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Abstract—In December 2021 to February 2022, the UBVRI photometry of 29 primitive-type asteroids of the
Main Belt, being near the perihelion distances, was carried out at the 0.6-meter RC600 semiautomatic tele-
scope of the Caucasus Mountain Observatory (CMO) of the Sternberg Astronomical Institute, Moscow State
University. These observations, as well as the data processing and analysis, were aimed at searching for sup-
posed sublimation-driven dust activity on asteroids under maximal subsolar temperatures. Among the tasks
to be accomplished was the comparison of the physical and dynamic parameters of active and inactive aster-
oids. The main result is that substantial spectral signs of quasi-simultaneous sublimation-driven dust activity
were detected on six primitive-type asteroids of the Main Belt—145 Adeona, 302 Clarissa, 322 Phaeo, 435
Ella, 690 Wratislavia, and 779 Nina (on 302 Clarissa, 322 Phaeo, 435 Ella, and 690 Wratislavia—for the first
time). These six asteroids represent ~21% of all bodies included in the observation program. Probable spectral
manifestations of activity at a lower intensity level were detected for the first time on five more asteroids—
424 Gratia, 751 Faina, 762 Pulcova, 778 Theobalda, and 859 Bouzaréah. On 145 Adeona and 779 Nina, sub-
limation-driven dust activity near perihelion was registered for the third time for the last ten years; this time
interval corresponds to about three orbital periods of these asteroids around the Sun. We consider the circum-
stances due to which five of the listed asteroids possess families. General processes and conditions that could
and/or can influence the portion of primitive-type asteroids that quasi-simultaneously show signs of subli-
mation-driven dust activity are discussed.
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INTRODUCTION

The problem of asteroid activity arose about
25 years ago, when several small objects, which
showed signs of temporary comet-like activity, were
discovered in the Main Asteroid Belt (MAB). In
directly obtained images of these bodies, characteris-
tic comet tails were found; because of this, these
objects were called “Main Belt comets” (Hsieh and
Jewitt, 2006; Hsieh, 2009). Then, it was suggested that
these bodies might be nuclei of comets of Jupiter’s family
that lost activity and were trapped in the MAB under the
influence of gravitational resonances (Hsieh and
Haghighipour, 2016). However, despite careful searches,
the total number of bodies that demonstrated clear
signs of comet-like activity at the time of detection
does not yet exceed ten, while the remaining two or
three dozen, manifesting weaker signs of activity, are

known asteroids of the Main Belt (see, e.g., Chandler
etal., 2018; Hsieh et al., 2018; Jewitt and Hsich, 2022).
In this connection, it should be emphasized that the
most numerous population of asteroids of the Main
Belt (constituting, according to some estimates, up to
~75% of its members), are bodies of primitive types
characterized by low-temperature mineralogy. They
mainly belong to taxonomic (spectral) classes C, B, F,
and G, which are believed to correspond to carbona-
ceous chondrites demonstrating the signs of aqueous
alterations. Analyses of the spectral characteristics of
these asteroids and their mineralogy (see, ¢.g., Gaffey
et al., 1989, 2002), simulations of their formation pro-
cesses (see, e.g., Zolensky et al., 1989; McSween Jr.
et al., 2002), and studies of carbonaceous chondrites
(see, e.g., Bradley, 2006; Alexander et al., 2018 and
references therein) suggest that their parent bodies
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were formed in the vicinity of the “H,O ice line” or
beyond it in the early Solar System. Consequently, it is
very likely that most of the Main Belt asteroids of the
listed primitive types could potentially exhibit subli-
mation-driven dust activity (SDA), provided there are
ice deposits in their interior. We will dwell on this issue
at length in the Discussion section.

As shown by recent space-borne studies of the
C-type asteroid 1 Ceres and 162173 Ryugu performed
onboard the Dawn (NASA) and Hayabusa 2 space-
craft, respectively (see, e.g., Schorghofer, 2016; Sugita
et al., 2019), the regolith of primitive asteroids, con-
sisting of very small particles, is highly porous, has
extremely low thermal conductivity, and may reach
several meters or even more in thickness. In this case,
the “survival time” for ice (it is mostly H,O ice due to
the higher volatility of CO,) (see, e.g., Fanale and Sal-
vail, 1989; Longhi, 2005)) may reach ~4 Gyr
(Schorghofer, 2008, 2016). It may also be supposed
that, on the surface of such asteroids, local subsurface
ice deposits outcrop or ice materials are regularly
ejected due to impact events occurring very often in
the MAB in a wide energy range. The main indication
of regular and massive impact events in the MAB is the
persistent dust belts associated with it, which were
found from the Infrared Astronomical Satellite
(IRAS) data (Sykes et al., 1989; Veeder and Tedesco,
1992). The high probability of impact events in the
MAB is also confirmed by the results of recent model
calculations (Shustov et al., 2022). One more regular
and widespread factor influencing asteroids is solar
activity in the flare (in the electromagnetic range,
most often in the X-ray range) and eruptive (ejections
of the plasma substance) forms, which leads to the for-
mation of shock magnetogasodynamic (MGD) waves
in the solar wind. These waves can tear away the small-
est electrified regolith particles from the surface of
asteroids, set them in motion, and form a dust exo-
sphere from them. At the moments of shock wave pas-
sages, the exosphere takes the form of a short cometary
tail elongated in the antisolar direction (Busarev, 2018;
Busareyv et al., 2021). Other processes resulting in dust
activity of asteroids may also take place (see, e.g., Jew-
itt, 2012 and references therein), but they are more
exotic and/or less probable.

