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ABSTRACT

Context. The detection and tracking of near-Earth asteroids (NEAs) is critical for planetary defense and for advancing our understand-
ing of the small-body population in the Solar System. Traditional detection techniques, including optical and radar, are the cornerstone
of NEA discoveries. However, these are limited by observational constraints such as daylight, weather, and line-of-sight geometry.
Aims. We investigate whether the Laser Interferometer Space Antenna (LISA), a future space-borne gravitational wave detector, might
detect and constrain the parameters of NEAs through their gravitational effect on the spacecraft test masses during a close approach at
the minimum orbital intersection distance.

Methods. We modeled the gravitational perturbations of the test masses on the LISA spacecraft exerted by a passing NEA. Based on
this, we computed its signal-to-noise ratio (S/N) to determine detectability using the LISA requirements. Furthermore, we used the
Fisher information formalism to construct the Fisher matrix and estimate the uncertainties on the state vector and mass of the asteroid
given it is detected. These estimates provide a first-order assessment of the LISA capability to resolve NEA parameters under favorable
encounter geometries.

Results. The Fisher information study showed that the fractional uncertainty on the asteroid mass scales as the inverse of the S/N.
Consequently, a detection with an S/N > 5 yields a mass determination with an uncertainty of ~20% at most. In contrast, the state
vectors exhibit considerably larger uncertainties as they depend significantly on the geometry of the close approach. Nevertheless, for
very high S/N cases, this precision may be comparable to the uncertainties obtained by some of the current observational methods.
The analysis of the correlation matrices confirms that each close encounter produces a specific signal and provides a practical means
to assign independent error bars to the recovered state vector. Additionally, this analysis reveals the emergence of recurring patterns

linked to similar flyby geometries.

Key words. gravitational waves — methods: data analysis — space vehicles — minor planets, asteroids: general —

minor planets, asteroids: individual: Toutatis

1. Introduction

Near-Earth asteroids (NEAs) are objects following trajectories
around the Sun that are similar to that of Earth. They are
of significant scientific interest because in studying them, we
touch on key areas of planetary science, planetary defence, and
space exploration. Despite its proximity, this population remains
poorly characterized, especially in terms of physical properties
such as their mass. According to Carry (2012), we can estimate
the mass with an uncertainty of up to 10% for less than 35% of
these asteroids.

We study whether the Laser Interferometer Space Antenna
(LISA) mission can measure the parameters of an asteroid,
assuming that an encounter has already been detected by other
means. This novel characterization method for NEAs is insen-
sitive to the prevailing observational biases and enhances our
ability to characterize the intrinsic properties of these objects,
particularly their masses. Section 2 outlines the relevant back-
ground. In Section 3 we describe the parameter-estimation
method. In Section 4 we present its application to a sample of
asteroids from the observed population. Finally, we summarize
and conclude this study in Section 5.

* Corresponding authors: sara.marques@unibe. ch;
oliver. jennrich@esa.int

2. Context
2.1. Near-Earth objects

Near-Earth objects are asteroids, comets, and other debris in
the neighborhood of the Earth whose perihelion distances are
smaller than 1.3 au. We restricted our analysis to near-Earth
asteroids because their orbital periods are shorter than those of
comets, and they are therefore more likely to be observed during
the operational lifetime of the LISA mission.

The detection of NEAs is strongly affected by
survey-dependent observational selection effects. The observed
sample therefore does not represent the intrinsic population
(Granvik et al. 2018). These effects arise from the underlying
properties of the bodies (e.g., size, light-curve amplitude,
rotation period, apparent rate of motion, color, and albedo) and
from survey characteristics (e.g., limiting magnitude, cadence,
and exposure time). The completeness of NEA surveys depends
on the diameter of the NEAs. According to Grav et al. (2023),
only 38% of the NEAs with diameters larger than 140 m have
been discovered, whereas 88% of those larger than 1 km have
been detected. Moreover, discoveries are strongly biased toward
brighter, low-inclination and low-eccentricity objects.

Some NEAs remain relatively unaltered since the forma-
tion of the Solar System. This makes them valuable archives
of the primordial environment and events. Some of these were
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even studied to glean insights into early Solar System condi-
tions and into the delivery of organic molecules and water ice
to Earth. This information is relevant for determining the origin
of life (Koga et al. 2026). Because of their proximity, NEAs also
pose an impact hazard for Earth. An early detection and accu-
rate orbit determination are essential for assessing collision risk
and enabling mitigation strategies such as the deflection of an
asteroid.

2.2. LISA

The Laser Interferometer Space Antenna mission is a space mis-
sion led by the European Space Agency (ESA) with NASA
as partner to detect and observe gravitational waves (Colpi
et al. 2024). The currently planned launch date is July 2035.
The measurement principle of LISA is based on high-precision
interferometry to detect picometer-level changes in the distance
between free-falling test masses (the arm length of the interfer-
ometer) as are caused by gravitational waves passing through the
detector. The test masses are housed in pairs in three spacecraft,
forming an approximately equilateral triangle. The frequency
band in which LISA is most sensitive and in which the science
measurements are taken extends from 0.1 mHz to 1 Hz. However,
measurements at lower frequencies can be achieved, but are not
necessarily protected against operational limitations.

