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Abstract

Material arriving at our solar system from the Galaxy may be detected on Earth in the form of meteors ablating in our
atmosphere. Here, we report on a search for interstellar meteors within the highest-quality events in the Global
Meteor Network (GMN) database. No events were detected that were conclusively hyperbolic with respect to the
Sun; however, our search was not exhaustive and examined only the top 57% of events, with a deeper examination
planned for future work. This study’s effective meteoroid mass limit is 6.6± 0.8× 10−5 kg (5mm diameter at a
density of 1000 kgm−3). Theoretical rates of interstellar meteors at these sizes range from 3 to 200 events globally
per year. The highest rates can already be largely excluded by this study, while at the lowest rates, GMN would have
to observe for 25 more years to be 50% confident of seeing at least one event. GMN is thus well-positioned to provide
substantial constraints on the interstellar population at these sizes over the coming years. This study’s results are
statistically compatible with a rate of interstellar meteors at the Earth at less than 1 per million meteoroid impacts at
Earth at millimeter sizes, or a flux rate of less than 8± 2× 10−11 km−2 hr−1 at the 95% confidence level.

Unified Astronomy Thesaurus concepts: Meteors (1041); Interstellar objects (52)

1. Introduction

An object with a heliocentric speed above 42.135 km s−1 at
1 au from the Sun is on an escape orbit, unbound from our star,
and this is often taken as a proxy for its being of interstellar
origin (M. Hajduková et al. 2019). More precisely, the
heliocentric speed must be more than the parabolic velocity
v∞ at a particular heliocentric distance R given by
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where G is the universal gravitational constant and Me is the
Sun’s mass. In the case of a meteor observed in the Earth’s
atmosphere, if its speed prior to falling into Earth’s
gravitational well was greater than v∞, it is possible that it
originated outside our solar system, a so-called “interstellar”
meteor. The value of v∞ is 42.135 km s−1 at Earth’s nominal
distance from the Sun of 1 au. However, because Earth’s orbit
is slightly eccentric, its heliocentric distance ranges from 0.983
to 1.067 au during the course of the year and thus v∞ varies
from 41.79� v∞� 42.50 km s−1.

Meteors with observed heliocentric speeds above v∞ may
also be produced from within our solar system. Beta
meteoroids (H. A. Zook & O. E. Berg 1975; W. J. Cooke
et al. 1993) are initially bound particles that are accelerated
onto unbound orbits by solar radiation pressure. However,
these are only small (less than one micron in size) particles, not
visible as meteors in Earth’s atmosphere by either video or
radar meteor detection instruments. A gravitational slingshot
from a planet may also place a bound object of arbitrary size
onto a hyperbolic orbit, but such events are expected to be rare.

At Earth, one in 104 optical meteors is expected to fall into this
category, but these are typically traveling only 100 m s−1 above
the heliocentric escape velocity at Earth (P. A. Wiegert 2014)
and hence difficult to distinguish from bound particles for
typical measurement precision. Thus, particles above micron
size within our solar system found to be on unbound orbits are
likely to be interstellar, in the absence of a recent encounter
with a planet.
A particle arriving at the solar system with an excess speed v+

will accelerate as it falls into the Sun’s gravitational potential and
will have a heliocentric speed ( ) ( )v R v R v2 2= +¥ + . The
velocity dispersion σ of stars near the Sun within the disk of the
Milky Way is about 20 km s−1 (J. Delhaye 1965; D. Mihalas &
J. Binney 1981; J. Binney & S. Tremaine 1987) and so
interstellar meteoroids are expected to have typical excess speeds
v+≈ σ, and to reach the Earth v(R= 1 au)≈ 47 km s−1 at 1 au.
As a result, interstellar meteors are expected to arrive at Earth
with speeds a few kilometers per second above v∞, making them
relatively easy to distinguish from the abundant nearly unbound
meteors produced within our solar system, at least if sufficiently
accurate and precise speed measurements can be made.
Here we use the Global Meteor Network (GMN; D. Vida

et al. 2021) database of meteor events to search for meteoroids
moving above the hyperbolic limit with respect to the Sun.
Because of measurement uncertainties, meteors with speeds
near the hyperbolic limit are often incorrectly assigned an
interstellar origin when they are actually on bound solar system
orbits. This usually occurs when measurement uncertainties are
underestimated or when the uncertainties straddle the border
between bound and unbound trajectories, with the nominal
speed being unbound while the true value is bound
(W. J. Fisher 1928; M. Hajduková & T. Paulech 2007;
M. Hajdukova et al. 2020).
This paper reports on our first examination of the

GMN database of optical meteors, where we extract only the
highest-quality events in a search for true interstellar meteors.
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A secondary goal is to develop an understanding of the random
and systematic measurement errors inherent in the GMN data
set. Any real-world system must cope with a complex and
changing environment containing clouds, aurora, and other
environmental effects, as well as aircraft, satellites, and
other spurious man-made sources. Other both common and
rare potentially confounding effects include meteors near the
detection limit, meteors near the horizon or the edge of the
camera field of view, multiple simultaneous or fragmenting
meteors, miscalibration, improper automated meteor picks, and
poor triangulation geometry. Future efforts will push deeper
into the GMN database as our toolkit and understanding of the
system capabilities increase, but this study is focused on
GMN’s most reliably measured events.

