensors relate the deviations in the initial
conditions to the state deviations at a future time. The time
derivative of the deviation dx' can also be obtained by
differentiating Equation (2)

K
SX (1) = Z Pl Sl (5)
=l
In general, in the study of post-impact orbital
evolution of asteroids, the order of the State Transition
Tensor expansion is positively correlated with the
prediction accuracy of the orbital error propagation model,
but the computational complexity increases significantly
as the order increases. Previous research has shown that in
similar orbital deviation analyses, a second-order model
can effectively balance accuracy requirements and
computational efficiency. Therefore, for investigating the
propagation of state errors following an asteroid impact,
this paper likewise adopts a second-order accuracy model.
1.3 Theoretical optimal pulse direction calculation
and error vector generation method
The theoretically optimal impulse direction is
provided by an analytical model proposed by Vasile et al.
This model derives a set of state transition matrices based
on Gauss planetary equations and proximal motion
equations'”"®. The offset distance at the close-approach

time can be obtained as a function of the velocity change

ov(t,) imparted to the asteroid at the impact time, with the
relationship between them described by a three-step
mapping mechanism

Anmomn

ov (1) “’ o (ty) — Or (tywon) (6)

G, is the state transition matrix that converts the
velocity change 6v(#;) into changes in the orbital elements
o0a(ty). The period from the moment the spacecraft applies
the impulse maneuver to the asteroid until the original
time of the asteroid's predicted collision with Earth is
defined as the lead time Af = fyiop — 5. Subsequently, the
offset or(tvop) is obtained through the state transition
matrix Ayomp. The objective is to maximize the offset

distance
Il o7 (tmo) 1=l AmoinGadv(2y) ||I= max(Tov(t,)) (7

The quadratic form 7T must be maximized by
selecting an impulse vector 6v(#y) that is parallel to its
eigenvector v corresponding to the maximum eigenvalue,
yielding the optimal impulse vector 6v,, for achieving the
maximum offset distance.

We assume that the impactor collides with the
asteroid along the nominal design direction. The actual
velocity increment of the asteroid in the solar reference
system will be consistent with the theoretical optimal

direction value of the above model, as shown in Figure 1.

Fig. 1 Schematic diagram of velocity increment

However, the actual direction of the velocity
increment will deviate from the nominal direction due to
various uncertainties. First, the non-uniform internal
composition of the asteroid (such as a mixed structure of a
metallic core and a rubble-pile surface layer) can cause the
mass and velocity distribution of the impact ejecta to
deviate from the ideal model. Second, cumulative

positioning errors in deep-space navigation and delays in
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the spacecraft's maneuver response can cause the actual
impact direction to deviate from the nominal axis.
Although these complex physical and engineering factors
are difficult to quantify precisely on an individual basis,
their combined effects ultimately manifest as perturbations
to the magnitude and direction of the velocity vector.
Based on the superposition of the aforementioned error
sources, this study constrains the impact direction within a
conical range centered on the nominal direction.

We take the ov,, direction as the reference direction,
and generate candidate directions by superimposing three-
dimensional normal distribution random perturbations on

the central vector
Xeand = 5vopt + O'é:, é: ~ N(0713) (8)

where o represents the standard deviation (the o in the
following text refers to the standard deviation of the
velocity increment direction perturbation), controlling the
amplitude of the perturbation (the smaller the standard
deviation, the more concentrated the direction), and ¢ is
isotropic Gaussian noise. Subsequently, the normalized
candidate vectors Ucag = Xeand/||Xcanall are calculated. By
calculating the angle between the candidate direction and
the central vector, the directions that meet the conical

constraint are selected

cosf = <ucand7 ucenter> > COos gmax (9)

where, 6,,.x represents the conical angle, which is used to
limit the maximum deviation range of the maximum speed
increment.

