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ABSTRACT

Context. In the context of charge-coupled devices (CCDs), the ultraviolet (UV) region has mostly remained unexplored after the 1990s.
Gaia DR3 offers the community a unique opportunity to explore tens of thousands of asteroids in the near-UV as a proxy of the UV
absorption. This absorption has been proposed in previous works as a diagnostic of hydration, organics, and space weathering.
Aims. In this work, we aim to explore the potential of the NUV as a diagnostic region for primitive asteroids using Gaia DR3.
Methods. We used a corrective factor over the blue part of Gaia spectra to erase the solar analog selection effect. We identified an
artificial relation between the band noise and slope and applied a signal-to-noise ratio (S/N) threshold for Gaia bands. Meeting the
quality standards, we employed a Markov chain Monte Carlo (MCMC) algorithm to compute the albedo threshold, maximizing prim-
itive asteroid inclusion. Utilizing one- and two-dimensional (1D and 2D) projections, along with dimensionality-reduction methods
(such as PCA and UMAP), we identified primitive asteroid populations.
Results. We uncovered: (a) the first observational evidence linking UV absorption to the 0.7µm band, tied to hydrated iron-rich phyl-
losilicates; and (b) a 2D space revealing a split in C-type asteroids based on spectral features, including UV absorption. The computed
average depth (3.5± 1.0 %) and center (0.70± 0.03µm) of the 0.7µm absorption band for primitive asteroids observed with Gaia is in
agreement with the literature values.
Conclusions. In this paper, we shed light on the importance of the UV absorption feature to discriminate among different mineralogies
(i.e., iron-rich phyllosilicates vs. iron-poor) or to identify taxonomies that are conflated in the visible (i.e., F-types vs. B-types). We
have shown that this is a promising region for diagnostic studies of the composition of primitive asteroids.

Key words. instrumentation: spectrographs – methods: observational – methods: statistical – techniques: spectroscopic – catalogs –
minor planets, asteroids: general

1. Introduction

The study of primitive asteroids is essential to understanding the
formation and evolution of the Solar System. These asteroids are
believed to be remnants of the early stages of planetary forma-
tion, containing the most pristine material of the Solar System.
Thus, studying the composition of primitive asteroids is the clos-
est approach to the original composition of the protoplanetary
disk.

In the visible to the near-infrared (up to 2.5µm), the spec-
tra of primitive asteroids are typically featureless, with the sole
exception of a shallow absorption band centered at 0.7µm, asso-
ciated with the presence of Fe-rich phyllosilicates (Vilas 1994).
The most diagnostic wavelength region for primitive asteroids is
near 3-µm, where absorption bands, due to hydroxyl OH and
centered around 2.7–2.9µm, (Hendrix & Vilas 2019) or even
⋆ Tables with the computed parameters of the 0.7 µm band are avail-

able 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/686/A76

water ice, centered at ∼3.1–3.2µm, are present (Rivkin et al.
2015). Intriguingly, another characteristic of primitive asteroids
is their spectral behavior at wavelengths below ∼0.5µm, where
a drop-off in the reflectance could appear. It is caused by an
absorption band in the ultraviolet (UV) due to a ferric oxide inter-
valence charge transfer (IVCT) and associated with Fe-bearing
phyllosilicates (Vilas & Gaffey 1989). However, due to Earth’s
atmosphere, it is impossible to observe both regions completely
from the ground and, thus, space-based observations are needed
to properly study them.

However, we have recently shown a tentative but promis-
ing connection between the NUV absorption and the 0.7µm
and 3µm absorptions associated with Fe-rich phyllosilicates,
indicating that the NUV region might be used as a proxy for
hydration in primitive asteroids using ground-based data from
SDSS and ECAS surveys, as well as NUV to visible spectra
obtained with the 3.6-m Telescopio Nazionale Galileo (TNG),
located on the island of La Palma, Spain (Tatsumi et al. 2022,
2023). Those previous works motivated the present study, where
we aim to further explore this connection by investigating the
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spectral behavior of primitive asteroids observed from the Gaia
space telescope in the NUV. The paper is organized as follows.
In Sect. 2, we describe the Gaia dataset and the selection cri-
teria for our samples. Section 3 presents the methodology used
to analyze the samples, including the definition of several fea-
tures that we measured over the reflectance spectra (slopes and
band parameters) and the unsupervised dimensionality-reduction
algorithms that we used. In Sect. 4, we present and discuss the
obtained results. Finally, in Sect. 5, we summarize our findings
and describe their implications for future works.

2. Dataset

We used the reflectance spectra of asteroids provided by Gaia
DR3 (Gaia Collaboration 2023). The reflectance spectra were
obtained by dividing each epoch spectrum by the mean of the
solar analog stars selected and then averaging over the set of
epochs. The resulting spectrum consists of 16 reflectance val-
ues (hereafter, also referred to as “bands”) covering a wavelength
range from 0.374 to 1.034µm, with a resolution of 0.044µm, and
normalized to unity at 0.550±0.025µm. From the original num-
ber of objects provided by Gaia DR3 (60 518), more than a third
(26 577) have data for all 16 bands. However, less than a sixth
(9926) have all the bands observed with the best quality flag for
every one of the bands.

As we are looking for as much information as available
for primitive asteroids among the 60 518 asteroids in Gaia, our
first selection criterion is to use the albedo to identify primi-
tive ones. We obtained the albedo value, available for 41 720
asteroids, from the SsODNet (Berthier et al. 2023) using the
Python tool Rocks1. Various authors have used slightly differ-
ent values for the albedo to distinguish among primitive and
non-primitive asteroids, with the typical value being around 10%
(Tholen 1984; Campins et al. 2010; Tatsumi et al. 2023). We
searched for the best albedo value to select the primitives among
the Gaia sample.

In Fig. 1, we show the number of asteroids that were classi-
fied in Tholen (1984), with available Gaia spectra, which have
an albedo value lower than a given albedo threshold (amax). All
the taxonomies that we refer to hereafter are based on Tholen
(1984). By taking amax=0.5 we can separate mainly E-types.
With amax=0.12, we lose 93% of the S-, M-, A-, and V-types.
Only when we go down to amax=0.07, we lose 11% of the origi-
nal sample of C, P, D, F, B, G, and T asteroids, which are what
we consider primitive in this work. Applying a Markov chain
Monte Carlo approach, in which we randomly selected 80% of
the total sample, over 1000 iterations, and computed the albedo
which maximizes the number of primitive asteroids over non-
primitives (S, M, E, A, and V), we obtain an albedo threshold of
0.105± 0.017. From here on, we only deal with the 15 529 aster-
oids with known albedo smaller than 0.105 and for which Gaia
measured a spectrum. Literature sources used to compile both
albedo and diameter for those asteroids are listed in Table A.1. X-
types were not used for the albedo calculation as they include E-,
M-, and P-types having no albedo information at the time Tholen
classified them. P-types were defined in the Tholen taxonomy as
low albedo X-types. Thus, the remaining X-types present in the
sample after we applied the albedo cut-off, were re-classified as
P-types.

Once we have separated primitive asteroids from the total
sample, we computed several spectral slopes by least square fit-
ting of the normalized reflectance in different wavelength ranges

1 https://github.com/maxmahlke/rocks

S C X D P M F E G B T A
Tholen taxonomy

0

50

100

150

200

250

300

350

nu
m

be
r o

f a
st

er
oi

ds

amax = 1
amax = 0.5
amax = 0.25
amax = 0.12
amax = 0.11
amax = 0.1
amax = 0.09
amax = 0.07
amax = 0.05

Fig. 1. Remaining objects classified in Tholen (1984) with Gaia spec-
tra after different albedo thresholds are applied (amax). The threshold
amax=0.105 maximizes the number of primitives.

