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ABSTRACT

Context. Recently, a primordial family of moderate-albedo asteroid fragments was discovered in the inner main belt. Its age was
estimated to be 4.4± 1.7 Gyr. However, there is a lack of compositional characterization, which is important to the study of the earliest
collisions in the main belt.
Aims. In addition to the previously identified members and the parameters that define the family’s borders (V shape), we expanded the
list of family members to include asteroids located within the central region of the V shape. These additional potential members were
selected based on their diameter (larger than 7 km) and their geometric visible albedo (greater than or equal to 12%). Subsequently,
we conducted a spectroscopic survey to determine the dominant taxonomy and composition of this family. This allowed us to further
refine the list of family members by removing interlopers.
Methods. From an initial list of 263 asteroids that are considered to be potential members of the aforementioned primordial family, we
retrieved their spectra in the visible and near-infrared range from the literature and from the Gaia DR3 spectral catalog of Solar System
objects. For asteroids with no or poor signal-to-noise ratio spectra in the literature, we carried out new ground-based observations. We
obtained new spectra for 33 members of the family using the 1.82 m Asiago Telescope for the visible spectroscopy, while for near-
infrared spectroscopy, we used the 3.58 m Telescopio Nazionale Galileo (TNG) and the 4.30 m Lowell Discovery Telescope (LDT).
Results. In total, we collected spectra for 261 potential members of the primordial S-type family out of 263. We determined their
spectral taxonomy and properties, such as spectral slopes and absorption band parameters, when existing. Using the taxonomical
characterization and the orbital space parameters, we identified and removed 71 interlopers from the potential members list. The final
list of the primordial S-type family members includes 190 asteroids. The family is dominated by S-complex (∼71%) asteroids with
a mineralogy similar to ordinary chondrites and pyroxene-rich minerals. The family also contains members classified as L-types and
V-types. (∼15% and ∼9%, respectively).
Conclusions. The mean albedo of the family is ∼23%, and its largest probable remnant is the asteroid (30) Urania. The estimated size
of the family parent body ranges between 110 and 210 km. This size range is compatible with the progenitor of H and L chondrites.

Key words. methods: data analysis – methods: observational – methods: statistical – techniques: spectroscopic –
minor planets, asteroids: general

1. Introduction

It is well established that small bodies can preserve relatively
unaltered materials (Johansen et al. 2015) that date back to the
formation of our Solar System 4.567 Gyr ago, the latter time
being established by the formation of the calcium-aluminum-
rich inclusions (CAIs), the oldest Solar System condensates
(Amelin et al. 2002). Thus, asteroid studies provide us with
important clues to fundamental questions regarding solar sys-
tem formation, such as their contribution in bringing water and
organics to Earth (Morbidelli et al. 2000). While some of the
asteroids that we observe today could have accreted directly from

⋆ New spectra are available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/682/A64

the protoplanetary disk of our Sun, the majority of them experi-
enced collisional events, leading to the formation of families of
asteroid fragments (Nesvorný et al. 2015).

In a breakup process, fragments are launched into space at
a moderate velocity (∼1 km s−1), and in the asteroid belt (but
not elsewhere), these fragments keep orbital elements that are
similar to that of their parent body. Thus, the fragments them-
selves become new asteroids that are clustered in orbital space
and have similar physical properties, such as geometric visi-
ble albedo (pV), colors, and spectra (except for the case of the
disruption of a differentiated parent body).

The common method used to detect such clusters is the hier-
archical clustering method (HCM; Zappala et al. 1990; Nesvorný
et al. 2015). Although very effective, this method appears to
have problems detecting very old families (Bolin et al. 2017;
Delbo et al. 2017). Indeed, there is evidence of a severe deficit
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of known families older than 2 Gyr compared to what is
expected when assuming a constant asteroid breakup rate over
the age of the Solar System (Brož & Morbidelli 2013; Spoto
et al. 2015). As a matter of fact, family members have been
affected by non-gravitational forces, such as the Yarkovsky effect
(Vokrouhlický et al. 2015), causing their orbital semimajor axis
to drift over time. Asteroids, as they are affected by this orbital
drift, encounter orbital resonances with planets that change their
orbital e and i (but not their a). Thus, families become harder to
identify as they age because they become increasingly dispersed
(Parker et al. 2008) and they overlap each other. Thus, the old-
est families of the main belt are highly spread across in orbital
elements, making their detection more difficult.

To detect the oldest asteroid families, an alternative method
has been developed by taking into account the non-gravitational
forces. The so-called V-shape method (Walsh et al. 2013; Bolin
et al. 2017; Delbo et al. 2017, 2019) consists of searching for a
correlation between the inverse of asteroid diameters ( 1

D ) and
the proper semimajor axis (a). In this representation, asteroids
that are members of a given family are all located within a V
shape, with the vertex centered around the largest body of the
family, while the sides have lower slope values, as much of the
family is old and its smaller members have been spread away in
the semimajor axis by non-gravitational forces.

Thanks to this method, very old families have been “dynam-
ically” identified in the inner part of the main belt. For example,
Delbo et al. (2017) discovered a primordial low-albedo 4-Gyr-
old family; Delbo et al. (2019) detected two X-complex families,
Athor and Zita, with ages of 3 and 4.5 Gyr, respectively; and,
recently, a primordial family has been detected by Ferrone et al.
(2023) among the asteroids of intermediate albedo in the inner
main belt. This latter work defined, with a high confidence level,
the edges of the V shape and its age (4.4± 1.7 Gyr) and identified
the family members located close to the edges of the V shape. A
preliminary inspection of these members indicated that this pri-
mordial family appears to be formed by S-type asteroids. For this
reason, we refer to this family as the primordial S-type family
(hereafter, PSTF) throughout this work.

In this work, we carried out spectroscopic surveys in the vis-
ible and near-infrared range to determine the composition of the
family and to distinguish interlopers from the real members. Sec-
tion 2 is dedicated to the establishment of the potential PSTF
members list, and in Sect. 3, we detail the observing strategy
as well as the data reduction and analysis procedures. Section 4
presents the results of the classification in well-established tax-
onomies and the identification of interlopers. Finally, in Sect. 5,
we determine the size distribution of the family members and
correct it for collisional and dynamical losses of asteroids over
the age of the Solar System in order to reconstruct the original
size of the PSTF parent body.

2. Establishment of the list of the potential
members

Ferrone et al. (2023) identified the PSTF by using the V-shape
searching method (Bolin et al. 2017) but only considered bod-
ies of the inner main belt with a geometric visible albedo
above 12%. Before enacting this search, however, the authors
reassessed the members of known families in the area, trying
to be as inclusive as possible, and removed the known and
reassessed families. This improved the detectability of the PSTF,
for which these authors reported only 42 bodies with a minimum
of a 1-σ detection confidence (corresponding to a minimum

membership probability of 68%) near the “lobes” of the family’s
V shape.

After having identified families’ V shapes, Ferrone et al.
(2023) identified planetesimals (or original) as those asteroids
that could not be part of any V shapes, implying that these
objects are not fragment asteroids that formed locally from the
breakup of a larger (and older) parent. However, there is the
possibility that some planetesimals could still be lurking within
family V shapes (see Ferrone et al. 2023 for more information).

The first example concerns the asteroids (172) Baucis, (186)
Celuta, (234) Barbara, and (337) Devosa. Indeed, these objects
were identified as planetesimals by Bourdelle de Micas et al.
(2022) and therefore cannot be members of any family in the
inner main belt. In addition, Ferrone et al. (2023) only reported
the families of Nesvorný et al. (2015) and did not include the
Athor and Zita families (Delbo et al. 2019). Hence, along with
the aforementioned asteroids, we also removed (161) Athor from
the list of potential PSTF members. In order to have the lowest
number of false positives, we removed (1365) Henyey and (1419)
Danzig as well, which are both considered to be members of the
Flora family, according to Nesvorný et al. (2015).

Thus, we kept 35 asteroids from the list of Ferrone et al.
(2023), all located around the lobes of the PSTF V shape.
Ferrone and co-authors did not provide information about the
potential PSTF members located in the core of the family, which
is inside the edges of the V shape. We thus generated a list of
potential members of the PSTF family by applying the follow-
ing criteria: (1) Members should have a geometric visible albedo
greater than 12 %, as in Ferrone et al. (2023). This allows us to
directly exclude objects with a very different composition, such
as C-complex asteroids. (2) Members should have a diameter
greater than 7 km to distinguish them from background objects,
which are dominant at a smaller size. We adopted this limit
based on the size distribution reported in the study of Ferrone
et al. (2023). (3) Objects should not be members of other known
families.

To perform the identification of the potential members of the
PSTF, we used the MP3C website1 (Delbo et al. 2022), which we
used to retrieve values of diameters and albedo. All the poten-
tial members, except asteroids (1598) Paloque and (35709) 1999
FR28, have a reported size and albedo value in the literature.
By applying our selection criteria, we identified 263 potential
members of the family, including the aforementioned 35 objects
previously identified by Ferrone et al. (2023). We find it worth
noting that we kept in the list the asteroids (1988) Delores
and (2286) Fesenkov, which have diameters smaller than 7 km,
since they were explicitly identified as members of the PSTF by
Ferrone et al. (2023). The list of potential members of the PSTF
is presented in Table A.2.

3. Data acquisition, reduction, and analysis

We investigated the composition of the potential family members
using existing spectra published in the literature and new tele-
scopic observations. From the literature, we obtained spectra for
129 out of the 263 objects. Specifically, we found 88 spectra in
the visible range (0.50–0.90µm), 31 spectra in the near-infrared
range (0.90–2.40µm), and 10 spectra that covered both the vis-
ible and near-infrared range (0.45–2.50µm). The sources of the
different spectra used for our study are reported in Table A.2.

In addition to the literature data, we conducted new obser-
vations of 16 asteroids in the visible range and of 26 in the

1 https://mp3c.oca.eu/
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near-infrared range. Furthermore, we analyzed the spectra of 148
potential members of the PSTF present in the Gaia DR3 (Gaia
Collaboration 2023).

In total, we obtained spectra for 261 potential members of the
PSTF out of 263. Among these, 66 objects have spectra covering
both the visible and near-infrared range, while 195 objects have
spectra only in the visible range.

3.1. Ground-based observations

For visible spectroscopy, we carried out observations at the
1.82 m Copernico Telescope in Asiago, Italy. For the near-
infrared spectroscopy, we used the 3.58 m Telescopio Nazionale
Galileo (TNG) in La Palma, Spain, and the 4.30 m Lowell
Discovery Telescope (LDT) in Flagstaff, USA.

Visible spectra were obtained using the Asiago Faint Object
Spectrograph (AFOSC; Tomasella et al. 2016) with a 4.22′′
slit width and the low-resolution volume phase holographic
(VPH#6) grism. This setup allowed us to obtain spectra from
0.52 to 0.95µm for 16 asteroids between December 2019 and
October 2021.

For near-infrared spectroscopy, we used the Near Infrared
High-Throughput Spectrograph (NIHTS; Gustafsson et al. 2021)
at the LDT, with a slit width of 1.34′′, and the Near
Infrared Camera Spectrometer (NICS) at the TNG telescope
equipped with a 2′′ slit and the low dispersion (30–100 Å pix−1)
AMICI prism, covering the 0.80–2.50µm range. We acquired
near-infrared spectra of 26 asteroids.

During each night, we also observed several solar analog
stars (hereafter SA stars) in proximity (in time and in posi-
tion) to the asteroids in order to remove the solar light from the
reflected asteroid spectra. Typically, we observed trusted G2V
solar analog stars (Hardorp 1978). However, for near-infrared
spectroscopic observations, these stars were not always located
close enough to the asteroid, which is a necessary condition
for proper correction of the telluric features. In such cases, we
observed F- or G-type stars that were closer in position to our
targets, and applied a color correction, as described in Sect. 3.2.

For near-infrared spectroscopy, we followed the classical
ABBA observation procedure, where we alternated observations
of the targets at two different slit positions (called A and B,
respectively). Each individual observation had a maximum inte-
gration time of 2 min, that is, the time in which the atmospheric
cells are considered stable enough for a proper correction of tel-
luric features. The ABBA cycles were repeated until the desired
signal-to-noise ratio was achieved.

Standard calibrations, including bias, flat-field, and wave-
length calibration lamps, were obtained during the daytime
before the observations (see Bourdelle de Micas et al. 2022 for
details). For the TNG, due to the low dispersion and blending
of lines in the calibration lamp, the wavelength calibration was
done using a theoretical dispersion table provided by the TNG
team2. Observational conditions are reported in Table A.1.

