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Abstract

Context. Asteroid reflectance spectra provide key constraints on surface composition. Gaia Data Release 3 (DR3) enables the study of 60 518 asteroids through near-ultraviolet (NUV) to visible reflectance spectra.

Aims. Our aim is to classify asteroids using Gaia DR3 spectra and provide a homogeneous taxonomical framework. Owing to systematics affecting Gaia DR3 data, direct comparison with previous taxonomies has to be performed with caution; therefore, we developed a classification scheme tailored to Gaia and linked the resulting taxa to established classes.

Methods. We selected the highest-quality spectra using Gaia DR3 quality flags and applied uncertainty thresholds to mitigate spectral artifacts, retaining over one-third of the original sample at the least noisy wavelengths. To improve compositional discrimination, we included albedo information, thus reducing the final sample to about one-fourth of its initial size. We then iteratively applied dimensionality reduction and clustering techniques to identify the spectral taxa.

Results. We classified 14042 asteroids into 13 taxonomic classes: A, B, C, D, E, F, G, K, L, M, P, S, and V, representing an increase in three compared to the number of objects classified in previous spectral classifications. The largest relative increase was found for the K class. The inclusion of NUV wavelengths allowed the separation of B and F types within the C complex and facilitated the identification of G types. The dynamical distribution follows expected trends: S types dominate the inner and middle main belt; C-complex asteroids are prevalent in the outer main belt; and D types are prevalent beyond the main belt.