1.1. Previous Studies

The detection of interstellar meteoroids has been a
controversial topic in meteor science for more than a hundred
years (J. Stohl 1970). Prior to the advent of instrumental
measurements, it was widely accepted on the basis of visual
observations that many unbound (presumably interstellar in
origin) meteoroids encountered the Earth (E. J. Opik 1950). For
example, a catalog of visually determined orbits by G. Von
Nießl & C. Hoffmeister (1925) contains 79% hyperbolic orbits
(W. J. Fisher 1928). However, the advent of regular
photographic multistation velocity estimates and even more
precise radar (head echo) velocities in the mid-20th century
showed that few, if any, reliably measured heliocentric
meteoroid velocities exceeded the parabolic limit
(M. Almond et al. 1950). It was largely accepted for the next
half-century that essentially all meteoroids with apparent
excess velocity were the result of measurement errors
(M. Hajdukova 1994; M. Hajduková et al. 2019). In the case
of photographic and radar observations, the measurement errors
in question arise from a combination of underestimation of the
statistical uncertainty together with systematic limitations
arising from pixel size, frame rate, and other system limitations.
Some events will, by chance, have poor multistation geometry,
and this is a major factor in measurement uncertainty for
photographic and radar velocity vectors. Uncertainty can also
arise from the analysis process itself, for example, when the
atmospheric deceleration of a meteor prior to its being detected
must be computed or estimated.

The first unambiguous detection of interstellar particles
(ISPs) in our solar system was made by the Ulysses and Galileo
spacecraft (M. Baguhl et al. 1995). However, the detected
particles were on the order of 1 μm in radius (10−11 g), below
the meteor detection limit for almost all instruments on Earth.
Interstellar meteoroids were reported to have been detected
through transverse scattering measurements of meteor ioniz-
ation trails by the Advanced Meteor Orbit Radar (AMOR;
W. Baggaley 2000) in the mid-1990s. However, subsequent
analysis of over 20 million radar meteors detected by the
Canadian Meteor Orbit Radar (M. Froncisz et al. 2020) have
failed to confirm this initial detection, albeit at larger sizes.
Much of the uncertainty they encounter comes from the
difficult process of correcting for atmospheric drag on these
small particles in order to extrapolate meteor velocities back to
their preatmospheric values, but the main limitation for radar
multistatic estimates of velocity is station—specular scattering
point geometry, in particular geometries where the specular
points from multiple stations all lie at nearly the same location

on the meteor trail. The detection of interstellar meteoroids
from either radial or transverse scattering radars remains
controversial (e.g., M. Hajduková et al. 2019).
Optical measurements, which often can be more precise than

radar and therefore are well-suited to searching for real ISPs,
have also been used to survey for interstellar meteoroids.
Dedicated early surveys using optical cameras showed few, if
any, apparently hyperbolic meteors (D. McKinley 1961),
resolving as measurement error the apparent paradox of large
numbers of hyperbolic meteors first reported from visual
observations (A. C. B. Lovell 1954).
More recent optical studies have much larger numbers than

the comparatively small early surveys. For example,
M. Hajdukova et al. (2014) examined a catalog comprised of
64,650 video meteors observed in Japan between 2007 and
2008. Of these detections, 7489 appeared to have hyperbolic
orbits. After filtering for meteors with low errors in measured
velocity and rejecting meteors associated with showers, 238
retained hyperbolic orbits—these were all attributed to being
the result of measurement error. They found that “the vast
majority of hyperbolic meteors in the database have definitely
been caused by inaccuracy in the velocity determination.”
In addition to the search for hyperbolic meteors captured in

the course of broader surveys, R. Musci et al. (2012) performed
a dedicated optical survey for millimeter-sized interstellar
meteoroids with an emphasis on accurately estimating
uncertainties. Out of 1739 double station meteor measure-
ments, they found only two meteors as being unbound beyond
3σ of the estimates uncertainties. They concluded that
“Detailed examination leads us to conclude that our few
identified events are most likely the result of measurement
error” but do not give the specific cause.
The discovery of a large hyperbolic object, 1I/‘Oumuamua,

in 2017 (K. J. Meech et al. 2017) has reinvigorated interest in
the quest for interstellar meteoroids. This was the first
confirmation of a macroscopic interstellar object in the
solar system. Presently, together with comet 2I/Borisov,
these remain the only large interstellar interlopers whose
orbits are well enough determined to be unambiguous
examples of ISPs.
That smaller, millimeter-sized ISPs are transiting the solar

system remains virtually certain (N. Murray et al. 2004). It is
difficult to imagine a selection filter that would remove ISPs at
such sizes. However, the observational evidence for this
population remains scant. Reported detections to date remain
unconvincing when considering their associated measurement
uncertainties, particularly of the velocity. For example,
M. Hajduková et al. (2019) find that “the vast majority of
hyperbolic meteors in the (SonotaCo 2009 optical meteor)
database have definitely been caused by inaccuracy in the
velocity determination.” It remains to be shown that a
meteoroid in the millimeter–centimeter sized range is clearly
unbound from our solar system, given proper account of its
associated uncertainty. The task requires a huge time–area
atmosphere collecting product to allow sufficient statistics to
overcome the apparently low ISP flux in these ranges, which
is estimated at 6× 10−9

–4× 10−7 meteoroids km−2 yr−1 at
masses ∼>7× 10−5 kg (5 mm diameter at a density of
1000 kg m−3, Section 4), or 3–200 events globally per year
(Section 4.3).
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2. Methods

2.1. Global Meteor Network

The GMN (D. Vida et al. 2021) is an international
collaborative initiative dedicated to the continuous monitoring
and analysis of meteors and meteorite-dropping fireballs, long-
term characterization of meteor showers, determination of
meteoroid flux and size distributions, and enhancement of
public awareness regarding near-Earth meteoroid environ-
ments. It is structured as a network of over 1000 low-cost,
highly sensitive CMOS video cameras deployed across more
than 40 countries. Each camera station employs open-source
meteor detection software running on Raspberry Pi computers,
enabling efficient data collection and processing. The metric
data are uploaded to a central server, which automatically
computes meteor trajectories and their associated uncertainties
using the Monte Carlo trajectory solver developed by D. Vida
et al. (2020a, 2020c).