The sensitivity of the instrument to changes in arm length
makes LISA also susceptible to more conventional gravitational
effects, such as the gravitational pull of asteroids passing by one
of the LISA spacecraft (S/C). This gravitational pull can either
be seen as a noise source for LISA, obscuring or at least degrad-
ing the gravitational wave signal, but can also be considered as a
possibility to detect and characterize these asteroids.

The possibility that LISA can detect asteroids through the
gravitational effect on the test masses was discussed earlier by
Vinet (2006) and also Tricarico (2009). The main idea is to mea-
sure the acceleration of the test mass caused by the flyby of an
asteroid as it manifests itself in the local measurement of the
LISA mission, that is, a phase shift or a frequency shift in the
laser reflected off the test mass.

While we took inspiration on the possible asteroid parame-
ters from existing NEAs, we assumed an optimal measurement
environment in which a LISA S/C and the asteroid approach each
other as close as possible while still following their orbital path.
We also simplified the problem by assuming that the asteroids
are represented by point masses.

We furthermore ignored the self-gravity effect of a moving
test mass. While the changed position of a test mass will affect
the gravitational balance of the housing S/C, the position of the
other test mass in the S/C, and ultimately, the orbit of the hous-
ing S/C, this effect is much smaller than the direct gravitational
effect of a passing asteroid, and it plays out on timescales much
longer than we studied. The long-term signature on the orbits
still is a potential method for the detection of asteroids as well.
For simplicity and computational efficiency, we also assumed a
constant and equal arm length of the LISA constellation.

2.2.1. Time-delay interferometry

The sensitivities required for LISA can only be achieved when
the frequency noise of the lasers used for the interferometric
measurements can be sufficiently well reduced at the source or
suppressed in the data analysis. Unlike ground-based gravita-
tional wave detectors, for which the length of the interferometer
arms is defined by construction, the distance between the LISA
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Fig. 1. Geometry of a close approach in the reference frame (x;, x3),
where a gravitational acceleration effect is induced on the test masses,
as described in Eq. (1). The blue line corresponds to the asteroid orbit,
and the red line shows the LISA spacecraft. D corresponds to the mag-
nitude of the shortest distance between the two orbits, and v presents the
magnitude of the velocity of the asteroid when passing at the point of
the shortest distance in its orbit.

S/C changes over many thousands of kilometers over the life-
time of the mission due to orbital mechanics and the effect of
Solar System bodies (Martens & Joffre 2021). This means that
frequency fluctuations of the laser appear to be many orders of
magnitude larger in the readout than the gravitational wave sig-
nals. A method for significantly suppressing the frequency noise
in post-processing is therefore required.

The post-processing technique of time-delay interferometry
(TDI) is employed in the LISA mission to achieve the required
suppression of laser frequency noise. This TDI technique builds
linear combinations of suitably time-delayed measurements in
LISA to synthesize an equal-arm interferometer that is insensi-
tive to frequency noise (see, e.g., Tinto & Dhurandhar 2020 and
references therein for a full discussion of TDI). This changes the
time signature of the signals, however, and to properly assess the
effect of the gravitational pull of asteroids, TDI post-processing
must be applied to the signals. We used the pyTDI package,
which implements TDI in Python (Staab et al. 2023).

The primary data streams produced by TDI, the so-called X,
Y, and Z channels, can be interpreted as the output of three equal-
arm Michelson interferometers, with the beam splitter situated
at each respective spacecraft. As each pair of these synthetic
Michelson interferometers shares an arm, the noise correlation
of the three channels is strong. However, three linear combina-
tions A, E, and T can be formed to minimize these correlations.
Out of those three, only the T channel has a simple interpreta-
tion as a Sagnac interferometer, which makes the 7' channel less
sensitive to low-frequency signals and suppresses the sensitivity
to low-frequency signals significantly. In Fig. 4, the signal in the
T channel is therefore displayed as amplified by a factor of 100
to render it visible.

2.2.2. Signal of an asteroid

The gravitational acceleration of an asteroid on a test mass can
be modeled as

1
Gm 1
o= 5 o) v

where the coordinate system is chosen such that the third coordi-
nate x3 is given by the direction of the trajectory of the asteroid
with respect to the test mass, and the first x; points in the direc-
tion of the shortest distance (D) between the spacecraft and the
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Fig. 2. Geometry of the MOID concept for two conic sections in 3D
space. The red dots correspond to the position of the two bodies in their
respective orbit at which they would be at the smallest possible distance
to each other.

asteroid (see Fig. 1). The parameter m is the mass of the aster-
oid, and T = vt/ D is the time ¢ scaled with the characteristic time
D/v, that is, the shortest distance between the passing asteroid
and the S/C, divided by the relative velocity of the asteroid with
respect to the S/C. The second coordinate x; is then chosen such
that a right-handed coordinate system is formed.

