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Abstract: The first meter-scale interstellar meteor (IM1) was detected by US government sensors
in 2014, identified as an interstellar object candidate in 2019, and confirmed by the Department
of Defense (DoD) in 2022. We use data from a nearby seismometer to localize the fireball to a
~16 km? region within the ~120 km? zone allowed by the precision of the DoD-provided coordi-
nates. The improved localization is of great importance for a forthcoming expedition to retrieve the
meteor fragments.
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1. Introduction

The first interstellar meteor (IM1), CNEOS (https://cneos.jpl.nasa.gov/ 8 January
2014), was detected by U.S. Department of Defense (DoD) sensors through the light that it
emitted as it burned up in the Earth’s atmosphere off of the coast of Papua New Guinea in
2014 [1]. The material strength of IM1 appears to be higher than all other 272 meteors in the
CNEOS catalog [2]. A forthcoming expedition aims to recover fragments from the ocean
floor with an expedition to Papua New Guinea [3,4]. Micrometeorites have previously
been recovered from deep-sea sediment samples [5-8]. The area associated with the DoD-
reported localization box for the fireball is ~120 km? but, given practical constraints, the
expedition cannot search an area that large. Hence, it is crucial to improve the precision of
the fireball localization. Seismic signals have been detected from previous fireballs [5,9-11].
Here, we use data from a nearby seismometer, AU MANU, to set new constraints on the
fireball location.

2. Method of Calculation

We use the National Weather Service’s Global Ensemble Forecast System model at-
mospheric profile (pressure as a function of temperature) for the DoD-reported fireball
location, (—1.3°,147.6°) at the time of 8 January 2014 17:05:34 (private communication, Tim
Gallaudet and Steve Levine, 27 April 2022). We compute the sequential altitude differences
as dz = H(dP/P), where H = (RT/g) is the scale height, R is the gas constant, ¢ is the
gravitational acceleration, T is the temperature as a function of pressure P, and dP are the
sequential pressure differences. The sound speed as a function of temperature is given
by v, =331.3m s~ ! [1+ (T/546.3 C)]. For this particular atmospheric profile, the sound
speed as a function of altitude z can be expressed as v, = (347.2 — %) ms~L.

The geometric setup is shown in Figure 1 and the AU MANU seismic signal that
appears to correspond to the fireball (with the three directions of the seismometer added
in quadrature, and the overall signal normalized to unity) is displayed in Figure 2. We
conservatively regard a packet of seismic energy that appears a few minutes before the
one shown in Figure 2 as background noise because there is no clear mechanism by which
a signal from the fireball would arrive at the AU MANU sensor so quickly and, given
the prevalence of apparent seismic activity in the hours before and after the fireball, it is
consistent with background noise.
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Figure 1. Schematic showing the geometry of the meteor fireball and the seismometer. Sound rays
can travel directly through the air or reflect off of the surface of the ocean. The illustrated paths
are not meant to be accurate depictions of individual sound waves, and the symbol designating the
seismometer does not indicate its height. By summing over the different paths, we are able to fit
the recorded sound signal for particular values of the horizontal distance (r) and altitude above sea
level (z).
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Figure 2. AU MANU seismic signal as a probability function of counts normalized to a unit area. The
green region (270.5-271.5 s after the fireball) indicates the constraint for the arrival of the air-mediated
sound waves, and the orange region (296-297 s after the fireball) illustrates the constraint for the peak
signal produced by the air-mediated sound waves. The first, second, and third gray lines correspond
to the first, second, and third peaks in the IM1 light curve [2].

For the isolated seismic signal from AU MANU, we require the first arrival of air-
mediated sound waves from the fireball to occur at a delay of 270.5-271.5 s, with the green
region in Figure 2 corresponding to where the signal rises above the noise threshold. This
implies sound waves traversing the shortest path in between the blast and the seismometer,
a distance of V72 + z2, where z is the altitude of the fireball above the ocean surface and r
is the horizontal separation of the fireball from the seismometer. Similarly, we require the
peak amplitude of the air-mediated sound waves to occur at a delay of 296-297 s (within
the orange region), corresponding to the apparent peak in the signal. To first order, this
should correspond to sound waves that traveled a distance of roughly r + (z/+/3) in the
air (note that we use this approximation for the analytical derivation, but then verify the
fit numerically).
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We solve for the following constraints:

1.861
Sound speed : v = (347.2 — kmz) ms~! 1)

2 52
Signal arrival : 270.5 s < @ <2715s 2)

a

3

Signal maximum : 296 s < # <297 s, 3)
a

and find that this yields a ground distance » = 83.9 £ 0.7 km and an altitude of
z = 16.9 = 0.8 km. Both values are consistent with the DoD-provided measurements of the
fireball’s 3D location.