Since its inception in 2018 December, the network has
amassed millions of precise meteoroid orbits, which are
publicly available3 under the CC-BY-4.0 license. Our sample
was obtained from the GMN public database for dates
beginning on 2018 December 10 and ending on 2024 October
5.

2.2. Filtering

A full trajectory solution requires a meteor to be detected by
at least two stations. The automated heuristic deciding which
observations from individual stations to pair into a candidate
meteor event applies strict filters to reject false positives and
incorrect pairings and chooses the best set of observations to
form a trajectory by rejecting suboptimal stations. The quality
filtering mainly relies on meteor observations forming tight
trajectories (the average fit residuals from individual stations
not exceeding 3′) and the observed velocities between sites
matching within several percent (D. Vida et al. 2021). The
filters applied by GMN are empirically determined from
extensive experience in manually reducing individual GMN
events. Since each camera’s observing conditions, orientation,
and geometrical relationship to other cameras nearby is unique,
we recognize that no single set of cut threshold values
necessarily works for all situations, but the general character
of the cuts is to remove events with insufficient or poor-quality
data. As an example, the first cut in Table 1 requires four
measurements per observation. As the meteor peaks above the
noise threshold, the first and the last frame will always only
have a partial track (the rest is below the noise threshold), so
requiring four frames means that the middle two frames are
guaranteed to be 100% complete. All the selection parameters
are hard-coded into the GMN processing pipeline and cannot
be varied as part of this study. They are described in more
detail in D. Vida et al. (2016, 2020a, 2020c, 2021) and are
listed in Table 1 for reference. Events that do not meet these
criteria do not proceed to further filtering steps. A total of 1.59
million individual GMN meteor events (73%) passed this first
step out of an initial 2.18 million orbits computed by GMN.

This automated pipeline provides a first list of potential ISPs
based on the observed meteor’s parameters, but it can
potentially yield erroneous results in a small number of cases.

It may not correctly interpret fragmenting meteors, meteors
with persistent trains, or multiple meteors occurring simulta-
neously within the same field of view, or it may produce a
lower-quality solution due to various environmental or weather
phenomena. As a result, we will use the automated results for
the initial selection of potential interstellar meteors but will
ultimately rely on the manual reduction of the event by a
human operator to provide the most accurate determination of a
prospective ISP-meteor trajectory.

2.2.1. Initial Filtering

To isolate interstellar candidate meteors, the data were
filtered to remove all events with heliocentric speeds
vhel< 42 km s−1 and whose radiant coincided with a known
active meteor shower. The events were also required to be at
least 5σ above the 42 km s−1 threshold, that is, (vhel− 42)/
σ> 5, where σ is the uncertainty in the heliocentric speed
provided by the trajectory solver. To increase the overall
quality of events in the next stages, we also tightened some
thresholds above and beyond those set by the GMN database
and listed in Table 1. In particular, the convergence angle (Qc)
was required to be at least 20 deg, and the maximum begin
heights and minimum end heights were required to be 160 km
and 60 km, respectively. These last conditions impose some
assumptions on the physical properties of interstellar meteors,
which may not be correct if their composition is quite different
from those of solar system meteoroids. This assumption is

Table 1
Selection Parameters for Trajectory Calculation and Processing

Parameter Value/Range
Trajectory Calculation Parameters

Minimum number of measurement points per observation 4
Maximum time difference between meteor observations from
different stations

10.0 s

Minimum and maximum distance between stations 5–600 km
Minimum convergence angle Qc 3.0
Maximum number of stations included in the trajectory
solution

8

Max difference between velocities from different stations 25%
Minimum and maximum average in-atmosphere velocities 3–73 km s−1

Minimum and maximum begin height 50–150 km
Minimum and maximum end height 20–130 km
Maximum angle between radiants for merging candidate
trajectories

15°

Trajectory Filtering Parameters

Stations with radiant residuals larger than this fixed amount
are removed

180″

Stations with radiant residuals below the value will be
retained, regardless of other filters

30″

If 3+ stations, any with angular residuals more than this many
times the mean are removed

2.0

Post-processing Parameters

Minimum number of points on the trajectory for the station
with the most points

6

Minimum convergence angle 10°
Maximum radiant error 1.0
Maximum geocentric velocity error 1%
Maximum begin height 160 km
Minimum end height 60 km

3 GMN orbital data set: https://globalmeteornetwork.org/data/ (accessed
2024 November 1).
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necessary to reduce the number of false positives, but events
outside this range will be examined more closely in
future work.

The next two final filters are less critical and are chosen to
extract the highest-quality events. First, though the heliocentric
speed of interstellars is necessarily high, their in-atmosphere
speed need not be. The Earth’s orbital velocity of 30 km s−1 is
added vectorially to the particle’s heliocentric velocity and
could increase or decrease its in-atmosphere speed, spreading a
42 km s−1 heliocentric speed across a range of in-atmosphere
speeds from 12 km s−1 to 72 km s−1. As events with high in-
atmosphere speeds are less precisely measured, owing to the
limited number of observed frames, the initial in-atmosphere
speed of events that would pass to the next stage was required
to be less than 50 km s−1. Additional justification for this step
will be provided in Section 3.1. This reduces our sample to
2122 events.