About ten years ago (Busarev et al., 2015), we
started to search for sublimation-driven dust activity
(SDA; by this term we understand the formation of gas
flows during the sublimation of water ice, which carry
fine submicron dust away and form a tenuous dust
exosphere held near the body by its gravity and possi-
bly electrostatic and induced ekectromagnetic forces)
on primitive-type asteroids of the Main Belt, which is
connected with their low-temperature origin and the
supposed presence of subsurface ice layers. The use of
low-resolution spectrophotometry enabled the detec-
tion of SDA on four asteroids at a time: 145 Adeona,
704 Interamnia, 779 Nina, and 1474 Beira (Busarev
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et al., 2015, 2016). Subsequent observations (includ-
ing those considered here) twice confirmed SDA near
perihelion on 145 Adeona, 779 Nina, and, repeatedly,
on 704 Interamnia (Busarev et al., 2015, 2018; Busarev
et al., 2019). Thus, there are indications of SDA that is
periodic near perihelion and/or has long duration on
some primitive asteroids, on the surface of which ice
materials may outcrop probably because they are close
to the surface. The purpose of this paper is to present
and discuss the results of searching for new objects
with signs of SDA among primitive-type asteroids of
the Main Belt, as well as to study the causes of SDA.

OBSERVATIONAL DATA
AND THEIR ANALYSIS

We carried out new UBVRI observations of
29 primitive-type Main-Belt asteroids near perihelion in
the period December 2021 to February 2022. We used
the 0.6-meter RC600 telescope of the Caucasus Moun-
tain Observatory (CMO) of the Sternberg Astronomical
Institute (SAI) of Lomonosov Moscow State Univer-
sity (at an altitude of 2112 m above sea level). The tele-
scope operates in semiautomatic mode and is equipped
with the Andor photometer (iIKON-L DZ-936N-BYV;
2048 x 2048 CCD elements; pixel size 13.5 um) with a set
of UBVR._I_filters of the Johnson—Cousins system and
a CCD matrix cooled down to —60°C. The effective
wavelengths of the UBVR_I filters, 355.9, 427.0, 543.9,
656.6, and 804.1 nm, respectively, were determined
with the integral formula for the weighted average A
with the spectral transmission function R(A) for each
of the filters (see, e.g., Bessell, 2005; Mironov, 2008):

) j ROV
her = j ROV

Table 1 contains the halfwidths (FWHM) and the
effective wavelengths of the UBVR.I, filters installed
on the RC600 telescope (Fig. 1a) and the same param-

eters calculated for the whole U'B'V' R I photometric
system (Fig. 1c¢), including the quantum efficiency
(QE) of the CCD matrix (Fig. 1a), the transparency of
the entrance window (EW) of the camera (Fig. 1a),
and the model median spectral transparency (ST) of
the atmosphere at the SAI CMO (Fig. 1b).

The ST was calculated by using a software package
to model numerically the radiative transfer in the
Earth’s atmosphere (Kornilov et al., 2016) as a func-
tion of the observatory’s altitude above sea level, sea-
sonal atmospheric water vapor content, and some
other parameters (Emde et al., 2016). As can be seen
from Figs. 1b and Ic, the R, and /., photometric bands
are influenced by strong telluric bands of O, (A-band)
and H,0 (Kurucz, 2005).

As follows from Table 1, the relative differences in
the UBVR. I, and U B'V'R.I. effective wavelengths are

(1
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Table 1. The effective wavelengths A and the halfwidths AL for the installed UBVR,I. filters and the resulting U'B'V'R.1,

photometric system, as well as their relative differences

Effective wavelengths
and halfwidths, nm v B v R. L
ety 355.9 427.0 543.9 656.6 804.1
AL 61.7 95.8 99.8 155.4 167.8
v B v R I
- 366.3 436.5 544.8 653.5 797.1
(0 = gt ) /e 0.029 0.022 0.002 0.005 0.009
AN 42.9 89.3 100.3 153.7 163.4
|(AX — AL') /AN 0.305 0.068 0.005 0.011 0.026

0.029, 0.022, 0.002, 0.005, and 0.009, respectively,
while the relative differences in the band halfwidths
(FWHM) are 0.0305, 0.068, 0.005, 0.011, and 0.026,
respectively. Since the latter are larger in magnitude,
they may be taken as maximal errors in the measured
intensities of light coming from the objects, when the
intensity values are converted into the extra-atmo-
spheric system.

Tables 2 and 3 contain a list of the 29 asteroids con-
sidered and their main physical, dynamic, and obser-
vational parameters. Table 3 also contains information
on the solar-type stars used in the data processing.