0.4 0.5 0.6 0.7 0.8 0.9
wavelength [ m]

0.8

0.9

1.0

1.1

1.2

1.3

re
la

tiv
e 

re
fle

ct
an

ce

s1 s2 s3 s4

C
P
G
B
D
F
T

Fig. 2. Median of Gaia spectra for each primitive taxonomy, with the
wavelength regions used to compute each spectra slope marked as black
vertical lines.

(see Fig. 2): from 0.374 to 0.418µm (s1); from 0.418 to 0.506µm
(s2); from 0.506 to 0.726µm (s3); and from 0.726 to 0.902µm
(s4). If a band is missing or the quality flag is not the best in the
particular wavelength range of a spectral slope, we decided not to
compute it. That leaves 3778 primitive asteroids with s1, 14 582
with s2, 15 084 with s3, and, finally, 15 170 have s4 computed.

In the process of analyzing the quality of the data, we com-
puted the parameter S/Nref(λ) = R(λ)/Rerror(λ), where R(λ) is
the normalized reflectance value at one particular band, and
Rerror(λ) is its associated error calculated by (Gaia Collaboration
2023). When searching for potential systematics, we discovered a
trend in s1 and s2 vs. S/Nref , shown in the upper panels of Fig. 3.
We observe a decrease in those slopes with decreasing values of
S/Nref , which seems to be an artifact and unrelated to any other
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Fig. 3. Density plots of the computed slopes vs. S/Nref at differ-
ent bands. Vertical black lines indicate the minimum S/Nref(λ) to be
selected.

physical parameter (albedo, diameter, orbital parameters, or tax-
onomy). On the contrary, the values of s3 and s4 do not present
any tendency (see lower panels of Fig. 3), and their variation,
ranging from –1 to 2µm−1, is consistent to the ones observed in
other spectroscopic surveys, as in Bus & Binzel (2002). As we
are not able to explain nor correct the trends observed for s1 and
s2, we decided to use the S/Nref value as a threshold: the selected
value is such that we minimize the number of asteroids showing
the trend and we maximize the number of asteroids with reliable
values of the spectral slopes. Therefore, we calculated s1 only
for those asteroids with S/Nref(0.374) > 70, resulting in a total
of 522 asteroids. In the same way, s2 is calculated for the 1331
asteroids, which have a signal-to-noise ratio of S/Nref(0.418) >
50.

Apart from this observed trend, the last three bands after
0.902µm are often affected by large random errors Gaia
Collaboration (2023). As we will not compute anything beyond
0.902µm, we did not use those bands. Furthermore, Gaia spec-
tra came from two different photometers (red and blue) and the
band at 0.632µm is problematic for bright objects (see Ceres
and Vesta spectra at Figs. 13 and 14 of Gaia Collaboration 2023)
as it is the joining region between them (Gaia Collaboration
2023). Despite this problem, we decided to use this particu-
lar band in our computations as it is close to the center of the
0.7µm absorption band, a key feature in our study. We tested all

our computations with and without this band. When we used it,
as it has more variance because of its systematics, the loading
in the principal component base is overestimated for this band
(see Sect. 4.2) but the principal component space is still simi-
lar. Nevertheless, without the band at 0.632µm, many more fake
detections of the 0.7µm band are present in our algorithms.

3. Methodology

Before starting any computation, we corrected the four bluest
bands of Gaia spectra. The selection of solar analogs by the Gaia
team included a large number of the most commonly used stars
by the planetary science community (Gaia Collaboration 2023).
Such stars can be used to get asteroid reflectance spectra at wave-
lengths beyond 0.5µm without any problems. However, as we
have shown in Tatsumi et al. (2022), they do not have a Sun-like
spectral behavior at the wavelengths below 0.5µm, introducing
an artificial reddening in that region. As we are interested in the
near-UV part of the Gaia spectra, we computed a multiplicative
correction factor in Tinaut-Ruano et al. (2023), which we applied
to all asteroid spectra used in this work.

To study the properties of primitive asteroids we used all the
available information that we can extract from the Gaia spectra,
as well as other physical parameters available. We use the spec-
tral slopes defined in the previous section and shown in Fig. 2, as
well as combinations having physical meaning. For example, the
value (s1 − s2) indicates how much the slope changes around
0.418µm, as it does (s2 − s3) for 0.506µm. Both of them are
indeed describing the amount of drop-off in NUV reflectance,
namely, the beginning of the UV absorption. As another exam-
ple, the value (s4 − s3) is related to the curvature of the spectra
around ∼0.7µm, namely, the presence of the 0.7µm absorption
band.

We searched for other available information on the asteroids.
Albedo values, previous taxonomical classification, and diame-
ters were obtained using the Python tool Rocks from Berthier
et al. (2023). To check if an asteroid belonged to a particu-
lar collisional family, we used the lists from Nesvorný et al.
(2015). To look for trends, clusters, and/or correlations we used
different techniques. We applied principal component analy-
sis (PCA) and uniform manifold approximation and projection
(UMAP) to the asteroid reflectance spectra, but also to a set
of spectral parameters: s, defined as the spectral slope over the
NUV-visible wavelength range (0.418 to 0.902µm), s2, (s2− s3),
and (s4 − s3). The choice of these particular parameters will be
explained in Sect. 4.

The PCA is a dimension reduction technique that aims to
transform a dataset into a new coordinate system by finding
orthogonal linear combinations of the original features, called
principal components, that retain as much information as pos-
sible while reducing the dimensions. The variance of the data
along each axis is maximized, with the first principal component
capturing the most variance, the second one capturing the sec-
ond most, and so on. Previous authors have used PCA to define
and visualize the distribution of taxonomic classes and find the
combination of reflectances that describes the spectral features
(Tholen 1984; Bus & Binzel 2002). We carried out two differ-
ent PCAs: the first one tried to replicate the one done by Bus &
Binzel (2002) but used only primitive asteroids. Thus, we flat-
tened the spectra by dividing it by the slope computed as a least
squared fit of the reflectances between 0.418µm to 0.902µm and
used those slope-removed reflectances without standard devi-
ation nor mean scaling for the PCA (following Bus&Binzel’s
notation, we refer to these components as PC’). The second
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one does not use reflectances, but four parameters that describe
the spectral shapes of the different asteroid taxonomies. These
parameters are: visible slope s, as computed in Bus & Binzel
(2002), blue slope s2, change in slope at 0.5µm (s2 − s3), and
change in slope at 0.7µm (s4− s3) (see Fig. 2). As these param-
eters have different value ranges, we have to scale the dataset
before doing the PCA. The standard scaling of each set of vari-
ables changes their distribution closer to a normal distribution by
subtracting each mean and dividing by each standard deviation.
Both PCAs are applied over 1331 asteroids as we are discarding
the bluest filter for this study.

The uniform manifold approximation and projection
(UMAP) is another dimensionality-reduction algorithm, using
non-linear feature coefficients. It tries to learn the manifold
structure of the data and find low-dimensional representations
(usually 2D) that preserve the topological structures of the orig-
inal data. That means that points that are closer in the 2D
representations are also closer in the n-dimensional space, with
n = 4 in this case (s, s2, s2 − s3, and s4 − s3). The combina-
tion of those 4 variables, to arrive at the 2D space, does not
have to be linear. Further information on UMAP can be found in
Sainburg et al. (2021). To implement it we used the library umap2

for Python with the parameters: n_neighbors=100, min_dist=0,
and random_state=0.