These conditions are velocity-dependent and do result in a
change in the overall velocity distribution. This can be seen in
Figure 1, where the heliocentric speed distribution of unbound
events is shown both before and after the cuts of the previous
paragraph. Many events near the hyperbolic limit are removed,
and the peak shifts to slightly higher speeds. The number of
events to examine is reduced by about a factor of 25 from
50,166 to 2122 without excessive distortion of the distribution
itself.

Second, we required that the heliocentric speed be at least
44 km s−1 to avoid cases too close to the 42 km s−1 boundary, a
step which significantly reduced the number of interstellar
candidates to a manageable level. In total, these two filters
reduce our overall sample size to 472 high-quality interstellar
candidates.

2.2.2. Stage 2—Prereduction Manual Review

For the 472 interstellar candidates, the automated GMN
solution is manually inspected to determine whether the
solution is reliable. The applied quality criteria are as follows:

1. Metric Measurement Residuals: All residuals should be
consistently less than 100″.

2. Systematic Measurement Residuals: Their mean devia-
tion should be within one standard deviation of their
scatter.

3. Perspective Angle: For a two-station solution, the
meteor’s trajectory should not be going directly
toward/away from a camera; the ideal scenario is if the
meteor is located between two cameras with a trajectory
perpendicular to the camera field of view (FOV): the
perspective angles must >20° and <75° or >110°.

4. Lags: The deceleration profile represented by the lags
(namely, how far the observed position differs from that
predicted by a constant speed solution computed from the
first few frames of the event) should not differ by more
than 10% between stations.

5. The individual station velocities should be within 10% of
each other and the automated solution.

If an automated solution passes most or all of the
requirements above, the raw data files are downloaded in
preparation for a manual reduction process: 34 events reach this
stage. The raw data files must then pass through a set of checks
detailed below.

2.2.3. Stage 3—Prereduction Camera Manual Review

Before manual reduction, events are checked that

1. At least one camera captured the entire meteor, and others
have at least 5–6 frames where it is clearly visible

2. The meteor has stars near it to enable a good astrometric
solution

3. The times reported by all the cameras line up with each
other—there is a possibility for the event to actually be
two nearly simultaneous but separate events conflated
with each other

4. There are no dropped frames in the meteor video

Figure 1. Velocity distributions of hyperbolic GMN events before and after the quality cuts we impose.
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5. The meteor is not passing through any significant
obstructions, clouds/weather/environmental effects

Events that passed these criteria were then manually reduced
to give the most accurate orbital determination. Only 13 events
reach the stage of being manually reduced in detail.

2.3. Manually Reduced Events

A full manual reduction of a meteor event observed by GMN
cameras begins with careful recalibration of astrometric plates
on stars visible on the same video as the meteor. The positions
of the stars on the image are measured by fitting a 2D Gaussian
point-spread function. They are then manually paired with
catalog stars, upon which a seventh-order radial polynomial
distortion model is fit, also including a correction for lens
anisotropy (D. Vida et al. 2021). The fit is manually refined by
taking care to remove any outliers and making sure there are no
systematic trends in the fit. At least 30–40 stars are selected,
making sure that the whole field of view is equally covered and
that there are stars in the area around the meteor. For the most
common GMN cameras with 4 mm lenses, average astrometric
fit residuals between 0.¢5 and 1.¢0 are usually achieved.
Photometric calibration includes extinction and vignetting
correction, achieving fit residuals between 0.1 and 0.2 mag.

Metric measurements of meteor positions on individual
video frames are performed by manual centroiding on the
meteor head for each meteor frame. The trajectory solution is
computed continuously as picks at each station are made,
allowing for checking the quality of the trajectory as individual
data points are added to the solution. The process finishes once
all video frames that show the meteor are measured. In some
cases, the measurements are further refined based on the
trajectory fit graphs (both fit residuals and the dynamics), and
outliers are rejected.

After manual reduction, the trajectory parameters and the
orbit are recomputed, and their uncertainties are estimated by
computing 100 Monte Carlo realizations, providing the final
orbital values and uncertainties we present herein following the
procedure described in D. Vida et al. (2020c).

3. Discussion and Results

All manually reduced events were found to be consistent
with bound heliocentric orbits, though many had error bars that
extended nominally into the unbound regime. To examine their
significance, we computed the probability that vhel was above
the hyperbolic limit at the Earth at the time in question,
assuming the errors are Gaussian distributed. None were found
to have a probability larger than 49% of being on an unbound
orbit, and the probability of any event having a vhel above the
47 km s−1 expected for true interstellars is less than 4%. See
Table 2 for details.
Though great care was taken to filter the GMN data for the

highest-quality meteors, the occurrence of rare and unforeseen
events is inevitable in such a large sample. Below, we discuss
some of the subtle reasons we found that some GMN meteors
appeared interstellar on first examination but proved otherwise
upon careful review. This provides a sense of the sort of
unusual real-world issues that other meteor networks should
expect to encounter when searching for ISPs.

1. For a few months after they were initially set up, a few
GMN cameras in Korea were running with incorrect
frame rates of 12.5 frames per second instead of 25. This
resulted in a number of extremely clean events that
appeared exactly as well-measured interstellar meteors. It
was only by vigilant review of all the information about
the cameras that these events, which proved to be bound
solar system meteors once the correct frame rate was
applied, were identified. This mishap inadvertently
provided a proof of concept that the GMN pipeline can
process and flag interstellar meteors if they were to
actually appear.