3.2. Data reduction

Spectra obtained with NIHTS were reduced using the SPec-
tral EXtraction Tool (Spextool), an IDL package developed by
Cushing et al. (2004). For the reduction of NICS and Afosc data,
we used the ESO-Midas package (Banse et al. 1983).

Standard reduction procedures described by Fornasier et al.
(1999, 2010) and Bourdelle de Micas et al. (2022) were applied

2 https://www.tng.iac.es/instruments/nics/

to both the visible and near-infrared data. These included wave-
length and flat-field calibrations, as well as cosmic-ray removal.
Visible data were also corrected by bias and atmospheric extinc-
tion using the extinction table provided by the Asiago observa-
tory website3.

To calculate the reflectance of the asteroids, we divided each
asteroid spectrum by that of the solar analog star observed clos-
est in time and airmass to the asteroid. When an F- or G-type star
was observed closest in sky position to an asteroid, which mostly
occurred in near-infrared spectroscopic observations, we defined
the following factor Fc to correct the color of these stars:

Fc(λ) =
s∗(λ)

sG2V(λ)
, (1)

where s∗ corresponds to the signal of the star and sG2V corre-
sponds to the signal of the trusted solar analog. To avoid the
contribution of telluric band effects on Fc(λ), we replaced the
telluric band residuals by a linear fit of the data around the edges
of the band. We also applied a median filter with a large window
to reduce the noise and telluric residuals. The relative reflectance
of an asteroid R(λ) is given by:

R(λ) =
sast(λ)
s∗(λ)

× Fc(λ). (2)

The last step in the reduction process was the normalization of
the spectra, which was done at 0.55µm in the visible range, and
at 1.0µm in the near-infrared range.

Finally, we merged the individual segments of the spectrum,
specifically in the visible and near-infrared parts, when available,
following the same procedure described by Bourdelle de Micas
et al. (2022). First, a superposition region between the two seg-
ments, usually between 0.80 and 0.90µm, was identified, and a
common wavelength (λnorm) suitable for normalization was cho-
sen. Then, the reflectance of each segment was averaged in the
range λnorm ± 0.02µm, and each visible and near-infrared spec-
trum was normalized by the corresponding mean reflectance.
Finally, a visual inspection was performed to check if the junc-
tion between the two parts respected the apparent continuum of
the spectrum in that region, and adjustments were made to the
segment normalization if needed.

The complete visible and near-infrared spectrum was finally
normalized at 0.55µm. Due to low signal-to-noise values in the
near-infrared range, 17 spectra had to be cut before 2.00µm
because they were too noisy for the analysis at longer wave-
lengths. The spectra from these new observations are represented
in Figs. 1 and 2.

3.3. Gaia data

To extend the spectral investigation to the maximum number of
PSTF members, we also inspected the Gaia spectral database
of asteroids (DR3; Gaia Collaboration 2023). The European
Space Agency (ESA) Gaia mission has observed thousands
of asteroids since 2014 using its two low-resolution photome-
ters: the blue photometer (BP), dedicated to short wavelengths
(0.325–0.650µm), and the red photometer (RP) for the longer
wavelengths, 0.650–1.125µm (Gaia Collaboration 2023).

The DR3 spectral catalog contains data of 60 518 asteroids
that have been observed between 4 to 80 times. Inner main
belt objects have mostly been observed at a phase angle around

3 https://www.oapd.inaf.it/sede-di-asiago/telescopes-
and-instrumentations/copernico-182cm-telescope/afosc
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Fig. 1. Observed spectra of potential members of the PSTF family. The new observations are presented in black, while spectra from the literature are
shown in red. The red points, in the visible range, represent the Gaia data (uncertainties are often within the symbol size). Gray areas correspond
to the position of the main telluric absorption bands. The taxonomy presented in this plot is the one we estimated (see Sect. 3.4).

20◦. In the Gaia catalog, the asteroid spectra are presented in
reflectance relative to the Sun and normalized at 0.55µm. The
reflectance is computed as a weighted mean in 16 bands covering
the 0.374 and 1.034µm range, with a bin size of 0.044µm (Gaia
Collaboration 2023), and the associated error is the standard
deviation of the spectrophotometry at a given band for the dif-
ferent observations available for a given asteroid. To remove the
solar contribution, several solar analog stars have been averaged
(Gaia Collaboration 2023).

However, Tinaut-Ruano et al. (2023) recently found a sys-
tematic problem in the solar contribution removal process at the
shortest wavelengths (the first five bands) in the Gaia DR3 cat-
alog, resulting in a decrease of the asteroid spectral slope in the
UV-blue region (between 0.374 and 0.506µm). Consequently,
we applied the correction factors found by Tinaut-Ruano et al.
(2023) to the Gaia spectra used in our analysis.

The quality of the spectra in the Gaia database is indicated
by a flag for each band, with 0 indicating reliable data, 1 indi-
cating suspicious data, and 2 indicating unreliable data. Upon
inspecting the Gaia data, we observed that the first and last bands

consistently exhibit anomalous reflectance values compared to
the apparent continuum of the spectrum. This phenomenon has
also been observed by Gaia Collaboration (2023). Therefore, we
decided to exclude these bands as well as the ones flagged 2 from
the analysis of the spectra of interest.

The Gaia database includes 148 visible spectra of potential
members of the PSTF family.

3.4. Spectral analysis

The first step of our analysis was to classify the spectra follow-
ing the Bus-DeMeo taxonomy (DeMeo et al. 2009). To do so,
we used the M4AST tool4 (Popescu et al. 2012), which com-
pares the spectra of the asteroids with the mean spectra of each
Bus-DeMeo class. Using the least chi-squared method, the tool
determined the first five classes that best match. Then, we visu-
ally inspected the different solutions to identify the best one, that
is, the one with similar absorption features to the asteroid and the
lowest chi-square value.

4 http://m4ast.imcce.fr/
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Fig. 2. Observed spectra in the visible range of potential members of the PSTF.

For the Gaia data, we observed that the 0.90–1.00µm band
(which is typically found in S-complex spectra, for example) is
not systematically well identifiable, especially for fainter aster-
oids. Therefore, it was often difficult to discriminate between
L-type and S-complex (S-, Sa-, Sq-, Sr-, and Sv-types) classifi-
cations.

The second step of our analysis consisted of computing the
spectral slope in two different spectral ranges by applying a
linear fit to the data, as described by Fornasier et al. (2016).
Slopes were computed for the entire spectral range and for the
visible range between 0.50 and 0.75µm. Uncertainties were esti-
mated by taking into account the 1σ deviation plus 0.5%/103Å,
estimated from the observations of different solar analog stars
during a given night, to take into account the spectral varia-
tions induced by the use of different stars to remove the solar
contribution.

Finally, to characterize absorption bands, we applied the
method described by Gaffey et al. (1993) and applied by
Bourdelle de Micas et al. (2022). Thus, we first computed the
linear continuum at the two edges of the band. Then, we applied
a polynomial fit of the nth order, with n comprised between three
and eight. The band center was estimated by looking at the wave-
length value where the first derivative of the polynomial function
is equal to zero. For further information about the characteri-
zation of absorption bands, we refer the reader to Bourdelle de
Micas et al. (2022).

The data we present were not corrected for the spectral phase
reddening (i.e., how the spectral slope varies with the phase
angle) for two reasons. Firstly, some data extracted from the lit-
erature lack essential information about the phase angle or the
observation date. In addition, the Gaia spectra are computed
by averaging several observations of a given asteroid acquired
at different geometrical conditions (Gaia Collaboration 2023).
Therefore, the phase reddening correction cannot be applied to
several asteroids of the PSTF. Secondly, we tested the phase
reddening correction on the S-type asteroids we observed and
found negligible variations that do not affect the taxonomical
classification or the mineralogical analysis. Taking all of this

into consideration, we decided not to apply the phase reddening
correction.

4. Results

4.1. Taxonomy of the potential family members

In Table A.2, we present the results of our taxonomical clas-
sification (highlighted in bold) for each member of the family.
Additionally, we include the spectral classes determined in the
literature whenever available. We observed differences between
our classification and that of the literature in only 11.5% of the
sample. These differences appear for the L versus S-complex
classification and for the D- and T-types versus the X-complex
taxonomy.

We are confident in our taxonomical classification because
we performed a careful inspection of the spectra, and we com-
bined all the available data to have the widest spectral coverage,
while in the literature, the classification of a given object may be
derived considering only the visible or the near-infrared range
of the spectra. Moreover, we selected as potential members of
the family only asteroids with an albedo higher than 12%. With
this criterion, it is unlikely to have D-, P- or T-type asteroids
in our sample. Therefore, despite the classification given by the
literature, we decided to classify these objects as X-types.

The PSTF is dominated by S-complex members, as expected,
and includes some X-complex, L-type, and V-type asteroids.
In Fig. 3, we present the taxonomy of the potential members
in the inverse of the diameter versus semimajor axis plot. We
observed that the majority of the potential members belonging
to the X-complex are located in the core of the V shape, while
the S-complex ones are found both in the core and along the
lobes defining the edges of the family. We note that the PSTF
is surrounded by and overlaps with other large families, such as
the Vesta, dominated by V-type asteroids; the Athor; the Zita;
and the Nysa, which are dominated by X-complex asteroids. In
defining the borders of the V shape and the core of the family,
the known members of the Nysa and Vesta families (Nesvorný
et al. 2015) were already excluded (Ferrone et al. 2023).
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Fig. 3. Different distributions of taxonomic classes determined in this study. Left: PSTF’s V shape with taxonomical distribution of its potential
members. The V shape presented in this plot (the black line and the dashed lines) is from Ferrone et al. (2023). We refer the reader to that paper
for further details regarding the V-shape determination. Right: distribution of the spectral classes of the potential PSTF members per size bin.

In Fig. 3, we also present the taxonomy distribution for dif-
ferent sized ranges. The largest potential member of the PSTF is
(30) Urania, an S-type asteroid with a diameter of 91.3± 0.7 km.
The majority of the potential members of the PSTF are relatively
small, with diameters ranging from 7 to 10 km, with the addition
of the two members with 5 < D < 7 km from Ferrone et al. (2023).
The S-complex objects can be observed in each size range, while
X-complex members have diameters ranging from 5 to 20 km.
Before drawing conclusions on a family’s nature, we needed to
identify interlopers as well as to remove them from the list of
family members.

4.2. Identification of interlopers

While we found that the majority of the PSTF members are S-
complex asteroids, we also identified that 17% of them belong to
the X-complex and 8% are V-types. To explain the presence of
other taxonomical types among the asteroids in the family mem-
ber list, it is important to note that the PSTF, being an old family
(with an age estimated to be ≳ 4 Gyr, according to Ferrone et al.
2023), is spread across the entire inner main belt. Therefore, it
is highly probable that the potential members list defined earlier
includes interlopers or members of other families located in the
background. To identify interlopers within the potential PSTF
members list, we proceeded as follows.

For a given spectral type or complex, we plotted the V shapes
of other known families dominated by that class in an a versus 1

D
plane. Additionally, we plotted these families in an orbital space
plane, sin(i) versus e. In the latter plot, we identified the regions
where the majority of the members are located and drew boxes
that characterize these regions.

We included the potential members of the PSTF and its
V shape in these plots. By examining the positions of the poten-
tial PSTF members, we identified objects located inside the
V shape of other families. We considered these asteroids “sus-
picious” members. Simultaneously, we reported these objects on
the orbital elements plot.

If a “suspicious” object was located inside the typical dis-
tribution in the sin(i) versus e plane of a given family, we
considered it to be an interloper. Otherwise, the object remained
in the list of PSTF members.

4.2.1. S-complex

In the inner main belt, there are several families domi-
nated by S-complex asteroids, including Flora, Massalia, Luci-
enne, Euterpe, Datura, and Lucascavin (Nesvorný et al. 2015).

However, Lucienne, Datura, and Lucascavin families are not
included in our analysis because their V shapes are narrow and
may be included in the ones of Flora or Baptistina, or within
the Nysa-Polana complex. Only the Flora, Massalia, and Euterpe
families were considered as potential sources of S-complex
interlopers.