There were three peaks observed in the lightcurve of IM1, with separations of 0.101 s
and 0.112 s in time, and 2.0 km and 2.3 km in altitude, between the first and second
peaks, and second and third peaks, respectively. The meteor’s direction of motion was
perpendicular to the vector extending to AU MANU, so the x-y motion does not affect
the timing of the acoustic transmission from the fireball to the seismometer. The maxi-
mum signal between 296 s and 297 s presumably corresponds to the third peak, because
the signal from the third peak should have arrived earliest to AU MANU, given its rel-
atively low altitude. It is also the strongest spike in the seismic signal; similarly, the
third peak in the IM1 lightcurve was the most energetic. The altitude and temporal
differences between the lightcurve peaks imply temporal separations for the acoustic max-
ima of ~[(2 km)/(v/3 x 315 m/s)] — 0.101 s = 3.57 sand ~[(2.3 km)/(v/3 x 315 m/s)] —
0.112 s = 4.11 s between the first and second peaks, and second and third peaks, respec-
tively. Overall, this suggests that the maximum acoustic signatures associated with the
second and first lightcurve peaks should arrive at 4.11 s and 7.68 s, respectively, after the
signature associated with the third lightcurve peak. We illustrate this in Figure 2 as the
gray lines overlaid onto the AU MANU seismic signal, which shows good agreement.
Our model implies that the third peak in the lightcurve corresponds to an altitude of
z = 16.9 + 0.9 km, the second to an altitude of z = 19.2 £ 0.9 km, and the first to an altitude
of z = 21.2 0.9 km. The resulting ram pressures are 244 4+ 27 MPa, 183 £ 21 MPa, and
143 £ 16 MPa, respectively.

We use a numerical procedure to check if the derived values for r and z correctly
describe the shape of the second packet. Note that this is a simple procedure that can be im-
proved upon in the future by including factors such as atmospheric stratification or the gra-
dient of sound speed. The procedure imagines the blast from the fireball as a singular spher-
ical wave emitted z = 16.9 & 0.9 km above a point ocean surface r = 83.9 & 0.7 km away
from the AU MANU seismometer, traveling at v = 31542 m s~ . The spherical wave inter-
sects the ocean surface at times t > (z/v,) in circles with radii 7. = arccos [(z/ (vat))], car-
rying a fraction of the blast energy corresponding to the fraction of the spherical blast wave
contacting the ocean surface, f « (277 j;cd7cire ) / (47tr?). We assume an angle-independent
reflection coefficient and the amplitude does not matter for the probability distribution in
Figure 2, given the arbitrary normalization. The procedure then considers each point on
each ocean surface circle re-radiating, using the distance from the point to the AU MANU
seismometer, s, to derive the additional travel time (s/v,;) and the additional reduction in
flux of (47ts=2). For each possible path, the travel time from the fireball to the point on the
ocean surface, and from the point on the ocean surface to the AU MANU seismometer, are
summed, and the relative flux delivered to the AU MANU seismometer is tabulated. This
allows the relative fluxes for all the paths with the arrival times within each time bin to be
summed. The result is the relative amplitude for the simulated signal, assuming perfect
reflection and no transmission losses, as a function of time. The simulated second packet
provides a match to the rise, peak, and tail of the actual second packet, displayed in Figure 3.
This match confirms the blast location parameters derived using Equations (1)-(3).
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Normalized seismometer signal
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We confirm the fireball location implied by AU MANU with the timing of the strong
seismic signal, clearly distinct from background noise, detected by the AU COEN seismic
station on 2014-01-08 18:23:53, presumably produced by the fireball. The overall geographic
area of interest is displayed in Figure 4. Given the sound speed, v = 315+ 2m s~ !, and
the time difference between the AU COEN signal and the fireball, we derive a distance
from AU COEN in the range of 1470 — 1490 km. This constraint is illustrated in purple
in Figure 5, and is fully consistent with the more narrow constraint derived from the AU
MANU seismic signal.
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Figure 3. The second packet of the seismic signal, with the counts normalized to unity. The orange
curve indicates the result of the sound wave reflection model described in the text for a ground
distance of r = 83.9 £ 0.7 km and an altitude of z = 16.9 £ 0.9 km.
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Figure 4. Geographical area of interest, with the location of the AU MANU seismometer and the
DoD-specified fireball location highlighted.
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Figure 5. The DoD-reported location is represented by the “plus” at the center of the plot, with the
0.1° x 0.1° box corresponding to the area allowed by the precision of the DoD-reported coordinates.
AU MANU distance constraint (projected onto the surface of the ocean) is illustrated in blue, with
the ~16 km? portion that agrees with the DoD-reported coordinates (given their level of precision)
highlighted in red. The purple region indicates the constraint given by the AU COEN seismic signal,
which is fully consistent with the AU MANU distance constraint. The gray arrow indicates the
direction that the meteor was traveling in, according to DoD data.
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3. Discussion