To maximize the signal, we created an optimal measurement
by assuming that the asteroid and LISA S/C are at the mini-
mum orbital intersection distance (MOID), corresponding to the
minimum possible distance of the magnitude D between the two
orbits (shown in Fig. 2). We adapted the work of Wisniowski &
Rickman (2013), who used an iterative approach to compute D,
as well as the two mean anomalies at which two bodies approach
the geometrical MOID position.

Knowing the MOID, we simulated a close approach between
the asteroid and one of the LISA spacecraft, and we collected
the induced velocity on the test masses inside that spacecraft.
An example of the resulting induced velocity for asteroid 4179
Toutatis is shown in Fig. 3.

The signal was then fed into the instrument simulator LISA
Instrument (Bayle et al. 2024, based on Bayle & Hartwig
2023), which allowed us to imprint macroscopic movements onto
the test masses in LISA. The movements were processed using
the TDI technique, which generates a signal in the three TDI
channels, A, E, and T. The measurements thus created were cho-
sen to be in terms of fractional frequency changes, proportional
to the velocity of the test masses. This obviated the introduction
of an additional integration constant beyond the initial velocity
(i.e., the initial position of the test mass in Eq. (1)) and sim-
plified the analysis. Furthermore, the resulting signal had the
character of the derivative of the induced velocity on the test
masses, which is due to the differencing scheme employed by
TDI. At lowest order, the signal therefore had the appearance of
the acceleration of the test mass.

We used a sampling frequency of f; = 1 Hz for our test cases,
which is commensurate with the upper band limit of LISA. An
example is shown in Fig. 4. The signal was mostly concentrated
in the first two channels (A and E), while the signal in the T
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Fig. 3. Velocity induced on the test masses during a simulated close
approach between 4179 Toutatis and S/C 2 centered at ¢ = 0 s. The test
mass tm;; specifies the spacecraft i to which it belongs and the space-
craft j that is linked to it by the laser beam. For the other spacecraft,
the velocity induced by the close approach is negligible and is thus not
shown.
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Fig. 4. Signal on the TDI channels during a simulated close approach
between 4179 Toutatis and S/C 2 centered at ¢+ = 0 s. Channel 7 was
enhanced by a factor of 100 for clarity.

channel was suppressed by a factor of about 100. As mentioned
above, this is by construction, as the 7' channel represents the
fully symmetric signal in the LISA constellation, which is in the
limit of very low frequencies that are insensitive to changes in the
test-mass velocities (or positions). We therefore discarded the T
channel in our analysis.

To generate the signal, the mass of the asteroid was calcu-
lated under the assumption that it is a sphere of uniform density
p with a diameter d,

m= éﬂpdS. @)

We assumed an average density of p = 2200 kg/m? to compute
the asteroid mass based on Carry (2012), so that an asteroid with
a diameter of 100 m has a mass of about 1.15 x 10° kg.
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When the diameter was not provided by observations, we
estimated it from the observed reflected light, assuming the aster-
oid to be a Lambertian (isotropic) scatterer in a shape of the disk
in km (Tedesco et al. 1992),

1329
d= T 107024, 3)
v

where p,, is the albedo, and H is the absolute magnitude. When
no albedo was measured for a specific asteroid, we used the inter-
mediate albedo, p, = 0.14 (Pravec et al. 2012), resulting in a
resulting diameter of about 500 m for an object with H = 15.

To assess the detectability of a signal, we used the signal-to-
noise ratio (S/N) definition from (Babak et al. 2021),

< Jh(f)I?
S/N)? = 4f —Ldf, 4
(S/N) . 5.0 f. “)

where h(f) is the Fourier transform of the signal, and S ,(f) is
the power spectral density (PSD) of noise. We calculated the
final S/N by adding the S/N for each individual TDI channel.
We assumed an S/N > 5 as a minimum detectability benchmark.

2.3. LISA noise

The expected LISA performance is defined in the LISA science
requirements, and the relevant noise contributions were taken
from (Babak et al. 2021),

Sa(f) =

120 2nf)> ( Si()
23 2 \@rpt

for 0.1 mHz < f < 1 Hz, where f is in Hz, and

+ Su(f)) R(f), ®)

Si(f) =576 x 10748 (1 + ( 7

0.4 mHz)z)

Su(f) =3.6x107

¥ 2
Riy=1+ (25 mHz) '

While the full noise model of LISA contains many indi-
vidual contributions, the low-frequency noise (S,(f)) is dom-
inated by the acceleration noise of the test masses, whereas
the high-frequency noise (S ;) is dominated by detection noise,
mostly photon shot-noise. The instrument response function
R(f) approximately describes the effect of the finite arm length
of LISA and the reduced sensitivity at high frequencies due to
cancellation effects of the gravitational waves in the detector.
The latter plays no role in the detection of the gravitational
effects caused by asteroids as it only applies to signals accu-
mulated by the light as it propagates between the spacecraft.
It is only given for completeness. The actual performance of
LISA is likely to be slightly better as the performance require-
ments for the mission are about 10% more stringent than the
science requirements. The results presented here can therefore
be considered the worst case.