We consider the calculated error scatter points to
follow a multivariate Gaussian distribution N(u,X), and

the covariance matrix X can be composed as

Y =QAQ", A =diag(1;,4;,45) (10)

where A; > A, > A; > 0 is the eigenvalue and Q = [v;,v,,v;]
is the eigenvector matrix. According to the properties of
the multivariate normal distribution, the Mahalanobis
distance d@* = (p; — )" (p; — 1) from a data point p; to
the mean u is defined as d*> = (p;—u) 27" (p;— ). The
probability that the data point falls within the Mahalanobis
distance range of 3¢ is 99.7%. The boundary of this

ellipsoid can be parameterized as

&
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the length of the half shaft is obtained by scaling the

square root of the characteristic value: a =3 vVA4,,b =

3V, =3V

2 2024 YR4 Asteroid Natural
Evolution Orbit Analysis

Asteroid 2024 YR4 is a near-Earth Apollo-type
Potentially Hazardous Object (PHO). It was discovered by
the Asteroid Terrestrial-impact Last Alert System
(ATLAS) on December 27, 2024"™. Its orbital dynamical
parameters correspond to the epoch of May 5.0, 2025
(Ephemeris Time: 799,675,268). The asteroid's orbital
semimajor axis is 2.516 astronomical units (AU), and its
orbital eccentricity is relatively high at 0.662. Consequently,
the difference between its perihelion and aphelion
distances is significant, measuring 0.852 AU and 4.180 AU,
respectively. Its orbital inclination is relatively low at
3.408°. The longitude of the ascending node and the
argument of perihelion are 271.366° and 134.361°,
respectively®™.

Based on the available observational data, we first
computed the variation in the distance between 2024 YR4
and Earth over time, as shown in Figure 2. The gray curve
in Figure 2(a) depicts the evolution of the distance between
2024 YR4 and Earth from May 5, 2025, to December 23,
2032, revealing a periodic oscillatory pattern in the spatial
separation. The results indicate that the asteroid reaches its
minimum distance to Earth on December 23, 2032,
approximately 303,400 km (0.002 028 AU), corresponding
to the end point of the curve. On December 22, 2032, it
reaches its minimum distance to the Moon, about 48,300 km
(0.00032 AU), a value significantly less than the average
Earth-Moon distance (approximately 384,000 km). Prior to
this moment, the asteroid will experience a close approach
to Earth on December 17, 2028, with a minimum distance
0f 0.05373 AU, as indicated by the orange dashed line in
the figure. During this close approach event, the orbital
separation between the asteroid and Earth will enter a new
observational window. This implies that within this
timeframe, researchers can acquire new observational data
to calibrate and refine the orbital information. Furthermore,
during the 2028 close approach, the combined gravitational
perturbation from Earth and the Moon will influence the

subsequent trajectory of 2024 YR4.
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Fig.2  Evolution of distance between 2024 YR4 and Earth over time (a) and Theoretical expected shift distance based on analytic model(b)

The gray curve in Figure 2(b) represents the
theoretical offset distances corresponding to impacts at
different times along the optimal impulse direction, based
on the analytical model proposed by Vasile et al. This
system quantifies the deflection effectiveness of kinetic
impacts implemented during different time windows, with
the theoretical offset distance curve exhibiting a nonlinear
trend. To intuitively illustrate the relative positional
relationship between Earth and the asteroid, this paper
illustrates the evolution of the asteroid's position vector
coordinates X and Y with Ephemeris Time (ET), as shown
in the main plot on the left side of Figure 3. The blue and
red curves represent the evolution of the X and Y
coordinates of Earth and 2024 YR4's orbits over time,

(b) 2028.11.22

(a) 2027.5.30

(c) 2028.12.17
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respectively. The leftmost starting point corresponds to the
epoch of the observed orbital elements, and the rightmost
endpoint corresponds to the time of the closest approach
between the asteroid and Earth in 2032. Color planes
perpendicular to the time axis mark three key orbital
events. The blue plane indicates the potential impact time
for the minimum theoretical offset distance (May 30,
2027, corresponding to the blue dashed line in Figure 2(b)).
The green plane marks the impact time for the maximum
theoretical offset distance (November 22, 2028,
corresponding to the green dashed line in Figure 2(b)). The
orange plane indicates the time of the close approach
between the two bodies on December 17, 2028