2. Another rare cause of apparently interstellar events is the
coincidental detection of two meteors on apparently
similar trajectories within a few seconds by the same set
of cameras. Because of their spatial and temporal
coincidence, the algorithm can pair them incorrectly,
which can result in a malformed solution with an
incorrect velocity determination. GMN uses a 10 s
correlation window, so similar events that occur within

Table 2
GMN Events That Were Manually Reduced

Identifier vhel (km s−1) e R⊕ v∞
Prob. of

auto manual (au) (km s−1) vhel > v∞ vhel > 47 km s−1

20191105_074753.938371 50.42 39.0 ± 2.2 0.91 ± 0.06 0.992 42.302 0.063 1 × 10−4

20200305_092152.467353 44.15 41.8 ± 1.2 0.95 ± 0.11 0.992 42.301 0.325 5 × 10−6

20200411_065019.471331 45.60 41.7 ± 3.0 0.97 ± 0.16 1.002 42.085 0.448 4 × 10−2

20200714_104743.729656 46.79 37.89 ± 0.03 0.911 ± 0.001 1.017 41.779 0.000 0
20200925_072128.279662 49.01 39.1 ± 1.6 0.92 ± 0.03 1.003 42.066 0.029 2 × 10−7

20220225_113605.069662 49.03 41.76 ± 0.23 0.978 ± 0.008 0.990 42.344 0.005 0
20220411_204649.331547 49.66 41.98 ± 0.14 0.995 ± 0.008 1.002 42.085 0.236 0
20220430_044938.390913 45.98 41.27 ± 0.52 0.937 ± 0.045 1.007 41.979 0.085 0
20221214_191339.014896 44.11 42.24 ± 0.21 0.983 ± 0.017 0.984 42.457 0.153 0
20230124_004120.554640 44.02 41.00 ± 0.53 0.925 ± 0.027 0.984 42.459 0.003 0
20230628_062714.788236 46.86 37.83 ± 0.088 0.773 ± 0.004 1.017 41.778 0.000 0
20231215_214203.653783 44.29 42.45 ± 0.40 0.9999 ± 0.006 0.984 42.458 0.493 0
20240113_204657.410119 44.13 42.146 ± 0.074 0.972 ± 0.007 0.983 42.475 0.000 0

Note. The columns under vhel indicate the heliocentric speed of the event from the automatically and manually generated solutions. The final manually obtained
heliocentric eccentricity is in column e. R⊕ is the Earth’s heliocentric distance at the time of the event and v∞ the corresponding heliocentric escape speed
(Equation 1). The final column gives the probability that the event is unbound and of having vhel > 47 km s−1 expected for true interstellars, under the simple
assumption that the errors are Gaussian. Probabilities less than 10−9 are listed as zero.
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this time frame can be tentatively considered as a
candidate trajectory and, in rare cases, pass all quality
filters. Though 10 s is longer than the duration of most
meteors, this window cannot easily be shortened in
practice, as it allows for trajectories of longer meteors that
were caught at different portions of their in-atmosphere
trajectories to be computed. In addition, this also allows
the inclusion of measurements from stations whose
clocks may have drifted over time, in rare cases when
the Network Time Protocol service malfunctions or the
camera loses Internet connection.

3. A more mundane cause of interstellar misidentification
results from events that are distant from one or more of
the cameras or which have less than optimal observing
geometry. The speed determination depends on a reliable
localization of the meteor within the video frame. The
center of light of the meteor does not in all cases
correspond with its center of mass due to the effects of
fragmentation and wake. For brighter meteors and
fireballs in particular, difficult observing geometry can
result in subpixel shifts that can produce an artificial
overall acceleration of the meteor during the brightening
phase. Often, in these cases, the meteor may be consistent
with both bound and unbound trajectories within the
uncertainties, depending on which analyst performs the
manual reduction. A telltale sign of this issue is an
apparent acceleration (much larger than that due to
gravity) of the meteor while undergoing ablation.

4. A well-determined trajectory depends on the precise
location of the meteor in the sky. This may be difficult to
measure through thin or patchy clouds even if the meteor
itself is clearly visible, as on-sky position is measured by
reference to nearby stars which are used to compute an
astrometric plate solution relating pixel position to
celestial coordinates. Bad weather or a bright aurora

might prevent the accurate measurement of even a bright
meteor by reducing the number of stars visible in the
images to the point of degrading the astrometry.

3.1. Uncertainties in Speed

A plot of the geocentric speed of the meteoroid prior to
falling into the Earth’s gravitational well (traditionally known
as the “geocentric speed” or Vg) versus the elongation ε from
the Earth’s apex is shown in Figure 2. This type of figure was
introduced by L. Kresak & M. Kresakova (1976) and
developed by M. Hajduková et al. (2019) and M. Hajduková
et al. (2024) to illustrate the effects of measurement
uncertainties on meteor orbit determination. By superimposing
upon the plot lines of constant semimajor axis a, the sensitivity
of a to measurement errors both in the speed and the radiant
directions becomes evident. Where the lines of constant
semimajor axis are closer together (e.g., along a diagonal in
the middle of the plot and, unfortunately, also where most
meteor events occur) is where measurement uncertainties either
in speed or radiant direction can most easily result in a bound
orbit being mistakenly identified as unbound.
From the automated reduction pipeline, we find that 5.9% of