Data Processing Technique

To detect dust activity on asteroids, we used a tech-
nique based on the differential UBVRI photometry of
these bodies and invariable standard solar-type stars
for determining the reflectance of asteroids at effective
wavelengths of the filters. It is commonly accepted in
spectrophotometry that the reflectance (or the reflec-
tance spectrum) of an asteroid, as an atmosphereless
celestial body, is calculated by the following formula
(see, e.g., Busarev, 1999):

p(auh) = k1, (1) p(\) ™ /1, (1), @)

where I,(A) and I(A) are the monochromatic intensi-
ties of light registered at the receiver from the asteroid
and the star standard, respectively (the latter is a solar
analog, replacing the Sun in the first approximation),
from which the sky background is removed; o is the
phase angle of the asteroid; p(A) is the spectral trans-
parency function of the Earth’s atmosphere calculated
for a given observational night; SM = M, — M, is the dif-
ference in the air mass corresponding to the asteroid and
the star standard; and & is some constant factor.
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In UBVRI photometry, in contrast to spectropho-
tometry, the integral intensities of light from objects in
photometric bands, rather than in monochromatic
ones, are used in formula (2). Besides, as already have
been noted, the halfwidths of the photometric bands
themselves and the values of A (see Table 1) slightly
changed under the influence of the spectral sensitivity
of the CCD matrix and the spectral transparency
function of the Earth’s atmosphere (including the
effects from telluric bands). However, since the inten-
sity of light from the asteroid is divided by the similar
quantity for a solar-type star (to determine the reflec-
tance of the asteroid), these changes mutually com-
pensate each other for the most part due to their mul-
tiplicative character. It is also important to emphasize
that, during the observations, the air masses of the
absolute majority of objects did not exceed 1.3, except
for a few with air masses up to 1.5 (see Table 3). In
addition, all of the discussed observations were carried
out in winter, when the Earth’s atmosphere in the
vicinity of the SAI CMO was most transparent.

As can be seen from Table 3, the phase angles of
asteroids at the moments of observations did not
exceed 20° and, as follows from the results of labora-
tory model measurements (see, e€.g., Sanchez et al.,
2012), could not noticeably influence the shape of the
approximated reflectance spectra. Consequently, to
simplify the calculations with formula (2), it was
assumed that 7,(ct, A) = I,(A) in the specified range of
phase angles.

So, we were consistent with the following sequence
of operations: (a) the uniformity of the sensitivity
through the recording CCD is corrected (the flat field
correction), as well as the dark currents and signal
reading noises are taken into account; (b) the intensi-
ties of light from the asteroid and the nearest by coor-
dinates G-type star, as a solar analog (the absence of
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Fig. 1. Spectral characteristics of the photometer mounted at the RC600 telescope, the model spectral transparency (ST) of the
terrestrial atmosphere at the CMO, and the whole photometric system: the spectral characteristics of the UBVR_I, filters, the
quantum efficiency (QE) of the CCD matrix, and the transparency of the entrance window (EW) of the camera (a); the median
ST modeled (b); and the resulting spectral characteristics of the U'B'V'R..I. photometric system used (c).
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Table 2. Physical and dynamic parameters of the asteroids
L o Famil;
Number Name S—l;;zii; SMASSII Geometric | Diameter, Sen:xniqsajor Orbi't ‘ Pjirslthaer:lc(;n (name as;ld
class spectral class albedo km (AU) eccentricity (AU) number of
members)
91 | Aegina CP Ch 0.048 103.402 2.590 0.107121 2.313 —
98 lanthe CG Ch 0.029 132.788 2.688 0.187465 2.184 —
106 | Dione G Cgh 0.044 207.869 3.180 0.159383 2.674 —
145 | ADEONA C Ch 0.061 127.783 2.671 0.146710 2.280 Adeona (6279)
212 | Medea DCX — 0.0465 136.12 3.116 0.102909 2.796 —
257 | Silesia SCTU Ch 00545 72.66 3.118 0.112244 2.769 —
302 | CLARISSA F — 0.0524 38.53 2.406 0.110197 2.141 Clarissa (664)
322 | PHAEO X X 0.089 69.855 2.782 0.244701 2.101 Phaeo (335)
398 | Admete — C 0.054 49.771 2.738 0.223934 2.125 —
424 | GRATIA C — 0.027 102.565 2.774 0.109163 2.472 —
435 |ELLA DCX — 0.118 34.792 2.449 0.154892 2.070 -
521 Brixia C Ch 0.073 107.227 2.743 0.278496 1.980 —
626 | Notburga CX Xc 0.032 73.236 2.574 0.241884 1.952 —
659 | Nestor XC - 0.035 112.320 5.166 0.116690 4.563
690 | WRATISLAVIA CPF — 00604 134.65 3.149 0.176809 2.592 -
705 Erminia X C 0.031 132.261 2.924 0.051088 2.775 —
751 FAINA C Ch 0.027 113.699 2.551 0.151115 2.166 —
762 | PULCOVA F - 0.040 147.343 3.154 0.106967 2.818 —
778 | THEOBALDA F — 0.079 55.317 3.179 0.256195 2.366 Theobalda (3185)
779 | NINA - X 0157 80.572 2.664 0.227025 2.059 —
859 | BOUZAREAH C — 0.031 65.417 3.226 0.110093 2.872 —
916 | America C — 0.0530 33.23 2.365 0.236585 1.805 —
934 | Thiringia — Ch 0.047 53.714 2.749 0.215947 2.156 —
1001 Gaussia PC — 0041 72.711 3.209 0.122298 2.818 —
1115 Sabauda C — 0.044 75.907 3.099 0.173958 2.561 —
1189 Terentia - Ch 0.042 59.246 2.931 0.111807 2.604 Terentia (421)
1235 Schorria CX - — — 1.910 0.154585 1.615 —
1295 Deflotte c - 0.046 47.407 3.390 0.124333 2.970 -
1448 Lindbladia CX - 0.0378 20.65 2.373 0.185703 1.932 —