(corresponding to the orange dashed line in Figure 2(a)).
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Fig. 3 Evolution of spatial configuration between Earth and asteroid 2024 YR4

The three subplots on the right side of Figure 3

correspond to the three key moments marked by the

colored planes in the main plot, respectively, illustrating

the spatial positional relationships between Earth and 2024
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YR4 at those corresponding times. The red and blue dots
in the figures represent the spatial positions of the asteroid
and Earth at that moment, respectively. Figure 3(a) shows
the positions of the celestial bodies at the impact time
corresponding to the minimum offset distance: 2024 YR4
is near the aphelion of its orbit, with a significant
separation from Earth. Figure 3(b) displays the relative
positions of Earth and the asteroid at the impact time
corresponding to the maximum offset distance, where the
asteroid is near the perihelion of its orbit and the distance
between the two is relatively small. Figure 3(c) presents
the spatial positions at the time of the close approach

between the asteroid and Earth.

3 Analysis of Orbital Deviation
Considering Errors

3.1 Comparison of STT method with Monte Carlo
results

To verify the reliability of the STT method in
predicting and evaluating asteroid orbital deflection via
kinetic impact, this section systematically compares the
deviations between the results from Monte Carlo (MC)
simulations based on high-precision numerical orbit
propagation and those obtained from the semi-analytical
STT method. The critical moment #;, marked by the blue
dashed line in Figure 2(b), is selected as the impact time.
An impulse maneuver along the direction of velocity
change Ov,y is applied at this moment. To simulate
uncertainties, errors in the velocity increment magnitude
of £10% and a velocity increment direction error of 6=0.1
are introduced. Based on this error criterion, a random set
containing 1,000 independent samples is generated for
computation. Starting from time ¢, the orbits are
propagated backward for 100, 500, 1000, 1500, and 2 000
days respectively to evaluate the evolution of the
prediction results. The quantitative comparison of the
errors is shown in Figure 4. The blue scatter points in the
figure represent the relative error between the length of the
3o envelope ellipsoid's major axis derived by the STT
method and the corresponding MC result at each
propagation time point. The red scatter points represent the
absolute error between the 3o envelope ellipsoid major
axis lengths obtained by the STT and MC methods at each

propagation time point.
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Fig. 4 Variation of absolute and relative errors along major axis of 36
position error ellipsoid versus orbital propagation time

Figure 4 shows the distribution comparison and error
evolution of the two result sets in three-dimensional
position space. Within the time range of 0-1 500 days, both
the relative error (blue line in the figure) and the absolute
error (red line in the figure) of the major axis of the 3¢
envelope ellipsoid exhibit a gentle growth trend. The
relative error consistently remains below 4.69x10°, and
the absolute error consistently stays below 7.6x10~ km.
When the propagation duration increases from 1500 to 2000
days, the absolute error rises to 0.425 1 km. The relative
error increases correspondingly to about 7.5x107° (peak
value of the blue line in the figure). Moreover, even with a
propagation duration of 2000 days, the maximum relative
error remains within 7.5x107°, and the absolute error does
not exceed 0.43 km. This level of accuracy meets the
requirements of this study for analyzing the deflection
effects of kinetic impact.

Figure 5 presents the simulated spatial distribution of
orbital position uncertainty for the target asteroid after 2 000
days of propagation following a kinetic impact. In the
figure, the blue circular scatter points represent the
position samples calculated based on the State Transition
Tensor (STT) method, while the red cross-shaped scatter
points correspond to the results from the Monte Carlo
(MC) simulation. It can be observed that the computational
results from both methods are concentrated on the surface
of an ellipsoid (depicted by the gray-white grid lines in the
figure). A comparison reveals that the distribution contours
of the blue and red point clusters in three-dimensional
space are highly consistent, exhibiting nearly identical

spatial configurations and distribution characteristics.
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Fig. 5 Comparison of Monte Carlo results and STT results