GMN events are initially identified as hyperbolic. This is
consistent with what is typically seen in other surveys
(M. Hajdukova et al. 2020) and is associated with the effect
of measurement uncertainties. This can be seen qualitatively
from Figure 2, where the majority of “hyperbolic” meteors (in
red) are at high geocentric speeds, which have high in-
atmosphere speeds and so tend to appear in only a few video
frames. If these were true interstellars, we would expect them to
appear all along the v+= 20 km s−1 line in Figure 2, but this is
not the case. The fact that the majority of apparently hyperbolic
meteors appear toward the apex of the Earth’s way (that is, at

Figure 2. Automatically determined geocentric speed vs. elongation ε of the meteor’s radiant from the Earth’s apex. Lines of constant semimajor axis a are
superimposed, with a parabolic orbit indicated by an arrival speed v+ = 0 km s−1 and an arrival speed expected for interstellar meteors by v+ = 20 km s−1. Nominally
hyperbolic events are indicated in red. Events with a near 3 au have been decimated to improve plot visibility. The 13 candidates of Table 2 are indicated with a dotted
line connecting their automated speed with the manually reduced speed. Note that these candidates cluster near the maximum geocentric speed (50 km s−1) examined
in this study, while faster meteors were excluded. Higher geocentric speed meteors are typically seen in fewer video frames and will be examined in a follow-up study.
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the lowest values of ε) at the highest atmospheric speeds and
exactly where the measurement uncertainty is the largest alerts
us to the danger of naively interpreting our data.

A second way of looking at the data that is helpful is to
examine the radiant directions of interstellar candidates and to
see if there is any correlation with galactic reference directions.
Figure 3 shows such a plot of candidate ISPs in their relationship
to the Galaxy and known meteor showers. The plot shows the
meteors with the highest automatically generated vhel in R.A.
versus decl., along with known meteor showers and some
galactic reference directions. There is no clear association with
either meteor showers or the galaxy, which supports the
conclusion that measurement errors of high-speed solar system
meteors are the primary source of interstellar false positives.

4. Computing the Flux Limit

None of the events examined in this work are convincingly
interstellar. Some are consistent with both bound and
unbound solutions, and many events have been deliberately
rejected due to quality issues discussed earlier in Section 2.
Though this work does not provide an exhaustive examination
of the GMN catalog, it is designed to isolate the most likely
and best quality interstellar candidates. On this basis, we
conclude provisionally that the GMN sample is consistent
with no interstellar meteors having been observed during its

operations to date, for meteors with geocentric speeds
<50 km s−1. Future work is planned to examine the database
in more detail as new events accumulate and as our tools for
meteor analysis improve, but for the moment we will use the
temporal and spatial parameters of the GMN survey to date to
set limits on the flux of interstellar meteors into the Earth’s
atmosphere at visual sizes.

4.1. Mass Limit

To estimate the limiting flux of interstellar meteors detected
by GMN, we take the following approach. Since the cameras
are all similar, for simplicity, we adopt a single mean limiting
magnitude for the entire system, with a corresponding mean
limiting mass. The cumulative mass distribution for GMN is
presented in Figure 4. The masses used in the analysis were
computed from GMN’s photometric measurements and using a
fixed luminous efficiency of τ= 0.7%. The cumulative mass
index and the mass limit were computed using the method
developed in D. Vida et al. (2020b). In short, the method first
uses the maximum likelihood estimation to fit a gamma
distribution to the mass distribution. The inflection point where
the slope starts decreasing on the upward leg of the gamma
function is taken as the point at which events begin being lost
due to sensitivity effects. The reference point, at which the
mass distribution’s slope is to be estimated, is taken to be

Figure 3. Radiants in R.A. and decl. of the 472 fastest (vhel  44 km s−1) events along with the radiants of some known meteor showers and some relevant fiducial
directions such as the Galactic Center. For the showers, the 10 most active annual IAU meteors showers that are seen by GMN (that is, that contain significant
millimeter-sized particles) and that have in-atmosphere speeds below 50 km s−1. Directional values: the position of the Galactic Center (M. J. Reid & A. Brunthaler
2004); the Solar apex with respect to the local standard of rest (LSR; C. Jaschek & A. Valbousquet 1992); the Solar apex with respect to the Galactic frame (Solar
Galactic Apex); and the interstellar dust in-flux direction into the solar system as reported by spacecraft Cassini, Ulysses, and Galileo, due to the motion of the solar
system through the Local Interstellar Cloud (LIC; V. J. Sterken et al. 2012). No strong signature of the Galaxy or of meteor showers is seen.
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0.4 dex (corresponding to roughly one meteor magnitude)
larger in mass than the inflection point. A line is fitted to the
cumulative distribution at the reference point using the
Kolmogorov–Smirnov test’s p-value as the measure of
goodness of fit. When extended upward to unity (see Figure 4)
and cross y= 1 at the point typically taken to be the “effective
limiting mass.” This procedure essentially finds the mode
of the probability density function of the size distribution
(R. C. Blaauw et al. 2016; D. Vida et al. 2020b).

The GMN’s average effective mass limit for candidate ISPs
in this work with in-atmosphere velocities below 50 km s−1 is
6.6± 0.8× 10−5 kg. This corresponds to a sphere of 5 mm in
diameter at a density of 1000 kg m−3, and [10 mm, 2 mm] for
densities of [100 kg m−3, 7800 kg m−3] corresponding to fluffy
cometary aggregates through iron.