The names of asteroids with detected SDA are capitalized and underlined; the names of asteroids suspected of activity are capitalized
without underlining; the data in columns 3, 4, 5, 6, 7, 8, and 9 are taken from https://ssd.jpl.nasa.gov/; the data in column 10 are
according to Novakovi¢ et al. (2022) (http://asteroids.matf.bg.ac.rs/fam/families/afp.fam.summary).

variability in this star was controlled according to data-
bases), are sequentially registered in all filters; (c) the
values of the spectral transparency function of the
Earth’s atmosphere p(L) are determined at the effec-
tive wavelengths of the filters by comparing the inten-
sities of light from the star standard at two different air
masses (£,(A) and L,(A) for M1 and M2, respectively):

PO = LAY/ [V, (3)
(d) the asteroid’s reflectance at five effective wave-
lengths of the filters is calculated according to the
standard formula (2) (it should be emphasized that
this technique makes the value of the asteroid’s reflec-
tance to be independent of the influence of the Earth’s
atmosphere); (e) the asteroid’s reflectance calculated
in all filters is normalized to the value of this quantity
in filter V; and finally, (f) with the use of these data,
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the curve that is a normalized approximated reflec-
tance spectrum of the asteroid (hereafter, convention-
ally, “normalized reflectance spectrum” or NRS) is
plotted.

Thus, for each night of the observations, we deter-
mined the average UBVRI values of the spectral trans-
parency of the atmosphere with formula (3) using the
measurements of standard solar-type stars. The short-
term photometric stability (extinction) of the atmo-
sphere at the moments of observations of asteroids was
verified by the closest invariable stars (within the com-
mon CCD frames) by calculating and comparing three
successive approximated spectra of each of these stars
(see insets in Figs. 2, 3). From the coincidence of these
spectra, we see that these errors are negligible.

One more important issue is the accuracy in the
coincidence of the energy distributions in the spec-
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Fig. 2. The normalized approximated reflectance spectra of asteroids demonstrating clear signs of activity—145 Adeona (a),
302 Clarissa (b), 322 Phaeo (c), 435 Ella (d), 690 Wratislavia (e), and 779 Nina (f). The dates of observations are shown in the
corresponding diagrams. In the diagrams for 145 Adeona, 322 Phaeo, and 779 Nina, the normalized reflectance spectra of these
asteroids from the SMASSII database (https://sbnapps.psi.edu/ferret/SimpleSearch/results.action#Asteroid%20145%20Ade-
onaEAR-AI0028-4-SBN0001/SMASSII-V1.0) are shown for comparison. The latter were obtained under normal conditions (no
signs of activity in the asteroids were observed). In the inserts, there are spectra of the star standards used to control the stability
of the spectral transparency of the Earth’s atmosphere and to estimate the overall accuracy of measurements. The maximal errors
of measurements (derived by calculating the FWHM of bands in the U B'V'R.I. photometric system) are indicated for the U, B',
and I, photometric bands. For the V" and R, bands, the errors are not shown, since they are less than 1%.

trum of the Sun and G-type stars, which were used in
the study to calculate the reflectance spectra of aster-
oids. Given the greatest informative value of the short-
wavelength spectral range for searching for the signs of

SOLAR SYSTEM RESEARCH Vol.57 No.5 2023

asteroid activity, we evaluated this accuracy by relative
deviations of the B—V color indices of stars listed in
Table 3 (according to the Simbad database,
http://simbad.cds.unistra.fr/simbad/sim-fbasic) from
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Fig. 3. The normalized approximated reflectance spectra of asteroids, for which probable (relatively weak) signs of activity were
observed—424 Gratia (a), 751 Faina (b), 762 Pulcova (c), 778 Theobalda (d), and 859 Bouzaréah (e). The dates of observations
are shown in the corresponding diagrams. In the diagram for 751 Faina, the normalized reflectance spectrum of the asteroid from
the SMASSII database (https://sbnapps.psi.edu/ferret/SimpleSearch/results.action#Asteroid%20145%20AdeonaEAR-
AI0028-4-SBN0001/SMASSII-V1.0) is shown for comparison. The latter was obtained under no signs of activity in the asteroid.
In the inserts, there are spectra of the star standards, which were observed simultaneously with the asteroids and were used to con-
trol the stability of the spectral transparency of the Earth’s atmosphere and to estimate the overall accuracy of measurements. The
maximal errors of measurements (derived by calculating the FWHM of bands in the U'B'V'R..1;. photometric system) are indicated
for the U, B', and I photometric bands. For the " and R, bands, the errors are not shown, since they are less than 1%.

the solar color index (0.65). The calculations showed Results of Observations and Their Interpretation

that the specified errors in calculating the NRS of aster- The main physical and dynamic parameters of the
oids demonstrating obvious signs of activity and those  asteroids are listed in Table 2, while the parameters of
suspected of activity do not go beyond a range of 1—-3%.  observations of all these objects are in Table 3.
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The normalized approximated reflectance spectra
(NRS) of asteroids 145 Adeona, 302 Clarissa,
322 Phaeo, 435 Ella, 690 Wratislavia, and 779 Nina,
which show clear signs of activity, are presented in
Fig. 2, while the NRS of asteroids 424 Gratia,
751 Faina, 762 Pulcova, 778 Theobalda, and 859 Bou-
zaréah, which are suspected of activity or show weaker
signs of activity, are in Fig. 3.