Conclusions. We present a taxonomical classification of 14 042 asteroids based on Gaia DR3 reflectance spectra. NUV coverage is critical for disentangling primitive classes within the C complex. Although artifacts in Gaia DR3 require caution when one is comparing median spectra with other datasets, this classification provides a robust reference for future Gaia releases with larger observed samples.
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1 Introduction
Asteroid reflectance spectra and spectrophotometry provide information on the composition of asteroid surfaces, and on the processes that modify their properties, such as space weathering (Reddy et al. 2015). Historically, the use of photoelectric detectors (or photometers), more sensitive at blue wavelengths (i.e., <0.5 μm), and the development of the standard UBV photometric system (Johnson & Morgan 1951), led to the appearance of the first asteroid taxonomies in the 1970s (Zellner 1973; Chapman et al. 1975) that contained information at blue-visible wavelengths, i.e., near-UV (NUV; from 0.3 to 0.5 μm). The introduction of charge-coupled devices (CCDs) in astronomy in the 1990s and later on, contributed to the loss of NUV information, as CCDs are less sensitive at those wavelengths. Therefore, the large majority of the modern spectroscopic and spectrophotometric surveys cover the wavelength range from ∼0.5 μm up to 2.5 μm. Nevertheless, there are some exceptions. One of the first large surveys with information in the NUV is the Eight Color Asteroid Survey (ECAS, Zellner et al. 1985). This survey provided photometry in eight broad band filters between 0.34 and 1.04 μm for 589 minor planets, including two filters below 0.45 μm. These observations were used to develop a new taxonomy (see Tholen 1984). More recent catalogues, for example the Sloan Digital Sky Survey (SDSS) Solar System object catalogue (Sergeyev & Carry 2021), or the Solar System objects observations from the SkyMapper Southern Survey (Sergeyev et al. 2022) include NUV photometry for 800 000 and 205 515 objects, respectively. However, the spectral resolution in these surveys is limited because there are five and six filters between 0.3 and 1.1 μm. On the other hand, the Moving Objects Observed from Javalambre (MOOJa) catalogue from the J-PLUS survey (Morate et al. 2021), has a larger spectral resolution of 12 filters, but a limited number of asteroids observed: 3122. The Gaia space mission (Prusti et al. 2016) offers in its DR3 a Solar System survey with different data products (Tanga et al. 2023), including the reflectance spectra of 60518 objects binned in 16 wavelengths bands between 0.352 and 1.056 μm (Galluccio et al. 2023). It offers the unique opportunity to explore a large number of asteroids with a moderate spectral resolution and avoiding the atmospheric absorption in the UV.
Some systematic effects are, however, present in the Gaia DR3 spectra. These systematics are the following: (i) The selection of solar analogs by the Gaia team including a large number of the most commonly used stars by the planetary science community (Galluccio et al. 2023). Such stars can be used to obtain asteroid reflectance spectra beyond 0.5 μm without any problems. However, as shown in Tatsumi et al. (2022) and Tinaut-Ruano et al. (2023), they do not have a Sun-like spectral behavior at wavelengths below 0.5 μm, and introduce an artificial reddening in that region. (ii) Gaia reflectance spectra show a reddening between 0.7 and 1 μm as different authors found when comparing Gaia DR3 with other ground-based data sources (Balossi 2023; Galinier et al. 2023; Morate et al. 2026), in the first work, Balossi found that this effect is taxonomy dependent. (iii) The three bluest and reddest reflectance points in Gaia DR3 spectra are often overestimated, as described by Galluccio et al. (2023). (iv) An artificial band can be found around 0.65 μm, due to the merging of the blue and red parts of the spectra in the production of the mean reflectance spectra (Galluccio et al. 2023; Galinier et al. 2023; Tinaut-Ruano et al. 2024). (v) For the V types, a shift in band center and band depth is detected by Oszkiewicz et al. (2023). Comparisons to other spectral databases should be performed with caution, due to those artifacts, which makes the classification of their spectra more difficult. Thus, we decided to classify the reflectance spectra of asteroids in Gaia DR3 by following the steps of building a new taxonomy based on Gaia spectra and make it compatible with previous taxonomies.
In this article, we classified a large fraction of the Gaia DR3 asteroids’ reflectance spectra catalog through variance-driven dimensional reduction and clustering methods. The base dataset, the cleaning, and other methods are presented in Sect. 2. The iterative process and the decision tree are extensively described in Sect. 3. We show the results in Sect. 4. Finally, our conclusions are presented in Sect. 5.
2 Methodology
We describe here the selection of the dataset, the tools we used, and the iterative clustering algorithm.
2.1 Selection of the dataset
To build a taxonomy through variance-driven dimensional reduction and clustering methods, we needed to use a sample whose variance is dominated by the mineralogical properties of the asteroids, and not by the noise or systematics present in the data. In this section we show how we selected the best-quality data from the Gaia DR3 reflectance spectra catalog.
2.1.1 Gaia reflectance spectra
Among the Gaia DR3 products for Solar System objects (SSOs), the mean reflectance spectra of Solar System small objects provided in the Gaia DR3 span the wavelength range from 374 to 1034 nm in 16 bands, and are normalized at 550 nm. To each band was assigned a quality flag, indicative of the estimated quality of the band: 0 for good quality, 1 for lower quality, and 2 for bad quality (see Galluccio et al. 2023, for more information). From the original number of objects provided by Gaia DR3 (60518), more than half (34 577) have data published for all 16 bands in the original dataset. However, less than a sixth (9926) have all the bands observed with the best quality flag. In this work, we used only those bands with the best quality flag.
Regardless of the quality flag, some bands have some systematic issues. Among those systematics, the reddening due to the stellar analog selection has a known correction (Tinaut-Ruano et al. 2023) that we applied to the whole dataset. The increase in slope between 0.7 and 1 micron, which renders the comparison of Gaia DR3 with the literature spectra complex, seems to be affecting different taxons in different ways, but consistently within the taxon (Balossi 2023; Oszkiewicz et al. 2023; Galinier et al. 2023; Morate et al. 2026). Thus, we do not have to correct or mask it as it is consistent with the mineralogy, and does not affect the clustering methods. However, the overestimation of the reflectance through the first and last three bands is dependent on the estimated error of each band, and thus a low-signal asteroid will have a larger change in slope than a bright asteroid, without implications on the mineralogical properties. This affects dimensionality reduction algorithms, and spreads the clusters in the feature space. We show in Fig. A.1 an example of three density distributions of the spectral slope between the two first, two central, and two last bands versus the uncertainty of the shortest wavelength band. We selected the threshold based on the error (Tε) as the value of e−1 (being e the error of the reflectance per wavelength computed by Gaia Data Processing and Analysis Consortium (DPAC) where the slope trend begins to change its quasi-constant regime for good signal asteroids. In Fig. A.1, we plot the selected Tε for three different wavelengths with a pointed line. We tried to find a compromise between the quality of the data, which leads to a more accurate cluster selection, and the size of the dataset, since a large dataset is needed to sample the less numerous taxa. We kept in the samples the objects at every wavelength where e−1 > Tε; we call this number Nε. This number and the used values for the threshold per wavelength are in Table 1.
Table 1 
Number of objects that pass the selection criteria.