2.4. Simulation duration

The duration of the simulation is a very important quantity to
be defined and was taken to be a compromise between being
able to sufficiently capture the essence of the signal while at the
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same time avoiding simulations that were too expensive compu-
tationally. The duration of the simulation was unique for each
asteroid and depended on several parameters related to the close
approach, such as the characteristic timescale 7, the 3D geometry
of the close approach, and the mass of the asteroid.

In order to estimate the appropriate simulation time for
each asteroid, we calculated the absolute induced acceleration
on the spacecraft test mass for a long duration (>100000s),
and we determined the time at which the absolute acceleration
exceeded 2% of the total acceleration range, that is, the differ-
ence between maximum and minimum. The threshold of 2% was
chosen following a study of the effect of the threshold on the final
calculated S/N for several asteroids.

3. Fisher information

To be able to assess the parameter resolution, we adopted the
Fisher information framework, which is commonly used by the
gravitational wave community (Vallisneri 2008), in the context
of a maximum likelihood parameter estimation method. For a
space of 6 parameters to probe, the Fisher matrix elements Ci‘j1
can be calculated as

+ 0o h(f) Do, h(f)" + Do, h(f)" D, h(f)
-1 _ i J i J
Gi = Lo Su(f) 4 ©
. foo R (94, 1(f) Bo,h(f)") o -
B 0 Sn(f) ’

where 0q,h(f) is the partial derivative of the Fourier transform of
the signal for the parameter 6.

The covariance matrix C corresponds to the inverse of the
Fisher matrix, where the diagonals are the variances of the sig-
nal for the parameters 6. The correlation matrix X can be found
by applying a scaling matrix for normalization purposes on the
covariance matrix.

In our scenario, a close encounter between a NEA and a
S/C can be seen as performing an astrometric measurement of
its orbit, with the advantage that one of its physical properties is
probed simultaneously. The parameters sy therefore correspond
to its state vector at the MOID and the mass,

0=(x Yy Z Ux Uy U m)T (8)

where x, y, and z are the coordinates of the asteroid at the MOID
in the barycentric celestial reference system, and v,, vy, and v,
are its velocity.

In order to simplify the computations, we first computed the
Fisher matrix and covariance matrix for the orbital elements
Ooe=(@ e i Q w mT,and we then sampled in a mul-
tivariate normal space defined by the MOID orbital parameters
and the calculated covariances. We converted the new orbital ele-
ments into fsy = (x y z v, v, v;), which were used to deduce
a new covariance matrix, standard deviations, and a correlation
matrix for the state vector variables. In our approach, the exact
time of an encounter does not need to be identified to determine
the uncertainties in og. However, time does play a role in the
conversion into the state vector, and determining the time #; of
the encounter (and its statistics) would require a proper detec-
tion pipeline. To avoid the additional complexity, we chose to
estimate the uncertainty on the detection time by choosing o; =
Tsig/(S/N), where T, is the duration of the signal as defined in
Section 2.4. As most of the signal power is, by construction, con-
tained in a shorter time interval, this estimation overestimates the
timing uncertainty, and hence, the uncertainties on fgy.
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Furthermore, we added the contribution of each TDI channel
to generate a global Fisher matrix. This allowed us to resolve
the parameters better because summing the information of the
different channels contributes to a lower covariance overall.

4. Application to the observed population

We applied your method to the sample of the observed pop-
ulation of NEAs. To do this, we used the LISABelt package
that we created, which implements a close approach between
an asteroid and the LISA spacecraft in Python, including all the
analysis methods we used (Marques 2026). The sample consisted
of 20 asteroids' with an S/N above the minimum threshold for
study collected from the database provided by the Near-Earth
Objects Coordination Centre (NEOCC) from ESA. These were
selected to provide balanced coverage spanning from a poten-
tial maximum LISA-detectable S/N (asteroid 4179 Toutatis) to
the minimum threshold (S/N = 5). The results are highly sensi-
tive to the assumed orbital parameters of the asteroid, meaning
that small perturbations in these values can lead to significant
changes in the outcomes.

In this section, we take the near-Earth asteroid 4179 Toutatis
as an example to describe the process with which we obtained the
parameter resolution using the Fisher information. We then show
the results for the remaining sample. 4179 Toutatis was first seen
in 1934, but was lost soon afterwards for decades, to be rediscov-
ered again in 1989. It is a potentially hazardous asteroid (PHA)
with the highest S/N and an excellent test case for computing the
parameter resolution.