In order to further choose more preferable of two
possible variants of measurements (serial or individ-
ual), the illuminance from an asteroid registered on
the receiver was measured in one of two following
ways. (1) We considered the data obtained in three
successive series, in each of which the measurements
in all filters were taken sequentially once, while the
data obtained were not averaged. (2) We considered
three measurements in each of the filters sequentially
in all filters, and the data in each filter were averaged.
The differences in the order of measurements led to
somewhat different representations of the results in the
diagrams (see Figs. 2, 3). In the first case, the serial
data, which are marked by points of the same color in
the diagrams, were used to construct three separate
NRS:s. In the second case, the three measurements in
each of the filters were averaged, and only one NRS
was plotted according to the averages derived. Thus,
for each of the asteroids on the corresponding date,
either three consecutive approximated spectra (for
serial measurements) or one averaged NRS (for indi-
vidual measurements) are plotted. Based on a compar-
ison of the two calculation variants and the represen-
tation of the observational data in many bands, we
conclude that the method of serial measurements is
preferable, since its usage makes it possible to extract
from the resulting diagrams more information about
the evolution of the spectral features of active asteroids
rather than only about the feature’s shape. As was
shown in the previous papers (see, e.g., Busarev et al.,
2021, 2022), these spectral features characterize the
composition and structure of dust particles in the exo-
spheres of active asteroids.

The insets in each of the diagrams (see Figs. 2, 3)
also show three normalized approximated spectra of
one or two (in repeated observations of some aster-
oids) star standards, which were used to control the
stability of the spectral transparency of the Earth’s
atmosphere. However, we can see that in most cases
the spectra of each of these stars, highlighted by differ-
ent colors, merge into a single spectrum, which
demonstrates good observational conditions. The
close coincidence of the approximated spectra of star
standards characterizes the high accuracy of measure-
ments and calculations of the NRSs of the considered
asteroids in general.

As follows from Fig. 2, in the NRSs of asteroids 145
Adeona, 302 Clarissa, 322 Phaeo, 435 Ella,
690 Wratislavia, and 779 Nina, the deviations from the
standard spectral characteristics, the SMASSII spec-
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tra (if available), were observed for one night. These
deviations reached ~30 and ~20% in the U and B
bands, respectively. Though the errors in the SMAS-
SII data are not available (nor are the phase angles)
(https://sbnapps.psi.edu/ferret/SimpleSearch/results.

action#Asteroid%20145%20AdeonaEAR-A-10028-4-
SBN0001/SMASSII-V1.0), in the original papers
(see, e.g., Bus, Binzel, 2002), the relative accuracy of
the CCD data is generally accepted at ~1—2% in the
visible spectrum range and up to ~3—4% near the
short- and long-wavelength boundaries, while the
phase angles do not exceed 20°—30°. Unfortunately, in
the SMASSII data available, the short-wavelength
boundary is near ~0.44 um. We may argue that, in the

data we obtained in the V', R, and I, bands, a similar
or even higher accuracy was achieved (see Table 1). At
the same time, in the B' band, the deviations consid-
ered in the spectra of active asteroids are an order of
magnitude larger than the maximal errors derived
from probable changes in the band halfwidth, while in
the U' band, they are comparable to these values. The
largest measurement errors (obtained by calculating

the FWHM of the bands in the U'B'V' R, I, photometric
system) are shown in Figs. 2 and 3 for photometric
bands U (31%), B' (7%), and I, (3%). For bands V'

and R, the errors are not shown in the figures, since
they are less than 1%.

For asteroids 302 Clarissa, 435 Ella, and 690
Wratislavia, the SMASSII data are absent, but nega-
tive gradients of their NRSs are identical to those
observed for asteroids 145, 322, and 779. We interpret
the mentioned features as clear signs of SDA and the
presence of a dust exosphere on all six asteroids. A
common spectral detail in the NRSs of 145 Adeona,
302 Clarissa, 435 Ella, and 690 Wratislavia is the light-
scattering maximum at wavelengths within 0.44—
0.46 um (Fig. 2).

For asteroids with less pronounced signs of activity,
or yet “suspected of activity,” the differences in the
NRS (when comparing the data for two arbitrary
nights) reached ~15—20%; moreover, they were more
significant in the short-wavelength spectral range
(Fig. 3). Since in this group of asteroids the SMASSII
data are available only for 751 Faina (see Fig. 3b), we
used the averaged normalized spectra, characterizing
the taxonomic classes of these asteroids (Tholen,
Barucci, 1989) according to Tholen’s classification
(Tholen, 1989), as standard (Table 2). In the group of
objects under consideration, we should pay attention
to the SDA signs on asteroid 424 Gratia, which can be
judged by the overall scatter of points in its NRS and
the simultaneous absence of such an effect in the spec-
tra of the reference stars shown in the insets (Fig. 3a).
Moreover, in the NRS of Gratia obtained on January 6,
2022, there are two faint light-scattering maxima at
0.44 and 0.64 um (Fig. 3a), similar in position to more
pronounced spectral details found earlier in the NRSs
of'the other active asteroids (Busarev et al., 2016, 2019;
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Fig. 4. The reflectance spectra B, .., of a conventional low-albedo (0.07) asteroid of the C type observed at a phase angle of 10°.
The asteroid is enveloped by a dust exosphere containing spherical particles with the composition indicated. Their sizes are spec-
ified by R.gr= 0.1 pm under v = 0.02 and T = 0.1 or 0.5 for H,O ice (ice) and astronomical silicates (sil) (a) and under v =

0.10 and t = 0.5 for ice and olivines (oli) (b). The assumed spectrum of the asteroid’s surface is shown with the curve “Surf.”