In Fig. 4 (left), all S-complex potential members of the PSTF
are represented in the a versus 1

D plot. We also represent the V
shapes, determined by the C0 value provided by Nesvorný et al.
(2015), of the main S-complex families in the inner main belt,
namely, Flora, Euterpe, and Massalia. Twenty-two asteroids fall
both within the V shape and orbital elements space of the Flora
family, and therefore, we consider them to be interlopers of the
PSTF. Conversely, asteroids that are within the V shape of the
Euterpe and Massalia families are outside the e and sin(i) bounds
of Euterpe and Massalia. Therefore, this last set of asteroids can-
not be tagged as interlopers of the PSTF (Fig. 4, right panel). We
kept this set in the list of potential members of the PSTF.

4.2.2. V-types

We found that 8.43% of potential PSTF members are V-types
(Fig. 3). In the inner main belt, the Vesta family is one of the
largest families, and it is dominated by V-types (De Sanctis et al.
2012; Nesvorný et al. 2015). Therefore, it could be a source of
interlopers for the PSTF.

We followed the same procedure as described earlier to iden-
tify interlopers among the V-type potential members. We plotted
the V shape of Vesta using the C0 value given by Nesvorný et al.
(2015). We display all the V-type potential members of the PSTF
in Fig. 5 (top) in red, and those inside the V shape of Vesta are
in blue. We considered the asteroids (854) Frostia, (1914) Hart-
beespoordam, (2432) Soomana, (2442) Corbett, (2557) Putnam,
(2763) Jeans, and (5875) Kuga to be suspicious objects. Next,
we plotted them in the sin(i) versus e plane, and we compared
their distribution against those of Vesta family members (Fig. 5,
bottom). Five out of the seven potential interlopers are within
the Vesta family orbital elements space; thus, we ultimately
considered them as interlopers. These bodies are (1994) Hart-
beespoordam, (2432) Soomana, (2442) Corbett, (2557) Putnam,
and (5875) Kuga, and they may be members of Vesta’s family.

4.2.3. X-complex

We found that around 17% of asteroids present in the list of
potential PSTF members belong to the X-complex. In the inner
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Fig. 4. Comparison between the distribution of S-complex PSTF poten-
tial members and S-complex background families. Top: V shape of Flora
family (in blue) in a plan 1

D versus a. Flora’s members are shown in
black. The red points represents the PSTF potential members that are
outside all V shapes. The blue, dark green, and orange points repre-
sent asteroids that are inside Flora, Euterpe, and the Massalia V shape,
respectively. Bottom: distribution of PSTF potential members compared
to the typical distribution of members of Flora, Euterpe, and Massalia
families. The blue, green, and orange rectangles represent the border of
Flora’s, Euterpe’s, and Massalia’s regions, respectively.

main belt, there are primarily two families, Athor and Zita, con-
sisting of X-complex asteroids (Delbo et al. 2019; Avdellidou
et al. 2022), and the Nysa-Polana complex has several collisional
families that contain X-complex asteroids (Walsh et al. 2013;
Dykhuis & Greenberg 2015). In particular, Athor and Zita were
discovered by Delbo et al. (2019), who were searching within the
population of X-complex asteroids. Subsequent detailed spectro-
scopic observations revealed that Athor is essentially composed
of Xc-type asteroids, while Zita is dominated by Xk- and
X-type asteroids (Avdellidou et al. 2022). These families are old,
with an estimated age of ∼3.0 Gyr and ∼4.5 Gyr, respectively
(Delbo et al. 2019). Their members are spread across the inner
main belt, and therefore the boxes defining the region in sin(iP)
and eP occupied by their members contain the entire inner main
belt (2.1 < aP < 2.5 au , eP ≲ 0.3, sin iP ≲ 0.3). Nevertheless, the
V shapes of Athor and Zita families are still well defined, with
a center and slope of aC = 2.38 au and K = 1.72 au−1 km−1,
and aC = 2.28 au and K = 1 au−1 km−1, respectively (Delbo
et al. 2019). The center of the high albedo component of
the Nysa-Polana complex is at aC = 2.42 au, while its slope

Fig. 5. Comparison between the distribution of V-type PSTF members
and Vesta’s family. Top: V shape of Vesta family (in blue) and the PSTF
(in red). The red and blue points represent potential members of the
PSTF that are respectively outside and inside Vesta’s V shape. The black
points represent members of the Vesta family. Bottom: distribution in the
sin(i) versus eccentricity space of PSTF potential members (in red and
blue points) compared to Vesta members. The black rectangle represents
the border of the Vesta region in the orbital elements space.

K ∼ 4 au−1 km−1 can be derived from K = 1/C
√

pV/1329
(Delbo et al. 2017). Its C = 10−4 au, and its average geometric
visible albedo pV = 0.28 (Nesvorný et al. 2015). From the exten-
sion of the Nysa-Polana complex in the orbital element space,
we can take 0.14 < eP < 0.25 and 0.03 < sin iP < 0.07.

We observed that only five asteroids, namely, (620), (647),
(1155), (1586), and (14465), are located outside the V shapes
and the orbital element box constraints of Athor, Zita, and the
Nysa-Polana complex. When examining the albedo value of the
five remaining asteroids, (620) Drakonia and (647) Adelgunde
have a pv value of 0.42 ± 0.05 and 0.51 ± 0.04, respectively.
Consequently, based on the Tholen taxonomy (Tholen 1984),
we classified these two asteroids as E-type. Due to the dispar-
ity in composition between these asteroids and the S-complex,
we chose to exclude them from the list of members. Finally,
we considered (1155) Aenna, (1586) Thiele, and (14465) 1993
NB as members of the PSTF, while we identified the other 42
X-complex asteroids as interlopers.

4.3. The PSTF family after interlopers removal

After excluding interlopers, the list of PSTF members was
reduced to 190 asteroids. The identification of confirmed
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Number of members 190
Mean albedo 22.72 ± 2.76 %

Age 4.4 ± 1.7 Gyr (1)

Potential parent body (30) Urania (S-type)
Size of the parent body 140 < D < 230 km

Mean visible spectral slope
S-complex 13.2 ± 0.9 %/103Å

L-type 14.1 ± 1.2 %/103Å
V-type 15.8 ± 1.1 %/103Å

(1): Ferrone et al. (2023)

Fig. 6. Summary of parameters characterizing the PSTF after exclusions of interlopers. Left: summary of the main characteristics of the PSTF.
Right: distribution of the PSTF members taxonomical classes after exclusion of interlopers.

members and interlopers is reported in Table A.2. In Fig. 6, we
summarize the main spectral properties and characteristics of
the PSTF, which is dominated by S-complex asteroids (∼71%)
with a non-negligible percentage of L-types (∼15%) and V-types
(∼9%).

From the list of confirmed members, we calculated the spec-
tral slope and analyzed the absorption bands, if present, for either
newly observed asteroids or those with available data in the
literature.

In Fig. 7, we present the visible spectral slope versus albedo
of the potential PSTF members. We plotted the spectral slope
computed in the visible range because it is available for all the
investigated asteroids, while near-infrared spectra are missing for
several bodies.

In this plot, we observed that members of the PSTF are
regrouped in an area located at 0.12 < pv < 0.38 and 4 <
slope < 23%/1000 Å. There is no clear separation between the
different classes. Considering the list of confirmed members
defined here, the mean geometric visible albedo of the family
is 22.5± 2.7 %. As previously indicated, the largest member of
the PSTF is the asteroid (30) Urania, which may be the parent
body of the PSTF.

4.4. Spectral analysis of the PSTF members

The S-complex is characterized by the presence of two bands
in the visible and near-infrared range, located at around 1.0
and 2.0µm (hereafter, BI and BII, respectively). The BI band
may be due to the presence of olivine and pyroxene, while the
2.0µm band is due to pyroxene (Cloutis et al. 1986; Gaffey
et al. 1993). The BI and BII band depths may vary among
S-complex asteroids, depending on the olivine-pyroxene ratio.
Cloutis et al. (1986) defined the band area ratio (hereafter, BAR)
as the ratio of the 2.0µm band area over the 1.0µm one. Gaffey
et al. (1993) established a classification scheme of silicate aster-
oids considering their distribution in the plane composed of
the BI center band position versus the BAR area ratio. Gaffey
et al. (1993) defined seven different groups of S-types (numbered
S(I) to S(VII)) with varying amounts of olivine and pyroxene
abundances. The S(I) group characterizes olivine-rich asteroids,
while S(VII) corresponds to pyroxene-dominated objects.

We therefore computed the BI center position and the BAR
for the S-type asteroids with a complete visible and near-infrared

Fig. 7. Distribution of potential PSTF members in a visible spectral
slope versus albedo plan. The size of the symbols is proportional to the
asteroid diameter.

spectrum (18 asteroids) following the approach described in
Gaffey et al. (1993). We computed the linear continuum between
the band’s borders for each of the BI and BII bands, and then we
divided the extracted spectrum of each band by the associated
linear continuum. We applied a polynomial fit of order N, where
N ranges between three and eight, and we determined the band
parameters using the polynomial best fitting a given band and the
uncertainties considering the variations in the parameters using
the polynomials N-1 and N+1.

In Fig. 8, we present the S-subclasses, following the Gaffey
et al. (1993) classification scheme, for the 18 S-complex
asteroids with a complete visible and near-infrared spectrum
(18 asteroids). The values of the band parameters are reported
in Table A.3. Twelve of them are located in the S(IV) group, cor-
responding to the S-complex objects with a mineralogy similar
to ordinary chondrites (Gaffey et al. 1993; Mothé-Diniz et al.
2005). Two asteroids, (3385) Bronnina and (3920) Aubignan,
show an olivine-rich composition and are located in the S(II)
region. Conversely, (287) Nephthys, (391) Ingeborg, and (1565)
Lemaitre show a mineralogy dominated by pyroxene (S(VII)).
Finally, (1589) Fanatica is located in the S(V) region, which
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Fig. 8. Distribution of potential S-complex members of the PSTF in
the BI center versus BAR ratio plan. The ellipses represent the sub-
groups defined by Gaffey et al. (1993). The abbreviation Ol stands for
monomineralic olivine; Capx is calciopyroxene; OC is mafic silicate
components of ordinary chondrites; and Opx is orthopyroxene.

Fig. 9. Distribution of potential V-type members of the PSTF in a BI
center versus BII center plan. From left to right, the gray areas corre-
spond to the regions of diogenite, howardite, and eucrite mineralogies.
The green square corresponds to the space where Vesta is located when
considering its variability during multiple observations, according to
De Sanctis et al. (2012) and McCoy et al. (2015).

is characterized by an equal composition between olivine and
pyroxene (Gaffey et al. 1993).

Although the sample size is small, these findings suggest that
the PSTF might be dominated by a composition similar to that of
ordinary chondrites. This also suggests that it includes, in lower
proportion, members rich in pyroxene.

Among the most represented classes, we found that ∼9% of
members of the PSTF belong to the V-type, which is character-
ized by deeper 1.0 and 2.0µm bands compared to S-complex
asteroids. Similar to the mineralogical characterization of S-
complex asteroids, it is possible to determine the mineralogical
properties of V-types based on their absorption band features.
It is well known, thanks notably to the results from the Dawn
mission, that (4) Vesta (the largest V-type asteroid of the main
belt) is the parent body of the howardite, eucrite, and diogenite
(the so-called HED) meteorites (McSween et al. 2013). There-
fore, we followed the approach of Moskovitz et al. (2010), which
involves plotting V-type asteroids on the BI center versus BII
center plane and comparing their distribution with the regions

characteristic of the diogenite, howardite, and eucrite mineralo-
gies (gray rectangles in Fig. 9). To compare the location of the
members of the PSTF with Vesta (and its family by extension), it
is important to consider that Vesta shows significant variations in
terms of band center positions, indicating compositional hetero-
geneity (Gaffey 1997). To make this comparison, we identified
an area, from De Sanctis et al. (2012), that corresponds to dif-
ferent observations of Vesta’s surface during the surface orbital
stage of the Dawn spacecraft. To draw this box, we considered
all observations and their uncertainties. The result is presented in
Fig. 9, and the computed BI and BII center values are presented
in Table A.4.

In Fig. 9, we observed that four asteroids, (2371) Dimitrov,
(2653) Principia, (2763) Jeans, and (2851) Harbin, are located
within the mixed area define by howardites and eucrites. The
(2168) Swope and (2566) Kirghizia asteroids are located close
to these regions but are not within them. This shift has been
reported previously in the literature and has been interpreted
as an effect of regolith grain size or space weathering (Duffard
et al. 2005; Moskovitz et al. 2010). Thus, we can assume that
these objects likely have a howardite- or eucrite-dominated min-
eralogy. Although (4302) Markeev appears to be far from the
HED mineralogical space, there are significant uncertainties in
the BI band center position, which was determined using Gaia
spectrophotometry.