The locations reported by the DoD in the CNEOS catalog are rounded to the tenths
place in longitude and latitude. This suggests that the reported location, (—1.3°,147.6°),
corresponds to a square connecting (—1.35°,147.65°), (—1.35°,147.55°), (—1.25°,147.55°),
and (—1.25°,147.55°). The area of this region is ~120 km?. The acoustic localization
described here implies a distance of 83.9 £ 0.7 km from the AU MANU seismometer at
(—2.0432°, 147.366196°), and overlaps with the DoD-provided location only within a
~16 km? region connecting (—1.337°,147.650°), (—1.350°,147.647°), (—1.318°,147.55°),
and (—1.305°,147.55°). This reduces the uncertainty in the location of the fireball by a
factor of ~7.5 in terms of area. This reduction in the geographic uncertainty of the IM1
fireball improves the search efficiency in the forthcoming ocean expedition to recover
its fragments [3]. In addition, the direction in which the IM1 was traveling through
the atmosphere fortuitously aligns with the distance constraint derived here, due to the
serendipitous location of the AU MANU seismometer. This is beneficial for the ocean
expedition search, as the fragments are expected to fall along the extrapolated post-fireball
ground track trajectory of the meteor [4]. More precise modeling work can be undertaken
in the future, along the lines of [12].

Author Contributions: Conceptualization, A.S. and A L.; writing—original draft preparation, A.S.;
writing—review and editing, A.S. and A.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded in part by a grant from the Breakthrough Prize Foundation and
by research funds from the Galileo Project at Harvard University.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Tim Gallaudet and Steve Levine for providing the crucial meteorologi-
cal data used in this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Siraj, A; Loeb, A. A Meteor of Apparent Interstellar Origin in the CNEOS Fireball Catalog. Astrophys. J. 2022, 939, 53. [CrossRef]

2. Siraj, A.; Loeb, A. New Constraints on the Composition and Initial Speed of CNEOS 2014-01-08. Res. Notes Am. Astron. Soc. 2022,
6,81 . [CrossRef]

3.  Siraj, A.; Loeb, A.; Gallaudet, T. An Ocean Expedition by the Galileo Project to Retrieve Fragments of the First Large Interstellar
Meteor CNEOS 2014-01-08. arXiv 2022, arXiv:2208.00092.

4.  Tillinghast-Raby, A.; Loeb, A,; Siraj, A. Expected Fragment Distribution from the First Interstellar Meteor CNEOS 2014-01-08.
arXiv 2022, arXiv:2212.00839.

5. Matsuzaki, H.; Yamakoshi, K. Size Distribution of Interplanetary Iron and Stony Particles Related with Deep-Sea Spherules. In
Proceedings of the Lunar and Planetary Science Conference, 1993, Lunar and Planetary Science Conference, Houston, TX, USA,
16-20 March 1993; p. 943.

6. Rudraswami, N.G.; Parashar, K.; Shyam Prasad, M. Micrometer- and nanometer-sized platinum group nuggets in micrometeorites
from deep-sea sediments of the Indian Ocean. MAPS 2011, 46, 470-491. [CrossRef]

7. Prasad, M.S.; Rudraswami, N.G.; de Araujo, A.; Babu, E.V.S.S.K,; Vijaya Kumar, T. Ordinary chondritic micrometeorites from the
Indian Ocean. MAPS 2015, 50, 1013-1031. [CrossRef]

8. Shyam Prasad, M.; Rudraswami, N.G.; De Araujo, A.A.; Khedekar, V.D. Unmelted cosmic metal particles in the Indian Ocean.
MAPS 2017, 52, 1060-1081. [CrossRef]

9. Karakostas, F.; Schmerr, N.; Hop Bailey, S.; Dellagiustina, D.; Habib, N.; Bray, V.; Pettit, E.; Dahl, P.; Quinn, T.; Marusiak, A.; et al.
The Qaanaagq airburst as an analog of seismic source in extraterrestrial atmospheres: Seismic and infrasound investigation. In
Proceedings of the European Planetary Science Congress, Online, 21 September-9 October 2020; No. EPSC2020-480. [CrossRef]

10. Neidhart, T.; Miljkovi¢, K.; Sansom, E.K.; Devillepoix, H.A.R.; Kawamura, T.; Dimech, J.L.; Wieczorek, M. A ; Bland, P.A. Statistical

analysis of fireballs: Seismic signature survey. PASA 2021, 38, e016. [CrossRef]


http://doi.org/10.3847/1538-4357/ac8eac
http://dx.doi.org/10.3847/2515-5172/ac680e
http://dx.doi.org/10.1111/j.1945-5100.2011.01169.x
http://dx.doi.org/10.1111/maps.12451
http://dx.doi.org/10.1111/maps.12858
http://dx.doi.org/10.5194/epsc2020-480
http://dx.doi.org/10.1017/pasa.2021.11

Signals 2023, 4 650

11. Stich, D.; Casado Rabasco, J.; Madiedo, J].M.; Guerrero Rascado, J.L.; Morales Soto, J. Seismic Observation and Location of a
Meteor Burst From a Dense Station Deployment in Southern Spain. GRL 2022, 49, e2022GL099999. [CrossRef]

12.  Edwards, W.N.; Eaton, D.W.; Brown, P.G. Seismic observations of meteors: Coupling theory and observations. Rev. Geophys.
2008, 46, RG4007. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1029/2022GL099999
http://dx.doi.org/10.1029/2007RG000253

	Introduction
	Method of Calculation
	Discussion
	References