Busarev et al., 2021), which can be considered as addi-
tional evidence that the asteroid possesses a rarefied
dust exosphere. As shown by numerical simulations of
the light scattering on particles of complex structure,
these details may appear due to the interference of
light scattered on submicron components of such par-
ticles in the exosphere (Busarev et al., 2021; Petrova
and Busarev, 2023). At the same time, it is natural to
expect that very small particles, smaller than the wave-
length, are carried out into the exosphere first. Their
contribution to the intensity of scattered light should
significantly grow with decreasing the wavelength (as
well as the contribution of the gas component, but the
latter is relatively small (Bockelée-Morvan et al.,
2016)), which may change a typical positive gradient
for the NRS of the considered asteroids into a negative
one. We observe exactly such changes in the spectra
presented in Figs. 2 and 3.

In Fig. 4, we show examples of the model reflec-
tance spectra B, (normalized to the value at a wave-
length of 0.55 um) of a conventional low-albedo
C-type asteroid enveloped by a dust exosphere with
the optical depth T, which is composed of homoge-
neous polydisperse submicron particles with the effec-
tive radius R.;under the variance v . Three variants of
the composition of particles are presented: H,O ice,
the so-called astronomical silicates (their optical char-
acteristics were obtained by synthesizing the results of
laboratory and theoretical analysis of details in the IR
spectrum in order to ensure agreement with data from
a number of astronomical observations), and Mg-Fe
silicates (olivines) (labeled as “ice,” “sil,” and “oli,”

respectively). The values of their refractive indices
change along the spectrum according to Warren and
Brandt (2008), Li and Greenberg (1997), and
Dorschner et al. (1995), respectively. Details about the
reflectance spectra modeling for active asteroids can
be found in a paper by Petrova and Busarev (2023).

It is seen from Fig. 4a that the models for nonab-
sorbing ice and weakly absorbing astronomical sili-
cates differ weakly, while the enhancement in the
short-wavelength spectral range naturally increases
with the growth of 1, i.e., the number of particles. In
contrast to these substances, the absorption in olivines
significantly increases at wavelengths shorter than 0.4
wm, which results in suppressing the brightness in the
UV range of the spectrum of the exosphere containing
these particles (Fig. 4b). The broad size distribution of
particles expectedly smooths out spectral details
caused by the interference from scattering on particles
of close sizes. A model for the ice + olivine mixture
(50 to 50% in the number of particles) is also shown.
By varying the portion of absorbing particles, it is pos-
sible to achieve a slope of the spectrum close to that
observed for a specific asteroid, but there is no unique-
ness in the estimate of this portion, since the gradient
also depends on the number of nonabsorbing particles
(Fig. 4a). Nevertheless, a comparison of these model
spectra to the spectra measured in a number of aster-
oids clearly indicates that they are surrounded by a
scattering exosphere, where non- (or weakly) absorb-
ing particles with sizes smaller than the wavelength are
present.
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Comparison of the Physical and Dynamic Parameters
of Active and Inactive Asteroids of Primitive Types

To find any general differences between active and
inactive Main Belt asteroids of primitive types covered
by this observational program, we compared their
main physical and dynamic parameters, but no differ-
ences have been found. There are two possible expla-
nations of this result: (1) there are no noticeable differ-
ences at all, since all of the bodies under consideration
have approximately the same origin; (2) there are dif-
ferences, but to detect them, a somewhat statistically
more significant sample of objects is needed. To verify
the second hypothesis, we compared the distributions
of parameters (the semimajor axis of orbits, eccentric-
ity, orbital inclination, and geometric albedo) of the
asteroids belonging to two large asteroid families led by
24 Themis (12 288 members) and 145 Adeona (6279
members) (Nesvorny et al., 2015; Novakovi¢ et al.,
2022) and the largest known asteroids numbered from
1 to 300. Taking into account that we detected the
SDA signs on Adeona (C(Ch)-type) and Themis
(C(B)-type) (Busarev et al., 2015, 2021), we may sup-
pose that if not all, then the majority of asteroids in
both families are of close primitive types, have low-
temperature mineralogy, and potentially contain H,O
and CO, ice reserves in the interior. This comparison
revealed that asteroids of the Adeona and Themis fam-
ilies noticeably deviate by the average values of the
listed parameters from the corresponding average val-
ues obtained for the largest asteroids distributed
throughout the entire MAB zone (Fig. 5). The narrow
ranges of distributions of the listed parameters for the
Themis and Adeona families characterize a close
dynamic link between asteroids in each of these fami-
lies, while close values of their geometric albedo (Fig.
5d) are probably indicative of similarity in the physical
and mineralogical properties and, consequently, the
P-T conditions during the formation of their parent
bodies. This is confirmed by very close albedo values,
0.061 and 0.067, for the largest bodies of the families
under consideration, Adeona and Themis, respec-
tively (Table 2; https://ssd.jpl.nasa. gov/tools/sbdb_-
lookup.html#/?sstr=24). However, at the same time,
these families show significant differences between the
averages of the semimajor axis of the orbit, the orbital
inclination, and the eccentricity distribution range
(Fig. 5).

Thus based on the above comparison of the distribu-
tions of the main dynamic parameters and the geometric
albedo of the Themis and Adeona families, we may con-
clude that, though the geometric albedo values for
primitive asteroids of these families are close, the
dynamic differences between them are quite large and
characterize, probably, their specific dynamic history.