Except for (854) Frostia and (4302) Markeev, all studied
V-type members are located within the Vesta region. This result
suggests that the majority of the V-type members in the PSTF
share the same composition as Vesta.

5. Discussion

5.1. Size distribution

We computed the size distribution of the asteroids in the list of
confirmed members of the PSTF (Fig. 10). Since the family is
billions of years old, its size distribution can be expected to have
been affected by substantial erosion of objects due to their col-
lisional (Bottke et al. 2005) and dynamical evolution (see also
Delbo et al. 2017).

We first estimated the size-dependent probability that PSTF
members were dynamically removed from main belt. For this,
we used the simulations performed by Delbo et al. (2017) of the
orbital evolution of a randomized synthetic asteroid population
in the inner main belt. We expressed their results by a function,
Eq. (3), giving the probability, p(D), as a function of the aster-
oid’s diameter, D, that this body left the main belt after 4 Gyr of
orbital evolution:

p(D) ≃ (1/D − 0.01)0.3. (3)

Next, we performed a Monte Carlo simulation where for each
asteroid member of the PSTF, we extracted a random number
from a uniform distribution between one and zero, and we elimi-
nated the asteroid if said number was smaller than the asteroid’s
corresponding P(D) value, as calculated from Eq. (3). This pro-
cedure resulted in an erosion of the size frequency distribution
(SFD) of the PSTF. We then applied a second SFD erosional
step to simulate the elimination of asteroids due to collisions.
For this, we adopted a classical method that consists of deter-
mining the probability that an asteroid undergoes a catastrophic
collision during a time ∆t. This probability is equal to the size-
dependent inverse collisional lifetime from Bottke et al. (2005)
multiplied by the time ∆t. Subsequently, a Monte Carlo simula-
tion was run for a number of steps equal to 4.4 Gyr/∆t and for
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Fig. 10. Size distribution of the PSTF members.

10 Gyr/∆t (where ∆t = 10 Myr). At each step an asteroid was
eliminated from the simulation if a random number, uniformly
distributed between zero and one, was found to be smaller than
that probability. We carried out this entire process 301 times for
each member of the PSTF, and we estimated its average loss rate
and its standard deviation. Finally, we calculated the corrected
cumulative SFD of the PSTF by adding the inverse of the aver-
age loss rate while counting asteroids in the order from largest
to smallest in size. In Fig. 10, we present an SFD correction
assuming two collisional evolution models: one model assumes
the current state of the solar system for the entire simulation, and
the other takes into account that the collisional loss was greater
in the earlier days of the Solar System. The collisional loss is
expected to decrease as a function of time since the main belt
contains fewer bodies for other bodies to collide into. To com-
pensate for this, Bottke et al. (2005) estimated that prolonging
the total time 10 Gyr in the current state of the solar system
is roughly equivalent to integrating for 4.5 Gyr in a solar sys-
tem that experienced higher collisional loss in its earlier days. It
is common to assume that cumulative SFDs of families can be
approximated by a power law (Durda et al. 2007; Masiero et al.
2013) represented by Eq. (4):

N(> D) = N0Dα, (4)

where N is the number of asteroids larger than D, N0 is the cumu-
lative number of objects with D ≥ 1 km, and α is the cumulative
slope. We fit Eq. (4), by means of the free parameters N0 and
α, to the observed and the corrected SFDs, considering aster-
oids with diameters between 9 and 40 km only. Namely, we
avoided the end of the size distribution containing the largest
objects because their number is stochastic, that is, there are few
objects, and their sizes could be affected by the highly variable
impact geometry of the projectile on the family’s parent body.
We also avoided the small end of the SFD because it is nec-
essarily observationally incomplete. Typically, family SFDs are
fit in the regime where collisional fragmentation is thought to
dominate and the sample is complete, which in our case is safe
to assume in the range 9 ≲ D ≲ 40 km. We obtained α values
ranging between -1.8 and -2.8. The former and the latter values
correspond, respectively, to α values derived by fitting Eq. (4)
to the observed SFD and the SFD corrected for the highest
dynamical and collisional loss (10 Gyr; Fig. 10).

The initial size of the PSTF can be determined by integrating
Eq. (4), that is:

Vp =
π

6
αiniN0

∫ 0

DMax

Dαini+2dD, (5)

where Vp is the volume of the family precursor body and DMax =
N010−α is the largest object on the power-law SFD. Equation (5)
can be solved analytically for αini > −3, which is our case; thus,

Dp =

(
−αiniN0

1
αini + 3

Dαini+3
Max

) 1
3

, (6)

yielding the diameter of the PSTF family progenitor to be
between ∼110 and ∼210 km.

This diameter range is compatible with the H and L chondrite
planetesimal sizes inferred from thermal modeling of ther-
mochronometers inside the ordinary chondrites (Trieloff et al.
2003; Gail & Trieloff 2019). This is contrary to the case of
the EL enstatite chondrites where their source family progen-
itor (Avdellidou et al. 2022) is much smaller than the size of
the planetesimal within which these meteorites formed (Trieloff
et al. 2022), possibly indicating that the EL planetesimal broke
outside the main belt and that a fragment of it, the source family
progenitor, was implanted into the main belt by some dynamical
process (Avdellidou et al. 2022). Hence, we speculate that the
parent body of the PSTF could have accreted in the main belt.

5.2. Comparison with Flora family

We compared the PSTF properties with those of other S-complex
dominated families. In the inner main belt, there are seven
known families dominated by S-complex asteroids (Nesvorný
et al. 2015). However, three of them (Lucienne, Datura, and
Lucascavin) have only a small number of members; one, Pho-
caea, has a very different average inclination (i > 17◦); and
two have no or little spectroscopic data available (Massalia and
Euterpe). Conversely, Flora is a well-known family that has been
spectroscopically studied by Oszkiewicz et al. (2015).

As stated earlier, Flora is the biggest S-complex family of the
inner main belt, with more than 13 000 members (Nesvorný et al.
2015). Spectroscopic studies have shown that this family con-
tains mainly S-complex asteroids but also a non-negligible num-
ber of L- and V-types (Oszkiewicz et al. 2015). In their work, the
authors considered a sample of 2500 members of Flora’s family,
and they estimated their taxonomic classes through photometric
data (Oszkiewicz et al. 2014). Flora has a lower percentage of
S-complex (47.8%) asteroids (Oszkiewicz et al. 2015) compared
to the PSTF family (71.1%). This difference may be attributable
to the several C-complex and D-type asteroids included in their
survey, types that are automatically excluded from the PSTF
member list because of their low albedo (we applied the criterion
albedo >12% to identify the members of the family). Without the
low-albedo bodies, Flora should have ∼54% of S-complex, ∼9%
of X-complex, and ∼37% of End members. This result is closer
to what we found for the PSTF.

We also observed that the percentage of L-type asteroids is
quite similar in the two families (∼15%). However, in both stud-
ies, the spectra were acquired mostly in the visible region (up
to 1.1µm for the best cases). Near-infrared spectroscopy will be
very helpful to fully discriminate L-type from S-complex aster-
oids, especially in cases like our study where only objects from
the Gaia DR3 catalog are used.
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When examining the taxonomic distribution of members
within the Flora family, we noted that V-type asteroids are
present up to 6.6%. Consequently, we expected to find V-type
asteroids among the members of the PSTF with a similar pro-
portion (9.0%). However, as our interloper identification may
include some false positive results, V-type asteroids may be, in
reality, members of the Vesta family.

Finally, we found a smaller number of X-complex PSTF
members compared to the Flora family (1.6% against 7.5%). It is
probable that this 7.5% should contain members of X-complex
dominated families (Athor and Zita) that have not been dis-
covered at the time of the study of Oszkiewicz et al. (2015).
However, for the X-type asteroids, the comparison should be
done with caution because we might have been too restrictive
in X-complex member identification. This is because we consid-
ered 4-Gyr-old X-complex families (such as Athor and Zita) that
are spread across the entire inner main belt. It could be possi-
ble that, in reality, the PSTF contains more X-complex asteroids
among its members.

6. Conclusions

After the detection by Ferrone et al. (2023) of a PSTF in the
inner main belt, we conducted a spectroscopic analysis of poten-
tial members of that family. We initially enhanced Ferrone et al.’s
list of members located within the lobes of the PSTF’s V shape
by including objects in the “core” of the family. This resulted in
a list of 263 potential members of the PSTF. Spectroscopic data
were retrieved from new ground-based observations, literature,
and the Gaia mission asteroid spectral catalog, covering the vis-
ible and, when existing, the near-infrared range. Consequently,
we obtained the spectra of about 261 potential members of this
family.

In our work, we first performed taxonomic classification on
PSTF members. As expected, the family is predominantly com-
posed of S-complex asteroids. However, the significant presence
of X-complex, L-type, and V-type objects among the mem-
bers of the family raised questions regarding their membership.
Therefore, we did a more detailed analysis to determine if these
objects were members of the PSTF or interlopers. By examin-
ing S-complex, V-type, and X-complex objects individually and
comparing their orbital characteristics to both PSTF members
and background family members, we identified 24 S-complex
asteroids that are interlopers of the PSTF (they can be members
of the Flora family), five V-types that are interlopers (and poten-
tially members of Vesta’s family), and 42 X-complex asteroids
that are also interlopers. The latter can be members of the Nysa
complex family, Athor family, or Zita family.

Based on our findings, the list of PSTF members was reduced
to 190 objects. From that list and through our studies, we
obtained the following results:
1. The mean albedo value of the family members was estimated

to be 22.72± 2.76%;
2. The S-complex asteroids dominate the family (∼70%), fol-

lowed by L- and V-types (∼15% and ∼9%, respectively). For
the S-complex, we observed a composition similar to that of
the ordinary chondrites;

3. Among the members of the PSTF, approximately 9% are
V-types. These asteroids exhibit a composition close to
the howardite and eucrite meteorites. However, due to the
limited sample considered in this analysis, no definitive con-
clusions could be drawn regarding general trends for either
case;

4. Through the size distribution of the PSTF, we estimated the
size of the parent body of this family, and it ranges between
110 and 210 km. This size range is compatible with the pro-
genitor of H and L chondrites. Among the members of the
PSTF, (30) Urania is the biggest (D ∼ 91 km). This asteroid
could be the parent body of the PSTF;

5. We compared the taxonomical distribution of the PSTF with
that of Flora, another large S-complex dominated family
in the inner main belt. In general, we found a distribution
that was similar but with a notable exception: the case of
X-complex members. Indeed, we found a lower percentage
of X-complex PSTF members (∼2.6%) compared to Flora
(∼7.5%). We explain that difference by the fact that our
interloper identification could be too restrictive.

Based on the dynamical detection conducted by Ferrone et al.
(2023), our spectroscopic study allowed us to include the PSTF
to the list of S-complex families present in the inner main belt.
Given its presence in this region, it is likely that some S-complex
near-Earth asteroids originating from this family will be found in
future studies.
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Appendix A: Tables

Table A.1. Observational conditions of PSTF’s members whose spectra were acquired by the Copernico, TNG, and LDT telescopes.