To compute the band depth for the 0.7µm absorption band,
we fit a model based on a flat spectrum normalized at 0.55µm
and having a Gaussian absorption in the wavelength range from
0.55 to 0.91µm. Usually, these parameters were computed by
subtracting a continuum and then fitting a Gaussian or a polyno-
mial to the absorption band. However, due to the low resolution
of the Gaia, in this classical approach, the continuum is fitted
using only two or three points in the shoulders of the band, and
this introduces errors and unrealistic band depth measurements
for a large fraction of the asteroid sample. Our model uses instead
all the available Gaia bands in the wavelength range and thus,
reduces the errors and provides more reliable measurements. The
chosen model can be described as:

r(λ) = (m × λ + 1 − m × 0.55)
(
1 − de

−(λ−λc )2

2w2

)
, (1)

where r(λ) is the normalized reflectance, m is the slope of the
continuum fitted across the entire wavelength range (inµm−1), d
is the band depth (in values from 0 to 1), λc is the center of the
0.7-µm band (inµm), and w is the width of the band computed
as the standard deviation of the Gaussian. The free parameters on
this model are m, d, λc, and w. To avoid overfitting of Gaussians
between Gaia spectral bands we decided to establish a lower
limit of 0.035µm in w, a value that is 50% larger than half of the
wavelength resolution (i.e., 0.022µm). The upper limit is based
on a visual inspection of tens of Gaia spectra, where we see that
the wider absorption bands (that are not simply concavity of the
spectra) have a w value of 0.085µm.

4. Results and discussion

In this section, we present the distribution of the computed spec-
tral slopes, as well as their combinations, for the final sample
of 15 529 primitive asteroids in Gaia DR3 with an albedo in
the literature (references at A.1). Density plots relating different
parameters can also help to obtain relations between variables
or to identify differences between groups of asteroids. Objects

2 https://umap-learn.readthedocs.io/en/latest/

already classified are also helpful in identifying features in den-
sity plots and associating them with taxonomies. We present also
the results of applying both PCA and UMAP algorithms, and any
correlation with taxonomy, diameter, albedo, and membership
to collisional families. Taxonomic classifications were obtained
from Tholen (1984) as it is the work with the most similar
wavelength coverage and spectral resolution to Gaia. Asteroids
having uncertain or multiple taxonomic classifications are not
considered here.

4.1. General behaviors of primitive asteroids

We present the distribution of computed slopes for our sample of
asteroids in Fig. 4. The upper panel shows the slope distributions
for all the primitive asteroids in our sample (in gray), and the
lower panel shows the same but for those asteroids classified by
Tholen as C, P, D, F, B, T, and G. Vertical lines indicate the
median values of each taxonomic class computed using the Gaia
data and shown in Table 1, together with the number of asteroids
for each taxonomy in between parentheses. The number of bins
for the histograms is computed as the integer part of the square
root of the number of asteroids available for each slope.

The spectral slope space is useful for separating some of the
taxonomies and inspecting their general behavior. D-types (in
pink) have slightly red spectra in the NUV (low s1), getting red-
der as moving towards longer wavelengths, with a very red slope
(very high values of s3 and s4) that makes them quite easy to
differentiate from the rest of the classes. F-types (in red) are flat
in the whole spectral range, but the s1 shows a slight red slope
(i.e., the positive slope at the wavelengths below 0.418µm). This
could be interpreted as the F-types having the beginning of the
UV absorption around 0.418µm. They also show the flattest
spectral slopes in s2, where they separate from the other tax-
onomies. For s3 and s4, P, T, and D types, have the largest
slope values (in this order) of all the primitive taxonomies. On
the other hand, G-types have the largest s2, namely, the UV
absorption starts below 0.506µm. The largest values of s1 are
for G-types as they have the deepest UV absorptions. C-types
have a similar behavior to G-types but with less pronounced UV
absorption. P-types have a slightly decreasing slope with increas-
ing wavelength. B-types have a similar behavior to F-types, but
the transition from red slope to flat is observed at 0.506µm,
indicating that the beginning of the UV absorption is at longer
wavelengths than that of F-types.

Combining some of the computed slopes allows us to bet-
ter separate between those taxonomies that have a change in
slope in a certain wavelength (see Fig. 5). For example, all the
G-types and some C-types have an absorption band at 0.7µm,
which translates into their high values of s4 − s3 (right column
of Fig. 5). The negative median value of (s2 − s3) for the D-
types indicates a spectral flattening below 0.5µm, in agreement
with Emery & Brown (2003); Wong et al. (2019), which is a
unique and reveals the opposite behavior with respect to the rest
of primitive taxonomies. F-types show a larger value for (s1− s2)
than for the other combinations, as is expected from their larger
values of s1 and the close value to 0 for the rest of the slopes.
That shows that their UV absorption begins at 0.4µm. Finally,
(s2− s3) shows a bi-modality in the general distribution (top cen-
ter panel of Fig. 5). Large values of (s2 − s3) seem to be related
to a change in spectral slope around 0.5µm for the B-types, and
the presence of a 0.7µm absorption band together with strong
UV absorption for the G-types and some C-types.

In Fig. 6, we plot (s2− s3) vs. (s4− s3) in the upper panel and
(s1− s2) vs. (s2− s3) in the lower panel using density plots (gray
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Fig. 4. Slope distributions (from s1 at left to s4 at right) for all the asteroids in our sample (upper panel) and for those classified by Tholen (1984)
(lower panel). Vertical lines indicate the computed median for each taxonomical class. The title of each column indicates the total number of
asteroids with such slope computed. B- and T-types have five or fewer members with computed s1, thus, we decided not to show them in the
corresponding plots.

Table 1. Median values of slopes for each taxonomy.

Slope Taxonomy

(1/µm) C (#) G (#) P (#) T (#) D (#) B (#) F (#)

s1 1.18 (130) 1.50 (9) 0.76 (45) – (5) 0.48 (11) – (4) 0.55 (13)
s2 0.68 (138) 1.04 (10) 0.59 (64) 0.88 (6) 0.68 (22) 0.52 (6) 0.07 (24)
s3 0.01 (145) −0.05 (9) 0.32 (67) 0.74 (6) 0.87 (32) −0.13 (6) −0.04 (28)
s4 0.29 (145) 0.32 (10) 0.35 (67) 0.69 (6) 1.03 (33) 0.06 (6) 0.04 (28)
(s1 − s2) 0.50 (130) 0.47 (9) 0.12 (45) – (5) −0.22 (11) – (4) 0.39 (13)
(s2 − s3) 0.67 (138) 1.01 (9) 0.25 (64) 0.18 (6) −0.15 (22) 0.61 (6) 0.14 (24)
(s4 − s3) 0.23 (145) 0.37 (9) 0.07 (67) −0.20 (6) 0.11 (32) 0.15 (6) 0.10 (28)

Notes. #: In between parentheses are the number of asteroids used to compute the median. –: The median is not computed for those slopes where
5 or fewer asteroids were available.

hatches) of all available asteroids with those differences com-
puted. Asteroids classified by Tholen (1984) are marked with
colored dots representing different taxonomies, the crosses indi-
cate the median value of each taxonomy using the same color
code, and the size of the error bar is the interquartile range. In the
upper panel, we can see the correlation between (s2− s3), which
is related to the absorption in the UV, and (s4− s3), which can be
considered as a proxy of the 0.7-µm band. We note that for the
case of D and F types, which do not present usually the 0.7-µm
feature, they have small but positive values of (s4 − s3). Those
values (and a visual inspection) suggest a straight to slightly

concave-up-shaped spectrum on both taxonomies. The existence
of concave-up and concave-down D-types has been previously
noticed by different authors (Barucci et al. 1987; Fitzsimmons
et al. 1994; Carvano et al. 2003). Meanwhile, the F types are
generally negative in s3 and flat in s4, generating this slightly
concave-up shape.

