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Abstract

The stunning tails of comets are interesting astronomical phenomena to human beings and have been noticed for
thousands of years. The bright tails also emit substantial materials into interplanetary space, including dusts and
charged particles. The charged particles are picked up by solar wind magnetic fields, and thus could propagate
together with solar wind to influence planetary space environments. Simultaneous measurements of comet materi-
als, planetary space, and ground environments are crucial for understanding cometary impacts to planets, while such
observations are quite rare. In this article, we present a full chain from the comet tail, to the solar wind cometary parti-
cles, and the impacts on the ground. Intense auroral events are observed when the cometary materials are observed
in the Earth’s upstream solar wind. Our results provide direct evidence that cometary ions could contribute substan-
tial dynamic pressure in driving geomagnetic activities and the associated auroral intensifications.

Introduction

The Sun is constantly interacting with solar system bod-
ies in multiple dimensions. Solar radiation and solar
wind are two major energy sources to drive these inter-
actions (Thomas 1978; Kerker 1981). In our solar system,
most planets have global magnetic fields (i.e., Mercury,
Earth, Saturn, Jupiter, Uranus, and Neptune), as a result
of electrically conducting, convecting, and rotating inte-
rior cores. For the planets with global intrinsic magnetic
fields, it is known that the solar wind particles would
shape these planetary magnetic fields and thus form
global magnetospheres (Spreiter et al. 1966; Russell 1972;
Delamere et al. 2014). Meanwhile, solar radiation could
ionize their atmospheres, with an exception of Mercury,
forming ionospheres for these planets (Breus et al. 2004).
The planet with a magnetosphere and an ionosphere,
such as our Earth, would have a dynamic electrical cur-
rent system between the magnetosphere and ionosphere,
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and it would cause magnetic perturbations on planetary
grounds (Bostrom 1964; McPherron et al. 1973; Nakata
et al. 2000). Take the Earth as an example, the coupling
processes of magnetosphere and ionosphere, during geo-
magnetic storms or substorms are highly dynamic and
thus produce strong perturbations on the magnetic field
and energetic particles (Akasofu 1964, 2021).

Besides the planets with global magnetic fields, the
solar radiation and solar wind could also have strong
interactions with the solar system bodies without a global
magnetic fields, including Mars, Venus, asteroids, and
comets. Mars and Venus have global ionospheres due to
solar radiation, and thus interact with solar wind to form
induced magnetospheres (Bertucci et al. 2011). Solar
radiation could produce a substantial atmosphere and
further ionize the atmospheric neutral atoms to form
an ionosphere, which interact with solar wind to form a
magnetosphere for a comet (Nilsson et al. 2015).

The interaction between solar wind and a comet not
only produces dynamic processes near the comet, but
also has significant influence on the interplanetary space
environment (Holmstrom and Wang 2015; McKenna-
Lawlor et al. 2016), and sometimes leads to impor-
tant impact on solar system planets. When a comet
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stream is clearly visible and seems to “‘connect” the fragments

Fig. 1 a: Optical spectrum of the comet 73P-C/ Schwassmann-Wachmann 3 after sky removal. b: Ratio of the comet 73P-C/Schwassmann-
Wachmann 3's spectrum and of the HD 197076's spectrum. The data for a and b are both from http://www.astrosurf.com/buil/sw3/result.htm. c:
Identification of the fragments of the comet 73P-C/Schwassmann-Wachmann 3 taken by the Spitzer Space Telescope in 2006 May. The meteoroid

Comet 73P/Schwassmann-Wachmann 3
NASA / JPLCaltech / W. Reach (SSC/Caltech)

Spitzer Space Telescope * MIPS
5c2006-13a
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approaches the Sun, some of its materials are volatile and
sublimate into interplanetary space. The cometary OV
ions are picked up by solar wind and thus could propa-
gate with solar wind to the terrestrial magnetosphere
(Wenzel et al. 1986). The mass release into interplanetary
space could be substantial at the Earth—Sun distance,
which is why we can often see bright cometary tails from
the ground. In October 2014, the comet Siding Spring
(C/2013 A1) had a close passage by Mars, and led to a
temporary planet-wide ionospheric layer below Mars’
main dayside ionosphere (Schneider et al. 2015). On the
other hand, the cometary ions are believed to have very
different impacts on Earth, which has a global magnetic
field. The detection of the interaction between cometary
particles and the terrestrial magnetosphere is rare. It
is believed that the passage of the comet Halley in 1910
May caused small geomagnetic activity, although the
direct detection of this interaction in space was not pos-
sible at that time (Russell et al. 1988).