Object Date UT Exp (s) mv α (◦) Airm. SA SA Airm. Instr. Slit (")
(169) Zelia 12/10/2021 23:38 8×10 12.2 8.4 1.18 BD +17319 1.22 NICS 2.00
(219) Thusnelda 13/10/2021 01:15 8×10 11.9 18.3 1.21 BD +09445 1.23 NICS 2.00
(287) Nephthys 12/02/2022 05:38 8×30 13.0 24.8 1.62 BD +11 2407 1.10 NICS 2.00
(432) Pythia 13/10/2021 02:24 8×40 13.7 19.9 1.38 HD 254137 1.42 NICS 2.00
(486) Cremona 02/12/2019 05:33 8×120 14.9 3.1 1.20 HD 17762 1.16 NIHTS 1.34
(486) Cremona 21/12/2019 21:11 300 14.9 7.6 1.16 Hyades 64 1.16 Afosc 4.22
(571) Dulcinea 11/02/2022 19:59 8×120 15.9 29.4 1.23 GSC 01227 1.26 NICS 2.00
(684) Hildburg 20/10/2020 01:59 1800 15.3 20.4 1.07 Hyades 64 1.14 Afosc 4.22
(684) Hildburg 14/12/2020 23:08 900 14.2 3.6 1.03 Hyades 64 1.20 Afosc 4.22
(684) Hildburg 12/02/2022 03:54 8×100 15.2 22.1 1.51 BD +11 2407 1.10 NICS 2.00
(855) Newcombia 08/03/2021 23:36 600 14.8 8.3 1.12 BS 4486 1.15 Afosc 4.22
(889) Erynia 14/12/2020 23:34 600 13.9 15.2 1.30 Hyades 64 1.10 Afosc 4.22
(889) Erynia 12/02/2022 05:56 8×120 16.4 19.9 1.28 BD +11 2407 1.10 NICS 2.00
(896) Sphinx 02/12/2019 04:09 8×120 15.7 4.6 1.12 Hyades 64 1.09 NIHTS 1.34
(896) Sphinx 21/12/2019 22:15 1200 15.7 12.7 1.19 Hyades 64 1.21 Afosc 4.22
(1034) Mozartia 06/03/2020 05:29 8×120 16.3 4.7 1.18 SA102-1081 1.32 NIHTS 1.34
(1126) Otero 13/12/2020 17:01 1200 16.1 23.9 1.31 SA115-271 1.45 Afosc 4.22
(1126) Otero 12/02/2022 06:38 8×120 15.6 27.4 1.40 BD +11 2407 1.10 NICS 2.00
(1137) Raissa 14/12/2020 00:37 600 13.9 6.5 1.07 Hyades 64 1.24 Afosc 4.22
(1137) Raissa 12/02/2022 04:26 8×100 15.4 19.9 1.28 BD +11 2407 1.10 NICS 2.00
(1278) Kenya 12/02/2022 03:22 8×120 15.8 17.3 1.26 BD +012823 1.31 NICS 2.00
(1375) Alfreda 23/12/2019 17:44 1200 15.8 24.7 1.39 Hyades 64 1.18 Afosc 4.22
(1528) Conrada 02/10/2021 03:01 2700 16.5 19.1 1.25 SA102-1081 1.58 Afosc 4.22
(1528) Conrada 13/10/2021 01:31 8×120 16.3 16.9 1.40 HD 254137 1.42 NICS 2.00
(1664) Felix 12/02/2022 02:07 8×70 14.2 10.2 1.02 BD +11 2407 1.10 NICS 2.00
(1817) Katanga 20/05/2019 05:57 8×30 15.7 14.5 1.07 HD 109179 1.09 NIHTS 1.34
(1928) Summa 19/10/2020 21:31 1800 15.2 7.7 1.40 SA115-271 1.42 Afosc 4.22
(2013) Tucapel 11/04/2022 06:58 24×120 15.5 4.6 1.22 BD +08 2451 1.15 NIHTS 1.34
(2200) Pasadena 19/10/2020 22:14 1800 15.3 2.0 1.17 SA115-271 1.42 Afosc 4.22
(2536) Kozyrev 14/12/2020 22:12 900 14.6 2.3 1.11 Hyades 64 1.52 Afosc 4.22
(2827) Vellamo 11/02/2022 20:32 16×120 17.1 24.4 1.18 GSC 01227 1.26 NICS 2.00
(3018) Godiva 10/05/2022 06:54 16×120 15.1 2.1 1.60 HD 112049 1.49 NIHTS 1.34
(3018) Godiva 06/06/2022 06:22 16×120 15.8 16.4 1.33 HD 127406 1.66 NIHTS 1.34
(3060) Delcano 12/02/2022 00:19 16×120 16.7 1.6 1.10 Bd +032345 1.12 NICS 2.00
(3302) Schliemann 10/05/2022 05:04 20×120 16.6 10.8 1.31 HD 112049 1.49 NIHTS 1.34
(3458) Boduognat 06/06/2022 07:27 10×120 16.4 9.4 1.74 HD 127406 1.66 NIHTS 1.34
(3558) Shishkin 18/10/2020 20:22 2400 16.3 13.2 1.33 Hyades 64 1.31 Afosc 4.22
(4302) Markeev 11/04/2022 09:23 24×120 15.5 5.6 1.34 SA107-684 1.27 NIHTS 1.34
(4711) Kathy 10/05/2022 08:38 24×120 16.3 6.5 1.32 SA107-684 1.30 NIHTS 1.34
(5129) Groom 11/04/2022 08:12 12×120 15.5 5.0 1.21 HD 120203 1.26 NIHTS 1.34
(5676) Voltaire 01/10/2021 19:14 1200 16.5 27.8 1.70 SA115-271 1.42 Afosc 4.22
(8195) 1993 UC1 19/10/2020 23:16 1800 15.3 9.0 1.04 Hyades 64 1.26 Afosc 4.22
(10936) 1998 FN11 02/12/2019 02:34 4×120 15.6 24.0 1.16 HD 220225 1.15 NIHTS 1.34
(11424) 1999 LZ24 24/12/2019 01:49 1200 15.2 9.3 1.05 Hyades 64 1.20 Afosc 4.22

Notes: SA stands for solar analog stars used to remove the solar contribution from the spectra; Exp. is the exposure time; and Airm. is the value of
the airmass of the asteroids at the beginning of the observations. NICS, NIHTS, and Afosc are mounted on the TNG, LDT, and 1.82m Copernico
telescopes, respectively.

A64, page 13 of 24



Bourdelle de Micas, J., et al.: A&A, 682, A64 (2024)

Table A.2. PSTF potential members list.

Objects D pv
a e sin(i) Classes S all S vis Interloper Ref.

(km) (AU) (%/103Å) (%/103Å)
(30) Urania 91.3 0.187± 0.006 2.366 0.13 0.04 S,S,Sl 2.72± 0.58 13.55± 0.60 No 8
(60) Echo 48.0 0.251± 0.010 2.392 0.19 0.06 S,S 13.34± 0.65 13.34± 0.65 No 3
(115) Thyra 70.4 0.294± 0.008 2.380 0.19 0.20 S,S,K 2.12± 0.64 13.26± 0.64 No 3,4
(169) Zelia 35.6 0.225± 0.015 2.358 0.13 0.10 S,S,Sl,O 3.09± 0.59 14.25± 0.60 No 3,1
(219) Thusnelda 39.4 0.218± 0.008 2.354 0.22 0.19 S,S,L 3.63± 0.56 11.73± 0.56 No 6,1
(273) Atropos 32.7 0.133± 0.007 2.400 0.16 0.35 K,K,Xk 2.24± 0.52 4.55± 0.52 No 6,5
(287) Nephthys 64.6 0.183± 0.006 2.353 0.02 0.17 S 2.36± 0.54 8.54± 0.54 No 9,1
(299) Thora 14.8 0.260± 0.070 2.434 0.06 0.03 S 14.99± 1.19 14.99± 1.19 No 2
(306) Unitas 47.2 0.194± 0.006 2.358 0.15 0.13 S,S 3.36± 0.58 14.50± 0.67 No 3,5
(317) Roxane 18.7 0.490± 0.060 2.286 0.08 0.03 Xk,Xn,Xe 1.57± 0.52 2.63± 0.56 Yes 18
(330) Adalberta 9.7 0.206± 0.035 2.469 0.25 0.12 L 7.48± 1.22 7.48± 1.22 No 2
(391) Ingeborg 18.2 0.166± 0.020 2.320 0.31 0.39 Sr,S,Sl 1.27± 0.57 12.83± 0.65 No 3,5
(432) Pythia 45.4 0.248± 0.008 2.369 0.15 0.21 S,S 3.34± 0.61 13.85± 0.62 No 3,1
(437) Rhodia 14.0 0.530± 0.100 2.387 0.25 0.13 Xk,X 3.34± 0.58 3.34± 0.58 Yes 18
(470) Kilia 27.8 0.150± 0.020 2.406 0.09 0.13 S,S 3.01± 0.57 12.96± 0.61 No 3,5
(477) Italia 23.0 0.250± 0.030 2.415 0.19 0.09 S,S 4.24± 0.66 13.83± 0.65 No 3,7
(486) Cremona 22.8 0.150± 0.030 2.353 0.16 0.19 S 4.11± 0.53 7.74± 0.56 No 1
(548) Kressida 16.3 0.211± 0.028 2.282 0.18 0.07 S 15.73± 1.33 15.73± 1.33 No 2
(571) Dulcinea 12.7 0.255± 0.009 2.410 0.24 0.09 S,S 1.22± 0.62 12.10± 0.63 No 3,1
(574) Reginhild 8.4 0.347± 0.014 2.253 0.24 0.10 S,S 12.21± 1.32 12.21± 1.32 No 2
(584) Semiramis 52.6 0.198± 0.008 2.374 0.23 0.19 Sq,S,Sl 3.30± 0.58 15.22± 0.63 No 8
(620) Drakonia 11.4 0.420± 0.050 2.436 0.13 0.13 Xk,E 1.21± 0.52 3.64± 0.54 Yes 18,5
(622) Esther 21.9 0.320± 0.040 2.413 0.24 0.15 S,S 12.28± 0.66 12.28± 0.66 No 3
(646) Kastalia 7.9 0.281± 0.041 2.325 0.21 0.12 V 15.02± 1.14 15.02± 1.14 No 2
(647) Adelgunde 9.7 0.510± 0.040 2.444 0.19 0.13 Xn 3.87± 0.90 3.87± 0.90 Yes 2
(684) Hildburg 19.0 0.240± 0.040 2.432 0.03 0.10 S,S 3.97± 0.57 12.88± 0.57 No 1
(749) Malzovia 11.5 0.271± 0.023 2.244 0.17 0.09 S,S 13.10± 0.71 13.10± 0.71 Yes 3
(753) Tiflis 26.5 0.209± 0.008 2.329 0.22 0.18 L,S,A 6.66± 0.61 14.02± 0.66 No 3,7
(822) Lalage 10.2 0.257± 0.029 2.255 0.16 0.01 S,A,Sl 15.00± 0.63 15.00± 0.63 No 6
(854) Frostia 7.8 0.415± 0.026 2.369 0.17 0.11 V,V -0.16± 0.75 13.72± 1.27 No 2,8
(855) Newcombia 12.4 0.220± 0.040 2.362 0.18 0.19 A,S 17.90± 0.71 17.90± 0.71 No 1
(870) Manto 11.9 0.321± 0.010 2.322 0.26 0.11 S,S 15.78± 0.76 15.78± 0.76 No 3
(889) Erynia 16.7 0.230± 0.040 2.447 0.20 0.14 S,S,Sl 4.08± 0.60 22.50± 0.60 No 1
(896) Sphinx 12.0 0.240± 0.050 2.285 0.16 0.14 S,S 4.65± 0.56 14.33± 0.59 No 1
(902) Probitas 9.3 0.280± 0.080 2.447 0.18 0.11 V 14.55± 1.14 14.55± 1.14 No 2
(939) Isberga 10.9 0.208± 0.014 2.247 0.18 0.05 S,S 2.86± 0.57 11.49± 0.56 Yes 13,8
(960) Birgit 7.7 0.226± 0.018 2.478 0.17 0.05 L,A 15.20± 1.42 15.20± 1.42 No 2
(963) Iduberga 9.2 0.211± 0.028 2.247 0.14 0.14 L 15.96± 1.98 15.96± 1.98 No 2
(1011) Laodamia 7.6 0.250± 0.070 2.393 0.35 0.10 Sq,S,Sr,Sw 3.52± 0.59 14.30± 0.61 No 19,16
(1034) Mozartia 9.7 0.250± 0.030 2.292 0.26 0.07 Sq,S,Sl 2.11± 0.58 14.15± 0.69 No 3,1
(1077) Campanula 10.0 0.212± 0.035 2.392 0.20 0.09 S,Sq,S 8.15± 0.62 8.15± 0.62 No 6
(1078) Mentha 12.6 0.260± 0.040 2.270 0.14 0.13 S,S 16.66± 1.19 16.66± 1.19 No 2
(1083) Salvia 8.9 0.230± 0.030 2.328 0.18 0.09 S 11.19± 1.61 11.19± 1.61 No 2
(1090) Sumida 12.9 0.126± 0.045 2.359 0.22 0.37 X,T 6.44± 0.54 6.44± 0.54 Yes 6
(1117) Reginita 10.5 0.311± 0.035 2.247 0.20 0.08 S,S 9.78± 0.60 9.78± 0.60 Yes 6
(1126) Otero 12.0 0.179± 0.033 2.272 0.15 0.11 S,Sw,A 5.35± 0.70 44.84± 0.53 No 1
(1137) Raissa 19.4 0.230± 0.030 2.424 0.10 0.08 S,S,Sl 6.81± 0.61 23.86± 0.63 No 1
(1147) Stavropolis 13.4 0.160± 0.040 2.271 0.23 0.07 S,S,Sw 16.07± 0.77 16.07± 0.77 No 3
(1152) Pawona 16.4 0.200± 0.010 2.426 0.04 0.09 S,Sl 16.43± 0.76 16.43± 0.76 No 3
(1155) Aenna 12.6 0.320± 0.090 2.464 0.16 0.11 X,Xe 5.13± 0.78 5.13± 0.78 No 3
(1156) Kira 8.4 0.253± 0.029 2.237 0.05 0.02 S 16.03± 1.74 16.03± 1.74 No 2
(1182) Ilona 13.6 0.227± 0.011 2.260 0.12 0.16 S 13.66± 1.37 13.66± 1.37 No 2
(1224) Fantasia 13.8 0.270± 0.060 2.304 0.20 0.14 S,S 14.73± 1.16 14.73± 1.16 No 2
(1278) Kenya 19.4 0.230± 0.030 2.405 0.26 0.19 S,S 3.68± 0.62 14.07± 0.68 No 3,1
(1279) Uganda 7.2 0.348± 0.031 2.369 0.21 0.10 Xk,X 2.35± 0.60 2.35± 0.60 Yes 9

