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ARTICLE INFO ABSTRACT

Keywords: We describe and analyze simultaneous sublimation activity of the main-belt primitive asteroids during their
Asteroids perihelion passages, which was detected by spectral methods. This phenomenon was observed for the first time
ISpeCUOPhOtometry in September 2012 for asteroids (145) Adeona, (704) Interamnia, (779) Nina, and Mars-crosser (1474) Beira
ces

(Busarev et al., 2015, 2016, 2018, 2019a). By our recent observations of (704) Interamnia, (24) Themis, and
(449) Hamburga performed in March-April 2019, we confirmed the existence of this effect. (24) Themis and
(449) Hamburga was detected as active for the first time. Never before, two or more asteroids have been
observed active simultaneously. Activity on asteroids reveals itself by unusual spectral features (the maxima at
approximately 0.40-0.50 and/or 0.60-0.70 pm), which appear in the reflectance spectra of the bodies when they
approach perihelion. We explain them as manifestations of sublimation of ice materials and development of a
subtle exosphere around the asteroids. Moreover, from numerical simulations of the light scattering in a medium
containing ice and silicate/organic dust particles of complex structure, we found that some of these models fit
well the reflectance spectra of active asteroids, which confirms the presence of a rarefied exosphere around these
bodies. Our results show that the main conditions providing formation of a temporal sublimation-driven
exosphere around primitive main-belt asteroids are: (1) the considerably higher content of H20 in their mate-
rial than that previously believed from accounting for only the content of bound water in composition of
carbonaceous chondrites, as possible components of asteroids; (2) frequent collisions of main-belt asteroids with
smaller bodies and/or exposure to meteorite fluxes, which leads to excavation of ices and their subsequent
sublimation; (3) the recurrent rise of the subsolar temperature on the surface of asteroids under proper orbital or
dynamical parameters and the sublimation of subsurface ices (if present); and (4) the strengthening of solar
activity (and the accompanying factors), which results in desiccation, destruction and/or dispersion of hydrated
silicates and/or radiation damage of organic films isolating stocks of volatiles on or under the asteroid surface.
According to our analysis, none of these factors produces a noticeable effect alone and can be marked as stronger
or more frequent, but two or three of them working simultaneously may be effective.

Radiative transfer
Solar wind

1. Introduction

To date, about 30 objects moving along asteroid orbits in the Main
asteroid belt (MAB) showed signs of cometary activity. To systematize
the observational data from different sources as well as the mechanisms
proposed to explain activity of the bodies, considerable efforts have been
recently undertaken (e.g., Chandler et al., 2018, and references therein).

The authors formulated the criteria, by which one could identify a
particular mechanism of the bodies’ activity (e.g., a perihelion passage
and repetitive sublimation of ices at elevated subsolar temperatures,
collisions of bodies, destruction of a body due to fast rotation, etc.).
Among these cases, a rather rare one is activity of an ice-containing body
at an arbitrary point of its orbit, which is caused by collision with
another body; one of the examples is (596) Sheila (Jewitt, 2012). The
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most pronounced signs of activity in such a small body are a temporary
comet-like coma and a tail, which is a result of the mass loss and the
sublimation of ice excavated from interiors of the asteroid. At first, these
features provoked some authors to identify active asteroids in the MAB
as “main-belt comets” (e.g., Hsieh and Jewitt, 2006; Hsieh and
Haghighipour, 2016). At the same time, a thorough analysis of the
observational data on a dozen of active main-belt asteroids suggested
that their activity may be induced by some other factors, such as elec-
trostatic repulsion, radiation pressure sweeping, dehydration stresses,
and thermal fracture, or their combinations in addition to sublimation of
ice (Jewitt, 2012). Thus, the activity events on asteroids may be more
complex and not yet fully understood. Interestingly, the recent results
led some investigators to conclusion that ices could be widespread in
interiors of asteroids in the outer part of the MAB (e.g., Jewitt et al.,
2015).

The suggestion about the presence of a considerable number of alien
comet nuclei in the MAB inevitably faces the problem of celestial me-
chanics concerning regular transformation of cometary orbits into
asteroid ones. However, the events of activity on the MAB asteroids may
easily be explained, if we assume that asteroids of primitive types (C, B,
G, F, D, and P) originally contained much more water ice. If the content
of bound water in carbonaceous chondrites (as probable components of
such asteroids) reaches ~20 wt% (e.g., Dodd, 1981; Jarosewich, 1990;
Alexander et al., 2018), the content of unbound H»O in the material of
primitive-type asteroids may not be less. Thus, the problem of activity in
asteroids may be solved, if the material of main-belt primitive asteroids
originally contained much more H,O than that in carbonaceous chon-
drites in terrestrial collections. Obviously, this important issue is closely
connected with another one — the possibility of delivering water ice by
small bodies to the Earth and other terrestrial planets.

For the first time, the spectral signs of simultaneous sublimation
activity (the unusual maxima at approximately 0.40-0.50 and/or
0.60-0.70 pm) on primitive-type asteroids were established in
September 2012 (Busarev et al., 2015, 2016, 2018, 2019a). At that time,
these asteroids—(145) Adeona, (704) Interamnia, and (779) Nina,
which are members of the MAB, and (1474) Beira, which is a Mars-
crosser—were close to their perihelia. Together with the mentioned
active asteroids (145, 704, 779 and 1474), spectrophotometry of (32)
Pomona and two Near Earth Asteroids (NEAs) - (330825) 2008 XE3 and
(2012 QG42) was carried out in a period of September 12 to 20, 2012
(Busarev et al., 2015, 2016). Similar spectral effects, although of lesser
intensity, were repeatedly observed for Adeona, Interamnia, and Nina
during their next perihelion passages in 2016-2018 (Busarev et al.,
2018, 2019a). By now, due to unfavorable observational conditions at
the Terskol observatory, no chance has appeared to observe Beira at its
next perihelion passage (Busarev et al., 2015). Because of this, to study
activity of this extremely interesting asteroid in more detail, we urge
other observers around the world to measurer its spectra near the
perihelion in years ahead.

However, similar spectral signs of simultaneous sublimation activity
were observed on three primitive asteroids - (24) Themis, (449) Ham-
burga, and (704) Interamnia - in March 2019 (Busarev et al., 2019b). We
explained this result by considerable orbital eccentricities of the bodies
and the influence of general cosmogonic and evolutionary factors to
them, which may create conditions for ices (mainly H2O ice) to subli-
mate from the surface at elevated subsolar temperatures, which, in turn,
leads to forming a temporary exosphere. By the moment, there are
reliable findings of an exosphere permanently existing around at least
two minor bodies — (1) Ceres (s) and (2060) Chiron (Kiippers et al., 2014;
Meech and Belton, 1990). In the first case, the exosphere was directly
detected by several space-born methods, while in the second one, its
presence follows from the results of reliable model simulations.

In this paper, we review the observations of simultaneous sublima-
tion activity of asteroids manifested in their reflectance spectra and
attempt to explain some differences in their spectral behavior. To
confirm the presence of asteroid exosphere as a reason of the unusual
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observed spectral features, we numerically model the reflectance spectra
of asteroids enveloped by a thin exosphere, for which the theory of light
scattering by agglomerates of submicron particles is used. We take into
account their chemical and mineralogical composition (by means of the
refractive index), structure, and sizes, as well as the spectral charac-
teristics of the asteroid surface and the optical thickness of a presumed
exosphere. Additionally, during the period of low solar activity (the
spring of 2019), we succeeded in registering and identifying for the first
time a direct impact of solar flares (and associated events such as coronal
mass ejections) on the reflectance spectra of active asteroids under
consideration (24, 449, and 704). It is worth noting that the influence of
the solar wind on the activity events in comet 67P/Churyumov-Gerasi-
menko depending on its heliocentric distance was established (Nilsson
et al., 2015). Moreover, according to Geostationary Operational Envi-
ronmental Satellite (GOES) data, the impact of solar X-ray flares on the
heliocentric distribution of cometary flares of some Jupiter-family and
main-belt comets changes with their heliocentric longitude and distance
(though, no direct correlation between the solar activity variations and
cometary flares was found) (Musiichuk and Borysenko, 2019). However,
since these effects on small bodies are complex and unpredictable, their
indication remains quite a rare event.

2. Spectral signs of sublimation activity of asteroids and a
possible impact of solar activity

2.1. Unusual features in the spectra of (145) Adeona, (704) Interamnia,
(779) Nina, and (1474) Beira

The important physical and dynamical parameters of these asteroids
are as follows. Adeona is 127.783 km on average across (Masiero et al.,
2014); its rotational period is 15.071" (Warner et al., 2009), and the
orbital period and the eccentricity are 4.37 yr and e = 0.1453, respec-
tively (http://ssd.jpl.nasa.gov/sbdb.cgi#top). Interamnia is an asteroid
306.313 km across (Masiero et al., 2014) rotating with a period of
8.727" (Warner et al., 2009) and orbiting the Sun with a period of 5.34
yr and an eccentricity of e = 0.1552 (http://ssd.jpl.nasa.gov/sbdb.
cgi#top). The average diameter of Nina is 80.57 km (Masiero et al.,
2014), and it rotates with a period of 11.186" (Warner et al., 2009) and
orbits the Sun for 4.35 yr with an eccentricity of e = 0.2278 (http://ssd.
jpl.nasa.gov/sbdb.cgi#top). The Mars-crosser Beira has a rotational
period of 4,184 (Warner et al., 2009) and orbits the Sun for 4.52 yr and
with an eccentricity of e = 0.4890 (http://ssd.jpl.nasa.gov/sbdb.
cgi#top). The diameter of Beira is estimated as ~10 km (Busarev
et al., 2016).

According to the common classifications (Tholen, 1989; Bus and
Binzel, 2002), Adeona is an asteroid of C or Ch type, Interamnia — of F or
B type, Nina — of M or X type, and Beira — of FX or B type. The values of
the geometric V-band albedo of Adeona, Interamnia, and Nina are 0.06,
0.08, and 0.16, respectively (Masiero et al., 2014). Taking into account
the B classification of Beira (Bus and Binzel, 2002), we conditionally
adopted its geometric albedo (still unknown) as ~0.08. It is important to
note that asteroids of this type are supposed to be primitive, including
low-temperature compounds (hydrated silicates, oxides, organics, etc.)
(e.g., Gaffey et al., 1989, 2002). Despite the previously debated high-
temperature mineralogy of Nina, radar observations showed that the
asteroid may also be primitive but heterogeneous in composition (She-
pard et al., 2010).

The above described asteroids are not the objects, the signs of ac-
tivity of which have ever been searched for before. At the same time,
(145) Adeona, (704) Interamnia, and (779) Nina were covered by the
spectrophotometric Small Mainbelt Asteroid Spectroscopic Survey
(SMASS) and SMASSII survey (https://sbnapps.psi.edu/ferret/).