In this article, we detail a geomagnetic event with
unprecedented conjugate observations of the comet 73P/
Schwassmann—Wachmann 3. The event provides new
insights into the understandings of how comets influ-
ence planetary atmospheres, particularly our Earth. We
present a possible correlation from the comet’s tail mate-
rials, to solar wind environment, to the terrestrial geo-
magnetic fields, and auroral emissions.

Data and results

The comet 73P/Schwassmann—Wachmann 3 is a mem-
ber of the Jupiter family of short-period comets, with an
orbital period of 5.4 yr and it was discovered on May 2
1930 by Arnold Schwassmann and Arno Wachmann at
the Hamburg (Germany) observatory. In 1995, the comet
began to break up into five fragments (Sekanina 2005).
During the comet’s return to perihelion, it experienced
several outbursts, and broke up into many pieces. From
the observation of the Subaru 8.2 m telescope, no fewer
than 154 minicomets were detected (Ishiguro et al. 2009).

Figure 1a presents the optical spectrum of the comet
73P-C/Schwassmann—Wachmann 3 after sky removal,
which was observed by Celestron 11+ Lhires III #76
spectrograph! on May 10 2006. The blue line is the neu-
tral atomic oxygen line at 6300 A. The ratio of the comet
73P-C/Schwassmann—Wachmann 3’s spectrum and of
the HD 197076’s spectrum is shown in Fig. 1(b). Fig-
ure 1(c) shows the mosaic of images, revealing many frag-
ments of the comet 73P/Schwassmann—Wachmann 3,
which was taken by the Spitzer Space Telescope in May
2006.

Gilbert et al. (2015) showed for the first time, in situ ion
measurements of the comet 73P/Schwassmann—Wach-
mann 3 from ACE/SWICS (Stone et al. 1998) and Wind/
STICS (Wilson et al. 2021). ACE and Wind are satellites
located at Lagrange point (L1) in the Sun—Earth system,
to monitor Earth’s upstream solar wind condition. A

! http://www.astrosurf.com/buil/Ihires3/project.htm.
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Fig. 2 a: A schematic of geometry (not to scale) shows the location of ACE/Wind satellites. The ACE and Wind are satellites located at Lagrange
point (L1) in the Sun—Earth system. b: A top view of a schematic of geometry (not to scale) shows the location of the Sun, Earth, and fragment C of
the comet 73P/Schwassmann-Wachmann 3 on May 31 2006. The directions of motion of the Earth and comet are also marked in the figure

schematic of geometry (not to scale) shows the location
of ACE/Wind is shown in Fig. 2(a). Meanwhile, a top view
of a schematic of geometry (not to scale) shows the loca-
tion of the Sun, Earth, and fragment C of the comet 73P/
Schwassmann—Wachmann 3 on May 31 2006, as shown
in Fig. 2(b). The plasma velocity at ACE or Wind was
expected to mainly move toward the Earth. Therefore,
the O™ detected by ACE or Wind would have arrived at
the Earth in about 1 h. Since this study is about day-to-
day variation, the time delay of 1 h has little influence on
our analysis.

Besides the focus on the comet (Gilbert et al. 2015),
we here analyze the relationship between solar wind
and cometary material. The solar wind parameters were
obtained from the National Space Science Data Center
(NSSDC) through the OMNIWEB database.” Meanwhile,
we also analyzed the auroral images during this time. For
the auroral images data, we obtained this from the Spe-
cial Sensor Ultraviolet Spectrographic Imager (SSUSI)
on board the Defense Meteorological Satellite Pro-
gram (DMSP F16% wavelength of 121.6 nm). For DMSP
data processing, we superimposed the data of all orbits
from each day according to the method of averaging the
same position. In this study, we only investigate auroral
variation longer than daily variations, so that the auro-
ral processing method is good enough for the present
investigation.

Figure 3 shows the solar wind properties (including
magnetic field magnitude, slow wind speed, and flow
pressure) and cometary OT flux during May 23 2006—
June 17 2006. The data of O" flux are from Gilbert et al.

2 https://cdaweb.gsfc.nasa.gov/pub/data/omni/omni_cdaweb/.

3 https://ssusijhuapl.edu/data_availability?spc=f16&type=edr-aur.

(2015). The O™ flux in Fig. 3(e) is measured by the ACE/
SWICS at energies of 0.6-83 keV/e. The O fluxes have
been shifted to the Earth’'sbow shock by assuming that
the solar wind speed is constant from the ACE spacecraft
to Earth.