To be able to calculate its Fisher information, we first com-
puted the derivative of the signal for the parameters Opg. We
selected S/C 2 for this close approach’. The derivative was
obtained using its definition, that is, by varying the parame-
ters Oog of the asteroid by a small delta A (for this example,
A = 107%6yr). We computed the difference between the signals
and weighted it by the variation. Because of the unique geometry
of the close approaches between the different asteroids and the
LISA spacecraft, the effect of varying the different parameters
on the signal differs from one asteroid to the next. From this, we
determined the Fisher elements Ci’j1 of 4179 Toutatis for the Opf
parameters,

009  -0.57  -85.42 0.30 0.04
-0.57 406 558.56 -199  -0.29

Cop = 108542 55856 8.70x 10* -307.26 -42.80 )
030 -1.99  -307.26 1.09 0.15
004  -029  —42.80 0.15 0.02

C,' =107 x 1.08, (10)

where the semimajor axis is given in au, the angles in rad, and
the mass in kg.

We treated the mass separately from the other parameters
because it is a scaling parameter, and it therefore does not change
the shape of the signal. In particular,

1
amh(f) = %h(f)

Com = #(S/N)z (11)

' Their orbital elements and physical properties are listed in Table A.1
in the appendix.

2 We chose S/C 2 in this example because it has the lowest MOID with
4179 Toutatis (corresponding to MOID = 0.00041 au), but the process
is valid for any spacecraft.

Table 1. Standard deviations obtained using the Fisher information
method for asteroid 4179 Toutatis and comparison with observations.

Standard deviations Observations  This work
o, [au] 413%x107°  7.65x 107

oy [au] 925x10™°  6.59x 107

o, [au] 3.05x107°  1.54%x107°

oy, [km/s] 227%x1077  3.13x1073

oy, [km/s] 327x 1077 2.56%x 1073

o, [km/s] 8.96x 1078 1.11x1073

o, [%] - 4.55x%x 1073

Notes. The standard deviations for the observations were collected from
the ESA NEOCC website at epoch 61 200 mjd. The mass standard devi-

ation, o, corresponds to the normalized version o, = 0,,/m by the
mass m of asteroid 4179 Toutatis.
and
GuhNOAC) = ()
= S0k
Cj = ﬁaJ(S/N)Z, (12)

allowing us to directly calculate the relative matrix elements
from the S/N. These C,,; elements are lower by several orders
of magnitude than the covariances between the orbital elements
themselves. Therefore, we validate the hypothesis that the mass
is not correlated with the orbital elements and can thus be treated
separately without affecting the results.

We inverted the Fisher matrix CE)]IE to obtain the covariance
matrix Cog of the orbital parameters @og. This covariance matrix
provided the covariances of multivariate normal distributions in
a space defined by the g parameters. The mean for these multi-
variate normals corresponds to the actual orbital elements of the
asteroid. We therefore sampled the multivariate normal distribu-
tions to obtain a covariance matrix for the desired state vector
parameters Osy. For 4719 Toutatis, the covariance matrix for the
state vector Cgy is given by

059 -047 0.09 2383 18.69 647
—047 043  -0.07 -1970 -16.83 -4.71
Cov = 10-8] 009 =007 002 36l 272 1.72 )
sV 2383 —-19.70 3.61 97920 78420 258.58| -
1869 -16.83 272 78420 657.77 193.53
647 -471 172 25858 19353 12431

where the distances are provided in au and the velocities in km/s.

The standard deviations for the asteroid parameters can be
directly obtained from the covariance matrix Cgy for the state
vector, and they can be obtained by inverting the Fisher matrices
C,;! for the mass. We extracted the diagonals of the covariance
matrices and computed their square root to obtain the respective
standard deviations. The retrieved results for 4179 Toutatis are
shown in Table 1.

While the uncertainty in the state vector is considerably
larger than in current observations, we note that the observa-
tional uncertainty is a result of more than 7000 astrometric and
radar observations since 1992, while LISA would only have
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Fig. 5. Correlation matrix of the uncertainties on the parameter 6 for
asteroid 4179 Toutatis. The covariances between the mass and other state
vector variables are not assessed.

measured it once. This translates into an angular precision® of
26.06 + 17.35”. Although this is somewhat higher than typi-
cal astrometric measurements (Veres et al. 2017), it can provide
the means for determining a preliminary orbit. Classically, this
requires at least three well-spaced positional measurements. The
LISA measurement provides sufficient information for this in
one very short observation, which represents a qualitatively dif-
ferent capability that is complementary to traditional astrometry.
The temporal uncertainty of 3.77 seconds relative to a signal
duration of approximately 20 000 seconds indicates that if such
an event were to occur, the epoch of closest approach could
be determined with high precision, and we would be able to
extract an accurate state vector. While 4179 Toutatis represents
a high-S/N case and is unsuitable as a general benchmark, our
results suggest that detections of previously unknown NEAs in
this scenario might yield sufficient information for a prelimi-
nary orbit determination from a single measurement. This would
allow a potential follow-up later. Furthermore, due to the high
S/N and the inherent sensitivity of LISA to gravitational effects,
a close approach with asteroid 4179 Toutatis would achieve an
unprecedented mass determination with exceptional precision.
The examination of its correlation matrix (Fig. 5) notably
reveals stronger correlations of the x- and y-axis components
than of the z-axis component. This pattern is consistent with
the low orbital inclination of the asteroid, which constrains its
motion predominantly to the ecliptic plane. Consequently, the
x and y coordinate and velocity components are substantially
coupled with each other, such that uncertainties in one com-
ponent propagate to the others. However, these correlations are
intrinsic to the specific close-approach geometry of 4179 Tou-
tatis. Alternative close-encounter configurations may produce
different interdependences among the state vector components.
In Table 2, we list the standard deviations for the other sam-
ple asteroids. As expected, the uncertainty on the parameter
determination decreases with increasing S/N. In particular, the
fractional standard deviation of the mass o-,,,/m is proportional to
the inverse of the S/N, that is, o7, o« (S/N)~!. As the mass scales