It should be stressed that (145) Adeona is a member (and the largest
one) of a numerous dynamical asteroid family consisting of more than
2200 small bodies (Nesvorny et al., 2015). So, Adeona is of interest as a
probably survived parent body of this family.
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The unusual maxima near 0.45-0.70 pm in the reflectance spectra of
four main-belt primitive-type asteroids of different types, (145) Adeona,
(704) Interamnia, (779) Nina, and (1474) Beira, were almost simulta-
neously registered for the first time in September 2012, when the bodies
were close to their perihelia (Fig. 1) (Busarev et al., 2015, 2016). At that
time, Adeona was the farthest one from the perihelion: sublimation
activity of the asteroid could start about a year before its perihelion
passage (or at a distance of about 0.4 AU from the perihelion). An
additional comment about these details is given in the Section 2.4.
Spectrophotometric observations of the asteroids and a nearby solar
analog star (HD 10307) were performed with the 2-m telescope and a
CCD-spectrograph (with a low spectral resolution R ~ 100) of the Ter-
skol observatory of the Institute of Astronomy of Russian Academy of
Science (RAS). The observations were performed under high-altitude
conditions (at the altitude exceeding 3000 m above sea level). The
raw data were processed according to a generally accepted method of
the CCD-data processing. Besides, the reflectance spectra of discussed
asteroids were calculated by a standard procedure of dividing the
spectrum of an asteroid by the spectrum of the nearby solar analog star
with accounting for the difference in their atmospheric air masses. The
procedure makes it possible to exclude or reduce to a minimum the in-
fluence of the terrestrial atmosphere on the retrieved spectra. We used
HD10307 as a solar analog, though its spectral continuum differs from
that of the Sun: the discrepancy starts from a wavelength of ~600 nm
and grows toward short wavelengths reaching ~10% at 350 nm (Har-
dorp, 1980). Thus, we estimate the maximal errors in our reflectance
spectra at the short-wavelength boundary just by this magnitude. In
general, the relative standard deviations of the measurements are within
3-10% near the blue and red boundaries of the spectral range
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(0.35-0.90 pm) and no more than 1.5% in the visible range.

It should also be emphasized that the discussed spectral effects of
sublimation activity were not found on other three asteroids observed in
September 2012 together with those mentioned above (Busarev et al.,
2015, 2016). Observational parameters of the asteroids are shown in
Table 1, and their averaged reflectance spectra for corresponding dates
are presented in Fig. la-d together with their SMASSII reflectance
spectra for comparison (in case of availability).

Similar features in the spectra of Adeona, Interamnia, and Nina,
although less pronounced, were registered during their next perihelion
passages in 2016-2018 (Busarev et al., 2018, 2019a). The reflectance
spectra of Interamnia may serve as a typical example of weak spectral
changes associated with the presence of a sublimation-driven exosphere
(Busarev et al., 2019a). These spectra were obtained on June 23 and 27,
2017 at very close relative rotational phases, but their gradients are of
different signs (see Fig. 2a and b). A reasonable explanation of the
spectral features of Interamnia is that they are induced by the presence
of a tenuous sublimation-driven exosphere and the changes, taking place
in it at elevated subsolar temperatures. In our opinion, the difference
between these spectral features and those of the asteroids observed in
2012 (unusual maxima near 0.45-0.55 pm) may be explained by
different conditions in their exospheres during the observations (see the
explanations in Sections 3.3 and 4).

The predominance of HyO ice in the material of main-belt primitive
asteroids (among other volatile compounds including CO; ice, which is
close in characteristics to HyO ice, but more volatile) follows from the
correspondence of its thermo-physical parameters to the effective tem-
peratures of these bodies on their heliocentric distances (e.g., Dodson-
Robison et al., 2009; Philippe et al., 2015; Schorghofer, 2016; Poch
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Fig. 1. The reflectance spectra of active primitive asteroids of the Main belt (normalized to the value at 0.55 pm) obtained in September 2012 (Busarev et al., 2015,
2016): (145) Adeona (a), (704) Interamnia (b), (779) Nina (c), and (1474) Beira (d). The averaged observational parameters of these asteroids are given in Table 1.
Three spectra of (779) Nina and two spectra of (1474) Beira are shifted along the vertical axis for clarity. The SMASSII reflectance spectra of the asteroids are given

for comparison (Lazzaro et al., 2006; https://sbnapps.psi.edu/ferret/).

Note: Hereafter, not to overload the diagrams, the errors of spectrophotometric measurements are given in the text.
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Table 1
Averaged parameters of observations of asteroids (145) Adeona, (704) Interamnia, (779) Nina, and (1474) Beira in September 2012.
Date (y m d) uT R.A. Decl. A R E Ph. v Elev. Exp. time Air Mass S/N
(hms) (h m) Q] (AU) (AU) ©) ©) ™ ©) O]
(145) Adeona (e = 0.1453, g = 2.2858 AU, D = 127.8 km, p, = 0.06; C(Ch))
2012 09 19 2310 00 02 29.58 -01 38.1 1.843 2.692 140.1 139 12.4 44.0 1200 1.438 3.1
Solar analog star HD10307: Elev. 67°, UT = 01" 32™, Air Mass 1.0862
(704) Interamnia (e = 0.1552, ¢ = 2.5817, D = 306.3 km, p, = 0.08, F(B))
20120913 21 33 00 03 24.64 +39 00.3 2.080 2.616 1111 21.0 109 51 600 1.2896 5
Solar analog star HD10307: Elev. 48°, UT = 19" 25™ Air Mass 1.3446
(779) Nina (e = 0.2278, g = 2.0577, D = 80.6 km, p, = 0.16, M(X))
20120913 1950 20 00 53.05 +3241.0 1.289 2.149 138.6 18.0 11.0 55.2 300 1.3201 5.0
Solar analog star HD10307: Elev. 48°, UT = 19" 25™ Air Mass 1.3446
(1474) Beira (e = 0.4890, g = 1.3983, D ~ 10 km, p, ~ 0.08, FX(B))
2012 09 18 20 53 00 22 32.88 +3260.4 0.651 1.567 141.4 23.6 13.8 73.3 1200 1.047 13.3
Solar analog star HD10307: Elev. 63°, UT = 01" 30™, Air Mass 1.122
2012 09 19 190413 22 30.72 +3324.3 0.649 1.563 140.8 24.0 13.8 72.7 1200 1.055 9.5

Solar analog star HD10307: Elev. 61°, UT = 01" 30™, Air Mass 1.143

Designations of quantities given in Tables 1 and 2: the universal time (UT) corresponding to the middle of the exposure time (Exp. time); the right ascension (R.A.); the
declination (Decl.); the distance between the centers of the Earth and the object (A); the heliocentric distance (R) between the object and the Sun; the eccentricity of the
orbit (e); the perihelion distance (q); the angular elongation of the object from the Sun (E); the phase angle of the object (Ph.); the visual magnitude of the object (V); the
elevation of the object above the local horizon (Elev.); the atmospheric mass of the observed object (Air Mass); and the signal to noise ratio (S/N).
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Fig. 2. Two sets of the reflectance spectra of (704) Interamnia approaching the perihelion, which were obtained on June 23 (a) and June 27 (b), 2017 at very close
relative rotational phases (the corresponding values are given in the diagrams). The spectra are normalized to the value at 0.55 pm and shifted along the vertical axis
for clarity. The overall gradient of the reflectance spectra of Interamnia on June 24 is negative, and that on June 27 is positive. The spectra demonstrate typical
spectral changes associated with the presence of a tenuous sublimation-driven exosphere around the asteroid (Busarev et al., 2019a).

et al., 2016). On the other hand, the depletion of the asteroid surface
with ice materials (the disappearance of CO5 and the other most volatile
compounds first of all) or their isolation (suffocation/quenching, e.g., if
the ice particles become coated with organics) could stop replenishing
the exosphere. Indeed, the formation of a lag deposit (or a sublimation
mantle) made of a water-free porous network of organic filaments on top
of the ice was confirmed in the modeling experiments with ice-tholins
mixtures under low temperature (below —70 °C) and pressure (10°
mbar) conditions (e.g., Philippe et al., 2015; Poch et al., 2016).
Besides, it is important to note that one of the most important con-
ditions in the MAB is that ice materials on primitive asteroids are
frequently excavated by repeated meteoroid impacts (e.g., Dermott
et al., 1984; Durda and Dermott, 1997), which should create conditions
for higher activity on asteroids of this kind, when the subsolar temper-
ature grows near perihelion. However, the micrometeorite flux is poorly
known. The values typical of the Moon, Mars, and outer objects are
estimated in a range of 2 x 107 to 2 x 1071 g em 2 57! (Brunetto
et al., 2015). The micrometeorite flux in the MAB has not been measured

directly yet. The factor of thermal fracture exposing material could be as
important as meteoroid impacts in the strengthening of sublimation
activity of primitive asteroids, especially those with high eccentricities,
like (3200) Phaethon (Jewitt and Li, 2010).

2.2. Spectral signs of simultaneous sublimation activity of (24) Themis,
(449) Hamburga, and (704) Interamnia in 2019

Let consider the main parameters of (24) Themis and (449) Ham-
burga, which were detected as active asteroids for the first time in 2019.
Themis is 198 km on average in diameter, which was determined by its
geometric albedo of 0.067 according to the IRTF-measurements
(https://ssd.jpl.nasa.gov/sbdb.cgi#top); its rotational period is 8.374"
(Warner et al., 2009), the orbital period is 5.55 yr, and the eccentricity is
e = 0.1242 (http://ssd.jpl.nasa.gov/sbdb.cgi#top). Hamburga is an
asteroid 85.59 km across (IRAS-A-FPA-3-RDR-IMPS-V6.0) rotating with
a period of 36.516" (Warner et al., 2009) and orbiting the Sun with a
period of 4.08 yr and an eccentricity of e = 0.1722 (http://ssd.jpl.nasa.
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gov/sbdb.cgi#top).

According to the common classifications, Themis is an asteroid of C
(Tholen, 1989) or B (Bus and Binzel, 2002) type, while Hamburga is the
C-type asteroid (EAR-A-5-DDR-TAXONOMY-V4.0). The geometric al-
bedo of Hamburga is 0.04 (IRAS-A-FPA-3-RDR-IMPS-V6.0). The signs of
activity have never been searched for on Themis and Hamburga; the first
one was covered by the spectrophotometric SMASS and SMASSII sur-
veys, while the second one, by the SDSS survey (https://sbnapps.psi.ed
u/ferret/).

Importantly, (24) Themis is the largest member of the Themis family
located in the outer part of the MAB, at an average heliocentric distance
of 3.13 AU; this is a family of approximately 540 asteroids of C-type, the
composition of which is believed to be similar to that of carbonaceous
chondrites (Nesvorny et al., 2015). As Adeona, Themis may be a sur-
vived parent body of its family.

Spectral signs of sublimation activity and impermanent exospheres
were simultaneously detected in the reflectance spectra of main-belt
primitive asteroids, having noticeable eccentricities of orbits—(24)
Themis, (449) Hamburga, and (704) Interamnia (for Themis and Ham-
burga, for the first time)—on March 17-20 and April 10, 2019, when
they were very close to perihelion (Busarev et al., 2019b) (Table 2). The
approximate spectra were obtained from the multiband photometric
data of the asteroids. The UBVRI-observations of Themis, Hamburga,
and Interamnia along with a proper non-variable solar analog star, HIP
29759, were performed with the 0.6-m telescope at the Crimean ob-
servatory of the Sternberg Astronomical Institute of Lomonosov Moscow
State University (SAI MSU). The telescope was equipped with a
photometer and Apogee Aspen CCD matrix (2048 x 2048 pixels). The
latter was used in the double binning mode, so the combined 2 x 2 pixel
corresponds to 0.74”. The relative standard deviations of the measure-
ments are within 2-3% in the U and I filters and no more than 1% in the
other ones. The intensity of light reflected from these asteroids were
registered in the effective wavelengths of the filters and converted to the
reflectance by means of observations of the same solar analog star HIP
29759 (Table 2; see Busarev et al. (2019a, 2019b) for processing de-
tails). Figs. 3-5 present the normalized reflectance of Themis, Ham-
burga, and Interamnia measured at these dates in the (U)BVRI-filters. It

Icarus 369 (2021) 114634

was sometimes impossible to perform measurements in the U-filter due
to restrictions in the observational time (the time was not sufficient to
observe all of the necessary objects) or observational conditions (e.g.,
the altitudes of some objects were too low). Very similar spectral man-
ifestations of a thin exosphere on all three asteroids—two maxima at
0.44 and 0.66 pm—are seen in the data for March 17 and 19. However,
for some reason, these spectral features disappeared on the mid-point
date, March 18. We interpret this strange phenomenon as sweeping
away the asteroids’ exosphere by a shockwave in the solar wind. We will
discuss this issue at length in Section 2.4, but now let us consider how
simultaneous sublimation activity of the considered asteroids is addi-
tionally confirmed by the results of photometry.