We searched for potential correlations between (s2 − s3)
and (s4 − s3) using a simple Pearson correlation coefficient
(PCC). We found a PCC value of 0.7 for the asteroids with P,
C, and G taxonomies. Apart from that, F and D taxonomies
have the smallest values of (s2 − s3), even with negative
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Fig. 5. Distribution of slopes for the primitive asteroids in our sample (upper panel) and those classified by Tholen (1984) (bottom). Vertical lines
indicate the computed median for each taxonomical class. The title of each column indicates the total number of asteroids with such difference
computed. B- and T-types have less than five members with computed s1, thus, we decided not to show them in the (s1 − s2) plot. The rightest
column does have not a shared x-axis as the general (s3 − s4) distribution is much wider than the classified ones.

values (i.e., smaller UV absorption up to 0.4µm). That tells us
again that their spectra are getting bluer towards short wave-
lengths, at least until 0.4µm. On the other hand, G-types have
the strongest UV absorption (larger s2 − s3 values) and the
deeper 0.7-µm band (larger s4 − s3 values). That is expected
as G types were described by Tholen as primitive asteroids
with large UV absorption and they usually present the 0.7µm
Tholen (1984); Bus & Binzel (2002). P-types distribute around
the central part of the density plot, between C-G and F-D tax-
onomies. They present a red to flat spectra with increasing
wavelength. One part of the bi-modal C-type distribution over-
laps with the non-hydrated P-types, while the other part overlaps
with the hydrated G-types. This separation is decreased without
the NUV part of the spectra as shown in Mahlke et al. (2022)
for other equivalent taxonomies. C-types present the hydration
band and a stronger UV absorption more often than P types,
but with shallower bands than G types, as defined by Tholen
(1984).

Inspecting now the general density distribution we see a
maximum in density populated by P-, F-, and, some C-types.
Following the correlation, the most populated area to the upper
right is mainly populated by C- and G-types. This high popula-
tion seems to be related to the bi-modality in the (s2 − s3) seen
in Fig. 5. From the central maxima to the left, we found a slight
overdensity presumably related to D- and F-types.

In the lower panel of Fig. 6, we explore the UV absorption
more in detail. The unity line (black line) where objects that have
the same change in slope at 0.5µm as at 0.4µm would fall,
namely, a constant absorption, including linear spectral shape
located around (0, 0). C-, P- and D-types are on the unity line,
with C- types having a huge dispersion in the space but with
positive values in both slope differences with slightly smaller
(s1 − s2; seen as a concave-down shape between 0.374 and
0.726µm); P-types also have positive values in both slope differ-
ences but smaller than C-types; D-types have negative values for
both slope differences, which translates into a concave-up shape
in the same wavelength range, i.e., a flattening towards bluer
wavelengths. The only taxonomy with a median value above the
unity line is the F-type, showing that the change in slope is higher
at 0.4µm than it is at 0.5µm. Below the unity line, we found G-
types with larger values of (s2− s3) than (s1− s2), which implies
a stronger increase in slope for decreasing wavelength around
0.5µm than around 0.4µm. Taking a look at the general distribu-
tion, we can see two local maxima, one below the unity line close
to (0.75, 0.5), and another above the line, close to the F-type
median. This bimodality suggests the existence of two different
groups: one with larger values of (s2 − s3) and slight dispersion
on (s1 − s2), indicating that the beginning of the UV absorption
is at 0.5µm and the decrease in reflectance continues towards
0.4µm (G-types and some C-types); the other with lower values
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Fig. 6. Density plot of (s2− s3) vs. (s4− s3) for the 1241 asteroids with
these computed slopes in Gaia DR3 (upper panel). Colors represent
asteroids classified by Tholen (1984). The crosses mark the median of
each taxonomy and the size of the error bars is the interquartil range.
The lower panel shows the same density plot, but for (s2 − s3) vs. (s1 −
s2). In this case, a total of 498 asteroids had those slopes computed in
Gaia DR3. We only include here the taxonomies with more than five
members with computed s1 (i.e. C, P, G, D, and F).

of (s2 − s3) and with a higher dispersion on (s1 − s2), ranging
from small or negative values (i.e. P- and D-types, respectively)
to large values of (s1− s2), which indicate a UV absorption start-
ing at 0.4µm (F-types). Gaffey & McCord (1978) have suggested
that the location of the UV absorption edge is diagnostic of com-
position for meteorites with albedo matching C-type asteroids,
an absorption beginning at 0.5µm reveal the presence of iron-
rich clay mineral, while an absorption edge at 0.4µm could be
due to either an iron-poor clay mineral or iron-rich olivine and
pyroxene.

4.2. Dimensional reduction: PCA and UMAP

After inspecting the general behavior of the different spectral
slopes and their combinations, we carried out a PCA over the 12
available reflectance bands between 0.418 and 0.902µm similar

to what was done by Bus & Binzel (2002). Although the initial
datasets are different, as Bus & Binzel (2002) are including also
non-primitive asteroids, their PC3’ shape in the principal compo-
nent base is similar to the shape of our PC2’ (ours is shown in the
upper panel of Fig. 7, whereas theirs is in Fig. 4 of Bus & Binzel
2002). We used only dark objects, where the UV absorption and
the 0.7µm are shaping most of the spectra (mainly G- and C-
types), and this is represented by our PC2’. In the same way,
they found that “the transformation involving PC3’ is especially
useful” in isolating asteroids with spectra of “either a strong UV
absorption and shortward of 0.55µm or a 0.7-µm phyllosilicate
feature.” Our results show that the slope (s) and the PC2’ are
enough to spread the different primitive taxonomies. As PC2’
represents the UV and the 0.7µm absorptions, in the lower panel
of Fig. 7, the G-types and some C-types are those with the largest
PC2’ values, and the taxonomies having linear spectra in the visi-
ble and the smaller absorption up to 0.4µm have the lowest PC2’
scores.

We decided to apply a PCA over selected features, that
describe the different types of primitive spectra. Those features
are visible slope (s) as defined before; s2, that allows to easily
differentiate F-types from the rest of taxonomies (see Fig. 4);
s2 − s3, which is a proxy of the beginning of the UV absorption
and presents an interesting bi-modality (see Fig. 4); and s4 − s3,
that is a proxy of the 0.7µm absorption band. The results of the
PCA are shown in Fig. 8. In the lower panel, we can see a very
similar distribution to the one shown in the lower panel of Fig. 7.
This is expected, as PC2 is weighting the slope more than any
other feature (see the upper panel of Fig. 8) and PC1 is taking
care of the NUV and the 0.7µm absorptions. However, if we
look carefully we can see how the PC2 preserves the bi-modality
observed for s2− s3 in Fig. 5, separating C-types in two regions,
one shared with P-types and the other with G-types.

