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AuL known asteroids and comets are believed to have been
gravitationally bound to the Sun since they formed (together
with the Sun and planets) from the solar nebula. This is because
no such object has been observed with a speed exceeding the solar
escape velocity, although some comets have been close to this
limit', As comets are occasionally ejected from the Solar System,
interstellar comets might be expected to arrive every few cen-
turies, having been ejected from similar systems around other
stars’, The flux of interstellar dust into the Solar System should
be much higher, but its detection poses significant technological
challenges. Recently, the Ulysses spacecraft detected a popula-
tion of dust particles near Jupiter, identified as being of inter-
stellar origin on the basis of their speeds and trajectories™. Here
we report the radar detection of interstellar particles in the
Earth’s utmosphzre. From intea-annual variations in particls
flok; we infer (he existente of twodiscrete Lotirces, one associiled

criteria applied®’. Comparison between Fresnel and time-lag speed
determinations for meteors with I < 50kms™' leads to an csti-
mated uncertainty ¢ = 6kms™' in the speeds near V = 73kms ™,
a value substantiated by inspection of the measured speeds in the
~65kms ™’ n-Aquarid shower"’, The data set therefore comprises
meteors with speeds >3a above any possible bound Solar System
orbit. This means that an ISP whose real (not measured) geo-
centric speed was = 90kms ' would not have been gathered
into the data set used here unless its speed was erroncously
measured as being V> 100kms™; thus the majority of ISPs
were probably excluded from the data set analysed but this was
necessary in order to exclude mis-measurements of meteoroids
from bound orbits, The mean speed for this ISP data set is
V = 164kms ' with an uncumlim\ of +30kms ', in agreement
with a crude estimate nH = 140kms"' derived solely from their
mean ionization height’

The meteoric ionization produced is a strong function of
speed, so ISPs near our limiting magnitude (M, = 12.5) will
be smaller than the typically ~100 um meteoroids from bound
orbits we detect. Verniani'® determined an empirical relation
q = 0.0509m"* ** between the mass (m in g), the speed (v in
ms '), and the electron line density (g, electrons per metre). Our
M., corresponds to ¢ = 2.5 x 10" m™", At v = 100kms ™' the
diameter of the smallest detectable meteoroid (assumed spherical
with density 1 gem™) is ~40 pm; at v = 200kms ¥ it is ~1S pm.
Far-infrarcd observations require a substantial ~30-um inter-
stellar grain component”, and Pioncer 10 and 11 dust impact
data, indicating a constant flux at heliocentric distances from 3 to
18 Au, have been interpreted as being duc to ~10-pm interstellar
grains penetrating the Solar System*. Interstellar particles of order
tens of micrometres are therefore nat unexpected

Our data Serdisplays strong seds onstFigl), afgding

SPACE-BORN
DUST MEASUREMENTS

EARTH-BASED
METEOR OBSERVATIONS

2020 open questions:

How much of the dust population originates locally in the
Solar System and how much comes from beyond?

Do we observe interstellar meteoroids from the Earth?

What fraction of observed hyperbolic meteors is caused by
interstellar meteoroids?
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THE EARTH’S VICINITY

dust with B > 1.4 cannot be detected from 1 AU
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METEOR OBSERVATIONS
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All-sky Meteor Orbit System AMOS
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0.2<1/a<0.1




0.0<1/a<0.1




-0.1<1/a<0.0




-0.2<1/a<-0.1




-0.5<1/a<-0.2
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* How many observed hyperbolic meteors are interstellar?

Hyperbolic meteors




* How many observed hyperbolic meteors are interstellar?

Wiegert, P, et al.,
Icarus, 242, 112, 2014

hyperbolic orbits
produced in Solar
System

Hyperbolic meteors



INFLUENCE OF ERRORS -> FALSE POSITIVES

* How many observed hyperbolic meteors are interstellar?