2.3. Photometric confirmations of simultaneous sublimation activity of
(24) Themis, (449) Hamburga, and (704) Interamnia in 2019

Any visible signs of a coma or a tail in the images of Themis, Ham-
burga, and Interamnia obtained in March-April 2019 were not found
during the observations probably due to a very low level of sublimation
activity on the asteroids. The direct imaging of a main-belt active
asteroid does not allow us to detect these signs of activity even with
large ground-based telescopes under perfect photometric conditions,
unless the size of a coma or a tail near the body exceeds a few hundred
kilometers, which corresponds to 0.014-0.007” for an observer on the
Earth being at distances of 1-2 AU. Because of this, we attempted to find
some additional signs of activity on the asteroids from the wide-band
photometry data obtained, specifically, in the V band.

As it turned out, the apparent V-magnitudes of Themis, Hamburga,
and Interamnia, which were computed from the observational data of
March-April 2019 with the MaximDL program by using the nearby
standard stars (from the NOMAD catalog (Zacharias et al., 2004)) seen in
the same CCD-frames, were systematically lower than the ephemeris
(model) magnitudes of the asteroids at the same wavelengths according
to the IAU MPC (https://minorplanetcenter.net//iau/MPEph/MPEph.ht
ml) and JPL (https://ssd.jpl.nasa.gov/?asteroids) on-line services
(Fig. 7, Table 2). As was discussed in our previous paper (Busarev et al.,
2019a), the presence of an exosphere scattering light around an asteroid

Table 2

Parameters of observations of (24) Themis, (449) Hamburga, and (704) Interamnia in.
Date (y m d) uT R.A. Decl. A (AU) R E Ph. Vimod Vimeas (™) Air mass St. Star St. Star’s air mass

(hms) (hms) (G (AU) ©) ©) ™

(24) Themis (e = 0.1242, ¢ = 2.7465 AU, D = 198 km; p, = 0.067; C(B))
2019 03 17 181230 07 17 39 +2310 27 2.235 2.756 111.2 19.7 12.148 11.29 1.093 HIP 29759 1.023
2019 03 18 18 04 49 07 18 04 +23 09 22 2.247 2.756 110.3 19.8 12.163 10.80 1.090 HIP 29759 1.076
2019 03 19 18 09 51 07 18 30 +23 08 14 2.260 2.755 109.4 19.9 12.178 11.30 1.097 HIP 29759 1.096
2019 03 20 18 03 05 07 18 58 +23 07 03 2.272 2.755 108.5 20.0 12.193 11.29 1.094 HIP 29759 1.093
2019 04 10 1930 09 07 33 54 4223011 2.539 2.750 91.2 21.4 12.470 11.73 1.473 HIP 29759 1.668
(449) Hamburga (e = 0.1722, ¢ = 2.1107 AU; D = 85.6 km; p, = 0.039; C)
2019 03 17 17 41 45 07 48 59 +24 44 07 1.454 2.112 118.0 24.6 13.417 12.86 1.065 HIP 29759 1.023
2019 03 18 17 3401 07 49 34 +24 42 09 1.464 2.112 117.1 24.8 13.438 12.76 1.066 HIP 29759 1.076
2019 03 19 17 30 08 07 50 11 +24 40 05 1.474 2.112 116.3 25.0 13.459 12.65 1.066 HIP 29759 1.096
2019 03 20 17 23 05 07 50 49 +24 37 55 1.484 2.113 115.4 25.2 13.480 12.9 1.068 HIP 29759 1.093
2019 04 10 19 47 22 08 10 43 +232918 1.713 2.120 99.3 27.8 13.877 13.5 1.372 HIP 29759 1.6684
(704) Interamnia (e = 0.1552, ¢ = 2.5817 AU; D = 306.3 km; p, = 0.078; F(B))
2019 03 17 183219 07 10 47 +13 4110 2.666 3.155 110.5 17.2 119 10.90 1.221 HIP 29759 1.023
2019 03 18 18 34 04 07 11 01 +13 40 06 2.680 3.157 109.6 17.3 11.9 10.82 1.230 HIP 29759 1.076
2019 03 19 18 45 47 07 1117 +13 39 00 2.695 3.158 108.7 17.4 12.0 10.90 1.258 HIP 29759 1.096
2019 03 20 18 38 55 07 11 33 +13 37 55 2.710 3.159 107.8 17.5 12.0 10.95 1.252 HIP 29759 1.093
2019 04 10 1916 28 07 21 43 +13 09 53 3.032 3.189 89.8 18.3 12.3 11.47 1.677 HIP 29759 1.668

March-April 2019.
Notes: (1) Standard exposure times for the asteroids were 300-360 and 120-200 s in filters U and B, respectively, and 30-90 s in the other ones. (2) Vo4 — calculated
visual magnitude of the object (according to https://ssd.jpl.nasa.gov/horizons.cgi); Vieas — visual magnitude of the object determined from the observational data
(with MaximDL program). (3) Ephemerides of the asteroids including modeled visual magnitudes were obtained with the IAU MPC Ephemeris (https://minorplanet
center.net//iau/MPEph/MPEph.html) and JPL on-line services (Giorgini et al., 1996). Eccentricity (e), perihelion (q), diameter (D), geometric albedo (p,), and Tholen
(and SMASSII, if available) spectral type of the asteroids are given according to JPL database (https://ssd.jpl.nasa.gov/sbdb.cgi#top).
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Fig. 3. The international sunspot number S, for the last 13 years and forecasts from the Royal Observatory of Belgium on June 1, 2020 (http://sidc.be/silso). The
time of our observations of (145) Adeona, (704) Interamnia, (779) Nina, and (1474) Beira in September 2012 is shown by a vertical arrow.

24 Themis, March—April 2019
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Fig. 4. The reflectance spectra of (24) Themis obtained from the UBVRI photometric data for March 17-20 and April 10, 2019, when the asteroid was very close to
perihelion (Busarev et al., 2019b) (Table 2). The spectra are normalized to the value at 0.55 pm and shifted along the vertical axis for clarity. The spectrum measured
on March 18 without maxima at 0.45 and 0.66 pm is compared with the “canonical” one of Themis from the SMASS database (Bus and Binzel, 2003; https://sbnapps.
psi.edu/ferret/).

Note: Hereafter, not to overload the diagrams, the errors of spectrophotometric measurements are given in the text.
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449 Hamburga, March—April 2019
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Fig. 5. The reflectance spectra of (449) Hamburga obtained from the obser-
vational UBVRI-data on March 17-20 and April 10, 2019, when the asteroid
was very close to perihelion (Busarev et al., 2019b) (Table 2). The spectra are
normalized to the value at 0.55 pm and shifted along the vertical axis
for clarity.

makes it brighter and its stellar magnitude lower. Thus we consider this
difference as a main additional confirmation of simultaneous sublima-
tion activity of these bodies in March-April 2019.

The seeing conditions at the time of our UBVRI-observations with
0.6-m telescope of SAI MSU on 2019 March 17-19 and April 10 were
near 0.74” per CCD pixel and somewhat worse on March 20. All of the
observations were performed in the double binning mode. The estimated
full width of half-maximum (FWHM) of point-like images was around
2-3 pixel. To search for differences between the images of an asteroid
and a star, we compared the mean brightness radial profiles of the as-
teroids with that of the nearby solar analog star, HIP 29759. The
brightness radial profiles of Themis, Hamburga, and Interamnia (Fig. 8,
orange curves) were determined by means of averaging their measured
photometric profiles in several directions (horizontal, vertical, and di-
agonal) after subtracting the background signal and normalizing the
curves. We assumed that the asteroids’ exospheres were in a relatively
stable state on March 17, before the action of a solar wind shock wave
(see the discussion below). Given the size of the asteroid’s image equal
to two pixels, the inner aperture with an angular radius ¢; = 0.74”
would sample the asteroid itself through a layer of the exosphere, while
the annulus between ¢, and an outer aperture of radius ¢- (determined
by the extent of the asteroid’s radial profile exceeding that of the star)
would provide a measure of the asteroid exosphere. Thus, the limiting
numbers of pixels from the aperture center, corresponding to the outer
aperture of radius ¢ and determined on March 17 by the intersections of
the radial brightness profile of the asteroid (orange) with that of HIP
29759 (blue), were 4, 4, and 3 for Themis, Hamburga, and Interamnia,
respectively (Fig. 8). Also, the apparent magnitudes of the asteroids
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were calculated within the specified angular apertures on 2019 March
18-20 and April 10 (Table 2). According to our analysis, the largest
excess of the radial profiles of the asteroids over that of HIP 29759 was
on March 18 for Themis, and Interamnia and on March 19 for Ham-
burga, which meets the lowest apparent magnitudes of the asteroids at
the time of the supposed impact produced by a shock wave of the solar
wind (Fig. 7).

To estimate the mass losses caused by sublimation of ice from the
asteroids, we tried to apply some methods developed for studying
comets and active bodies in the MAB (e.g., A’Hearn et al., 1984; Meech
et al., 1986; Jewitt, 2009, 2012; Shi and Ma, 2015; Chandler et al., 2020
and references therein). One of the commonly used methods is to find
the Afp parameter that characterizes the properties of a cometary coma
(A’Hearn et al., 1984). This parameter is product of the mean albedo A
of cometary dust particles, the filling factor f (the ratio of the total cross
section of dust grains in a cometary coma to the area of a projected
aperture), and the projected aperture radius p (expressed in centimeters)
on the picture plane of the comet. It should be stressed that Afp describes
the properties of a comet itself and is independent of a telescope and an
aperture only in the case of steady conditions in the cometary coma (e.
g., A’Hearn et al., 1984; Shi et al., 2019). For the V-band, it could be
determined as.

Afp = 4Ry> A% x 10°476, 7, ) 5 p7! )]

where Ry and A are the heliocentric and geocentric distances of the
comet (expressed in AU and centimeters, respectively); m,y and mg, are
the apparent magnitudes of the comet and the Sun, respectively. Let us
calculate this parameter from the photometric data of the considered
asteroids.

First, we compute the projected aperture radii p for the images of
Themis, Hamburga, and Interamnia, which yields 4.8276 x 108, 3.1406
x 108, and 4.3189 x 10° cm, respectively. Then, using the apparent
magnitudes of the asteroids on March 17 and the solar apparent
magnitude mg, = —26.76™ viewed from 1 AU in the photometric system
of Vega (Willmer, 2018), we find the Afp parameters of the asteroids
according to formula (1). The resulting values— 4.2621 x 10* em
(Themis), 3.8348 x 10° cm (Hamburga), and 1.2723 x 10° cm (Inter-
amnia)—are two to three orders of magnitude higher than the values
typical of active comets (e.g., A’Hearn et al., 1984). This suggests that
the obtained photometric data cannot be used to study the considered
asteroids by the cometary methods mentioned above. We see two
possible explanations of this result: the seeing conditions during our
UBVRI-observations of asteroids were not good enough to correctly
determine the projected angular aperture radius p in the images, as well
as the angular resolution of the combination of the telescope and the
CCD camera with a specified angular resolution was not high enough to
measure the real extent of a subtle exosphere of the asteroid. Also, we
failed to identify visual activity of the asteroids through such techniques
as the image stacking, because no additional images were available.
Unfortunately, the obtained data set was a single one.