Trying to go further in this analysis, we explored another
dimensionality-reduction algorithm, the UMAP. The resulting
2D representation for all the available Gaia spectra (in grey) is
shown in the upper left panel of Fig. 9, together with those aster-
oids classified by Tholen. The other panels in the same figure
show the values of the computed depth of the 0.7µm absorption
band (in %), the logarithm of the asteroid diameter in kilome-
ters, and the asteroid albedo values, displayed with a color scale
shown to the right of each panel. It is important to remark that the
axes do have not a simple physical meaning due to the nonlinear-
ity of the method. However, we can infer the spectral properties
of a region in the UMAP space based on the selected parameters
by looking at Fig. B.1. Using UMAP, the bimodality observed
for the C-types becomes clearer than in any other previous rep-
resentation. It is important to remark that asteroids that are closer
in this 2D space are going to be closer in the original 4D space
defined by s, s2, (s2− s3), and (s4− s3). We have to note that the
shape of the distribution is quite similar to the one obtained with
the PCA following a flip in the vertical axis. In this UMAP 2D
representation, we can separate most of the taxonomical classes.
In particular, C-types seem to be distributed in two clusters: 1)
C-types that have an absorption band at 0.7µm, associated with
iron-rich phyllosilicates and that share the space with G-types
in the upper left panel of Fig. 9; 2) and C-types that do not
have the band and share the space with P- and B-types. This
result is also observed in the upper right panel of Fig. 9, where
we do not see a smooth transition from low to high values of
the band depth, but two clear clusters instead (i.e., either the
band is present or is not): the 78% of the C-G cluster mem-
bers have a 0.7µm band detected by our model fitting, while
the 66% of the members C-P-B region have no band detections.
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Fig. 7. Results from the PCA applied over the reflectance spectra. The
upper panel shows the two first components of our PCA. These loading
values (elements of the eigenvectors, plotted as a function of wave-
length) are used to weight the individual Gaia bands when calculating
principal component scores. In the lower panel, we show the principal
component space of visible slope s vs. PC2’ score. The grey hatch repre-
sents the density distribution of the 1290 Gaia asteroids that have good
quality data between 0.418 to 0.902µm. Those classified by Tholen
are overplotted with color markers. Crosses correspond to the median
for each taxonomy and the size of the error bars is the interquartile
range.

Furthermore, the median band depth in the hydrated C-G mem-
bers is 3.9%, deeper than the median depth for the hydrated ones
in the C-P-B region (2.15%). We suggest that the C-G cluster is
generated because we are including the NUV down to 0.418µm;
the absorption in the UV is correlated with the absorption in
0.7µm (see Fig. 6), and we are selecting for the UMAP the
features that better describe the behavior of primitive spectra.
All that adds extra information that helps separate the hydrated
C-types from the rest.

We also have a few detections of the 0.7-µm absorption band
in the regions populated with F-, B-, and D-types. This is not
the first time this feature has been detected in taxonomical types

Fig. 8. Results from the PCA applied over the spectral parameters: s,
s2, s2 − s3, and s3 − s4. The upper panel shows the first three compo-
nents of the PCA. These loading values (elements of the eigenvectors)
are used to weight each parameter when calculating principal compo-
nent scores. In the lower panel, we show the principal component space
of PC2 vs. PC1. The grey hatch represents the density distribution of
the 1290 Gaia asteroids that have good quality data between 0.418 and
0.902µm. Those classified by Tholen are overplotted with color mark-
ers. Crosses correspond to the median for each taxonomy and the size
of the error bars is the interquartile range.

different from C-types. Morate et al. (2016) found that 14.3%,
28.6%, and 36.4% of the X-, B-, and T-types, respectively, in
the Erigone collisional family showed this feature. Similar val-
ues are also observed for primitive taxonomies in the Sulamitis
collisional family (Morate et al. 2018). Furthermore, hydration in
other types than C was also found in Mahlke et al. (2022), using
infrared wavelengths.

We have tried this algorithm also over the whole spec-
tral dataset, but the clustering was not as clear, likely due to
the increase in variability in certain bands due to their poorly
understood systematics errors that are softened by the slope
computation.
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Fig. 9. 2D representation of feature space composed by s, s2, (s2− s3), and (s4− s3), after applying UMAP. The upper left panel shows all available
Gaia spectra in grey, and those classified by Tholen are overplotted in colors following the taxonomy code. Crosses correspond to the median for
each taxonomy and the size of the error bars is the interquartile range in all the panels. In the upper-right and lower panels, we have added the
following information: the computed depth of the 0.7µm band (in %), the logarithm of the asteroid diameter in kilometers, and the albedo, with
an associated color scale shown in the right of each panel. The axes do not have a physical interpretability due to the nonlinearity of the method.
From Fig. B.1, we can infer the physical properties of the UMAP space based on the parameters used to compute the space.

4.3. Albedo and diameter

Looking at the lower right panel of Fig. 9, where the color
depends on the albedo, we found that the brightest objects among
the primitives are in the region populated with T-types. The
asteroids in this region have a median value of albedo of 0.087
vs. 0.048 as the median of the rest of the sample. The darkest are
among the P- and C-types (with and without the 0.7µm band),
in good agreement with Mainzer et al. (2011b). Similarly, and
regarding the size at the lower left plot, we found that the F-
type region is populated with the smallest asteroids among the
primitives, with the median size of the asteroids in this region
being 22 km, which is below the percentile 25 of the rest of the
sample (26 km). This result was also found by Tatsumi et al.
(2022). Finally, if we look carefully at the cluster of asteroids

with 0.7µm absorption band in the upper right panel of Fig. 9,
it seems that those with deeper absorptions (in yellow) have
smaller diameters (dark blue in the lower-left panel of Fig. 9).

We explore further this apparent trend in the density plot
of the diameter vs. the depth of the 0.7µm absorption band in
Fig. 10. Although a visual inspection suggests the presence of
such a trend, it is important to note that smaller asteroids have
lower S/Nref (as defined in Sect. 2) since the Gaia bands (or
points) have larger errors for these asteroids. This translates into
a larger fraction of unrealistic values for the depth, both negative
values and large ones. We know from other studies that the max-
imum depths observed for the 0.7µm band in primitive asteroids
are around 7–8% (Fornasier et al. 2014; Morate et al. 2016, 2018,
2019), so measurements above these values are most likely due
to the noise. In the case of the band center, we also see a larger
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Fig. 10. Density plot of the diameter of
hydrated asteroids vs. their 0.7µm band
depth (left panel) and the center of their
band (right panel).

Fig. 11. (a) Replication of Fig. 7 from Morate et al. (2019), but using primitive asteroids among the Gaia DR3 dataset. Colors indicate objects
classified with Tholen taxonomy. Red lines are the 2σ dispersion of the sample as in Morate et al. (2019), corresponding to their Eq. (5). (b) Same
as (a) but with main belt asteroids (in grey) separated from Cybeles (in green), Hildas (in blue), and Trojans (in red). See the main text for the
semi-major axis values used to separate these populations. (c), (d), (e), and (f) show the visible spectral slope distribution for the four dynamical
populations observed for absolute magnitudes 8 < H < 12 (in blue) and 12 < H < 16 (in beige).

dispersion of values for the smaller sizes in the right panel of
Fig. 10. Nevertheless, and as previously pointed out by Fornasier
et al. (2014), the visible spectra of hydrated asteroids show other
absorption bands, centered at 0.6 and 0.8–0.9µm, and associ-
ated to charge transfer transitions in iron oxides (Hunt & Ashley
1979; Feierberg et al. 1985; Vilas 1994), which can contribute to
the observed dispersion in the values for the band center. From
the results shown above we can only conclude that the aver-
age band depths (3.5± 1.0 %) and band centers (0.70± 0.03µm)
obtained for the primitive asteroids observed with Gaia are in
good agreement with the values found in the literature.