3.2 Analysis of orbital element

The analytical model proposed by Vasile et al. is
derived based on two-body dynamics and does not account
for the perturbative effects present during actual orbital
evolution. In this study, along the optimal impulse
direction determined by their analytical model, precise
numerical integration of the deflected orbit is performed
by incorporating the gravitational perturbations from
multiple planets and the Moon. To assess the
comprehensive influence of planetary perturbations on the
deflection effect, deflection calculations for the asteroid
are conducted in this section at ten-day intervals. The
distance between the deflected asteroid orbit and the
unperturbed orbital position at the same epoch is recorded
as the deflection distance, Jrg. Figure 6(a) compares the
theoretically predicted offset distance Jry (blue solid line)
with the mean deflection distance Jrg (gray scatter points)
calculated for specific target epochs. The simulation
results, drg, are consistently lower than the theoretical
results, dry, to varying degrees throughout the entire
observation time window. This indicates that planetary
perturbations have a diminishing effect on the deflection
distance of asteroid 2024 YR4's orbit. Figure 6(b)
quantitatively illustrates the temporal variation of the
difference between dry and drg (blue dashed line). This
curve reveals a three-stage pattern of discrepancy: Over a
longer period before the time corresponding to the
theoretical maximum of the deflection curve (around
9.5E+08 seconds in the figure), the theoretical value Jry is
higher than the simulated value org (i.e., (dry - drg) is a
relatively large positive value). As it approaches the
aforementioned time of the theoretical maximum, the

difference (dry - drg) reaches a local minimum, indicating

that the theoretical prediction and simulation results are
relatively closest near this point. After the time of the
theoretical maximum, the difference (dry - drg) undergoes
a slow increase before finally tending towards zero. This
suggests that for impact times that are sufficiently late
(closer to Earth), the theoretical results of the Vasile model
converge with the simulation results that account for

gravitational perturbations.
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Fig. 6 Comparison between theoretical expected offset and actual
offset results

To investigate the causes of the discrepancy between
theoretical predictions and actual simulation results, this
paper selects two typical impact times, #; and #5, from
Figure 2(b) for in-depth analysis. Both times share the
same theoretical deflection distance but exhibit significant
differences in numerical results. Specifically, time ¢,
corresponds to the local minimum of the theoretical
deflection distance within the studied time domain, while
t3 is another impact time that shares the same theoretical
deflection distance as #;. As shown in Figure 6, although
the theoretical deflection distances are identical at these
two times, the corresponding simulated deflection
distances differ by approximately 4 000 km. To reveal the
dynamical origin of this difference, we compared and
analyzed the evolution characteristics of the asteroid's
orbital elements after kinetic impacts at times #; and #3
against its natural (non-impact) orbital evolution.

Specifically, the differential evolution curves of the
three key orbital parameters (semimajor axis, eccentricity,
and ascending node right ascension) relative to their
natural evolution (without impact) reference values were
calculated and plotted, as shown in Figure 7. It can be seen
that the red curves in the three data sets remain at zero
before time ¢;. After time ¢;, due to the application of an

instantaneous velocity increment, the orbital elements
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undergo an abrupt change. Both the impact at time ¢, (red
solid line) and the impact at time #; (blue dashed line)
induce abrupt changes in the orbital elements at their
respective impact times, resulting from the instantaneous
ov impulse applied during the impact. After the impact at
time ¢, the red curve remains relatively constant for a
considerable period, indicating that the dynamical
environment is relatively stable when distant from major
gravitational perturbations, and orbital elements are less
prone to significant changes. A key difference emerges
around November 22, 2028 (marked by the orange dashed
line in the figure), which is the critical moment of close
approach between Earth and the asteroid. Relative to the
natural orbit, the difference in semimajor axis after the
impact at time ¢, increases by approximately 100 km as the
asteroid approaches Earth, and then decreases by about
350 km as it moves away. This substantial fluctuation
reshapes the asteroid's orbital state. During the approach,
the differences in eccentricity and right ascension of the
ascending node also show a slight upward trend. The
analysis above clearly indicates that it is precisely the

strong gravitational perturbation induced by the close
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Fig. 7 Temporal variation of differences between post-impact and natural
orbital elements at epochs #; and #;
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approach between Earth and the asteroid around
November 22, 2028, that leads to significant changes in
the orbital state. This event affects the asteroid's orbit after
the impact at time ¢, causing the asteroid's trajectory to
deviate substantially from its original path, ultimately
resulting in an actual deflection effect that is lower than
the theoretical prediction from the unperturbed model.