However, these UBVRI-data (recalculated for the reflectivity at the
corresponding effective wavelengths of the filters) were successfully
used to determine the main spectral features of the asteroids and to
model them, which will be discussed in Section 3. This will also allow us
to find a lower estimate of the mass of particles in the asteroid’s
exosphere (see below, Section 3).

2.4. Main factors of solar activity and their possible influence on
simultaneous sublimation activity of main-belt asteroids

It remains to explain the difference in the activity signs of the
considered asteroids at perihelion during their observations in 2012 and
2016-2018. From the analysis of their observational conditions, we
revealed the influence of solar activity on the spectral signs of subli-
mation activity of Adeona, Interamnia, and Nina in September 2012:
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they turned out to be most prominent at the 11-year solar activity
maximum determined from the number of solar spots S, (http://sidc.
oma.be/silso/dayssnplot) (Fig. 3). Besides, as follows from the GOES-
15 X-ray satellite records (https://tesis.lebedev.ru/en/sun_flares.html?
m=9&d=6&y=2012), our observations in 2012 were performed after
a two-week period of frequent solar flares, the intensity of which varied
from weak to medium nearly every day (Busarev et al., 2019a). They
probably entailed a series of shock waves in the solar wind (SWSWs)
produced by coronal mass ejections (CMEs), transforming into inter-
planetary CMEs (ICMEs) (e.g., Hudson et al., 2006; Webb and Howard,
2012; von Forstner et al., 2018). ICMEs and, consequently, a stronger
radiation impact on the asteroid surfaces might have a destructive effect
on water ice and other water-containing compounds on primitive as-
teroids. Additionally, the damage of organic coatings (if present) on the
surfaces of ice particles should intensify the ice sublimation. As a result,
at that time, we could observe more prominent spectral features that
were caused by denser sublimation-driven exospheres of active aster-
oids. The moment of our observations in 2012 is indicated by a vertical
arrow in Fig. 3. As is seen from the same data, solar activity gradually
decreased over the 2016-2019 period.

According to numerous satellite measurements, solar flares are often,
but not always, accompanied by CMEs, and there is still a lack of un-
derstanding how the two phenomena—flares and ejections—are inter-
related (e.g., Hundhausen et al., 1994; Subramanian and Dere, 2001;
Hudson et al., 2006). Generally, the extremely ionized solar matter,
intensively moving in a strong magnetic field in the chromosphere or

704 Interamnia, March—April 2019
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Fig. 6. The reflectance spectra of (704) Interamnia obtained from the UBVRI
photometric data on March 17-20 and April 10, 2019, when the asteroid was
close to perihelion (Busarev et al., 2019b) (Table 2). The spectra are normalized
to the value at 0.55 pm and shifted along the vertical axis for clarity. The
spectrum measured on March 18, which contains no maxima at 0.45 and 0.66
pm, is compared to the “canonical” one of Interamnia from the SMASS database
(https://sbnapps.psi.edu/ferret/; Lazzaro et al., 2006).
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Fig. 7. The apparent V-magnitudes of Themis, Hamburga, and Interamnia
measured in March-April 2019, which were calculated from observational data
with the MaxinDL program (using the nearby standard stars on the same CCD-
frames), are systematically lower than ephemeris (model) magnitudes of the
asteroids at the same wavelengths according to the IAU MPC and JPL on-line
services (Giorgini et al., 1996).

deeper layers of the solar atmosphere, especially in the vicinity of sun-
spots, produces a burst of X-ray radiation first and, in 1-2 h, an explosive
coronal outburst of magnetized plasma or CME. By common consensus,
a key mechanism of this fast motion of plasma and its strong eruption
out of the solar atmosphere is the reconnection of magnetic lines of
force. It is capable to convert the magnetic energy into the other forms of
energy, such as short-wavelength electromagnetic, heat, and kinetic
ones (Parker, 1974; Forbes and Priest, 1995; Forbes, 2000; Su et al.,
2013; Gou et al., 2019, and references therein).

One more inherent feature of the Sun and, specifically, the solar
corona, is its permanent activity in a form of the solar wind (e.g., Parker,
1963; Hundhausen, 1972; Kovalenko, 1983; Marsch, 2006; Pinto et al.,
2016). As is well known, there are three constituents in the solar wind.
(1) The first one is a constant flux of protons, electrons, alpha-particles
and heavier particles. It is called the slow solar wind (with a speed below
550 km/s), because the solar gravitational field cannot hold protons and
other particles having a very high temperature (of the order of a few
million Kelvins) in the corona, which leads to its continuous expansion
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Fig. 8. The radial brightness profiles of Themis, Hamburga, and Interamnia (orange curves) measured on March 17, 18, and 19, 2019 are compared to the profiles of
the nearby solar analog star, HIP 29759 (blue curves). The excess of the radial profiles of the asteroids over that of HIP 29759 is largest on March 18 for Themis and
Interamnia and on March 19 for Hamburga, which agrees with the lowest apparent magnitudes of the asteroids at the time they experienced the supposed impact of a
shock wave of the solar wind (Fig. 7). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. The intensities of X-ray solar flares (F1 and F2) according to the GOES-15 X-ray satellite archive data (https://tesis.lebedev.ru/en/sun_flares.html?
m=3&d=9&y=2019) measured on March 8-9, 2019 and spaced by the 32-h interval. The first one, at UT = 04:17:40 on March 8, was stronger.

into outer space. (2) The second component is quasi-stationary high-
speed (with a speed above 550 km/s) solar plasma flows—the so-called
fast solar wind. It predominately originates from the coronal holes (well
seen in X-ray snapshots of the Sun), where solar magnetic lines of force
are non-closed; and these flows are observed at the distances up to
several solar radii. (3) The third component includes sporadic high-
speed flows and ejections, which are relatively short-term and
extremely heterogeneous and complex in structure; they fill the

interplanetary space up to the borders of the heliosphere (50-200 AU)
(e.g., Parker, 1974; Habbal et al., 1997; Webb and Howard, 2012). CMEs
belong to the last category, although their speeds can vary within the
widest possible range (of 35 to 1000-1100 km/s) depending on their
mass and kinetic energy (e.g., Hundhausen et al., 1994; Borovsky,
2020). ICMEs should also be taken into account as cloud formations;
they may be accelerated or de-accelerated not only in the solar corona
but in the interplanetary space depending on their structure and the
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Fig. 10. Coronal mass ejections CME1 (a) and CME2 (b) registered
by the Large Angle and Spectrometric Coronagraph (LASCO) on-
board the Solar and Heliospheric Observatory (SOHO) (https://cda
w.gsfc.nasa.gov/CME list/UNIVERSAL/2019_03/univ2019_03.
html). They are related to solar flares F1 and F2 (shown in Fig. 7),
respectively, which presumably influenced activity of asteroids,
(24) Themis, (449) Hamburga, and (704) Interamnia, on March 18,
2019. It can be seen that CME1 and CME2 are close to the equatorial
(ecliptic) plane.

Fig. 11. The intensity of X-ray solar flare (a) coupled with a CME (b), which took place on March 20, 2019 (UT = 11:48:06) in near the ecliptic plane (https://cdaw.
gsfc.nasa.gov/CME _list/UNIVERSAL/2019 03/univ2019_03.html) was stronger than those shown in Fig. 8.

structure of surroundings (e.g., Hundhausen and Gosling, 1976; Bor-
ovsky, 2020).

Thus, we can summarize some of the above results that are useful for
further consideration: (1) the reference speed and density values for the
low- and high-speed solar wind measured on the Earth’s orbit are v =
327 and 702 km/s and n = 11.9 and 3.9 1/cm®, respectively (e.g.,
Kovalenko, 1983); (2) CMEs often accompany solar flares in the form of
ejected plasma clumps with the frozen-in magnetic lines of force; (3)
ICMEs, the velocity of which is a sum of their own velocity and the
angular velocity of the Sun, interact with the spatially inhomogeneous
solar-wind streams and produce SWSWs that influence all bodies in the
Solar System.

Obviously, it is easier to detect the impact of ICMEs on the exo-
spheres of active asteroids during a period of low solar activity, when
they occur is rarely. The influence of SWSWs, which were induced by the
solar CMEs closest in time to the measurements, on the spectra of the
asteroids is apparently seen in the spectra of March 18, 2019 (Figs. 4-6).
Also, according to the apparent magnitudes of the asteroids (Fig. 7), the

10

SWSW impact on the asteroids near the Sun (24 and 449) is stronger
than that on more distant one (704) (Table 2), which is in accordance
with the weakening of the SWSWs with heliocentric distance. We
assumed that the disappearance of the exosphere-induced spectral fea-
tures on March 18 (Figs. 4-6) was a result of sweeping away the exo-
spheres by a SWSW generated by the CME related to the nearest in time
solar flare (Busarev et al., 2019b). To support this supposition, the
“canonical” SMASS reflectance spectra of Themis and Interamnia, which
were produced only by bare silicate surfaces of the asteroids, are shown
together with data of observations of March 18, 2019 in Figs. 4 and 6.
We consider the spectra measured on March 18, 2019 and the SMASS
spectra to be not influenced by the presence of an exosphere, since they
are typical of the reflectance spectra of primitive-type asteroids (C type
and close). The latter are similar to the spectra of their nearest analogs —
CI and CM meteorites or hydrated minerals (phillosilicates, etc. (e.g.,
Wagner et al., 1987)) that exhibit a smooth and almost flat (or weakly
sloping) continuum in the visible range.

According to the GOES-15 X-ray satellite archive data, there were two
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Fig. 12. (a) The positions of (145) Adeona, (704) Interamnia, (779) Nina, and (1474) Baira relative to the Earth and the Sun during our observations in September
2012 are schematically shown together with the supposed profiles of the SWSW fronts (blue lines) produced by several ICMEs and the lines of force of the solar
magnetic field (orange lines), which cause nearby ICMEs to move in roughly the same direction during the period of the highest level of solar activity (in 2012-2014).
A joined impact of ICME SWSWs on Adeona, Interamnia, Nina, and Baira, being in close directions, made the features in their reflectance spectra more pronounced
and similar. (b) The positions of (24) Themis, (449) Hamburga, and (704) Interamnia during our observations in March—April 2019 are also shown together with the
supposed profiles of the SWSW fronts, which influence the considered asteroids, and the lines of force of the solar magnetic field, which divide the fast and slow solar
wind flows produced by the rotating Sun. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

1.8
Lee =0.5 r @1 | Tholins =05 ® 1| Olivine ==0.5 Olivine t=0.1 @
----- 0.0955
1.4 — —0.1150
———0.1300
surface
I
1.0 7
S 7 i
/ III / /
/ i Vs
0.6 o ¥
‘ Z
&
02
18
Ice 1=0.5+gas © Tholins ©=0.5 (6] Olivine t=0.5+gas ® Olivine t=0.1+gas (b
14
210
~
0.6
02

0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.3 0.4 0.5 0.6 0.7 0.8 09 03 0.4 0.5 0.6 0.7 0.8 0.9 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Afpm] Afum] Afpm] Aum]