Notes 1 : The Ref. column corresponds to literature references for the retrieved spectra: (1) This work, (2) Gaia data, (3) Bus & Binzel (2002), (4)
Bell et al. (2005), (5) Reddy & Sanchez (2016), (6) Lazzaro et al. (2004), (7) Burbine & Binzel (2002), (8) MITHNEOS data, (9) Xu et al. (1995),
(10) Hardersen (2016), (11) Moskovitz et al. (2010), (12) Sunshine et al. (2007), (13) Lindsay et al. (2015), (14) Fieber-Beyer & Gaffey (2015), (15)
Hardersen et al. (2015), (16) Binzel et al. (2019), (17) Avdellidou et al. (2022), (18) Fornasier et al. (2008), (19) Binzel et al. (2004).
In the column under Classes, we highlight in bold the classification we derived from the studied asteroid using the M4AST tool (see Section 3.4)
and the Bus-DeMeo taxonomy. The other classes are the ones reported in the literature, when existing.
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Table A.2 - continued.

Objects D pv
a e sin(i) Classes S all S vis Interloper Ref.

(km) (AU) (%/103Å) (%/103Å)
(1310) Villigera 15.9 0.133± 0.022 2.391 0.36 0.36 S 0.56± 0.64 11.10± 1.07 No 2,8
(1311) Knopfia 9.9 0.130± 0.012 2.428 0.04 0.05 X 5.16± 1.08 5.16± 1.08 Yes 2
(1322) Copernicus 10.2 0.231± 0.016 2.422 0.23 0.40 S,S,Sq 13.01± 1.21 13.01± 1.21 No 2
(1335) Demoulina 7.4 0.225± 0.017 2.240 0.15 0.04 S,S 10.99± 0.59 10.99± 0.59 No 6
(1375) Alfreda 13.9 0.210± 0.030 2.447 0.07 0.10 S,S 17.58± 0.60 17.58± 0.60 No 1
(1376) Michelle 7.05 0.267± 0.058 2.228 0.22 0.06 S 16.12± 1.22 16.12± 1.22 Yes 2
(1393) Sofala 11.2 0.223± 0.046 2.433 0.11 0.10 S,S 14.19± 0.61 14.19± 0.61 No 9
(1394) Algoa 13.6 0.207± 0.083 2.439 0.08 0.05 S,S 15.28± 1.51 15.28± 1.51 No 2
(1405) Sibelius 7.0 0.263± 0.021 2.252 0.15 0.12 L,S 16.49± 1.57 16.49± 1.57 No 2
(1415) Malautra 7.87 0.174± 0.017 2.224 0.09 0.06 Sv 15.01± 1.29 15.01± 1.29 Yes 2
(1432) Ethiopia 7.1 0.740± 0.130 2.381 0.23 0.14 Xc,X,C,Cg 1.93± 0.55 1.93± 0.55 Yes 6
(1472) Muonio 8.4 0.252± 0.069 2.234 0.20 0.08 L 14.08± 1.60 14.08± 1.60 No 2
(1478) Vihuri 11.2 0.127± 0.019 2.467 0.09 0.14 S,S 16.37± 0.61 16.37± 0.61 No 9
(1500) Jyvaskyla 8.1 0.165± 0.022 2.242 0.19 0.13 S,S 14.26± 1.23 14.26± 1.23 Yes 2
(1504) Lappeenranta 11.3 0.270± 0.030 2.390 0.16 0.19 Sv,S 14.21± 1.30 14.21± 1.30 No 2
(1522) Kokkola 9.4 0.210± 0.010 2.369 0.07 0.09 L,L,S 17.29± 1.08 17.29± 1.08 No 2
(1528) Conrada 12.5 0.125± 0.019 2.413 0.15 0.15 S,S 5.93± 0.65 25.42± 0.80 No 1
(1551) Argelander 10.2 0.232± 0.018 2.394 0.07 0.07 S 16.72± 1.10 16.72± 1.10 No 2
(1559) Kustaanheimo 10.7 0.261± 0.029 2.391 0.13 0.06 S,S 16.22± 1.17 16.22± 1.17 No 2
(1565) Lemaitre 8.2 0.180± 0.026 2.392 0.35 0.37 Sv,S,Sq 0.90± 0.59 10.37± 0.74 No 8
(1584) Fuji 18.5 0.158± 0.009 2.376 0.20 0.45 S 2.30± 0.57 8.30± 0.56 No 9,7
(1586) Thiele 13.2 0.192± 0.016 2.429 0.11 0.07 Xc 5.38± 1.01 5.38± 1.01 No 2
(1589) Fanatica 10.7 0.290± 0.010 2.418 0.09 0.09 S 2.78± 0.69 15.84± 1.07 No 2,8
(1594) Danjon 10.5 0.270± 0.030 2.269 0.20 0.16 S,S 12.29± 0.67 12.29± 0.67 No 3
(1602) Indiana 8.5 0.269± 0.039 2.245 0.10 0.07 Sq,S 8.86± 0.62 8.86± 0.62 Yes 6
(1626) Sadeya 14.8 0.334± 0.034 2.364 0.27 0.43 Sv,S 2.89± 0.56 11.93± 0.56 No 9,5
(1629) Pecker 9.3 0.250± 0.020 2.238 0.16 0.17 S,S 14.60± 0.73 14.60± 0.73 No 6
(1634) Ndola 7.6 0.207± 0.066 2.246 0.16 0.13 Sq,S 10.78± 0.71 10.78± 0.71 Yes 3
(1643) Brown 9.5 0.164± 0.013 2.489 0.20 0.06 V 16.26± 1.74 16.26± 1.74 No 2
(1646) Rosseland 11.1 0.310± 0.070 2.360 0.12 0.15 X,C,X 1.37± 0.53 1.37± 0.53 Yes 9
(1652) Herge 8.7 0.149± 0.016 2.251 0.15 0.06 S,S 15.06± 1.44 15.06± 1.44 Yes 2
(1664) Felix 8.4 0.473± 0.232 2.338 0.23 0.11 S,S 3.56± 0.62 13.74± 0.67 No 3,1
(1665) Gaby 10.8 0.280± 0.050 2.415 0.21 0.19 S,S,Sq 5.37± 0.59 5.37± 0.59 No 6
(1689) Floris-Jan 16.1 0.127± 0.051 2.449 0.21 0.11 S,D 9.14± 0.67 9.14± 0.67 No 6
(1707) Chantal 7.5 0.306± 0.028 2.219 0.17 0.07 S,S 14.16± 1.09 14.16± 1.09 Yes 2
(1709) Ukraina 10.8 0.160± 0.020 2.378 0.21 0.13 A,S 20.04± 1.52 20.04± 1.52 No 2
(1739) Meyermann 7.9 0.240± 0.018 2.261 0.12 0.06 S 14.20± 1.60 14.20± 1.60 Yes 2
(1770) Schlesinger 10.6 0.190± 0.011 2.458 0.06 0.09 L,S 15.95± 1.14 15.95± 1.14 No 2
(1773) Rumpelstilz 7.5 0.532± 0.046 2.436 0.13 0.09 X 2.42± 0.88 2.42± 0.88 Yes 2
(1784) Benguella 10.5 0.141± 0.008 2.405 0.13 0.03 L 15.84± 1.06 15.84± 1.06 No 2
(1797) Schaumasse 8.9 0.183± 0.019 2.236 0.02 0.05 S,S 15.20± 0.79 15.20± 0.79 No 3
(1800) Aguilar 7.4 0.294± 0.045 2.357 0.14 0.10 S 15.51± 1.32 15.51± 1.32 No 2
(1804) Chebotarev 9.2 0.501± 0.289 2.410 0.02 0.06 S 15.64± 0.99 15.64± 0.99 No 2
(1814) Bach 7.5 0.200± 0.040 2.226 0.13 0.08 S,S,L 16.91± 1.19 16.91± 1.19 Yes 2
(1817) Katanga 15.2 0.124± 0.008 2.371 0.19 0.43 Sv 3.65± 0.61 12.44± 0.96 No 2,1
(1879) Broederstroom 7.5 0.244± 0.030 2.245 0.15 0.03 S,S 12.52± 1.94 12.52± 1.94 No 2
(1884) Skip 10.1 0.256± 0.004 2.425 0.26 0.37 S,S 11.63± 1.05 11.63± 1.05 No 2
(1905) Ambartsumian 7.9 0.232± 0.034 2.223 0.16 0.05 A,S 15.76± 1.28 15.76± 1.28 No 2
(1914) Hartbeespoortdam 9.6 0.256± 0.025 2.407 0.15 0.10 V,V 15.28± 1.29 15.28± 1.29 Yes 2
(1928) Summa 9.3 0.160± 0.043 2.477 0.20 0.08 S 4.95± 0.72 4.95± 0.72 No 1
(1937) Locarno 13.4 0.281± 0.009 2.378 0.16 0.22 S,S 13.11± 1.13 13.11± 1.13 No 2
(1938) Lausanna 8.1 0.172± 0.024 2.237 0.16 0.06 S,S 13.95± 1.54 13.95± 1.54 Yes 2
(1946) Walraven 9.2 0.362± 0.067 2.294 0.24 0.14 V,V 17.50± 1.37 17.50± 1.37 No 2
(1982) Cline 8.1 0.190± 0.030 2.310 0.25 0.12 L,S 15.48± 1.00 15.48± 1.00 No 2
(1988) Delores 5.8 0.193± 0.015 2.154 0.10 0.07 S 13.34± 1.92 13.34± 1.92 Yes 2
(1989) Tatry 9.6 0.192± 0.034 2.353 0.08 0.14 X,C 0.51± 0.62 0.51± 0.62 Yes 3
(2013) Tucapel 11.2 0.240± 0.070 2.290 0.23 0.13 S 6.36± 0.75 15.67± 1.14 No 2,1
(2034) Bernoulli 8.3 0.186± 0.028 2.247 0.18 0.15 S 16.70± 1.35 16.70± 1.35 No 2
(2036) Sheragul 7.2 0.332± 0.023 2.245 0.19 0.07 Sv,S,A 3.38± 0.70 14.51± 1.31 Yes 2,8
(2038) Bistro 11.0 0.200± 0.050 2.436 0.09 0.26 Sa,Sa 5.95± 0.69 18.47± 0.86 No 3,7
(2044) Wirt 7.0 0.167± 0.028 2.379 0.35 0.41 L 13.39± 1.85 13.39± 1.85 No 2
(2050) Francis 9.4 0.198± 0.016 2.324 0.24 0.45 S,S,K 9.34± 0.58 9.34± 0.58 No 6
(2055) Dvorak 7.3 0.260± 0.080 2.309 0.31 0.37 S 12.04± 1.45 12.04± 1.45 No 2
(2122) Pyatiletka 11.1 0.220± 0.020 2.401 0.03 0.14 Sv,S 16.30± 1.29 16.30± 1.29 No 2
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Table A.2 - continued.