3 The angular precision (in arcseconds) was computed from the Earth-
LISA spacecraft distance (54 million km + MOID distance) and the
coordinate uncertainties of the state vector. The maximum precision was
calculated using the minimum distance and largest coordinate uncer-
tainty. The minimum precision employed the maximum distance and
smallest coordinate uncertainty.
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the signal amplitude (see Eq. (1)), meaning md,, h(f) = h(f), we
have that
o 1

1
Com = —(SINY = 0, = ==
m

m  (SIN)' (4)

It is therefore possible to directly estimate the standard devia-
tion for the mass from the S/N. This is not always the case for
the standard deviations of the state vector because they change
according to the geometry of the flyby, and thus, the shape of
the signal changes. Furthermore, for only very low S/N, we have
uncertainties of about a few percent for the mass. This means that
if an asteroid is detected by LISA (S/N > 5), we will be able to
determine its mass with good precision (20% or lower), whereas
a significantly higher S/N is required to determine the state vec-
tor with high fidelity. Furthermore, the uncertainty on the time
parameter is typically about a few seconds to some tenths of a
second (for an S/N > 100). In this regime, the signals can persist
for several hours. The temporal precision therefore implies that
when a close approach occurs and is detectable in the data, its
timing can be determined with considerable accuracy. Only in a
regime with a low signal-to-noise ratio (S/N < 100), the uncer-
tainty on the time of closest approach become non-negligible.
This might limit our ability to accurately constrain the epoch of
the event.

The analysis of the uncertainty on the state vector of aster-
oid 2015 DU180 revealed an important limitation of our study: a
high eccentricity combined with a low S/N can yield unphysical
parabolic or hyperbolic orbital solutions that lead to substantial
velocity uncertainties. While this issue is inherent to high-
eccentricity objects, it affects low-eccentricity orbits only little
because a small MOID distance is necessary for detectabil-
ity (due to the near-circularity), which ensures a high S/N.
For low eccentricities, the close-approach geometry can there-
fore be determined well, and this prevents unrealistic (negative)
eccentricity values.

In practice, LISA state vector measurements are expected to
achieve typical accuracies on the order of hundreds of arcsec-
onds, with worst-case scenarios reaching thousands of arcsec-
onds. For previously observed asteroids, this precision would
provide limited improvements of the orbit determination, with
the primary scientific value residing in mass measurements. For
asteroids detected by LISA for the first time, the positional uncer-
tainty would be insufficient for a direct orbital solution, but it
could delineate a somewhat constrained search region in the
sky, facilitating targeted follow-up observations with ground- or
space-based facilities.

The correlation matrices for the sample of asteroids are dis-
played in Fig. 6. While the correlation matrices emphasize the
uniqueness of each close approach, they also reveal recurring
patterns among asteroids. In particular, it can be shown that the
observed patterns are linked not just to direct orbital elements,
but also to analogous relative velocities and directions during
the close approach. This supports the intuition that the structure
of the correlation matrices is primarily governed by the flyby
geometry, whereas the flyby distance (MOID) predominantly
determines the S/N. In addition, the significance of these gen-
eralized patterns lies in their potential applicability to nonideal
detection scenarios, in which only a limited number of orbital
parameters can be determined. In these cases, the characteristic
patterns of the correlation matrices could serve as informative
priors to guide the later estimation or retrieval of the remaining
orbital parameters.

To summarize, although a LISA measurement cannot match
the precision of current astrometric methods, it can provide
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Table 2. S/N and standard deviations of state vector and mass for a sample of 20 observed asteroids for a close approach at the MOID with one of
LISA’s spacecraft.