Fig. 13. The spectra of the intensity of light scattered by the exosphere-surface system at a phase angle of 20° I(20) (normalized to the value at > = 0.55 pm) and the
assumed spectra of the underlying surface. Each of the diagrams contains the spectral curves for three specified radii of aggregate constituent particles (CPs) r in the
densely packed (p = 0.54, upper row) and more porous (p = 0.78, lower row) structures. The number of CPs in clusters are N = 73, 42, and 29 for the corresponding
CP radii (from 0.0955 to 0.130 pm), which yields R = 0.4 pm. Three cases of the material (specified in the diagrams) are shown.
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Fig. 14. The normalized reflectance spectra of the exosphere-surface system I(20) for various cases of the properties of clusters in the exosphere with optical
thickness T = 0.5, if not specified differently. (a) The spectra for densely packed clusters (p = 0.54) composed of ice monomers (N = 42, r = 0.115 pm) are compared
to those of clusters with the same number of constituents differing in size by +10 and + 20% from a mean value of r = 0.115 pm. (b) The same as in panel (a) except
for olivine constituents. (c) The spectra for densely packed (p = 0.54) and fluffy (p = 0.93) structures shown in the insets; N = 42 and r = 0.115 pm. (d) Clusters (p =
0.54) contain ice and olivine monomers of specified sizes mixed under proportion 1:1. (e) Clusters (p = 0.54) of different composition are homogeneously mixed in
the exosphere, the t values for each of the components are specified in brackets. (f) Clusters (p = 0.54) of different composition are separated into layers in the
exosphere (the ice layer is below), r = 0.0955 pm, and N = 73; the t values for each of the layers are specified in brackets.

weak solar flares spaced by the 32-h interval on March 8-9, 2019; and the
firstone, at UT = 04:17:40 on March 8, was stronger (https://tesis.lebede
v.ru/en/sun_flares.html?m=3&d=9&y=2019) (Fig. 9). Importantly,
these solar flares were accompanied by coronal mass ejections (hereafter,
CME1 and CME2) registered by the Large Angle and Spectrometric
Coronagraph (LASCO) onboard the Solar and Heliospheric Observatory
(SOHO); their masses are estimated at 6.4e+14 and 1.9e+14 g, respec-
tively, and they are directed eastward in the near equatorial plane (https
://cdaw.gsfc.nasa.gov/CME _list/UNIVERSAL/2019_03/univ2019_03.
html) (Fig. 10a and b). This substantiates the origin of SWSWs related to
the solar flares that could influence the exospheres of asteroids consid-
ered. However, due to a complex structure of the interplanetary magnetic
field, itis not clear which of CMEs (CME1 or CME2) swept out the asteroid
exospheres on March 18, 2019. According to the mentioned satellite data,
there were no other solar flares a month before March 8 and in a period of
March 9-18, 2019, corresponding to low solar activity. Nevertheless, a
stronger X-ray solar flare coupled with a CME took place on March 20,
2019 (UT = 11:48:06); it was nearly twice as much as CME1 in mass
(1.6e+15 g) and width (https://cdaw.gsfc.nasa.gov/CME list/UNIVE
RSAL/2019_03/univ2019_03.html) (Fig. 11a and b).

Observations of the considered asteroids on March 19 and March 20
yielded the spectra similar to those of March 17 (see the corresponding
profiles in Figs. 4-6), which again demonstrate the presence of tenuous
exospheres around asteroids. We will discuss the features of these
spectra in more detail in Section 3, which is focused on the modeling of
the reflectance spectra of asteroids with an exosphere.

The stronger CME1 SWSW could reach (704) Interamnia, the most
distant one of the considered asteroids (the heliocentric distance was
3.16 AU, see Table 2), in ~11 days (from March 8 to March 18), if it
propagated with an average speed of ~550 km/s. Since this estimate is
consistent with the mean solar wind speed (e.g., Kovalenko, 1983;
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Hundhausen et al., 1994; Borovsky, 2020), we may conclude that it is a
correct choice to assume the CME1 SWSW to be a key factor to influence
the exospheres of the observed asteroids. Given the same time for the
SWSW to reach (449) Hamburga and (24) Themis (the corresponding
heliocentric distances are 2.11 and 2.76 AU, see Table 2) on March 18,
we derive the average velocities of the SWSW, propagating toward these
asteroids, as ~332 and ~ 434 km/s. At a glance, the disagreement be-
tween the SWSW velocities in various directions may seem strange.
However, this apparently characterizes the irregular geometrical struc-
ture of a CME, which depends on its location on the Sun with respect to
coronal holes (sources of the high-speed solar wind) and streamers
(sources of the low-speed solar wind). At the same time, the SWSW
speed-vs-time profile changes due to the partial deceleration or accel-
eration of the SWSW front by the interplanetary magnetic field (e.g.,
Borovsky and Denton, 2016). Particularly, if the SWSWs moved along
spiral magnetic lines of force (shown by orange curves in Fig. 12), which
divide the fast and slow solar wind flows created by the rotating Sun,
they might have different speeds (e.g., Borovsky, 2020).

Fig. 12a and b schematically show the positions of the considered
asteroids during our observations in September 2012 (a high level of
solar activity) and March-April 2019 (a low level of solar activity),
respectively. In Fig. 12, the positions (145) Adeona, (704) Interamnia,
(779) Nina, and (1474) Beira (for the latter three ones, the average
elongation angle is E ~ 140°; see Table 1) (Fig. 12a) and the positions of
(24) Themis, (449) Hamburga, and (704) Interamnia (with an average
elongation angle of E ~ 112°; see Table 2) (Fig. 12b) are shown together
with the supposed profiles of the SWSW fronts, which are produced by
several ICMEs and move along the lines of force of the solar magnetic
field that influences the considered asteroids. It is seen from the figure
that a very close coincidence of the directions toward the asteroids (and,
consequently, the similarity of elongation values) explains how the
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asteroids may successively be subjected to the impact of the SWSWs
moving in the same direction along the solar magnetic lines of force. A
joint action of the ICMEs, which are close in duration of the period of
high solar activity, might trigger sublimation activity of (145) Adeona in
2012, long before its perihelion. The solar activity impact may also
explain the similarity in the reflectance spectra (the wavelength posi-
tions of the maxima) of active asteroids of close taxonomic types (hence,
of similar composition) surrounded by an exosphere developed due to
more strong sublimation of ice and the intense solar wind.

To model the SWSW impact produced by a solar CME on an asteroid
is beyond the scope of the paper. Here we mostly deal with new spectral
data, which contain the indications of activity of asteroids, and model
their reflectance spectra on the basis of the light-scattering and
radiative-transfer theory. However, we realize that our observational
data may be used to assess the approximate energy imparted to an
asteroid from the SWSW of the identified CME. The model of an aster-
oid’s exosphere should account for the energy balance to give two values
of the total energy of exosphere particles (with and without SWSW in-
fluence) providing the estimate of the SWSW action. So, we call for
additional modeling work to be done that would incorporate the results
from this paper.

3. Numerical simulations and interpretation of the reflectance
spectra of active asteroids

3.1. Input parameters for simulations

3.1.1. Particles in the exosphere

To retrieve the properties of exospheres of the active asteroids from
their reflectance spectra, we calculated the light-scattering models for
particles composing the exosphere. For this, such parameters of particles
as their sizes, refractive index, and structure should be specified.

3.1.1.1. Morphology and sizes. First, we assumed that dust/ice particles
in the exosphere have a complex (aggregate) structure, as those in
comae and tails of comets. An aggregate structure of cometary particles
with submicron constituents is confirmed by the results of both remote
and in situ investigations of comets in the Solar System (see, e.g., Fulle
et al., 2000; Kolokolova et al., 2004; Giittler et al., 2019; and references
therein). In particular, according to the polarimetry of comets, the sizes
of fragments or heterogeneities in cometary particles are somewhat
smaller than or comparable to the visible wavelengths, so that the size
parameters of constituents (x = 2ar/A, where r is the radius of constit-
uents and ) is the wavelength) are in a range of 1.0-2.0 (e.g., Petrova
et al., 2000; Kimura et al., 2003; Tishkovets et al., 2004; Lasue et al.,
2009; Lumme and Penttila, 2011; and references therein). For this size
relationship between the scatterers and the wavelength, the electro-
magnetic interaction of constituents in aggregates substantially in-
fluences the results of optical measurements, which requires this
interaction to be taken into account in the light-scattering model cal-
culations (e.g., Tishkovets et al., 2004; Dlugach et al., 2011; Zubko et al.,
2015; Liu and Mishchenko, 2018; Kolokolova et al., 2018).

Based on a statistical fractal structure of cometary dust agglomerates
(e.g., Mannel et al., 2016), we use here fractal-like aggregates (clusters)
simulated with the diffusion-limited aggregation from identical submi-
cron particles (Mackowski, 1995). Then the resulting structure can be
represented by N = ks (Rg/d)Df, in which N is the number of spheres
composing a cluster (monomers), d is their diameter, Ry is the radius of
gyration of the cluster, Dy is the fractal dimension, and kg is a pre-factor
constant.

It is worth stressing that our purpose here is to model the scattering
properties of aggregate particles rather than the exosphere particles
themselves. Though the latter can be much larger than the structures
considered here, the positions of interference features produced by ag-
gregates in the spectra become resistant to the growing of aggregates, if
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the number of constituent particles (CPs) has reached some value
particular to a specified structure (see below). As has been recently
shown by Tishkovets and Petrova (2020), in the considered ranges of
wavelengths (0.3-0.9 pm) and CP radii (~0.10-0.15 pm), the interfer-
ence feature positions in the spectra of aggregates mostly depend on the
real part of the refractive index and the sizes of CPs rather than their
number N. This allows us to consider rather small structures in the
analysis of the spectral patterns characteristic of aggregate particles. In
the simulations, the CP number varied from 5 to ~250, which provided
the radius of the mass-equivalent spheres of clusters up to R =~ 0.8 pm.
Below, we mostly present the model spectra for clusters with R = 0.4 pm.

Since cometary dust agglomerates widely differ in morphology (e.g.,
Giittler et al., 2019), we selected the fractal parameter values corre-
sponding to rather densely packed and fluffy structures as examples.
Most models presented here were calculated for k¢ = 8 and D¢ = 3.0 and
2.1. They correspond to the structure porosity p ~ 0.54 and 0.78,
respectively, if the number of monomers N is around 40-50. The
porosity p was defined from the so-called characteristic radius of a
cluster R, = (5/. 3)172 Rgasp=1-Nx (r/Rc)3. Some models were also
calculated for very fluffy clusters with p = 0.93 (kf = 5.8 and D¢ = 1.9).
The structures are schematically shown as insets in the plots for the
corresponding simulated spectra (see Figs. 13a, e, and 14c). As we will
see, the choice of a concrete structure is not of key importance for this
analysis and the spectra of different structures exhibit close behavior, if
the sizes and the real parts of the refractive index of CPs are the same.

To satisfy the limitations imposed by the results of polarimetry on the
sizes of constituents of cometary aggregate particles (see above), we
choose three values for the monomer radii—r = 0.0955, 0.115, and
0.130 pm—in calculations of the spectra of particles that are presumably
present in the exospheres of asteroids. Several models (Fig. 13, 14d, and
e) were also calculated for clusters with CPs of different sizes. Though
the smallest fragments identified in cometary particles of the 67P coma
(e.g., Giittler et al., 2019) are smaller than the CPs considered here
(50-200 nm vs. 200-260 nm), the examination of spectra of structures
with so small CPs will be of no practical interest for the present study,
since the interference spectral features they produce are in the UV range
(0.2-0.3 pm) beyond that in the present simulations (0.36-0.85 pm).
Consequently, our analysis does not exclude that the CPs in aggregates
may contain even smaller heterogeneities.