4.2. Collecting Area

The multistation collecting area of GMN has increased
dramatically since its beginning in 2018 to over 1000 systems
in 38 countries at the end of this analysis in 2024 October. Since a
full trajectory solution requires overlapping fields of view, the
collecting area is a complicated function of time as new systems
come online. However, since GMN collects information on the
FOV of each camera on a nightly basis, it is a simple task to
examine the field of view of each camera in the network on each
night, determine which portions overlap with nearby stations, and
sum the resulting area to obtain the precise area–time product
needed to determine a true flux. Some care is needed to avoid
multicounting regions where three or more cameras overlap.

In practice, we proceed as follows. Each night, each station
produces a file that contains geographic coordinates (latitude,
longitude) of vertices of a polygon representing the camera’s
FOV projected onto an altitude of 100 km. The 100 km altitude
is where most GMN events are seen. Figure 5 shows the
average and median begin heights (where meteors are first
seen, 103 km), peak heights (where meteors are brightest,

93 km), and for (begin height + end height)/2 (traditionally
used in-flux computations, 95 km). Our flux estimates depend
linearly on the collecting area, and we estimate our uncertainty
in that quantity to be of order 10%.
In practice, each camera only overlaps with a few others, and

doing a full binary search checking the overlap of each camera
pair is prohibitive. To streamline the search for overlapping
areas, each station is assigned to one of seven continents based
on its country code. These are reprojected using pyproj
(A. D. Snow et al. 2024) and shapely.ops.transform
(S. Gillies et al. 2024) from WGS84 to a suitable Universal
Transverse Mercator coordinate system near the center of the
continent and stored as a shapely polygon object. Each pair of
FOV polygons on the same continent is then checked for
overlap via the shapely.intersection function.
From the list of overlapping FOVs, we produce a graph (in the

mathematical “graph theory” sense) of the GMN where each
vertex is a camera station, and any camera stations with
overlapping fields of view are connected vertices. On any given
date, the GMN graph is then decomposed into its connected
subgraphs, corresponding to a collection of stations that overlap
with at least one other station but are disconnected from the rest
of the network. Figure 6 shows single station FOVs for all GMN
stations on 2024 July 10 to illustrate how the network separates
into subnetworks. Stations in areas where GMN cameras are
numerous, like Europe, are typically part of a large subgraph but
will be disconnected from distant subgraphs in (for example)
Africa, Oceania, or North America because there is no continuous
GMN coverage over the oceans. In 2024 July, GMN was
composed of 21 individual subgraphs. Each subgraph has its
collecting area computed using shapely.ops.unary_u-
nion, which merges the multiple intersecting fields of view into
a single polygon, removing any overlapping areas. An example
subgraph showing the fields of view and overlapping regions of
six cameras in Malaysia is shown in Figure 7.
The files describing the fields of view of the GMN cameras

are only available after mid-2021, but we can extrapolate

Figure 4. Cumulative mass function for GMN detections examined in this work. Only the 273 events with geocentric speeds below 50 km s−1 and automatically
determined heliocentric speeds above 42 km s−1 are included to provide the best estimate of our sensitivity to interstellar events. This work’s effective mass limit is
10−4.18±0.05 = 6.6 ± 0.8 × 10−5 kg. See the text for more details.
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backward to late 2018 with only minimal error, as most of the
collecting area occurs at later dates due to the rapid growth of
the network. Figure 8 shows the total area of the sky at 100 km
altitude observed by at least two cameras of the GMN as a
function of time. As of mid-2024, the GMN covers a total of
17.5 million sq km by multiple cameras at a height of 100 km.
This roughly translates to 3.5% of the Earth’s total area, or 12%
of the Earth’s landmass.

4.2.1. Flux Limit

Given a nondetection of any interstellar events over the time
period covered by this study, we compute a limit on the flux F
of interstellar meteoroids at these sizes of

·
F

A t

1<
f

where A · t
is our raw integrated time–area product for GMN, and f is an

efficiency factor. A value of A · t= 2.4± 0.4× 1011 km2 hr was
computed by adding up the area of the atmosphere observed by
GMN cameras, where we assume GMN cameras to be active
on average 12 hr day−1. Care was taken to track the growth of
the network over time and compute the total overlapping areas
for working cameras on a daily basis. To account for weather
and other environmental effects, we simply assume an
efficiency factor of f= 0.45 due to long-term average global
cloud cover over the land of 55% (M. D. King et al. 2013). To
put it into context, since its inception and until mid-2024, the
GMN’s total effective time–area product is roughly 10 global
days. Other factors that affect our overall efficiency are our
selection of only events with vg< 50 km s−1 (which include
only 57% of all events) as well as our inclusion of only higher
quality events (which make up 73%). Our net overall efficiency

Figure 5. Various measures of meteor height for the 2122 GMN events remaining after initial filtering (see Section 2.2.1).

Figure 6. Total single-camera area coverage of GMN on 2024 July 10.
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is thus f= 0.45× 0.57× 0.73= 0.19. For a Poisson process,
the exact or “conservative” 95% confidence interval is given by

[ ( ) ( ( ) )] ( )/ /N N0.5 2 , 2 , 0.5 2 1 , 1 2 , 22 2c a c a+ -

where χ2 is the chi-Square critical value, N is the number of
events, and α is the significance level (α= 0.05 for the 95%
confidence level; N. Gehrels 1986; W. Q. Meeker et al. 2017).
The numerical values when no events are detected (N= 0) are

Figure 7. Individual FOVs (in blue) of the six stations in Malaysia, along with the area of overlap (in red) where full orbital solutions are possible.