SOLAR SYSTEM RESEARCH  Vol. 57
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Analysis of Solar Activity during the Observations
of Asteroids

We also studied the data on solar coronal mass
ejections (CMESs) during the period of performing the
observation program under discussion; these data
were obtained at the SOHO Space Observatory
(https://cdaw.gsfc.nasa.gov/CME _list/catalog_de-
scription.htm). From December 2021 to the end of
February 2022, the overall level of solar activity was
relatively low for the most part, but some flares in the
X-ray range and associated CMEs occurred. In
December 2021 (December 17, 2021), only one halo-
type coronal emission covering the full azimuthal
angle (up to ~360°) occurred, but its total kinetic
energy (TKE) was low. At the expected time of the
shock wave passage caused by this CME (at the 2—3 AU
heliocentric distances of the asteroids, i.e., approxi-
mately 10—12 days after the outburst, taking into
account the shock wave propagation in the solar wind
plasma with a mean velocity of ~550 km/s (see, e.g.,
Borovsky, 2020)), only asteroid 859 Bouzaréah was
observed (on December 29, 2021; Fig. 3d), which
could cause a marked increase in the short-wavelength
range of its NRS. In January 2022, four halo-type cor-
onal ejections occurred (their TKE values were at a
low level on January 9 and 12, 2022, between low and
medium levels on January 14, 2022, and exceeded the
medium level on January 29, 2022). However, in Jan-
uary, no asteroid was observed at the moments the
solar-wind shockwaves were expected to pass through
the MAB zone (Table 3). In February, after the
expected CME-induced shockwave had passed
through the MAB on January 29, 2022, we observed
asteroids 424 Gratia (on February 12, 2022; Fig. 3a),
751 Faina (on February 15, 2022; Fig. 3b), and
778 Theobalda (on February 15, 2022; Fig. 3d). This
passage probably caused an increase and noticeable
fluctuations in the short- and long-wavelength ranges
of the NRSs of these asteroids, which can be seen in
the corresponding diagrams. It is interesting to note
that no changes were observed in the NRSs of the
other asteroids observed on the same nights—
398 Admete, 1235 Schorria, 1295 Deflotte, and
1448 Lindbladia, which demonstrated no spectral sig-
natures of SDA either (Table 3). Finally, two halo-type
CMEs occurred on the Sun in February (at the low
and medium TKE levels on February 11 and 15, 2022,
respectively). Shock waves (with low and higher veloc-
ities from the first and second CMEs, respectively)
from these coronal ejections probably induced ejec-
tions of additional amounts of dust from the surface
into the exosphere on 762 Pulcova (on 25 February
2022; Fig. 3c) and 859 Bouzaréah (on 25 February
2022; Fig. 3e), which resulted in the enhanced reflec-
tance in the short- and long-wavelength ranges. At the
same time, no changes were detected in the NRS of 98
Ianthe, which was observed on the same night and
showed no signs of SDA either (Table 3).
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Fig. 5. The distributions of the main dynamic parameters and the geomantic albedo values built to compare the asteroids of the
Themis (left column of diagrams) and Adeona (right column of diagrams) families and the largest 300 asteroids of the Main Belt
(according to https://doi.org/10.26033/6¢g5-pt13). The distributions through the semimajor axis of orbits, the eccentricity, the
orbit inclination, and the geometric albedo are presented in rows (a)—(d), respectively.

Thus, based on the study of the results of observa-
tions, we may conclude that, on the asteroids showing
significant (145, 302, 322, 435, 690, and 779) and
weaker (424, 751, 762, 778, and 859) signs of activity,

SDA was the main process, on which additional effects
from the halo-type CME-induced shockwave pas-
sages were superimposed and strengthened it. Since
the azimuthal coverage of these shockwaves was max-
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imal, we may suppose that they reached all the aster-
oids under consideration.

DISCUSSION

We note once again that the criteria for including
particular Main Belt asteroids into a common obser-
vational program were that they are of low-tempera-
ture types, have significant orbital eccentricities (at
least 0.1), and pass close to the perihelia over a time
interval of up to three months. The purpose of the pro-
gram was to search for objects manifesting SDA under
enhanced subsolar temperatures. According to our
calculations, for Main Belt asteroids of primitive types
with eccentricities of ~0.1—0.3, the difference between
the subsolar temperatures at aphelion and perihelion
ranges from several tens to hundreds of degrees,
depending on specific values of the eccentricity and
geometric albedo (Busarev et al., 2018). Obviously, for
these asteroids, the main condition of SDA is that they
contain ice deposits of H,O and, with lower probabil-
ity, CO,. These deposits should be quite close to the
surface or even on the surface itself (if these deposits
have been recently excavated or there is no upper rego-
lith layer at all, since it was removed at impact events).
However, some experts do not allow for even the very
possibility of ice layers in the interior of primitive-type
asteroids, because there is no direct evidence for this.
It is clear that the data of this kind can be obtained
only by penetrating the asteroids’ interiors by space
methods.