3.1.1.2. Composition. To model the presence of particles of different
composition in the exospheres of asteroids, we consider three cases for
the matter of aggregates. (1) H,O ice as a representative of volatiles; the
real part of the refractive index m; weakly changes from 1.30 to 1.33 in
the considered spectral range (Warren and Brandt, 2008), while the
imaginary one mj is negligible (we note that it is still impossible to
directly identify the products of sublimation from active asteroids with
currently available observational facilities, while it is supposed that
various ices, in addition to HyO, may survive in their subsurface layers
(e.g., Snodgrass et al., 2017)). (2) Mg—Fe silicate (olivine) as one of the
most abundant components of the cometary dust material; m, varies
from 1.78 to 1.81, while m; decreases from 0.20 to ~0.07 with
increasing A from 0.35 to 0.7 pm and further changes weakly (Dorschner
et al.,, 1995). (3) A mixture of organic substances, which is collectively
known in astronomy as tholins; their refractive index essentially de-
pends on the formation conditions, but they generally exhibit the
strongly increasing absorption at short wavelengths, while m, varies
along the spectrum between 1.55 and 1.75 (e.g., West et al., 2014); here
we assumed m; = 1.65 and m; exponentially decreasing from 0.25 to 0.0
with increasing A in the considered spectral range. The other organics
often considered in astronomy, such as, e.g., hydrogenated carbon, are
close to olivines and tholins in terms of the refractive indices (e.g.,
Jenniskens (1993); Greenberg and Li (1996)).

3.1.1.3. Important comments. It is worth noting that, though the
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characteristics of the scattered light weakly but depend on realization
peculiarities of the aggregate structure with assumed fractal parameters
(Tishkovets et al., 2004), we consider here the spectra only for one of the
structure realizations. The reason is that our purpose here is to reveal
trends in the behavior of the spectra in dependence on the cluster
properties rather than to fit quantitatively the measured spectra with the
models. Moreover, test calculations performed for several different re-
alizations of the considered structures confirmed that the spectral curves
for different of structure realizations exhibit somewhat differing
behavior only at wavelengths larger than 0.5 pm (for the considered
monomer sizes and materials) and this effect is much weaker than those
produced by varying the other parameters of the clusters.

One more item that should be clarified is that we assume the particles
composing clusters to be spherical in shape. This assumption is sup-
ported by two circumstances. First, it is seen in electronic microscope
images of interplanetary and cometary particles that the aggregate
constituents are smoothed in shape (e.g., Giittler et al., 2019, and ref-
erences therein). Second, for aggregates composed of rather small
irregular particles with x < 2, the scattering characteristics obtained
from numerical modeling (e.g., Lumme and Penttila, 2011; Zubko et al.,
2015) and laboratory measurements (Gustafson and Kolokolova, 1999)
turned out to be close to those of multi-sphere aggregates. This fact is
explained by some blurring out the peculiarities in the scattering on
individual spheres of these sizes by near-field effects if the constituents
are close to each other in the aggregate.

3.1.2. Exosphere optical thickness

In most models presented below, the optical thickness of the dust/ice
exosphere is assumed to be T = 0.1 or 0.5 at A = 0.55 pm; its change
along the spectrum is accounted for according to the change in the
scattering cross-section of the aggregates. In some models, we assume
the exosphere to contain clusters of different types homogeneously
mixed or stratified. To analyze the effect of the gaseous component on
the exosphere reflectance spectrum, the models for dust/ice particles
homogeneously mixed with gas are calculated (Fig. 13e, g, and h). It is
assumed that the gas optical thickness is t4,s = 0.002 at 0.55 pm and
changes along the spectrum according to the Rayleigh law Tg,s ~ 1/23%

The specified values of the optical thickness are based on the data for
the column density of particles and gas in cometary comae, since these
estimates for exospheres of active asteroids are still lacking. For
example, the column densities of dust/ice particles obtained for the jets
of comet 103P/Hartley 2 (Protopapa et al., 2014) yield the optical
thickness of about 0.1, if the sizes of jet particles are assumed to be as
those considered in our study. However, in real jets the particles may be
much larger than 1-2 pm, which should result in higher values of the
optical thickness. From the column density of gases in the coma of comet
67P/Churyumov-Gerasimenko near perihelion (Bockelée-Morvan et al.,
2016), it follows that the gas contribution to the coma’s optical thick-
ness is negligible. Nevertheless, to show how the scattering by gas may
influence the spectra of the exosphere, we specified this quantity
nonzero. Since the particles much smaller than the wavelength (x < < 1)
produce a similar spectral effect as the gaseous component, the model
accounting for the gas presence also allows us to illustrate the effect of
the presence of such particles in the exosphere.

3.1.3. Spectral characteristics of the surface

To calculate the intensity of light scattered in an exosphere above an
underlying surface, it is necessary to specify the surface albedo As at
each of the wavelengths and the surface reflectance law. Here, we as-
sume that A; = 0.072 at A = 0.55 pm, which is an intermediate value
between the geometric albedos of Themis and Interamnia (0.067 and
0.078, respectively (http://ssd.jpl.nasa.gov/sbdb.cgi#top)). It is worth
noting that Interamnia and Themis have the largest diameters among
considered asteroids (306.3 and 198 km, respectively, see Tables 1 and
2); and, apparently, their geometry is not extreme (their light curve
variations are rather low, less than 0.09 mag (https://minplanobs.or
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g/alcdef/)) https://minplanobs.org/alcdef/php/alcdef GenerateALCDE
FPage.php. The spectral behavior of Ag in the considered range was
obtained from the spectra measured for these asteroids on March 18,
2019, which agree with the SMASS data and presumably correspond to
the surfaces of asteroids without exospheres (the corresponding lines in
Figs. 4 and 6). Since our task is to interpret the results of integral
measurements performed relatively far from the opposition (where the
opposition effects may induce a substantial enhancement in brightness),
we may assume that the asteroid surface scatters light isotropically,
which makes the computing procedure much simpler.

3.2. Computational techniques

To calculate the elements of the single-scattering matrix and cross-
sections for the generated clusters in random orientation, we use the
numerically exact superposition T-matrix method and the corresponding
publicly available FORTRAN code (Mackowski and Mishchenko, 1996,
2011). The T-matrix method is one of the most versatile and efficient
direct computer solvers of the macroscopic Maxwell equations widely
applied to arbitrary multi-sphere configurations.

Then, the resulting single-scattering characteristics of clusters are
used in the radiative transfer procedure to compute the intensity of light
scattered by the exosphere-surface system. This procedure is based on
the invariant imbedding technique described in detail by Mishchenko
and Travis (1997 and references therein). Since it deals with plane-
parallel scattering layers, we calculate the intensity of scattered radia-
tion for small areas on a sphere approximating the exosphere around the
asteroid. The intensity values obtained for these areas (roughly 3° x 3°
in latitude and longitude), within which the scattering medium is
considered as plane-parallel, were integrated over the sphere with ac-
counting for the phase angle of observations. The models shown below
are for a phase angle of 20°. It is worth noting that variations of the
phase angle within +15° weakly influence the shape of the model
spectra, since the single-scattering phase functions of the considered
aggregates show no strong features in the backscattering domain at each
of the considered wavelengths.

3.3. Model results

Examples of the model spectra calculated for different parameters of
aggregates in the exosphere above the asteroid surface are shown in
Figs. 13 and 14. The optical thickness of the exosphere, the material of
aggregates, and the CP radii are specified in the diagrams. The structures
of the clusters are schematically shown in the insets.

The behavior of spectra for the considered exosphere-surface system
in dependence on the properties of clusters composing the exosphere
completely follows the spectral curves of the single-scattering phase
functions for the corresponding clusters in the backscattering domain
(Tishkovets and Petrova, 2020). The exception is the short-wavelength
range, where a rather rapid decrease in the surface albedo diminishes
the intensity of light scattered by the exosphere-surface system. Ac-
cording to the recent analysis of the visible spectra of light scattered by
aggregates with submicron constituents to the backward hemisphere,
these spectra contain the features induced by the interference of waves
scattered on both individual CPs and their ensembles, the spectral po-
sitions of which are defined by the CP sizes and the real part of the
refractive index (Tishkovets and Petrova, 2020). The “individual”
extrema are at A < 0.4-0.5 pm depending on r and m,, while the “col-
lective” maximum is at longer wavelengths. For the considered param-
eters of aggregates, only the collective maxima and the first individual
minima fall into the spectral range of observations. It is well seen in the
spectral curves in Fig. 13 that the entire interference pattern moves to
longer wavelengths with increasing r and m;, and the cluster porosity is
of secondary importance. For example, for ice particles, the collective
interference maximum moves from ~0.42 to ~0.55 pm when r increases
from 0.0955 to 0.130 pm, and the only individual minimum seen in the
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considered range is that for clusters with larger CPs (at ~0.42 pm forr =
0.130 pm). For the higher values of m; (for tholins and olivines) and r =
0.130 pm, this minimum is already at 0.50-0.55 pm and the maximum is
at 0.65-0.70 pm. It is also worth noting that the presence of CO; ice,
which is a common component of the cometary material, only slightly
shifts the interference pattern to longer wavelengths (for the same r
values), since its m, value is ~8% higher than that of HyO ice.

Some models shown in Fig. 13 illustrate the effect of a gaseous
component in the exosphere, which is a somewhat higher intensity level
at short wavelengths relative to the models without gas. The larger the
portion of gas (or particles much smaller than the wavelength) in the
total optical thickness, the stronger the effect. The decrease in the op-
tical thickness of the dust/ice component expectedly makes the spectral
features induced by clusters in the exosphere less prominent, while the
spectrum of the surface becomes dominant.

The models in Fig. 14a and b demonstrate the influence of poly-
dispersity of aggregate constituents on the spectra resulted: the collec-
tive maximum survives, but moves to shorter wavelengths. At the same
time, the interference extrema caused by individual constituents become
smoother (Tishkovets and Petrova, 2020), though this spectral range is
beyond the present analysis.

To illustrate the effect of the aggregate arrangement, which may be
observed in the spectra for clusters of strongly differing structures, the
model spectra for densely packed and fluffy clusters are compared in
Fig. 14c. It is seen that the collective maximum produced by the fluffy
cluster is at longer wavelengths than that of the densely packed one
composed of the same number of monomers. The explanation is that
more constituents are required for fluffy clusters to produce the collec-
tive maximum insensitive to the further growth of the ensemble (Tish-
kovets and Petrova, 2020).

To show how the composition heterogeneity of aggregates in the
exosphere influences the reflectance spectra, the models for aggregates
composed of ice and olivine monomers (in proportion 1:1) are shown in
Fig. 14d. By comparing the models in Fig. 13a and c, we see that the
features produced by olivine monomers became less prominent, while
the maxima induced by ice monomers became almost smoothed (espe-
cially that for r = 0.0955 pm).