After analyzing the UMAP 2D-distributions we searched for
any further relationship between the physical parameters and the
slopes. When plotting the visible slope, s, against the asteroid
diameter (or asteroid absolute magnitude H), we observed what
seemed to be an increase in the slope dispersion with decreas-
ing size (increasing H), generating what appeared to be two
inverted-triangle-shaped distributions (Fig. 11a): one centered at
the median s of C-types and the other close to the median slope

of D-types. The one for C-types is similar to the distribution
obtained by Morate et al. (2019) using a smaller sample of prim-
itive asteroids, all of them being members of collisional families
of the inner main belt. We note that to properly compare their
results with this study, we re-computed the visible spectral slope
using the same wavelength range as in the study cited above,
namely, from 0.55 to 0.90µm. To explain this behavior, they
hypothesize that larger asteroids have more heterogeneous sur-
faces with different grain sizes, crater ages, and compositional
units, thus implying different spectral slopes among their sur-
faces. Their unresolved spectra will result in neutralized spectra
with a mean slope of all the material. Meanwhile, smaller aster-
oids have a more homogeneous surface as they are sampling a
smaller fraction of the parent body, thus exhibiting a wider vari-
ety of spectral slopes. Furthermore, space weathering is seen
to redden some carbonaceous materials, like CV/CO carbona-
ceous chondrites, while blueing others, as is the case for some
types of CI/CM chondrites (Lantz et al. 2018), contributing to
the above-mentioned variety.
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We included in Fig. 11a the 2σ region obtained by Morate
et al. (2019), using their Eq. (5), and represented them as two red
dashed lines, as well as those asteroids classified using Tholen
taxonomy. The two lines define a region and if the observed ten-
dency is real, it is expected that “the spread in spectral slopes
is contained within the limits of this region”, as explained in
Morate et al. (2019). For the whole sample of primitive asteroids
among Gaia, we see that 99.1% of the asteroids lie on the right
side of the left straight line, but a large number of objects are
also located to the right of the right straight line. Looking at the
different taxonomies, this distribution seems to be related to tax-
onomies such as P-, T-, and in particular, D-types. It seems that
D-types (light pink) follow a similar inverted triangular shape to
that of the C-types (green) and that there are very few big objects
in between the two inverted triangles. To properly interpret this
distribution of the visible slope, we first separated the main belt
asteroids from the dynamical populations beyond the main belt,
namely, the Cybeles (with semi-major axis 3.3 < a < 3.7 au),
the Hildas (3.7 < a < 4.2 au), and what we call here the Trojans,
which include all asteroids having a > 4.2 au. The four popula-
tions are plotted with different colors in Fig. 11b. It is clear from
this plot that the population beyond the main belt is responsible
for the second inverted triangle, associated with D-types.

Once we have separated main-belt asteroids from the pop-
ulations beyond, we have to consider the main belt’s actual
size-frequency distribution (SFD). It is a well-known fact that
there are several “bumps” in the main belt’s SFD (see, e.g.,
Fig. 1 in Bottke et al. 2005) different parts of the distribution
having different gradients. In particular, a significant change in
the gradient of the SFD occurs at H = 12 (D ∼ 20 km for pV =
0.07), which is the value where we start to see many more
objects in the belt; the cloud of objects starts to disappear for
H > 14–15, where we start to have an actual observational bias
(problems to detect small asteroids). In the region between 20
and 100 km (i.e., 8 < H < 12), the gradient of the SFD is signif-
icantly smaller (almost flat) and we have a density of asteroids
that increases slowly with H. Indeed, if we compute the distribu-
tion of the visible spectral slope for 8 < H < 12 and 12 < H <
16 (shown in Fig. 11c), we can see that the two distributions
overlap. The median value of the distribution for larger asteroids
is 0.21+0.29

−0.18 µm, meanwhile for the distribution for the smaller
asteroids is 0.25+0.32

−0.22 µm. We, therefore, conclude that the trend
between size and visible slope observed by Morate et al. (2019)
for the inner belt primitive families is not observed for the entire
main belt population; instead, the dispersion of spectral slope
values observed for the smaller asteroids is simply due to the
actual SFD of the main belt. A further analysis of the primitive
families will be done with the DR4.

We performed the same exercise for the dynamical popula-
tions beyond the main belt, with their corresponding histograms
(also shown in Figs. 11d, e, and f). For the Hildas and Cybeles,
we observed a bimodal distribution for 8 < H < 12, with
the objects concentrating at spectral slopes between 0.2 and
0.6µm−1 (P-types, on average) and spectral slopes >0.6µm−1

(T-types and D-types). This behavior has been previously
observed by other authors (Shepard et al. 2008; Gil-Hutton &
Licandro 2010; De Prá et al. 2018). For 12 < H < 16, they are
equally distributed among D- and P- taxonomies. To explain the
larger fraction of P-types at H <12 observed for the Hildas, these
authors invoked a combination of space weathering and resurfac-
ing, and a wavy size distribution produced by the Hildas being
in a stable 3:2 resonance with Jupiter, surrounded by unstable
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Fig. 12. Scatter plot of the median values of s2 − m (s2 described in
Fig. 2 and m in Eq. (1)) and the 0.7µm band depth for the primi-
tive families that have 5 or more asteroids with computed s2 and band
depth bigger than zero (Adeona: 12, Chloris: 5, Mitidika: 5, Themis: 35,
Meliboea: 11, and Alauda 15). The size of the crosses is the dispersion
of the values of the families.

regions. This process, however, does not work for the Cybeles,
since these objects are not orbiting in a mean motion resonance.

In the case of the Trojans, we obtained the well-known
bimodal spectral slope distribution for asteroids with 8 < H <
12, which was not observed for asteroids with 12 < H <
16 (Fig. 11f). This behavior was also detected by Wong &
Brown (2015) for the L4 swarm, using data from SDSS and
an 8.2m Subaru telescope. In addition, the two slope distri-
butions are slightly different, with the bigger asteroids (8 <
H < 12) having slightly redder slopes than the smaller ones
(12 < H < 16). This was also observed by Roig et al. (2008) for
the background Trojan asteroids (i.e., not members of a family),
also having high orbital inclinations (sin i > 0.2) and by Wong
& Brown (2015) for the L4 swarm. In both cases, the authors
invoked collisional evolution, either by fragmentation or by colli-
sional resurfacing (red objects converted to less-red objects upon
collision) to explain their findings. They concluded that colli-
sion may have not played a major role in shaping the magnitude
distribution of the bigger Trojans since captured by Jupiter.

4.4. Families

Collisional families are believed to be the direct outcome of a
disruptive and/or cratering event and thus, their members are
expected to be composed of similar material and to be exposed
at a similar time to space. In Fig. 12, we present with colored
crosses the median values of s2−m (with m as the slope obtained
from our fitting model described in Eq. (1)) and the depth of
the 0.7µm absorption band for the members of a total of six
collisional families, all from the Gaia sample. The size of the
crosses corresponds to the dispersion of the values. We show
here only those families having five or more members with com-
puted s2 slope and with a 0.7µm band depth bigger than zero:
(Adeona: 12, Chloris: 5, Mitidika: 5, Themis: 35, Meliboea: 11,
and Alauda: 15). The slope difference s2 −m is indicative of the
strength of the UV absorption. We observe, within the dispersion
of the points, a correlation between that strength and the depth of
the 0.7µm absorption band, with the families having a stronger
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UV absorption presenting a deeper band. This result reinforces
the findings described in Sect. 4.1. Again, a further analysis of
the primitive families will be carried out with DR4.