As we showed by analytical calculations (Busarev et al.,
2003), the concentration of a short-lived isotope 2°Al
(with a half-life period of 0.72 Myr) in Ca—Al inclu-
sions in silicate substance of the early Solar System,
which is 20A1/?7Al ~ 5 x 10~° (Wasserburg, Papanastas-
siou, 1982) and corresponds to the analogous quantity
in the plane of our Galaxy, 2°Al/?’Al ~ 10~ (Mahoney
et al, 1984), was sufficient for accumulating the inter-
nal thermal energy, melting completely the ice, and
forming an internal water ocean in rock—ice bodies
over 200 km in size, which had been formed beyond
the H,O ice formation boundary. An aqueous ocean
with a temperature of ~5°C could have persisted on
the considered bodies under the 10-km crust for about
several million years before complete freezing
(Busarev et al., 2003). These results are consistent
with those of the other researchers (e.g., Prialnik, Bar-
Nun, 1990). The presence of less abundant short-lived
isotopes, such as ®Fe, 4'Ca, “Be, etc. (see, e.g.,
Goswami, 2004), as well as strong impact events on
some rock—ice bodies could result in increasing their
internal thermal energy and prolonging the lifetime of
the ocean. It is important that, taking into account the
rates of physical and geochemical processes in the
aquatic environment (see, e.g., Veselovsky, 1955), a
time period of several million years is sufficient for the
substance differentiation (sedimentation) and the for-
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mation of layers of hydrated silicates and complex
organics.

On the other hand, in accordance with the univer-
sal mechanism of the gravitational “sweeping” of
small bodies out of the formation zones of major plan-
ets, as they reached a scale of several Earths in mass
(e.g., Safronov, 1969), it is very likely that such rock—
ice bodies were scattered by Jupiter and other giant
planets in all directions, as well as into the MAB
(Busarev, 2022). These bodies probably became par-
ent bodies of primitive asteroids and could provide
delivery of ice and complex organics to the terrestrial
planets, including the Earth, rather than only to the
MAB (Busarev, 2012; Raymond and Izidoro, 2017;
Takir et al., 2023).

That the mentioned processes occurred in the early
Solar System is also confirmed by the results of our
observations. With the spectrophotometric and
UBVRI methods, we detected the signs of SDA on 21
asteroids (1, 19, 24, 51, 52, 52, 65, 102, 145, 177, 203,
266, 302, 322, 379, 383, 435, 449, 690, 704, 779, and
1474) of C, B, F, G, and X types (Busarev et al., 2015,
2020, 2021, 2022; Busarev et al, 2016, 2019, 2022; this
paper). The spectra agree with the results of numerical
simulations of the reflectance spectra of a conditional
primitive-type asteroid (with a geometric albedo of
0.07) surrounded by a tenuous exosphere (with an
optical thickness <0.5) consisting of aggregates of sub-
micron dust particles of different composition (water
ice, olivine, and tholins) (Busarev et al., 2021).

It is also important to note that on 145 Adeona,
302 Clarissa, and 322 Phaeo, which are among the
asteroids demonstrating clear signs of activity, as well
as in 778 Theobalda, which is suspected of activity,
dynamic families of asteroids were found (Table 2;
Novakovi¢ et al., 2022). This may be interpreted as a
consequence of, on average, higher fragility of the ice-
containing substance of primitive asteroids, which
reveals itself under meteoroid impacts, and, conse-
quently, as an indirect confirmation of the wide occur-
rence of ice deposits or layers in the asteroids consid-
ered. On the other hand, it is obvious that mutual col-
lisions of asteroids in the MAB and strong meteoroid
impacts, which cause the destruction of large bodies of
primitive composition and the formation of their fami-
lies, lead to a worse protection of ice deposits on smaller
bodies from cosmic factors and their rapid loss.

CONCLUSIONS

We carried out UBVRI photometric observations
(in December 2021 to February 2022) of 29 primitive-
type asteroids of the MAB, being near the perihelion
distances, and detected spectral signs of quasi-simul-
taneous SDA on six of these asteroids—145 Adeona,
302 Clarissa, 322 Phaeo, 435 Ella, 690 Wratislavia,
and 779 Nina (in 302 Clarissa, 322 Phaeo, 435 Ella,
and 690 Wratislavia, for the first time). They amount
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to ~21% of the total number of bodies included into
this program (or even ~40%, if the bodies with weaker
SDA are taken into account). We detected the signs of
activity on 145 Adeona and 779 Nina near perihelion
(and at a considerable distance from it (Busarev et al.,
2015)) for the third time over the last 10 years, which
corresponds to about three orbit periods of these aster-
oids around the Sun. For bodies of similar origin (tak-
ing into account their taxonomic types), which were
studied under similar observational conditions, these
numeric values are significant. These results may be
considered as indication of a significant occurrence of
H,O0 ice in the form of subsurface deposits in primi-
tive-type asteroids of the Main Belt. If this inference is
confirmed with more observational material, it will allow
us to assert with higher probability that most primitive-
type asteroids (or their parent bodies) were formed
beyond the H,O ice line in the early Solar System.

The most significant and widespread physical fac-
tors that activate and maintain the ice-sublimation
process on primitive-type asteroids are probably a high
frequency of impact events in the MAB (including the
substance recycling by micrometeoroids), solar-flare
and eruptive activity, and an increase in the subsolar
temperature of asteroids near perihelion, which facili-
tates the removal of organic insulating covers formed
during ice sublimation and renews the latter process.

It may be supposed that families of asteroids with a
large number of members are headed by bodies of
primitive composition, which contain ice layers and
materials of reduced strength and/or higher fragility.
This may be one of the main causes of disintegration
of the families’ parent bodies by impacts into numer-
ous fragments. At the same time, the smaller bodies in
these families should lose the ice component faster
due to its worse shielding and thermal insulation.
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