As shown in Fig. 3(a—c), there are two fast streams in
the solar wind. A stream interaction region (SIR) is a
region of compressed plasma formed when a fast solar
wind stream overtakes the preceding slower solar wind
stream. In the middle of an SIR is a stream interface sep-
arating slow streams and fast streams, where the total
pressure reaches its maximum (e.g., Jian et al. 2006). As
the SIRs propagate away from the Sun, their boundaries
will steepen and probably form shocks at one astronomi-
cal unit or beyond (e.g., Richardson lan 2018). The SIR-
related shocks can accelerate charged particles efficiently
(e.g., Richardson Ian 2004, and references therein). More
than 50% of the SIRs can cause geomagnetic activity (e.g.,
Zhang et al. 2008; Sanchez-Garcia et al. 2017; Chi et al.
2018). Two large pressure enhancements were observed
during the two SIRs as shown in Fig. 3d. The enhance-
ments of cometary O flux were also observed in solar
wind (Fig. 3e). It is mysterious that the cometary O™ par-
ticles are highly concentrated in SIRs.

Figure 4 shows the sequence of southern hemisphere
auroral images of the Earth during May 23 2006 to June
17 2006. There are two massive auroral intensifica-
tions on May 30 and June 6, which are consistent with
the observed SIRs and the enhanced cometary O in
the solar wind. On June 15, there was a slight enhance-
ment in pressure (Fig. 3d), corresponding to an auroral
intensification.

Figure 5 presents the changes of the Auroral Elec-
trojet (AE) index, DST index, O% flux, and two aurora
enhancements, DST index, O" flux, and two aurora
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Fig. 3 The solar wind properties and cometary O flux during May 23 2006-June 17 2006. a, b Show the magnetic feild magnitude (nT). ¢ Shows
the wind speeds (km s71). d Shows the flow pressure (nPa). e Gives the cometary O flux (cm~2s7") from Gilbert et al. (2015). The vertical lines are

enhancements during May 23 2006 to June 17 2006. The
correlation among the DST, AE, cometary O™ flux, and
auroral intensification are obvious. Two major perturba-
tions are on May 30 and June 6.

Discussion and summary

The study provides important evidence for the connec-
tion between a comet and a planetary magnetosphere,
and the consequent planetary space weather (e.g., geo-
magnetic storms). Geomagnetic storms are known to
produce strong perturbations of electrical currents and
energetic particles in the terrestrial magnetosphere and
ionosphere (Dobrica et al. 2016; Blagoveshchenskii 2013),
threatening facilities on the ground and in space, such

as satellites (Mostl et al. 2010) and ground power grids
(Carrington 1859; Liu et al. 2013). Geomagnetic storms
are known to be strongly controlled by solar activities
and solar wind conditions. In fact, Carrington discovered
the connection between solar activity and auroral emis-
sions in an unusually powerful solar flare on record in
1859 (Carrington 1859). The solar event in 1972 between
the Apollo 16 and 17 missions was the strongest in
recorded history (Russell et al 2017; Knipp et al. 2018).
The event exploded sea mines off the coast of Vietnam,
and it arrived even faster than the Carrington event,
when corrected for angle of the flare from the Earth—Sun
line location. The influence of cometary materials on the
Earth or other planets is rarely investigated due to limited
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observations. As more and more electronic devices are
being used nowadays, we need more than ever, to bet-
ter characterize space perturbations. Thus, the under-
standing of comets’ influence on terrestrial space would
become more and more useful.

In this study, O" is detected in the comet’s tail and
the solar wind, clearly indicating that the comet could
provide important particles to the near-Earth inter-
planetary environment. It is quite surprising that the
cometary particles were highly concentrated in the SIR
magnetic flux tube, although the mechanism remains
unknown. The processes leading to the particle con-
centration deserve further investigation; nevertheless,
the consequence of particle concentration may tell us
that cometary materials may have significant impact
on a planet. The cometary ions could potentially have
high density (Glassmeier 2017) in the tail. The high-
density cometary ions are rapidly picked up by solar

wind to high speed and somehow concentrated by
solar wind magnetic structure. Therefore, the heavy
ions could potential enhance solar wind dynamic pres-
sure to Earth’s upstream, which then directly compress
the magnetosphere to drive geomagnetic storms or
substorms.

Comets are active celestial bodies that can eject sub-
stantial amount of dust and charged particles when
approaching the Sun. The influence of cometary mate-
rials to interplanetary space and the inner solar sys-
tem planets is far from well understood. The spacecraft
orbiting the Sun (e.g., Solar Orbiter) could significantly
improve the understanding of cometary materials from
in situ measurements (Matteini et al. 2021). Moreover,
particle simulation, together with in situ and remote
sensing observations, could be very helpful to improve
the space perturbations caused by cometary materials in
inner solar system space and planetary environments.
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