Wiegert, P, et al., Musci, R., et al., The Astrophysical Journal,

measurement uncertainties in erroneous

hyperbolic orbits
produced in Solar
System
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software, Hyperbolic meteors
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methods used

irregularities in
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errors in timing

Icarus, 242, 112, 2014  errorsin velocity radiant determination determination of v, 745,161, 2012

Meorhead, A., et al., Planetary and Space
Sciencey 143, 209, 2017
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Interstellar particles
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INFLUENCE OF ERRORS

-> Error in the speed

radiant v

Earth's apex <

Error in the radiant position

(r,v)

ism

semimajor axis, a

N Vg =Vg
» €, = angular elongation

of the apparent radiant
from the apex

-> FALSE POSITIVES
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INFLUENCE OF ERRORS

WHY?

should be observed
but is not |

-> FALSE POSITIVES
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INFLUENCE OF ERRORS

MODEL

Creation of 14 000 clones of a perseid-like orbit by simulating
an error in the speed and radiant:
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a=19au hyperbolic orbits
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-> any small errors in velocity and/or radiant
position can change the type of orbit
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FLUX OF ISP compared with the flux of interplanetary particles
. cosmic dust detectors .
10 | | " radar observations |
k ULYSSES, GALILEO | ~ video and photographic methods
T Hiagg.-
107° & Krueger et al., 2007
Altobelli et al., 2006 p ".. ~
o e
(HELIOS)  Landgraf etal., 2000 Qs . ™
10—8 \"‘Q\AR
N Meisel et al. 2002 p G
2 y (ARECIBO) NN
s 10 o
E Musci et al., 2012 (CAMO) .
> > N
10_14 Weryk&Brown, 2005 (CMOR) > (RAD IAONDC) s .
: Hajdukova, 208 ]
. Interstellar particles (1991-2000) E .
107 » Interstellar particles (2000-2016) (VIDEO)
—  Resulting ISP flux (Hajdukova&Hajduk, 2005) Hajdukova, 2011
. L J
Divine Hajdukova et al_, 2013
o F -7 Fechtig
10
107 107° 107 10° 10*

m [kg] Hajdukova, M. and Hajduk, A., CAOSP, 36, 15, 2006




FLUX OF ISP

compared with the size distribution of interstellar

grains from the observed interstellar extinction

dust detector

Landgraf et al. (2000) — Galileo
Landgraf et al. (2000) — Ulysses
Landgraf & Griin (1998)

Griin et al. (2000)

Grln et al. (1997)

Grin et al. (1994)

Wehry & Mann (1999)

Baguhl et al. (1996)

Meisel et al. (2002a)

Meisel et al. (2002b)

Mathews et al. (1998)

AMOR

Weryk & Brown (2004)
Hawkes et al. (1999)
Hajdukova (1994)

Hajdukova & Paulech (2002)

CAMO - this work

radar

optical / video

N g~12
Hajdukova & Paulech (2002) . _

Landgraf et al. (2000) (q = 1.1 );\\

10" |-
10°
T
i ==
o
c10° o
X o
ot v
= 2
LL ; e
10° 1 &
%
.
107 4
N
1072

107°

~10 -5
10 10
Mass [kg] Musci, R., Weryk, R. J., Brown, P., Campbell-Brown M.,

Wiegert, P., Astrophysical Journal, 745, 161, 2012



FLUX OF ISP : O S 16! @ . 10 100 1000
F ‘ 3 . - ~radius (m)
; 102 4
) ar (meteor observations)
10¢ 4 a3 optical survey telescopes
E . - P——— — — — — — — — -
10,-10 il el 3 . M !
e * %j 3 . A "
<\,:m ] -\QC) :
= ? i ¢ 3
10-6 | . 3 s . | e ) 3 -
o | | : ; : : ,*, : ) 2
. 10-26 _ . : b . . . - . ,
’ * overlap? _ -
, ~ - Uncoupled from [Elfs) SR, )
T e 155
1012 105 : 10° 105 ) 1022

Mass (kg
© ETH Zurich/D-PHYS, V. Sterken, M. Hajdukova, S. Hartmann https://doi. org/lO 1016/j. pss 2020.105060