Figure 8. Total overlapping area coverage of GMN along with the number of stations as a function of time.
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[0, 3.69], so our flux limit in this work
·

F 8 2
A t

3.69< =  ´
f

10 11- km−2 hr−1 at the 95% confidence level. Figure 9 shows
this value relative to other flux values from the literature.

4.3. Expected Flux of Interstellar Particles at Millimeter Sizes

There are only a few estimates of the expected fluxes of
interstellar particles at video meteor sizes in the literature.
N. Murray et al. (2004) estimate the fluxes at Earth of particles
from asymptotic giant branch (AGB) stars, young stellar
objects (YSOs), and young main-sequence stars. AGB stars are
not expected to produce much material at millimeter sizes, their
dust being primarily at micron sizes and below (S. Höfner
2008; L. Mattsson & S. Höfner 2011; M. Van de Sande et al.
2020). YSOs may produce millimeter-sized grains, which
could be entrained in bipolar jets and outflows and escape their
parent system, but N. Murray et al. (2004) conclude that none
of the YSOs currently in the Sun’s vicinity are at the right stage
to be producing interstellar particles at Earth at the current
epoch. Young main-sequence stars are potential sources of
millimeter-sized particles at Earth, as they release material
across a broad size range through the gravitational scattering of
accumulating planetary solids. N. Murray et al. (2004)’s model
yields a flux from β Pic at Earth of 2× 10−9 km−1 yr−1 at
diameters of 5 mm, and their total flux from similar systems
(based on their Table 4) is 3 times this value. This total

corresponds to three particles striking the Earth every year if
their arrival directions are isotropic.
An alternative flux estimate is possible based on a simple

extrapolation of the rate of appearance of kilometer-scale
interstellars. M. Hajduková et al. (2019) provide an estimate of
0.1 10 cm particles striking the Earth per year. This translates to
∼200 events per year at 5 mm, assuming the same canonical
J. S. Dohnanyi (1969) slope that they use.
Based on these estimates, we will adopt a fiducial expected

rate of 3–200 events per year at 5 mm across the Earth’s
surface, or a flux of 6× 10−9

–4× 10−7 km−2 yr−1. Given a
collecting area of 17.5 million km 2 and the efficiency factors
given earlier, the probability that the portion of the GMN
catalog examined here would not contain any events given the
expected rates is 97% and 18%, respectively. Thus, we can
already conclude that the higher expected rate from
M. Hajduková et al. (2019) at 5 mm diameter is probably too
high, either because the size distribution has a shallower slope
than their assumed Dohnanyi value or due to the small number
statistics inherent in extrapolating from a single event
(1I/’Oumuamua). Looking to the future, at the lower
theoretical rate (the N. Murray et al. (2004) value for young
main-sequence stars extrapolated to 5 mm diameter) and
considering all events in the GMN catalog, then at its current
collecting area GMN would have to observe for [25, 125] more
years to be [50%, 95%] confident of observing at least one
event. If GMN grows to cover all of the Earth’s landmass (30%
of the surface), then it would have to observe for [3, 15] years

Figure 9. Upper limit on the flux of interstellars at optical sizes from this study, along with other values from the literature, adapted from R. Musci et al. (2012). The
values listed as AMOR include those from W. J. Baggaley et al. (1993), A. D. Taylor et al. (1996), and W. Baggaley (2000). The value on the extreme right from
M. Hajduková et al. (2019) is based on 1I/’Oumuamua. The blue dashed line is a theoretical estimate of expected flux from young main-sequence star systems such as
β Pic from N. Murray et al. (2004), from their nominal size of 50 μm in diameter up to 10 cm using their adopted differential size slope of −2.5. Further data cited
from literature includes M. Baguhl et al. (1996), E. Grün et al. (1994, 1997, 2000), M. Hajduková & T. Paulech (2002), R. L. Hawkes et al. (1999), M. Landgraf &
E. Grün (1998), M. Landgraf et al. (2000), J. D. Mathews et al. (1999), D. D. Meisel et al. (2002a), D. D. Meisel et al. (2002b), A. Wehry & I. Mann (1999), and
R. J. Weryk & P. Brown (2004).
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to be [50%, 95%] confident of seeing at least one event at the
N. Murray et al. (2004) rate. From these values, we can see that
the GMN will certainly prove a very effective tool in
constraining the true rates of interstellars at video sizes over
the coming decade.

5. Conclusions

From a catalog of 2.18 million meteors from the GMN
spanning from late 2018 to late 2024, and after careful filtering,
manual review, and careful data reduction to extract the
highest-quality events, we found no meteors with heliocentric
orbits that were not consistent with being bound to the Sun.

Interstellar meteors have high speeds relative to the Sun
(42 km s−1) but strike the moving Earth from all sides and so
have a broad range of in-atmosphere speeds (∼12–72 km s−1).
Our study focused only on meteors with geocentric velocities
lower than 50 km s−1 to avoid the larger uncertainties
associated with events with few video frames and so to extract
the highest-quality events. This filter on meteor speed relative
to the Earth does reduce our sensitivity to meteors with high
speeds relative to the Sun arriving from the direction of the
Earth’s apex, and these events will be examined more closely
in future work.

We conclude that the flux of interstellar meteors at GMN
visual sizes is consistent with a value less than
8± 2× 10−11 km−2 hr−1 and that fewer than 1 in 106 optical
meteors are interstellar. This flux limit is comparable to
theoretical estimates of interstellar rates at these sizes, and the
GMN is well-positioned to place meaningful constraints on the
flux of interstellars at video sizes over the next several years.
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