5. Conclusions

In this work, we have aimed to make a detailed study of the
spectral features of primitive asteroids using the Gaia DR3, pay-
ing special attention to the UV absorption feature, which can be
inferred below 0.4–0.5µm. We analyzed 15 529 asteroids over
the spectral range from 0.374 to 0.902µm. Our main results can
be summarized as follows:

– For C, P, and G-type asteroids, the 0.7-µm absorption band
is correlated with the UV absorption when including the
bluest part of the spectra. These two absorption features are
signatures of iron-rich phyllosilicates and indicative of high
degrees of hydration in the minerals;

– Using combinations of slopes as descriptors of the
reflectance spectra in both PCA and UMAP (dimensionality-
reduction algorithms), we observed a bimodality distribution
of the C-types. One cluster displayed the 0.7µm band and
the UV absorption, as with the G-types, and the other one
did not display the band at all;

– F-types, which could not be identified without the use of
the NUV wavelengths, display the beginning of the UV
absorption around 0.4µm. We also found hints that they are
consistently smaller than other taxonomies. To confirm these
results, we would need further exploration in the laboratory
as well as more observations containing the UV-blue part of
the spectra;

– We obtained average values for band depth (3.5± 1.0 %) and
central wavelength (0.70± 0.03µm) for the hydrated objects
in Gaia DR3. This is in good agreement with previous
works. We noticed that for smaller asteroids the reflectance
spectra are noisier and the obtained values of depth and
central wavelength have a larger dispersion;

– We reproduced the H vs. visible slope presented in Morate
et al. (2019) for the primitive families of the inner aster-
oid belt. They claimed larger dispersion of slope values for
smaller asteroids is not observed when using the entire pop-
ulation of primitive main belt asteroids among Gaia DR3.
For the populations beyond the main belt, namely, Cybeles,
Hildas, and Trojans, we found similar slope distributions
as those found the literature, with both Cybeles and Hildas
presenting bimodal distributions for H < 12.

All these results shed light on the importance of having spectral
data at the shortest wavelengths to better characterize the
primitive taxonomies, showing that this is a promising region
for diagnosing the composition of the primitive asteroids.
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Hanuš, J., Delbo’, M., Ďurech, J., & Alí-Lagoa, V. 2018, Icarus, 309, 297
Hanuš, J., Vernazza, P., Viikinkoski, M., et al. 2020, A&A, 633, A65
Hasegawa, S., Müller, T. G., Kuroda, D., Takita, S., & Usui, F. 2013, PASJ, 65,

34
Hendrix, A. R., & Vilas, F. 2019, Geophys. Res. Lett., 46, 14307
Herald, D., Frappa, E., Gault, D., et al. 2019, NASA Planetary Data System, 3
Horner, J., Müller, T. G., & Lykawka, P. S. 2012, MNRAS, 423, 2587
Hung, D., Hanuš, J., Masiero, J. R., & Tholen, D. J. 2022, Planet. Space J.,

3, 56
Hunt, G. R., & Ashley, R. P. 1979, Econ. Geol., 74, 1613
Jiang, H., & Ji, J. 2021, AJ, 162, 40
Lantz, C., Binzel, R. P., & DeMeo, F. E. 2018, Icarus, 302, 10
Li, J.-Y., Reddy, V., Nathues, A., et al. 2016, ApJ, 817, L22
Licandro, J., Alí-Lagoa, V., Tancredi, G., & Fernández, Y. 2016, A&A, 585,

A9
Magri, C., Nolan, M. C., Ostro, S. J., & Giorgini, J. D. 2007a, Icarus, 186,

126
Magri, C., Ostro, S. J., Scheeres, D. J., et al. 2007b, Icarus, 186, 152
Mahlke, M., Carry, B., & Mattei, P. A. 2022, A&A, 665, A26
Mainzer, A., Grav, T., Bauer, J., et al. 2011a, ApJ, 743, 156
Mainzer, A., Grav, T., Masiero, J., et al. 2011b, ApJ, 741, 90
Mainzer, A., Grav, T., Masiero, J., et al. 2012, ApJ, 760, L12
Marchis, F., Kaasalainen, M., Hom, E. F. Y., et al. 2006, Icarus, 185, 39
Marchis, F., Enriquez, J. E., Emery, J. P., et al. 2012, Icarus, 221, 1130
Marsset, M., Brož, M., Vermersch, J., et al. 2023, A&A, 670, A52
Masiero, J. R., Mainzer, A. K., Grav, T., et al. 2011, ApJ, 741, 68
Masiero, J. R., Mainzer, A. K., Grav, T., et al. 2012, ApJ, 759, L8
Masiero, J. R., Grav, T., Mainzer, A. K., et al. 2014, ApJ, 791, 121
Masiero, J. R., Nugent, C., Mainzer, A. K., et al. 2017, AJ, 154, 168
Masiero, J. R., Mainzer, A. K., Bauer, J. M., et al. 2020, Planet. Space J.,

1, 5
Masiero, J. R., Mainzer, A. K., Bauer, J. M., et al. 2021, Planet. Space J., 2,

162
Morate, D., de León, J., De Prá, M., et al. 2016, A&A, 586, A129
Morate, D., de León, J., De Prá, M., et al. 2018, A&A, 610, A25
Morate, D., de León, J., De Prá, M., et al. 2019, A&A, 630, A141

A76, page 12 of 14

http://linker.aanda.org/10.1051/0004-6361/202348752/1
http://linker.aanda.org/10.1051/0004-6361/202348752/2
http://linker.aanda.org/10.1051/0004-6361/202348752/3
http://linker.aanda.org/10.1051/0004-6361/202348752/4
http://linker.aanda.org/10.1051/0004-6361/202348752/5
http://linker.aanda.org/10.1051/0004-6361/202348752/6
http://linker.aanda.org/10.1051/0004-6361/202348752/6
http://linker.aanda.org/10.1051/0004-6361/202348752/7
http://linker.aanda.org/10.1051/0004-6361/202348752/7
http://linker.aanda.org/10.1051/0004-6361/202348752/8
http://linker.aanda.org/10.1051/0004-6361/202348752/9
http://linker.aanda.org/10.1051/0004-6361/202348752/9
http://linker.aanda.org/10.1051/0004-6361/202348752/10
http://linker.aanda.org/10.1051/0004-6361/202348752/10
http://linker.aanda.org/10.1051/0004-6361/202348752/11
http://linker.aanda.org/10.1051/0004-6361/202348752/12
http://linker.aanda.org/10.1051/0004-6361/202348752/13
http://linker.aanda.org/10.1051/0004-6361/202348752/14
http://linker.aanda.org/10.1051/0004-6361/202348752/15
http://linker.aanda.org/10.1051/0004-6361/202348752/16
http://linker.aanda.org/10.1051/0004-6361/202348752/17
http://linker.aanda.org/10.1051/0004-6361/202348752/19
http://linker.aanda.org/10.1051/0004-6361/202348752/20
http://linker.aanda.org/10.1051/0004-6361/202348752/21
http://linker.aanda.org/10.1051/0004-6361/202348752/22
http://linker.aanda.org/10.1051/0004-6361/202348752/23
http://linker.aanda.org/10.1051/0004-6361/202348752/24
http://linker.aanda.org/10.1051/0004-6361/202348752/25
http://linker.aanda.org/10.1051/0004-6361/202348752/26
http://linker.aanda.org/10.1051/0004-6361/202348752/26
http://linker.aanda.org/10.1051/0004-6361/202348752/27
http://linker.aanda.org/10.1051/0004-6361/202348752/28
http://linker.aanda.org/10.1051/0004-6361/202348752/29
http://linker.aanda.org/10.1051/0004-6361/202348752/30
http://linker.aanda.org/10.1051/0004-6361/202348752/31
http://linker.aanda.org/10.1051/0004-6361/202348752/32
http://linker.aanda.org/10.1051/0004-6361/202348752/33
http://linker.aanda.org/10.1051/0004-6361/202348752/34
http://linker.aanda.org/10.1051/0004-6361/202348752/35
http://linker.aanda.org/10.1051/0004-6361/202348752/36
http://linker.aanda.org/10.1051/0004-6361/202348752/37
http://linker.aanda.org/10.1051/0004-6361/202348752/38
http://linker.aanda.org/10.1051/0004-6361/202348752/39
http://linker.aanda.org/10.1051/0004-6361/202348752/39
http://linker.aanda.org/10.1051/0004-6361/202348752/40
http://linker.aanda.org/10.1051/0004-6361/202348752/41
http://linker.aanda.org/10.1051/0004-6361/202348752/42
http://linker.aanda.org/10.1051/0004-6361/202348752/43
http://linker.aanda.org/10.1051/0004-6361/202348752/43
http://linker.aanda.org/10.1051/0004-6361/202348752/44
http://linker.aanda.org/10.1051/0004-6361/202348752/45
http://linker.aanda.org/10.1051/0004-6361/202348752/46
http://linker.aanda.org/10.1051/0004-6361/202348752/47
http://linker.aanda.org/10.1051/0004-6361/202348752/48
http://linker.aanda.org/10.1051/0004-6361/202348752/48
http://linker.aanda.org/10.1051/0004-6361/202348752/49
http://linker.aanda.org/10.1051/0004-6361/202348752/49
http://linker.aanda.org/10.1051/0004-6361/202348752/50
http://linker.aanda.org/10.1051/0004-6361/202348752/51
http://linker.aanda.org/10.1051/0004-6361/202348752/52
http://linker.aanda.org/10.1051/0004-6361/202348752/53
http://linker.aanda.org/10.1051/0004-6361/202348752/54
http://linker.aanda.org/10.1051/0004-6361/202348752/55
http://linker.aanda.org/10.1051/0004-6361/202348752/56
http://linker.aanda.org/10.1051/0004-6361/202348752/57
http://linker.aanda.org/10.1051/0004-6361/202348752/58
http://linker.aanda.org/10.1051/0004-6361/202348752/59
http://linker.aanda.org/10.1051/0004-6361/202348752/60
http://linker.aanda.org/10.1051/0004-6361/202348752/61
http://linker.aanda.org/10.1051/0004-6361/202348752/62
http://linker.aanda.org/10.1051/0004-6361/202348752/62
http://linker.aanda.org/10.1051/0004-6361/202348752/63
http://linker.aanda.org/10.1051/0004-6361/202348752/63
http://linker.aanda.org/10.1051/0004-6361/202348752/64
http://linker.aanda.org/10.1051/0004-6361/202348752/65
http://linker.aanda.org/10.1051/0004-6361/202348752/66