3.3 Error propagation analysis

In kinetic impact asteroid defense missions, the
momentum transfer effect generated by the impactor
hitting the target directly alters the orbital state of the
asteroid. The uncertainty in the initial impact-induced
velocity increment propagates and amplifies during
subsequent orbital evolution. This section quantitatively
analyzes the propagation of state uncertainty in asteroid
2024 YRA4, caused by initial velocity increment errors,
following a kinetic impact. For each impact time, 1,000
orbital velocity vectors incorporating velocity increment
perturbations are generated, and the propagation of error
effects is calculated using the State Transition Tensor. The
evolution characteristics of the three-sigma envelope
ellipsoid morphology for both the position and velocity
vectors are analyzed, with the ellipsoid's major axis used
to quantify the evolution of uncertainty. Figure 8
illustrates the dynamic evolution of the logarithm of the
three-sigma envelope ellipsoid major axis for the position
and velocity vectors as a function of orbital phase, with the
horizontal coordinate representing the cumulative change
in true anomaly.

Figure 8(a) illustrates the evolution pattern of
position vector uncertainty. The variation in the major axis
length of the 3o error ellipsoid for the position vector
under different v magnitudes is presented on a logarithmic

Lr —— 6v=0.10 m/s

--- 0v=0.05 m/s
——- 6v=0.01 m/s

log,/ (semi-major axis/m's™')
I

0 2 4 6 8 10

Accumulated of true anomaly increment/rad

Fig. 8 Temporal evolution of major axis for 3¢ position vector error ellipsoid(left) and Temporal evolution of major axis for
36 velocity vector error ellipsoid(right)
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scale. It can be observed that shortly after the kinetic
impact, the orbital uncertainty increases sharply.
Subsequently, the major axis of the envelope ellipsoid
experiences a relatively gentle period of growth before
entering a declining phase, eventually tending to rise
again. Although the amplitudes of the three curves differ
significantly—with the dotted blue line corresponding to
0v=0.01 m/s having the lowest amplitude, and the solid
line corresponding to 6v=0.1 m/s having the highest—their
overall evolutionary trends are highly consistent. This
indicates that the orbital phase dominates the growth
pattern of position uncertainty. Figure 8(b) shows the
evolution of velocity vector uncertainty, displaying the
variation in the major axis length of the 3¢ error ellipsoid
for the velocity vector on a logarithmic scale. Unlike the
position vector, the velocity uncertainty does not exhibit
the same dramatic initial surge seen in the position vector
immediately after the impact. However, its subsequent
evolutionary path similarly reveals a three-stage pattern of
growth-decline-rise. Here too, the dotted line for ov=0.01 m/
s has the lowest amplitude, and the solid line for 6v=0.1 m/s
has the highest. Regardless of whether for the position or
velocity vectors, under different magnitudes of velocity
increment, the variation trends of their respective 3o
ellipsoid major axes are highly consistent. This

demonstrates that the initial velocity increment (Jv)
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\ (c)

7 200 _
%, 7200 —200

introduced by the error primarily determines the scale of
the propagated position and velocity uncertainties, while
the orbit dynamics itself (reflected in the orbital phase
evolution via the change in true anomaly) govern the
temporal pattern of this uncertainty evolution. To
systematically analyze the influence of the kinetic impact
timing on orbital uncertainty, this paper separately
examines the evolution of orbital position vector errors for
the impact time points ¢, and ¢, marked in Figure 2(b). As
shown in Figures 9 and 10, the two figures correspond to
the schematic diagrams of error evolution for kinetic
impact time ¢; and t,, respectively. In the main orbital
diagram on the left side of each figure, the impact time is
marked, and the orange plane indicates the time point
corresponding to the close approach between 2024 YR4
and Earth in 2028. The planes labeled (a) through (d) in
the figures represent the epochs corresponding to 100
days, 500 days, 1000 days, and the close approach in
2032, respectively, of orbital propagation backward from
the impact time. Furthermore, the three-dimensional error
ellipsoid at the epoch corresponding to each time plane is
plotted.