The models in Fig. 14e and f were prepared for exospheres con-
taining aggregates of two different compositions—ice and olivine. The
features in the spectra for homogeneously mixed ice and olivine ag-
gregates (Fig. 14e) look even smoother than those for clusters with
heterogeneous composition (Fig. 14d). However, the features induced
by scattering on different components can be made distinguishable if the
ice and olivine aggregates are separated into layers in the exosphere. It
would be reasonable to assume that the lower layer may contain both ice
and olivine particles, while only olivine particles remain in the upper
layer, where the ice component has already sublimated. Note that, for
example, according to observations of comets 103P and 67P, aggregate
particles in the cometary comae evolve with the distance from the nuclei
in a similar way (e.g., Protopapa et al., 2014; Lin et al., 2015; Gicquel
et al.,, 2016). To facilitate the comparison, in the models shown in
Fig. 14f, the lower layer was assumed to contain only ice particles; and it
is seen that a relatively high value of the optical thickness for the ice
component allows its characteristic maximum at A ~ 0.42 pm to become
noticeable in the spectrum of the exosphere-surface system. Impor-
tantly, the spectral feature at 0.4-0.5 pm is very similar to that seen in
the reflectance spectra of Adeona, Interamnia, and Nina (Fig. 1a—c) and
may be a marker of the specified configuration of the asteroid’s
exosphere. Thus, this case of the model spectra may be of particular
interest for the further analysis of the measured reflectance spectra of
active asteroids.

3.4. Explanation of the measured spectra of active asteroids based on the
light-scattering simulations

The unusual features that attract attention in the spectra of active
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asteroids measured in 2012 (Fig. 1a—c) are bimodal maxima or “steps”
approximately at 0.4 and 0.5 pm. According to the results of simulations
described above, these features could be caused by the scattering on
clusters with ice and silicate constituents of the smallest model sizes (r =
0.0955 pm). The feature at ~0.4 pum is apparently produced by ice
particles, while that at ~0.5 pm, by olivine ones. Moreover, these fea-
tures of the measured spectra may hardly be explained with a homo-
geneous model of the exosphere and require a two-layer model as those
presented in Fig. 14f. For example, the models like those with ice ag-
gregates in the bottom layer (with T = 0.8 or 0.7) and olivine aggregates
above (with T = 0.4 or 0.5) may provide a good qualitative fit of the
reflectance spectra of Adeona, Interamnia, and Nina measured in 2012.
As follows also from the simulations, the fall in the reflectance spectra of
Adeona, Interamnia, and Nina at A < 0.4 pm (Fig. 1a—c) could be caused
by either the absorption in silicate or tholin particles on the surface or in
the exosphere (e.g., Wagner et al., 1987; Cloutis et al., 2008; West et al.,
2014) or the scattering by ice aggregates with small constituents (r =
0.0955 pm), which produces a maximum at ~0.4 pm and a minimum at
0.32 pm (the latter is beyond the range of measurements).

Fig. 1 shows that each of the considered asteroids exhibits its
particular features at ~0.35-0.40 pm, which are apparently determined
by peculiarities in the composition and morphology of dust/ice clusters
in their exospheres. At the same time, Mars-crosser (1474) Beira
exhibited similar maxima but shifted to 0.44-0.45 pm and ~ 0.65 pm,
respectively. However, the first one is relatively weak and located
against the background of the profile generally rising to the short-
wavelength end. The simulations show (Figs. 13g, h, and 14) that
these features of Beira’s spectra can be produced by clusters with larger
(r = 0.115-0.130 pm) ice and silicate (olivine) constituents. The latter
were transported to the exosphere by intense gas flows (which, in turn,
cause a general rise of the profile due to the Rayleigh scattering) induced
by a significant increase of the subsolar temperature (Busarev et al.,
2016).

Let us analyze in more detail the reflectance spectra of (704) Inter-
amnia (the diameter is D = 306 km), (24) Themis (D = 198 km), and
(449) Hamburga (D = 86 km) obtained in March—April of 2019 with the
UBVRI (or BVRI) photometry. Though these reflectance data measured
at several wavelengths cannot probably be called “a spectrum” in the full
sense, we use this term for convenience. The spectral patterns observed
for these asteroids turned out to be very similar (Figs. 4-6). In addition
to the physical causes of this similarity, the fact that the measurements
were made only at several wavelengths could contribute to smoothing
individual features in the spectra. Consequently, we may use these data
to describe only a general profile of the reflectance spectra. However,
this allows us to consider, as a first approximation, the characteristic
spectral maxima at 0.44 and 0.66 pm in the light of the above simula-
tions (see Fig. 13) and to interpret them as a manifestation of an
exosphere around each of these asteroids. It should be noted that
infrared observations (in the 2—-4-pm wavelength range) of (24) Themis,
which were performed by two independent research groups (Campins
et al.,, 2010; Rivkin and Emery, 2010), were the first to reveal the
presence of water ice and organic compounds on the surface of the
asteroid.

The maxima in the spectra of Themis, Hamburga, and Interamnia are
somewhat shifted to the longer wavelengths in comparison with similar
features in the spectra of active asteroids observed in 2012 (Fig. 1a—c),
which may be caused by the presence of clusters with larger constituents
(r = 0.115-0.130 pm) in the exospheres. Since these asteroids were
observed in 2019 under low solar activity (hence, when the events of
solar flares and associated CMEs, ICMEs, and SWSWs were rare), their
material, including dust in the exospheres, could be less exposed to ra-
diation than that of asteroids 145, 704 and 779 in 2012. Therefore, we
suppose that the sizes, structure, and density of aggregate particles in the
exosphere of active asteroids, as the corresponding properties of dust
clusters in comets (e.g., [vlev et al., 2002; Dominik, 2009), are influ-
enced by the radiation conditions and magnetized interplanetary
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plasma, which depend on the general level of solar activity and solar
eruptive events.

The unusual profile of the reflectance spectra of (704) Interamnia,
(24) Themis, and (449) Hamburga measured on April 10, 2019 (the
corresponding profiles in Figs. 4-6) with a single maximum (at 0.66 pm)
also needs to be explained by taking into account the model results
(Fig. 13) and flare and eruption activity of the Sun. These spectral data
were obtained 20 days after a noticeable solar flare and the associated
CME occurred on March 20, 2019, which was twice as strong as two
similar events occurred earlier, on March 8-9 (https://cdaw.gsfc.nasa.
gov/CME list/UNIVERSAL/2019_03/univ2019_03.html). The SWSW
caused by this CME was to reach asteroids Themes, Hamburga, and
Interamnia on March 31 (with a mean speed estimated at ~550 km/s).
That is, 11 days passed between the impact of this SWSW on the aster-
oids and our observations on April 10. Thus, the two-peak reflectance
spectra of the asteroids were obtained 1-2 days after they had been
exposed to impact of the passing-by SWSWs (the corresponding profiles
in Figs. 4-6). However, the single-peak spectra of April 10, 2019 were
obtained 11 days after the last SWSW passage (see the corresponding
profiles in Figs. 4-6). Taking into account that, according to the simu-
lations, the maximum at 0.44 pm may result from the light scattering by
clusters of ice constituents (with r = 0.0955-0.115 pm) (Fig. 13a and e),
we suppose that ice clusters may evaporate from the exospheres of as-
teroids for less than ~10 days. Consequently, the 0.44-pm maximum in
the spectra of asteroids disappeared, and only aggregates with a mixture
of silicate and organic particles, producing a maximum at 0.66 pm
(panels (b)-(c) and (f)-(h) in Fig. 13), could remain in their exospheres.

Thus, according to the results of our modeling (Figs. 13 and 14), the
features in the visible reflectance spectra of active main-belt primitive
asteroids (145, 704, 779, 1474, 24, and 449) suggest that exospheres,
containing aggregates of Fe—Mg silicate, ice, and tholin particles,
enveloped these asteroids during the observations. It is worth reminding
that the mass of particles escaping from the asteroids cannot be esti-
mated reliably from the present modeling, since the features in the
simulated spectra are mostly sensitive to the sizes of monomers
composing the aggregates and the real part of their refractive index
rather than to the sizes of agglomerates themselves. Nevertheless, we
may attempt to find some rough estimates of this parameter.

Though in real exospheres the sizes of agglomerates may be much
larger than those considered here, starting from some size (which de-
pends on the refractive index and the ensemble structure), the spectral
features become weakly sensitive to the further growth of an agglom-
erate (Tishkovets and Petrova, 2020). Because of this, in fact, aggregates
of small sizes were sufficient for our simulations of the spectra of exo-
spheres. Consequently, we estimated the optical thickness under the
assumption that the entire exosphere contains exactly these small ag-
gregates. The point is that the radiative transfer procedure (within
which the optical thickness value is specified) requires the single scat-
tering characteristics of particles, for which the spectrum was calcu-
lated, i.e., small aggregates. In reality, no doubt, an exosphere should
also contain large particles. However, nothing can be said about their
sizes from examination of the spectral features.

Nevertheless, if we assume that the exosphere contains only small
aggregates, we may roughly estimate the mass of particles in the
exosphere from its optical thickness in the following way. In the simplest
case, under the assumption that the exosphere contains identical ag-
gregates (e.g., with a radius of the mass-equivalent sphere R = 0.6 pm
and the mean porosity of p = 0.7 (for the considered aggregates the
porosity varies from 0.5 to 0.9 (see Section 3.1.1)), the concentration of
which does not change with altitude above the surface, the optical
thickness may be presented as.

(2

where Qg the scattering efficiency factor of aggregates, N is their
number per unit volume, and h is the exosphere height. For the

T =nR* X Qsca X N X h,
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considered clusters of aggregates, Qgc, is about 5.0 in the visible range.
Then, N x h = 0.18 x 10'? x t (for sizes expressed in meters). If t = 0.1,
the number of particles in a column of the exosphere above 1 m?is N x h
= 0.18 x 10'® m™2. The mass of particles in this column may be esti-
mated from.

M =px(1.0—p)x (4/3)7R* x 1.8 x 10", 3)

where p is the material density assumed at 1000 kg/m?, which yields
M =5 x 107% kg/m?. This value may be considered as a reasonable
estimate, if we look at the sublimation rate of the MAB active asteroid
mentioned by Jewitt (2012): from 10 8%t 1074 kg/mzs.

Obviously, the assumption that only small aggregates are present in
the exosphere is not true. The exosphere should undoubtedly contain
larger particles. Then, the above estimate can be considered as a lower
limit. For example, from the formulas for the optical thickness of an
exosphere and the mass of particles composing it, we may derive the
ratio for the masses of different particles:

M, /Mz = (Rl X Tl)/(Rz X Tp) X QscﬂZ/Qscﬂl 4)

Then, from the comparison of particles with radii of 0.6 and 10 pm,
for which Qs = 5.0 and ~ 2.0, respectively (2.0 is the limit, to which
Qsca converges with increasing the particle size (e.g., Hansen and Travis,
1974)), we obtain M;/M> = 0.024(t1/72). In other words, for the same
values of 1, the mass of 10-um particles in an exosphere should be 42
times larger than that of 0.6-pm particles.

4. Discussion

Here we used spectrophotometric methods, which are well known
and has been used for a long time in the study of asteroid matter.
Therefore, we find it rather strange that nobody so far has applied these
methods to searching for signs of activity on asteroids resulting in a
temporal tenuous exosphere. Perhaps, this is due to the prevailing
opinion about asteroids as atmosphereless bodies. Adhering to this idea,
we performed an ordinary spectrophotometric study of the asteroid
matter composition and did not formulate a task for detecting the signs
of activity on the bodies. However, the unusual spectral features regis-
tered on the observed primitive asteroids led us to a supposition that
temporal exospheres may exist on these bodies. Our modeling efforts
showed that this is likely the case (Section 3). That is why, the list of the
objects considered in the paper does not include known active asteroids.
Naturally, we plan to include these asteroids in our next observational
programs and encourage other observers to use spectral methods to
search for the signs of activity on other primitive asteroids.

One more important issue to be explained is the absence of visible
signs of activity of considered objects that exhibit spectral signs of ac-
tivity. As has been discussed above (Section 2.3), the reason of this is an
insufficient spatial resolution of modern ground-based telescopes, which
do not allow direct (white-light) detection of a rarefied exosphere at
asteroids. However, as follows from the modeling of a reflectance
spectrum of an asteroid with an exosphere (section 3), such signs could
be registered by spectral methods (spectrophotometric or multiband
photometric ones).