Asteroid S/N o, [au] o, [au] o, [au] oy, [km/s] o, [km/s] o, [km/s] o, [%] o [s]
4179 Toutatis 21970 7.65x 10~ 6.59x 1075 1.54x 1075 3.13x 1073 2.56x 1073 1.11x 1073 4.55x 1073  3.77
69230 Hermes 2928 4.23x10™* 1.08x 107 5.81x 107 2.56x 1072 1.33x 1072 2.79x 1073 341x102 5.6
2002 PZ39 2632 429x107* 7.67x10™* 7.14x107° 2.68x 1072 496x 1072 1.04x 1073 3.79x 102  4.88
2013 FA8 1905 1.84x107 6.29x107* 2.30x10™* 2.87x 1072 0.14 325%x 1073 531x102  1.28
1997 BR 1381 4.55x 1073 6.16x10™* 1.71x 1073 6.51 x 1072 0.14 1.58x 1072 7.25x 1072  17.02
2007 UY1 1071 1.44x1073 849x107* 5.16x107° 1.95%x 1072 739x1072 6.77x107* 937x1072 2.88
2003QQ47 956 2.67x 1073 140x1073 844x107* 3.92x 1072 457x1072 8.75%x 1072 0.10 30.55
1999 MN 886 5.86x107™* 8.88x107* 1.54x107° 0.18 0.21 1.76 x 1072 0.11 9.16
2003 YK118 743  9.70x107* 1.54x 1073 5.63x10™* 8.11x102 2.16x 1072 1.94x 1072 0.14 80.47
2011 BO24 442 835x 1073 1.34x10* 2.60x 1073 3.75x 1072 0.25 5.69 x 1072 0.23 94.63
2003 AC23 349 330x107° 7.58x107% 1.73x107™* 0.35 458 %1072 1.07 x 1072 0.29 21.35
2020 FR1 229 1.95x1072 4.95x 1073 4.00x 1073 0.85 1.63 0.20 0.44 38.64
2018 DAl 209 4.71x1073 4.16x 1073 4.13x 1073 0.57 0.87 0.46 0.48 125.47
2016 CU193 155 2.15x 1072 2.58x 1073 1.19x 1072 0.49 0.68 0.42 0.65 83.84
2014 UC192 118 7.51x107% 127x1072 2.05%x 1073 0.56 0.18 7.48 x 1072 0.85 29.80
2005 TUS0 96 2.59% 1072 1.39x 1072 6.58x 1073 1.10 2.03 0.40 1.04 128.55
2006 BC1I0 32 8.00x1072 1.79x 1072 9.86x 1073 2.17 4.82 0.37 3.16 2680.03
2024 QP2 24 4.59%x 1072 3.55x 1072 7.00x 1072 1.65 1.65 0.59 422 1598.61
2015 DUISO 11 0.14 0.11 5.30 x 1072 72.61 128.17 31.16 8.71 5523.18
2014 WK7 5 0.27 0.20 0.10 6.73 9.90 3.51 18.50 4668.18

Notes. The asteroids are organized by descending order of S/N. Note that the mass standard deviation, o, corresponds to the normalized version

o, = 0,,/m by the mass m of the asteroid.
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Fig. 6. Correlation matrices for the sample of 20 observed asteroids during a close approach with one of LISA spacecraft computed through the
Fisher information.
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complementary capabilities, in particular, for a mass determina-
tion. This would substantially enhance the NEA catalog.

5. Conclusion

This is the first study to systematically assess the signals caused
by asteroids encountering the LISA S/C as they appear in the
LISA data stream after the removal of laser frequency noise.
There are two key conclusions form this study.

First, the LISA mission can be used to detect and character-
ize asteroids, provided that they approach one of the spacecraft
closely enough. This in itself is an interesting finding, although
asteroids have been considered a source of potential noise for
LISA, as the mission is designed to detect gravitational waves
that affect the distance between the spacecraft. However, the very
low residual acceleration noise of the test masses also allows us
to assess the effects of static gravity.

Second, the accuracy with which the mass of such asteroids
can be determined in a single encounter is unparalleled by any
other current observational methods, except dedicated probes
that orbit the asteroid for an extended time. As the mass (and
subsequently, the composition) of many asteroid is only loosely
constrained by first principles and observation, such measure-
ments might be very useful for the assessment of the hazard
potential of NEAs and their potential origin.

Although our analysis was exclusively based on the cur-
rently observed NEA population, it can be extended to objects
that remain undiscovered. In particular, we showed that NEAs
with radii of ~500 m could produce signals that are detectable
by LISA if they have certain minimum mass or MOID. The
currently cataloged population is estimated to be complete to
approximately 80% for radii >500 m (Grav et al. 2023). This
implies that a non-negligible fraction of potentially detectable
NEAs is yet to be identified. Consequently, LISA observa-
tions may reveal and enable the characterization of previously
unknown NEAs within this size range.

We emphasize that for typical close encounters, LISA alone
is unlikely to yield orbital solutions or state vectors with the
precision required for a comprehensive dynamical characteri-
zation, except in particularly favorable high S/N cases such as
asteroid 4179 Toutatis. Nevertheless, the localization accuracies
achievable in our framework translate into a preliminary orbit
determination and a search region in the sky. These error ellipses
can, in some cases, substantially reduce this search area for tar-
geted follow-up observations, either from ground-based facilities
or from complementary space-borne missions.