Objects D pv
a e sin(i) Classes S all S vis Interloper Ref.

(km) (AU) (%/103Å) (%/103Å)
(2126) Gerasimovich 7.8 0.215± 0.032 2.391 0.13 0.15 Xk,C 5.39± 1.11 5.39± 1.11 Yes 2
(2156) Kate 8.4 0.202± 0.022 2.242 0.20 0.09 S,A 15.40± 1.05 15.40± 1.05 Yes 2
(2159) Kukkamaki 11.5 0.186± 0.016 2.481 0.04 0.06 S,S 6.14± 0.63 14.50± 0.61 No 9,7
(2162) Anhui 7.4 0.208± 0.017 2.227 0.12 0.05 L 15.33± 1.09 15.33± 1.09 No 2
(2168) Swope 8.2 0.260± 0.010 2.453 0.15 0.08 V,V 2.16± 0.77 17.32± 1.15 No 2,10
(2199) Klet 7.3 0.199± 0.019 2.241 0.20 0.14 S,S 17.18± 1.11 17.18± 1.11 No 2
(2200) Pasadena 7.2 0.123± 0.011 2.405 0.15 0.08 L,S 18.03± 0.74 18.03± 0.74 No 2
(2236) Austrasia 10.4 0.264± 0.034 2.345 0.22 0.18 S 13.21± 1.14 13.21± 1.14 No 2
(2274) Ehrsson 7.7 0.338± 0.034 2.409 0.23 0.04 S,S 10.97± 1.47 10.97± 1.47 No 2
(2275) Cuitlahuac 7.0 0.186± 0.018 2.296 0.17 0.11 V,V 15.22± 1.02 15.22± 1.02 No 2
(2286) Fesenkov 6.7 0.299± 0.036 2.193 0.09 0.02 L 15.85± 1.64 15.85± 1.64 No 2
(2371) Dimitrov 7.5 0.348± 0.050 2.440 0.01 0.03 V,V,R 3.00± 0.71 15.94± 0.67 No 3,11
(2411) Zellner 8.2 0.213± 0.025 2.226 0.09 0.03 S,S 15.97± 1.70 15.97± 1.70 No 2
(2432) Soomana 7.4 0.325± 0.023 2.351 0.11 0.12 V,V 16.73± 1.75 16.73± 1.75 Yes 2
(2442) Corbett 8.3 0.255± 0.043 2.387 0.12 0.09 V,V 1.70± 0.66 14.77± 0.75 Yes 9,11
(2460) Mitlincoln 10.0 0.203± 0.015 2.257 0.11 0.07 L,L 15.84± 1.23 15.84± 1.23 No 2
(2486) Metsahovi 7.9 0.261± 0.018 2.268 0.08 0.15 V,V 13.81± 1.51 13.81± 1.51 No 2
(2501) Lohja 10.4 0.280± 0.070 2.422 0.20 0.06 A,A 7.78± 0.69 21.57± 0.71 No 3,12
(2536) Kozyrev 9.6 0.195± 0.023 2.307 0.23 0.08 S 10.93± 0.59 10.93± 0.59 No 2
(2557) Putnam 7.5 0.348± 0.059 2.350 0.16 0.11 V 16.30± 1.14 16.30± 1.14 Yes 2
(2566) Kirghizia 7.8 0.264± 0.029 2.449 0.08 0.09 V,V 0.67± 0.68 12.87± 0.62 No 3,11
(2641) Lipschutz 8.1 0.247± 0.030 2.378 0.13 0.16 L,S 13.86± 1.16 13.86± 1.16 No 2
(2653) Principia 9.9 0.256± 0.091 2.443 0.08 0.08 V,V 0.99± 0.68 16.09± 0.68 No 3,11
(2676) Aarhus 8.0 0.231± 0.027 2.403 0.13 0.08 S 13.80± 2.06 13.80± 2.06 No 2
(2678) Aavasaksa 8.4 0.274± 0.36 2.260 0.09 0.06 L 14.36± 0.80 14.36± 0.80 No 2
(2693) Yan’an 7.4 0.189± 0.014 2.240 0.18 0.13 S,S 16.80± 1.66 16.80± 1.66 Yes 2
(2733) Hamina 7.4 0.220± 0.050 2.345 0.14 0.18 L,L 16.16± 0.72 16.16± 0.72 No 3
(2763) Jeans 7.5 0.412± 0.079 2.404 0.22 0.06 V,V 2.61± 0.67 13.52± 0.64 No 3,11
(2827) Vellamo 9.3 0.320± 0.070 2.308 0.03 0.15 S,S 2.12± 0.62 12.52± 0.61 No 3,1
(2828) Iku-Turso 7.3 0.139± 0.010 2.242 0.09 0.06 S 14.87± 1.20 14.87± 1.20 Yes 2
(2840) Kallavesi 7.7 0.230± 0.050 2.398 0.15 0.13 S,L,Sl 14.79± 0.71 14.79± 0.71 No 3
(2843) Yeti 7.6 0.232± 0.042 2.298 0.13 0.10 Sl,S 14.13± 1.40 14.13± 1.40 No 2
(2850) Mozhaiskij 7.0 0.392± 0.087 2.450 0.05 0.14 S,S,L 3.69± 0.60 17.95± 1.04 No 8
(2851) Harbin 8.8 0.358± 0.026 2.479 0.12 0.15 V,V 3.26± 0.75 22.34± 0.88 No 3,11
(2855) Bastian 8.8 0.123± 0.013 2.453 0.17 0.14 Sv,Sl 14.90± 0.89 14.90± 0.89 No 3
(2857) NOT 9.3 0.169± 0.044 2.401 0.09 0.10 L,T 5.88± 0.65 5.88± 0.65 No 3
(2943) Heinrich 7.5 0.251± 0.020 2.449 0.15 0.22 L,L,S 14.66± 1.33 14.66± 1.33 No 2
(2947) Kippenhahn 7.6 0.195± 0.014 2.309 0.12 0.05 S 14.79± 1.25 14.79± 1.25 No 2
(2965) Surikov 8.7 0.309± 0.126 2.390 0.22 0.41 Sv,S,Sv 10.93± 0.57 10.93± 0.57 No 6
(3001) Michelangelo 8.2 0.422± 0.073 2.357 0.07 0.32 X 5.63± 0.85 5.63± 0.85 Yes 2
(3018) Godiva 8.2 0.201± 0.018 2.369 0.19 0.08 S,S 9.68± 0.79 16.63± 1.37 No 2,1
(3060) Delcano 7.2 0.218± 0.086 2.278 0.18 0.13 Sr,S 2.59± 0.62 15.86± 0.66 Yes 3,1
(3166) Klondike 8.2 0.193± 0.016 2.239 0.12 0.09 L 14.49± 1.48 14.49± 1.48 No 2
(3227) Hasegawa 7.9 0.273± 0.030 2.449 0.13 0.07 L,S 13.21± 0.97 13.21± 0.97 No 2
(3229) Solnhofen 7.1 0.316± 0.028 2.314 0.15 0.16 X 3.15± 1.14 3.15± 1.14 Yes 2
(3302) Schliemann 7.5 0.236± 0.036 2.454 0.10 0.06 S 6.53± 0.89 14.32± 1.41 No 2,1
(3354) McNair 7.1 0.236± 0.016 2.324 0.10 0.11 S,S 9.99± 0.72 9.99± 0.72 No 9
(3385) Bronnina 7.8 0.331± 0.027 2.221 0.04 0.12 S,S 3.34± 0.58 14.71± 0.69 No 3,8
(3401) Vanphilos 10.0 0.206± 0.030 2.369 0.36 0.37 S,S 11.69± 0.62 11.69± 0.62 No 3
(3433) Fehrenbach 7.7 0.210± 0.027 2.393 0.19 0.08 S 15.14± 1.36 15.14± 1.36 No 2
(3435) Boury 8.7 0.163± 0.027 2.324 0.05 0.13 Xc,C 0.56± 0.64 0.56± 0.64 Yes 3
(3446) Combes 8.4 0.149± 0.025 2.376 0.16 0.13 L 11.83± 0.90 11.83± 0.90 No 2
(3458) Boduognat 7.4 0.240± 0.050 2.449 0.16 0.04 Sa,Sl 3.03± 0.60 13.32± 0.64 No 3,1
(3523) Arina 9.1 0.280± 0.020 2.372 0.13 0.17 S (?),S 8.21± 0.66 8.21± 0.66 No 9
(3544) Borodino 8.5 0.249± 0.015 2.401 0.22 0.15 S,S 12.14± 1.24 12.14± 1.24 No 2
(3558) Shishkin 8.8 0.230± 0.030 2.442 0.06 0.23 S 17.48± 0.68 17.48± 0.68 No 1
(3576) Galina 7.4 0.190± 0.040 2.394 0.13 0.18 S,Sl 13.48± 0.66 13.48± 0.66 No 3
(3586) Vasnetsov 7.2 0.216± 0.023 2.459 0.12 0.17 S,S 7.75± 0.72 7.75± 0.72 No 9
(3643) Tienchanglin 9.8 0.128± 0.036 2.402 0.15 0.24 X 10.90± 1.28 10.90± 1.28 Yes 2
(3674) Erbisbuhl 10.6 0.209± 0.031 2.360 0.38 0.36 S,S 1.12± 0.55 9.27± 0.64 No 8

A64, page 16 of 24



Bourdelle de Micas, J., et al.: A&A, 682, A64 (2024)

Table A.2 - continued.

Objects D pv
a e sin(i) Classes S all S vis Interloper Ref.