Maria Hajdukova, Slovak academy of sciences, The 2" DIMS Workshop, December 5, 2020



. F10: 7 =102 . 10:5 3 1074+ 10200 10-? 10! 1 10 100 1000
FLUX OF ISP . ;s o — e 2 : : , 1 ~radius (m)
102 o e TeRrE T | : ’
LU survey telescopes
o0
E 10-14 4 : .
P - : e :
x CONCLUSIONS: 0
= b . . @7 » 23 . . 2
e * Interstellar dust — the LIC is the only confirmed source of interstellar particles to date
| * Interstellar meteors reported — doubted by the constraints of the measurement accuracy
. * Interstellar fireballs — not yet been observed
* Interstellar meteorites — not yet been fou-ngl
* Interstellar comets/asteroids — detected: 11/’Oumuamua (2017), 21/Borisov (2019)
10-26 - 7
* overlap?
jow_| Coupledto LIC. SN -~ - - " - Uncoupled from LIC < R y
T T T T == TR 5.
102 1019 1010 0° . 100 105 - T~ >—

Mass (kg ' :
© ETH Zurich/D-PHYS, V. Sterken, M. Hajdukova, S. Hartmann, https://doi.org/10.1016/j.pss.2020.105060

Maria Hajdukova, Slovak academy of sciences, The 2" DIMS Workshop, December 5, 2020



ACKNOWLEDGMENTS
This work was supported by by the Slovak Research and Development Agency, contract No. APVV-16-0148.

REFERENCES

Chen, H., Tambaux, N., Vaubaillon, J., Astronomy & Astrophysics, 642, L11, 2020

Czechowski, A. and Mann, |., The Astrophysical Journal, 660,1541, 2007

Froncisz, M., Brown, P., Weryk, R., Planetary and Space Science, 190 104980, 2020

Hajdukova, M., Astronomy & Astrophysics, 288, 330, 1994

Hajdukova, M. and Hajduk, A., Contributions of the Astronomical Observatory Skalnaté Pleso, 36, 15, 2006
Hajdukova, M., Earth Moon Planets, 102, 67, 2008

Hajdukova, M., Kornos, L., Téth, J., Proceedings of the Meteoroids 2013, Poznan, 289, 2013

Hajdukova, M., Sterken, V., Wiegert, P., Meteoroids: Sources of Meteors on Earth and Beyond, Cambridge University Press, 235, 2019
Hajdukova, M., Sterken, V., Wiegert, P., Kornos, L., Planetary and Space Science, 192, id. 105060, 2020

Hajdukova, M., Kornos, L., Planetary and Space Science, 190, 104965, 2020

Kresak, L. and Kresakova, M., Bulletin of the Astronomical Institute of Czechoslovakia, 27, 106, 1976

Mann, I., Nakamura, A.M., Mukai, T., Small Bodies in Planetary Systems, Springer, 2009

Moorhead, A., Brown, P., Campbell-Brown, M., Heynen, D., Cook, W., Planetary and Space Science, 143, 209, 2017
Musci, R., Weryk, R., Brown, P., Campbell-Brown, M., Wiegert, P., The Astrophysical Journal, 745, 161, 2012
Sterken, V., Altobelli, N., Kempf, S., Schwehm, G., Srama, R., Griin, E., Astronomy & Astrophysics, 538, A102, 2012
Sterken, V., Strub, P., Jrueger, H., von Steiger, R., Frisch, P., The Astrophysical Journal, 812, 141, 2015

Sterken, V., Westphal, A., Altobelli, N., Malaspina, D., Postberg, F., Space Science Reviews, 215,43, 2019

Strub, P., Sterken, V., Soja, R., Griin, E., Srama, R., Astronomy & Astrophysics, 621, id.A54, 2019

Vida, D., Brown, P., Campbell-Brown, M., Monthly Notices of the Royal Astronomical Society, 479, 4, 4307, 2018
Wiegert, P., Icarus, 242, 112, 2014