Finally, the expected detection rate over the nominal mis-
sion lifetime remains modest and does not compromise the
primary scientific objectives of LISA. Currently, our most opti-
mistic estimate* suggests that about three detections may arise
from the currently known population for the three spacecraft,
with an additional currently unconstrained contribution from
undiscovered objects during a period of 10 years (correspond-
ing to the LISA lifetime). Even at this level, any detection
would represent a meaningful addition to the NEA inventory
and would demonstrate the contribution of LISA to small-body
studies, especially in complement with measurements of poorly
characterized physical properties such as the mass.

4 Based on the LISA sensitivity limit below 0.1 mHz, we established
a maximum detection distance of 10° km. With an S/N threshold of 5,
the smallest detectable asteroid diameter at this distance is ~140 m. For
the Farnocchia & Chodas (2021) size distribution and accounting for all
three spacecraft, the predicted encounter rate is ~0.27 yr~!.
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We only addressed the question how well the parameters for
asteroids can be measured in a close encounter with any LISA
S/C. The questions how these results, which assumed an optimal
measurement environment, relate to the characterization of the
currently observed (and unobserved) population of near-Earth
asteroids, the prospects for LISA of finding currently unknown
NEAs, or whether their parameters can be extracted from the
detected signal are subject for future work. We also still need
to determine whether we can learn something about the shape
or the density profile of asteroids through their encounter with
LISA. This is deferred to a future study.
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Appendix A: Properties of investigated near-Earth asteroids

In this appendix, we provide the orbital elements and computed physical properties of the sample of NEAs from the observed
population used throughout the simulations.

Table A.1: Orbital elements and physical properties for the sample of 20 observed asteroids collected at epoch 61200 mjd.

Asteroid a [au] e i[°] Q[°] w [°] H[mag] albedo d [km] m [kg] MOID [au] Mo [rad]

4179 Toutatis  2.54 0.62 045 12537 277.86 15.30 0.254 264  2.12x10%  410x10™*  (6.19, 2.74)
69230 Hermes  1.66  0.62  6.07 34.03 92.93 17.57 0.265 0.82 6.35x 10" 1.45x10™  (0.40, 2.07)*
2002 PZ39 147 055 167 32872 260.19 19.10 - - 1.79 x 10" 9.89x 105  (0.51, 3.83)"
2013 FA8 193 0.67 312 16542 281.06 20.93 - - 1.43x 10 228x10°  (0.30, 5.50)
1997BR 134 031 1725 116.63 133.86 17.80 0.51 0.56 2.02x 10" 1.31x 10  (0.42, 5.56)**

2007U0Y1 095 018 1.02 33745 27412 23.08 - - 7.28x 108  7.64x107°%  (4.60, 0.68)"
2003 QQ47  1.09 019 6210 0.98 104.97 17.37 - - 1.96 x 1012 4.38x 10  (0.96, 1.46)*
1999 MN  0.67 0.67 2.03 81.38 9.21 20.57 - - 2.35x 10"  629x 10  (1.90, 0.57)
2003 YK118 1.70 049 7.83  326.73 233.28 18.81 0.07 0.90 8.40x 10 3.44x10™*  (5.97, 5.05)
2011 BO24 138 028 2037 9146  178.67 18.78 - - 278 x 10 242x10™*  (0.01, 5.14)*
2003 AC23 217 058 206 4373 12641 21.90 - - 3.72x10°  3.97x107°  (0.16, 6.17)
2020 FR1 141 061 1311 2637  255.89 21.20 - - 9.86 x 10° 8.58x107°  (0.54, 2.92)
2018 DA1 121 073 2549 13990 233.94 18.85 - - 252x 101 337x107*  (0.62, 4.95)
2016 CU193 147 036 49.89 32237 32312 19.94 - - 5.59x 10"  1.73x 10  (0.29, 1.83)
2014 UC192 141 036 11.66 3492  304.61 23.72 - - 3.03x 108 1.78x10° (0.4, 3.06)
2005 TUS0 143 060 1242 2218  259.71 21.45 - - 6.92x10° 1.14x10™*  (0.53, 2.84)
2006 BC10 2.02 0.66 091 2025 23524 19.50 - - 1.03x 10" 7.24x 10  (6.01, 5.62)
2024 QP2 254  0.62 1.64 20532 20215 21.57 - - 5.83%x10° 1.78x10™*  (6.20, 4.98)*
2015DU180  1.93 092 4.86 5174 31541 21.03 0.28 0.39  6.83x10 1.08x107  (6.05, 0.17)
2014 WK7 156 036 2391 233.74 180.93 2217 - - 259%x10°  1.68x10™*  (6.27, 1.32)*

Notes. The mass was computed using Eq. 2 either using the values of observed properties or assuming the intermediate values. Myop indicates
the mean anomalies needed for the asteroid and spacecraft 2 (* for spacecraft 1, ** for spacecraft 3) to be in a close approach configuration at the
MOID, respectively.
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