Our spectrophotometric data also contain a negative example in
terms of finding indications of activity on asteroids, which bolsters the
use of spectral methods for this purpose. This is the reflectance spectrum
of (32) Pomona, S-type asteroid (Tholen, 1989; Bus and Binzel, 2002),
which was obtained nearly at the same time as that for (145) Adeona
(Busarev et al., 2015, Figs. 2 and 3). These two asteroids were in close
orbital configuration (similar heliocentric distances and elongation an-
gles from the Sun), but Adeona’s reflectance spectrum exhibited the
light scattering maxima of an exosphere, while that of Pomona did not.
So, the spectrum of (32) Pomona provides negative/null result in the
search for activity by the spectrophotometric method. An additional
value of this result is that it points to the effectiveness of spectral
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methods in the study of consequences of the SWSW impact on the
asteroid matter of different composition: while a highly porous primitive
matter (including phyllosilicates and organics) may undergo destruction
and sputtering under the action of high-energy particles, turning into the
source of an exosphere, a matter formed at high-temperatures likely
does not.

The phenomenon of subtle sublimation activity of main-belt primi-
tive asteroids near perihelion with a small rise of subsolar temperature
(up to a few dozens of degrees) could be considered as a very early stage
of the process. It likely leads to formation of a rarified dust exosphere
composed of small dust/ice aggregates. The typical optical thickness of
an exosphere around the asteroid may be ~0.1 at A = 0.55 pm, and the
reflectance spectra exhibit one or two maxima at 0.40-0.50 and/or
0.60-0.70 pm (Busarev et al., 2015). The life-time of the ice component
of the dust/ice exosphere should be relatively short because of quick
sublimation of H5O ice at heliocentric distances of the MAB. The next
stage of sublimation activity may take place on those main-belt primi-
tive asteroids, the orbits of which are considerably more eccentric. As
follows from our observations (Busarev et al., 2018), the growth of the
subsolar temperature by approximately a hundred degrees results in the
formation of a denser dust exosphere (the optical thickness may reach t
~ 0.5 at A = 0.55 pm) with silicate particles as a predominant component
of (e.g., on Beira).

The fact that some main-belt asteroids demonstrate simultaneous
sublimation activity near perihelion points to a common origin of the
bodies. The asteroids could originate in the vicinity of “snow line” (in-
side or beyond) providing a considerable percentage of water ice in their
material. If the orbital eccentricity of a body is noticeable and the rise of
subsolar temperatures induces its sublimation activity, we may detect
the presence of ice in its material. At the same time, we are interested in
revealing the evolutionary factors that support an increased content of
water ice near the surface of primitive asteroids for a long time and/or
strengthen or resume their activity. Among such factors for the main-
belt asteroids, we chiefly consider mutual collisions and frequent
meteoroid impacts, the influence of which lasts throughout a lifetime of
these bodies. However, solar activity and, in particular, solar flares
accompanied by CMEs and ICMEs and related SWSWs may play a spe-
cific role in forming an exosphere of primitive asteroids. Because of the
Sun rotation with nearly a month period, the outflow of its plasma
generates a spiral interplanetary magnetic field, which forces all charged
particles emitted by the Sun to move away from it along spiral trajec-
tories (e.g., Parker, 1963).

The Earth’s magnetosphere could be an additional electromagnetic
factor that focuses SWSWs and increases the concentration of particles
on their fronts. As is known from the results of space research, the
Earth’s magnetosphere is a cavity formed around the Earth by magnetic
lines of force, which are stretched under the pressure of the magnetized
solar plasma flux or by sporadic SWSWs (e.g., Hundhausen et al., 1994;
Allen and Alfred, 2004; Blanc et al., 2005; Borovsky, 2020). According
to the up-to-date measurements and ideas, the Earth’s magnetosphere is
elongated in the antisolar direction to considerable distances — from
~200 to ~800 radii of the Earth (e.g., Pinto et al., 2016; Witasse et al.,
2017; von Forstner et al., 2018). Importantly, it becomes narrower with
increasing the geocentric distance, especially under stronger solar
activity.

In connection with the discussion about the solar activity impact on
active main-belt asteroids, we hypothesize that a rather stable magne-
totail of the Earth could direct the flowing solar wind and the emerging
SWSWs along almost a straight line and focus them on the main-belt
asteroids being in opposition (E ~ 180°). This idea was formulated
only as a very preliminary one, and it is based on the fact that the Earth’s
magnetotail is oriented close to the direction toward the asteroids being
in opposition at the time of their usual observations (at minimal phase
angles). No modeling or calculations have been performed yet. This may
be ascertained by spaceborne measurements in the vicinity of the Earth’s
magnetotail at different heliocentric distances, similar to those of
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Solar-Terrestrial Relations Observatory (STEREO) (Witasse et al.,
2017). However, according to the present analysis, ground-based spec-
tral observations of active main-belt asteroids being near opposition
may also contribute to these investigations.

In our view, the most important result of our work is that sublimation
activity simultaneously demonstrated by main-belt primitive asteroids
near perihelion points to a considerable content of water ice in the
material of these bodies. If so, it may be indicative of their common
origin. Given the proximity of primitive-type asteroids or their parent
bodies to the snow line in the early Solar System (e.g., Safronov, 1969;
Lewis, 1974; Makalkin and Dorofeeva, 2009; Bitsch et al., 2015), we
may attempt to specify in general the formation mechanism for asteroids
of this kind. Basically, there are two formation scenarios for primitive
asteroids: (1) their parent bodies could origin in situ within the ring zone
bordered outside by the snow line (or within the MAB), and they
included a very small portion of water ice; (2) the bodies of stone-ice
composition were first formed in Jupiter’s formation zone and then
ejected from the zone by the growing proto-Jupiter (after its mass had
reached several Earth’s masses) in all directions, including the MAB
(Safronov and Ziglina, 1991). Along with fragmentation and swiping out
smaller bodies originally formed in the MAB at collisions, stone-ice
bodies might transport to the MAB a large amount of ice and hydrated
silicate materials distributed on the surface of all remained objects
(Busarev, 2002, 2012, 2016).

Thus, the evolution according to the second scenario could provide a
significantly higher amount of ice in the material of surface layers of
primitive asteroids than that in the first case. It is better consistent with
the phenomenon of simultaneous activity of primitive asteroids
considered here. It is worth noting that the second scenario also explains
the presence of hydrated silicates and even ices on main-belt asteroids
with the high-temperature mineralogy, including M-type ones (Busarev,
1998, 2002, 2016). One more important argument in favor of the second
scenario is a general principle of cleaning the formation zones of large
planets from small bodies at the stage when the planets have reached a
sufficiently large mass. A specific feature of this mechanism is the pre-
dominant ejection of small bodies by a host planet (when it had been
reached 2-3 the Earth’s mass) from its formation zone rather than their
accretion (e.g., Safronov, 1969). We can find manifold indications of the
latter processes in the present MAB (the absolute majority of main-belt
asteroids of irregular shape, a lot of craters covering their surfaces, etc.).

Giving preference to the second of the above scenarios of the origin
of primitive asteroids, let us consider the process of temporal sublima-
tion activity and the related appearance and disappearance of an opti-
cally thin exosphere on an asteroid. In the case of a significant ice
content in the matter of a primitive asteroid (up to ~ several dozens of
percent) and noticeable eccentricity of its orbit, sublimation of water ice
on or from under its surface should start and strengthen when the
asteroid is approaching its perihelion point. When the subsolar tem-
perature grows relatively weakly and the ejection velocity of sublima-
ting sub-micron HyO particles and carried away silicate dust grains is
low, micron-sized agglomerates of these particles should be distributed
more or less homogeneously around the asteroid due to its rotation,
which will result in an exosphere of a nearly spherical shape. The ice
component in the exosphere should rapidly evaporate. According to our
results, ice particles would first disappear from an external part of the
exosphere for less than ten days. The dust component of the exosphere
may exist longer, probably for several months or so. This may explain
different spectral features of active asteroids Adeona, Interamnia, and
Nina observed during their next perihelion passages in 2016-2018:
considerable changes in the reflectance spectra gradients instead of the
specific maxima appeared (Busarev et al., 2018, 2019a). We may expect
that the ejection of ice-dust particles from the asteroid surface at higher
temperatures is close in nature to those in comets, which are beyond the
present analysis and specially considered in depth by many authors (e.
g., Vincent et al., 2019; Wesotowski et al., 2019; Skorov et al., 2020; and
references therein). According to our interpretation, the maxima
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positions moved in the spectra of Beira to longer wavelengths (Fig. 1d),
which is likely explained by stronger sublimation activity and more
intense ejection of silicate dust to the exosphere at the temperature
growing by more than a hundred degrees (Busarev et al., 2018), better
correspond to the case of cometary activity. At the same time, as follows
from our observations, solar activity may change the above scenario.
Apparently, SWSWs may induce a renewal of ice sublimation and
additional ejection of dust particles to the exosphere of active asteroids,
especially in the periods of high solar activity.

5. Conclusions

To explain the phenomenon of active main-belt asteroids, we
analyzed the key parameters of the asteroids, activity of which was
detected, the main evolutionary factors that influence these bodies, and
the recent solar activity factors. Additionally, we carried out numerical
simulations of the reflectance spectra for an asteroid surrounded by a
dust/ice exosphere with taking into account morphologic, chemical and
mineralogical parameters of particles in the exosphere. This allowed us
to make the following conclusions:

1. For the first time, a phenomenon of simultaneous sublimation ac-
tivity was observed in September 2012 on three main-belt primitive
asteroids, (145) Adeona, (704) Interamnia, (779) Nina, and Mars-
crosser (1474) Beira. In March-April 2019, our observations of
(704) Interamnia, (24) Themis, and (449) Hamburga confirmed the
existence of this phenomenon (on the latter two objects - for the first
time).

2. As follows from our results, the spectral method is the most sensitive
one among the other optical methods to search for weak signs of
activity on asteroids in the form of an exosphere. The method
(including observations and model calculations) allows one to detect
a dilute dust exosphere around an active asteroid, the optical
thickness of which may be rather small, e.g., 7 = 0.1 at A = 0.55 pm,
and to estimate the composition of submicron dust particles by the
refractive index.

3. The comparison of the reflectance spectra of active asteroids and the
model ones calculated for fractal-like agglomerates of submicron
particles of different composition suggests that exospheres of active
asteroids contain particles of H»O ice, Fe—Mg silicates (e.g., olivine),
and/or tholins.

4. The fact that the sublimation-driven exospheres of three main-belt
primitive asteroids, (24) Themis, (449) Hamburga, and (704) Inter-
amnia (the last one was from the Sun at 3.17 AU), simultaneously
disappeared on March 18, 2019 is likely caused by the SWSW that
originated from a weak solar flare associated with the CME of March
8-9, 2019. According to the photometric data (Fig. 7), the impact of
the SWSW on the exosphere of Interamnia was weaker, which agrees
with the most distant position of the asteroid from the Sun at the
moment.

5. Simultaneous sublimation activity demonstrated near perihelion by
main-belt primitive asteroids is apparently indicative of the general
processes in the Solar System (as well as in exoplanetary systems).
The main one among them is likely a common origin of primitive
main-belt asteroids beyond the snow line in the early Solar System.
Apparently, solar activity (ICMEs and related SWSWs generated by
the Sun) regularly influences the sublimation process considered.
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