In the case of an impact occurring at time ¢, the
position error ellipsoid rapidly expands after a short-term
evolution of 100 days, with the major axis length reaching
260.3 km (Figure 9(a)). Furthermore, the lengths of the
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Fig. 9 Temporal evolution of orbital position errors after impact at epoch ¢,
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Fig. 10 Temporal evolution of orbital position errors after impact at epoch #,

three axes of the ellipsoid are nearly equal, and its shape
approximates a sphere, indicating that the error
propagation at this stage exhibits isotropic characteristics.
In contrast, for an impact at time ,, the error ellipsoid after
the same short-term evolution exhibits a larger major axis
length of 341.4 km (Figure 10(a)). This demonstrates that
the propagation of orbital uncertainty does not increase
uniformly with evolution time but is also related to the
orbital phase at the moment of impact. By 1000 days after
the impact, as evolution time progresses, the error
ellipsoids for both impact times undergo significant
deformation and pronounced elongation along a single
direction. In the case of the #; impact, the major axis grows
to 1,988 km (Figure 9(c)), while for the ¢, impact, it
increases to 7,289 km (Figure 10(c))—3.7 times that of
the former. By the end of the calculation period, the
difference in error scale between the ¢, and ¢, cases
becomes more pronounced. The major axis of the ellipsoid
for the ¢, case expands to 6,276 km, whereas for the 7,
impact time, it inflates to 26,526 km (Figure 10(d)),
exceeding 4.2 times the major axis length for the ¢, case.
This indicates that between the two kinetic impact times, #,
and t,, the impact performed at the time with the larger
theoretical offset (#,) results in a longer major axis of the
3o envelope ellipsoid for the position vector by the end of

the calculation period.

4 Conclusion

The kinetic impact method alters an asteroid's
trajectory through momentum transfer generated by
instantaneous collision and is currently the most effective
means of planetary defense. Using asteroid 2024 YR4 as a
case study, this paper employed the State Transition
Tensor (STT) method to analyze the asteroid orbital
impact problem under uncertainty. Subsequently, by
comparing the orbital evolution for two impact times that
share the same theoretically predicted offset distance, the
reasons for the discrepancy between the theoretical and
actual offset results were investigated. Finally, the error
propagation patterns were analyzed by comparing the
variations in the major axis of the orbital error ellipsoid
after impact deflection.

(1) By analyzing the evolution of orbital elements
after impacts at different times, the study found that the
strong gravitational perturbations experienced by asteroid
2024 YR4 during its close approach to Earth are the
fundamental cause for the actual post-impact orbital offset
being smaller than the theoretical prediction. This
gravitational interaction dynamically reshapes the orbital
elements, causing the orbital phase change intended to be
induced by the impact to be partially counteracted,
ultimately manifesting as an attenuation of the actual

deflection effect.
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(2) In kinetic impact asteroid defense missions, the
uncertainty in the initial impact-induced velocity
increment (Jv) is amplified and propagates during
subsequent orbital evolution. Quantitative analysis of
asteroid 2024 YR4 indicates that the major axes of the 3¢
envelope ellipsoids for the position and velocity vectors do
not increase monotonically with evolution time but exhibit
a certain degree of fluctuation. When impacts are applied
at different initial times and propagated for the same
duration, the difference in the major axis length of the
error ellipsoid can reach 3.7 times, highlighting the
significant influence of impact timing on the uncertainty of
orbital deflection effectiveness. Different v magnitudes
(0.01 m/s to 0.1 m/s) only affect the amplitude of the
uncertainty, while the evolutionary patterns are highly
consistent, indicating that orbital phase dynamics

dominate the mode of uncertainty propagation.
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