(km) (AU) (%/103Å) (%/103Å)
(3700) Geowilliams 7.8 0.290± 0.030 2.418 0.22 0.21 S,S 9.83± 0.74 9.83± 0.74 No 3
(3722) Urata 8.1 0.198± 0.025 2.236 0.20 0.11 S,S 16.16± 1.26 16.16± 1.26 Yes 2
(3738) Ots 7.2 0.298± 0.029 2.224 0.17 0.02 S 15.83± 1.55 15.83± 1.55 No 2
(3839) Bogaevskij 7.4 0.185± 0.032 2.449 0.18 0.05 X 6.71± 1.15 6.71± 1.15 Yes 2
(3868) Mendoza 8.6 0.220± 0.030 2.334 0.10 0.14 L 14.00± 2.41 14.00± 2.41 No 2
(3869) Norton 8.4 0.160± 0.030 2.453 0.13 0.08 V,V 14.06± 0.64 14.06± 0.64 No 9
(3920) Aubignan 7.3 0.182± 0.037 2.254 0.27 0.16 S,Sa,Sq 3.51± 0.60 19.24± 1.13 No 16
(3942) Churivannia 7.1 0.174± 0.012 2.392 0.20 0.08 Sv 12.83± 1.08 12.83± 1.08 No 2
(4081) Tippett 7.6 0.229± 0.014 2.380 0.09 0.03 S,S 17.02± 1.00 17.02± 1.00 No 2
(4088) Baggesen 7.1 0.419± 0.027 2.446 0.06 0.13 V 17.58± 1.04 17.58± 1.04 No 2
(4103) Chahine 14.7 0.263± 0.014 2.381 0.19 0.45 S,A,D 12.21± 0.70 12.21± 0.70 Yes 6
(4132) Bartok 10.2 0.338± 0.002 2.408 0.29 0.40 Sv,S,Sl 11.07± 0.60 11.07± 0.60 No 6
(4165) Didkovskij 7.9 0.120± 0.014 2.453 0.18 0.21 X,X 4.97± 0.59 4.97± 0.59 Yes 9
(4214) Veralynn 8.2 0.217± 0.032 2.418 0.13 0.06 V 14.94± 1.36 14.94± 1.36 No 2
(4217) Engelhardt 8.7 0.231± 0.046 2.314 0.21 0.39 S,S 10.98± 1.53 10.98± 1.53 No 2
(4222) Nancita 9.6 0.210± 0.010 2.368 0.30 0.07 S,S,A 13.00± 0.82 13.00± 0.82 No 3
(4272) Entsuji 7.6 0.123± 0.014 2.368 0.25 0.16 S,S 14.46± 0.70 14.46± 0.70 No 3
(4302) Markeev 7.5 0.260± 0.050 2.458 0.13 0.10 V -4.01± 0.88 18.15± 1.38 No 2,1
(4340) Dence 8.1 0.155± 0.028 2.394 0.23 0.42 Sq,S,Sl 11.38± 0.69 11.38± 0.69 No 3
(4387) Tanaka 7.1 0.260± 0.030 2.438 0.01 0.07 S,S 15.51± 0.70 15.51± 0.70 No 3
(4433) Goldstone 8.4 0.143± 0.021 2.432 0.14 0.16 X 4.42± 1.35 4.42± 1.35 Yes 2
(4456) Mawson 7.6 0.134± 0.031 2.374 0.28 0.26 X,D,L 10.41± 0.77 10.41± 0.77 Yes 3
(4497) Taguchi 7.5 0.720± 0.030 2.426 0.27 0.17 S,S,Sl 11.92± 0.57 11.92± 0.57 Yes 6
(4538) Vishyanand 7.2 0.165± 0.016 2.424 0.15 0.07 S 16.00± 1.26 16.00± 1.26 No 2
(4607) Seilandfarm 7.4 0.224± 0.014 2.264 0.02 0.04 L,L 1.76± 0.58 11.86± 0.65 No 3,13
(4608) Wodehouse 7.6 0.204± 0.015 2.341 0.22 0.13 S,S,L 13.13± 1.37 13.13± 1.37 No 2
(4676) Uedaseiji 8.0 0.190± 0.020 2.402 0.08 0.16 Xc,C 5.91± 1.10 5.91± 1.10 Yes 2
(4711) Kathy 8.2 0.350± 0.070 2.382 0.26 0.18 S,S,L 1.38± 0.62 12.95± 0.65 No 3,1
(4892) Chrispollas 7.3 0.276± 0.027 2.334 0.10 0.15 L,L 16.95± 1.18 16.95± 1.18 No 2
(4970) Druyan 8.1 0.154± 0.014 2.396 0.14 0.13 Xe (?) 5.63± 1.17 5.63± 1.17 Yes 2
(5096) Luzin 7.1 0.265± 0.022 2.350 0.15 0.13 L 11.70± 0.95 11.70± 0.95 No 2
(5129) Groom 7.5 0.350± 0.050 2.379 0.09 0.18 S,S 5.58± 0.74 13.93± 1.39 No 2,1
(5279) Arthuradel 7.6 0.147± 0.034 2.480 0.29 0.23 S 12.05± 1.42 12.05± 1.42 No 2
(5376) 1990 DD 8.9 0.139± 0.035 2.413 0.18 0.22 X 8.50± 1.95 8.50± 1.95 Yes 2
(5392) Parker 8.5 0.169± 0.027 2.349 0.34 0.38 Sv,Sl 1.95± 0.62 15.87± 0.72 No 8
(5518) Mariobotta 7.2 0.247± 0.022 2.272 0.18 0.14 Sv 14.88± 1.10 14.88± 1.10 Yes 2
(5559) Beategordon 7.6 0.277± 0.067 2.386 0.23 0.20 S,S,Sl,L 12.46± 0.57 12.46± 0.57 No 6
(5586) 1990 RE6 7.2 0.215± 0.033 2.375 0.15 0.07 X,C 5.56± 0.93 5.56± 0.93 Yes 2
(5672) Libby 7.1 0.229± 0.021 2.410 0.05 0.18 S 13.36± 1.00 13.36± 1.00 No 2
(5676) Voltaire 10.9 0.170± 0.012 2.486 0.18 0.24 Sv,S 2.47± 0.55 14.08± 0.66 No 1,14
(5818) 1989 RC1 9.1 0.148± 0.014 2.373 0.27 0.24 X,D 9.02± 0.56 9.02± 0.56 Yes 6
(5875) Kuga 7.5 0.381± 0.119 2.380 0.05 0.11 V,V 1.62± 0.69 16.50± 0.88 Yes 2,15
(5986) Xenophon 8.2 0.199± 0.046 2.371 0.12 0.13 S 15.10± 1.38 15.10± 1.38 No 2
(6009) Yuzuruyoshii 7.8 0.197± 0.021 2.437 0.15 0.39 S 9.38± 1.55 9.38± 1.55 No 2
(6194) Denali 7.2 0.267± 0.015 2.378 0.10 0.16 S 14.57± 1.57 14.57± 1.57 No 2
(6205) Menottigalli 8.2 0.121± 0.007 2.365 0.23 0.24 X 8.39± 1.69 8.39± 1.69 Yes 2
(6399) Harada 7.2 0.245± 0.023 2.430 0.11 0.15 S 11.74± 1.47 11.74± 1.47 No 2
(6535) Archipenko 9.0 0.147± 0.046 2.420 0.18 0.21 X,D 10.12± 0.69 10.12± 0.69 Yes 2
(6634) 1987 KB 11.3 0.157± 0.019 2.373 0.27 0.19 S 10.69± 2.41 10.69± 2.41 No 2
(6708) Bobbievaile 8.1 0.170± 0.020 2.446 0.18 0.21 X,K 1.22± 0.53 4.98± 0.63 Yes 13
(7559) Kirstinemeyer 7.1 0.222± 0.026 2.414 0.24 0.15 S 11.88± 1.27 11.88± 1.27 No 2
(7792) 1995 WZ3 7.5 0.235± 0.038 2.297 0.15 0.13 S 15.13± 1.04 15.13± 1.04 No 2
(8195) 1993 UC1 8.1 0.204± 0.020 2.460 0.18 0.21 S,S 10.38± 0.67 10.38± 0.67 No 1
(8272) Iitatemura 7.2 0.222± 0.036 2.384 0.15 0.12 X 9.78± 1.41 9.78± 1.41 Yes 2
(8993) Ingstad 7.1 0.170± 0.037 2.384 0.21 0.39 S,S 8.53± 1.48 8.53± 1.48 No 2
(9146) Tulikov 7.0 0.142± 0.011 2.454 0.04 0.12 X,C 6.19± 0.82 6.19± 0.82 Yes 2
(9414) Masamimurakami 12.2 0.120± 0.013 2.421 0.14 0.21 X 9.07± 0.81 9.07± 0.81 Yes 2
(10826) 1993 SK16 7.2 0.244± 0.021 2.274 0.15 0.13 S,L 12.80± 0.99 12.80± 0.99 Yes 2
(10932) Rebentrost 7.5 0.137± 0.016 2.430 0.16 0.22 X,L 8.96± 1.10 8.96± 1.10 Yes 2
(10936) 1998 FN11 11.1 0.130± 0.027 2.431 0.27 0.24 X 5.92± 0.55 12.47± 1.03 Yes 2,1
(11424) 1999 LZ24 12.9 0.150± 0.030 2.412 0.16 0.22 X 7.63± 0.57 7.63± 0.57 Yes 1
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Table A.2 - continued and end.

Objects D pv
a e sin(i) Classes S all S vis Interloper Ref.

(km) (AU) (%/103Å) (%/103Å)
(12877) 1998 QF11 7.9 0.137± 0.021 2.351 0.08 0.22 X 10.83± 1.27 10.83± 1.27 Yes 2
(13166) 1995 WU1 7.0 0.351± 0.025 2.424 0.06 0.20 Sv 16.45± 1.83 16.45± 1.83 No 2
(14465) 1993 NB 11.1 0.145± 0.014 2.441 0.23 0.25 X,D 7.29± 0.53 7.29± 0.53 No 6
(15267) Kolyma 7.4 0.155± 0.017 2.399 0.23 0.22 Xc 2.29± 0.99 2.29± 0.99 Yes 2
(16161) 2000 AC68 7.0 0.137± 0.051 2.460 0.24 0.20 Xn,C 1.48± 0.99 1.48± 0.99 Yes 2
(16955) 1998 KU48 11.9 0.160± 0.030 2.430 0.10 0.22 L 9.88± 1.01 9.88± 1.01 No 2
(17152) 1999 JA118 8.3 0.304± 0.037 2.487 0.05 0.15 S 18.72± 1.56 18.72± 1.56 No 2
(17730) 1998 AS4 7.4 0.175± 0.024 2.427 0.14 0.19 Sv 11.85± 1.35 11.85± 1.35 No 2
(18096) 2000 LM16 7.1 0.129± 0.016 2.403 0.25 0.23 X 11.03± 0.92 11.03± 0.92 Yes 2
(18744) 1999 AU 8.1 0.210± 0.020 2.355 0.15 0.22 X,L 9.88± 1.03 9.88± 1.03 Yes 2
(19173) Virginiaterese 8.4 0.190± 0.020 2.426 0.20 0.25 S 8.69± 0.99 8.69± 0.99 No 2
(19261) 1995 MB 8.0 0.269± 0.025 2.411 0.22 0.44 S 11.05± 1.53 11.05± 1.53 No 2
(19763) Klimesh 7.2 0.195± 0.039 2.390 0.20 0.40 Sv 12.45± 1.03 12.45± 1.03 No 2
(20179) 1996 XX31 7.2 0.146± 0.026 2.376 0.14 0.21 S 12.59± 1.49 12.59± 1.49 No 2
(20562) 1999 RV120 7.9 0.125± 0.010 2.404 0.20 0.23 Xc 10.51± 1.02 10.51± 1.02 Yes 2
(22295) 1989 SZ9 7.1 0.180± 0.020 2.382 0.16 0.21 Xc 9.88± 1.15 9.88± 1.15 Yes 2
(23712) Willpatrick 7.0 0.133± 0.027 2.375 0.25 0.40 X 3.72± 0.92 3.72± 0.92 Yes 2
(26428) 1999 XR169 7.0 0.207± 0.028 2.453 0.09 0.19 S 11.37± 1.52 11.37± 1.52 No 2
(26858) Misterrogers 8.1 0.175± 0.023 2.342 0.34 0.37 S,S 2.22± 0.64 10.14± 1.69 No 2,16
(27027) 1998 QA98 7.4 0.139± 0.051 2.450 0.16 0.11 L,S 14.88± 1.13 14.88± 1.13 No 2
(28230) 1999 AH5 7.1 0.160± 0.020 2.353 0.11 0.23 K 8.82± 2.38 8.82± 2.38 No 2

Table A.3. Band parameter values for S-complex members of the PSTF. Only the 18 objects with a fully visible and near-infrared spectra were
analyzed.

Objects BI center BAR(µm)
(30) Urania 0.952± 0.005 0.574± 0.084
(115) Thyra 0.959± 0.002 0.437± 0.030
(219) Thusnelda 0.938± 0.013 0.971± 0.056
(287) Nephthys 0.947± 0.003 1.779± 0.015
(306) Unitas 0.923± 0.001 1.029± 0.093
(391) Ingeborg 0.917± 0.003 1.662± 0.045
(470) Kilia 0.917± 0.002 0.769± 0.004
(584) Semiramis 0.972± 0.006 0.393± 0.031
(896) Sphinx 0.913± 0.009 0.729± 0.025
(1011) Laodamia 1.023± 0.005 0.408± 0.002
(1565) Lemaitre 0.902± 0.003 1.578± 0.014
(1589) Fanatica 0.968± 0.013 1.376± 0.001
(1626) Sadeya 0.920± 0.002 0.799± 0.027
(2850) Mozhaiskij 0.940± 0.006 0.676± 0.001
(3385) Bronnina 0.973± 0.019 0.305± 0.004
(3674) Erbisbuhl 0.924± 0.002 0.776± 0.059
(3920) Aubignan 1.010± 0.019 0.251± 0.031
(5392) Parker 0.927± 0.002 1.097± 0.301
(5676) Voltaire 0.930± 0.005 2.528± 0.172

Table A.4. Band parameter values for V-type members of the PSTF. Only objects with a fully visible and near-infrared spectra were analyzed.

Objects BI center BII center
(µm) (µm)

(854) Frostia 0.951± 0.001 1.984± 0.009
(2168) Swope 0.933± 0.006 1.940± 0.031
(2371) Dimitrov 0.937± 0.005 2.000± 0.048
(2566) Kirghizia 0.934± 0.004 1.942± 0.012
(2653) Principia 0.932± 0.002 1.971± 0.021
(2763) Jeans 0.938± 0.003 2.007± 0.018
(2851) Harbin 0.925± 0.005 1.936± 0.011
(4302) Markeev 0.946± 0.028 1.880± 0.015
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Appendix B: Figures

Fig. B.1. Visible and near-infrared spectra from literature. Gray areas correspond to the telluric absorption bands.
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Fig. B.2. Visible spectra of the studied potential members of the PSTF. The dotted spectra correspond to the data from the Gaia database.
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Figure B.2 - continued
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Figure B.2 - continued
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Figure B.2 - continued
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Figure B.2 - continued and end
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