Tinaut-Ruano, F., et al.: A&A, 686, A76 (2024)

Morgado, B. E., Sicardy, B., Braga-Ribas, F., et al. 2021, A&A, 652, A141
Myhrvold, N., Pinchuk, P., & Margot, J.-L. 2022, Planet. Space J., 3, 30
Nesvorný, D., Brož, M., & Carruba, V. 2015, in Asteroids IV, eds. P. Michel,

F. E. DeMeo, & W. F. Bottke (University of Arizona Press, Tucson) 297
Nugent, C. R., Mainzer, A., Masiero, J., et al. 2015, ApJ, 814, 117
Nugent, C. R., Mainzer, A., Bauer, J., et al. 2016, AJ, 152, 63
Pravec, P., Harris, A. W., Kušnirák, P., Galád, A., & Hornoch, K. 2012, Icarus,

221, 365
Rivkin, A. S., Campins, H., Emery, J. P., et al. 2015, in Asteroids IV, eds.

P. Michel, F. E. DeMeo, & W. F. Bottke (University of Arizona Press, Tucson)
65

Roig, F., Ribeiro, A. O., & Gil-Hutton, R. 2008, A&A, 483, 911
Russell, C. T., Raymond, C. A., Ammannito, E., et al. 2016, Science, 353,

1008
Ryan, E. L., & Woodward, C. E. 2010, AJ, 140, 933
Ryan, E. L., & Woodward, C. E. 2011, AJ, 141, 186
Ryan, E. L., Mizuno, D. R., Shenoy, S. S., et al. 2015, A&A, 578, A42
Sainburg, T., McInnes, L., & Gentner, T. Q. 2021, Neural Comput., 33, 2881
Shepard, M. K., Clark, B. E., Nolan, M. C., et al. 2008, Icarus, 193, 20
Sugita, S., Honda, R., Morota, T., et al. 2019, Science, 364, eaaw0422

Tatsumi, E., Tinaut-Ruano, F., de León, J., Popescu, M., & Licandro, J. 2022,
A&A, 664, A107

Tatsumi, E., Vilas, F., de León, J., et al. 2023, A&A, 672, A189
Tedesco, E. F., Noah, P. V., Noah, M., & Price, S. D. 2002, AJ, 123, 1056
Tholen, D. J. 1984, PhD thesis, University of Arizona, Tucson, USA
Thomas, P. C., Veverka, J., Bell, J. F., et al. 1999, Icarus, 140, 17
Tinaut-Ruano, F., Tatsumi, E., Tanga, P., et al. 2023, A&A, 669, L14
Trilling, D. E., Mueller, M., Hora, J. L., et al. 2010, AJ, 140, 770
Usui, F., Kuroda, D., Müller, T. G., et al. 2011, PASJ, 63, 1117
Vernazza, P., Jorda, L., Ševeček, P., et al. 2020, Nat. Astron., 4, 136
Vernazza, P., Ferrais, M., Jorda, L., et al. 2021, A&A, 654, A56
Viikinkoski, M., Hanuš, J., Kaasalainen, M., Marchis, F., & Ďurech, J. 2017,
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Appendix A: References of visual albedos and diameters

Table A.1: Data references used for albedos and diameters.

Alí-Lagoa et al. (2013, 2016, 2018, 2020); Alí-Lagoa & Delbo’ (2017); Bartczak et al. (2014); Bauer et al. (2013);
Berthier et al. (2014, 2023); Chavez et al. (2021); Clark et al. (1999); Delbo (2004); Delbo’ & Tanga (2009);
Duffard et al. (2014); Ďurech et al. (2011); Fornasier et al. (2013); Grav et al. (2011, 2012a,b); Hasegawa et al. (2013);
Hanuš et al. (2013, 2015, 2017a,b, 2018, 2020); Herald et al. (2019); Horner et al. (2012); Hung et al. (2022); Jiang & Ji (2021);
Li et al. (2016); Licandro et al. (2016); Magri et al. (2007b,a); Mainzer et al. (2011a, 2012); Marchis et al. (2006, 2012);
Marsset et al. (2023); Masiero et al. (2011, 2012, 2014, 2017, 2020, 2021); Morgado et al. (2021); Myhrvold et al. (2022);
Nugent et al. (2015, 2016); Pravec et al. (2012); Russell et al. (2016); Ryan et al. (2015); Ryan & Woodward (2010, 2011);
Shepard et al. (2008); Sugita et al. (2019); Tedesco et al. (2002); Thomas et al. (1999); Trilling et al. (2010); Usui et al. (2011);
Vernazza et al. (2020, 2021); Viikinkoski et al. (2017); Watanabe et al. (2019);Yang et al. (2020)

Appendix B: UMAP results

In Fig. B.1, we show the resulting UMAP 2-D representation, but adding the following information, from top to bottom, left to right:
s, s2, (s2-s3), and (s4-s3). A color scale is shown to the right of each panel, as in Fig. 9.
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Fig. B.1: Same as Fig. 9 but using the four spectral features described in the text: s, s2, s2-s3, and s4-s3. Crosses correspond to the
median for each taxonomy (following the same color code) and the size of the error bars is the interquartile range.
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