2.1.2 Albedo
The albedo is crucial in order to discriminate between spectrally degenerated classes (e.g., Tholen 1984; Mahlke et al. 2022). We thus compiled albedo measurements (Table C.1) using the rocks1 Python client of the SsODNet service (Berthier et al. 2023). We found 41 430 asteroids in Gaia DR3 with albedo; more than Npv=15 000 per band pass our threshold criteria (Table 1). This sample is called the clean sample hereafter. We also extracted other ancillary information, such as the orbital elements, the absolute magnitude, previous taxonomical classifications, and the family membership for each asteroid.
2.1.3 Taxonomic classifications
We used Tholen’s scheme and the recent Mahlke’s scheme as a reference. Using Tholen’s scheme, we take advantage of the NUV coverage of the DR3 dataset, using Mahlke’s we get more recently defined taxonomies as K or L types. Furthermore, both made use of the albedo. We therefore considered Tholen’s F class, which was not included in other taxonomic schemes (e.g., Bus & Binzel 2002a; DeMeo et al. 2009), due to the lack of NUV coverage in the dataset used to define these schemes. We kept Tholen’s G type nomenclature, which in other schemes such as Bus, Bus-DeMeo, and Mahlke was adopted as Ch type for hydrated carbonaceous asteroids.
Gaia has observed 941 of the 978 objects classified in Tholen (1984) and Tholen & Barucci (1989). Using the taxonomical classification of the asteroids with visible and infrared spectra in Mahlke et al. (2022), used to build their taxonomy, we increased the number of observations having an accurate taxonomical classification. Furthermore, we used the 25 A-type asteroids classified by Delbo et al. (2026) as they also used visible and IR spectra to find members of this very rare class. This increases the sample of objects classified and observed by Gaia to 1370. Of these, more than 1200 asteroids pass our quality criteria for the 12 central bands (see Ntax in Table 1). There are other databases that we could have used to increase the number of known objects, but we decided to keep these two as references because Tholen’s is needed to follow the variations in the NUV, and Mahlke’s has a wide coverage in wavelength, and thus a very accurate classification. A comparison with other taxonomical works is presented in Sect. 3.
2.2 Principal component analysis
Principal component analysis (PCA) reduces dimensionality by transforming the data into orthogonal directions of maximum variance. However, it cannot handle missing values requiring a complete feature matrix in the studied sample. PCA compresses information when a smaller number of principal components (PCs) than original variables is selected, but it also rotates the space to align axes with variations in the parameters, even if the same number of PCs as variables is selected. This is particularly useful for subsequent clustering. We applied PCA to reflectance spectra, albedo, and derived features, after standard scaling. This scaling normalizes the distribution of each variable to a mean of zero and a standard deviation of one preventing larger variables from having a larger variance. PCA also helps identify noisy bands as they often dominate the variance without carrying mineralogical information. The resulting principal component space provides a compact and structured representation suitable for clustering methods.
2.3 Gaussian mixture model
Gaussian mixture models (GMMs) cluster data by fitting a mixture of multivariate Gaussian distributions estimated via an expectation-maximization algorithm. Unlike other clustering techniques, GMM performs soft clustering (i.e., each data point can belong to more than one cluster) and can capture elliptical clusters of varying sizes and orientations. However, it requires the estimation of many parameters, thus making it more efficient for uncorrelated data (Bouveyron et al. 2019). For this reason, we used GMM with PCA, which simplifies covariance estimation-ideally reducing it to diagonal matrices when the structure in the cluster is aligned with the axes. We then assume that each complex can be described as a mixture of normal distributions.
2.4 Iterative clustering workflow
Previous taxonomical definitions used clustering techniques applied in a multidimensional principal component space (PCS) in an attempt to obtain all the taxa at the same time. However, if we used this approach, and applied PCA+GMM over the whole range of wavelengths, the total amount of available objects would be less than 828 (see NpV at 0.374 in Table 1) as PCA needs every feature available at all samples. On the other hand, if we only used the five bands with the largest number of objects (more than 25 000) we would lose the NUV information and we would not be able to find rare or specific classes such as F class. Thus, we proceeded with a multilayer classification based on PCA over computed features and an iterative clustering aiming at classifying the largest possible sample while still refining classification whenever possible, using the bands with the fewest objects at the deepest iteration possible.
At each layer of the classification we applied the PCA+GMM to compute spectral features known to be useful for discriminating among taxa or based on the principal component bases (PCBs) obtained by applying PCA over the reflectances values. The number of clusters at the different iterations may be smaller or larger than the expected classes, but the number is fixed to properly describe the space based on trial and errors (e.g., iteration 1 has five clusters sampling three groups). The computed features might not be available for all the objects in the previous layer, thus reducing the final classified sample at each iteration. Each of these clustering steps does not aim to find as many taxa as possible; instead, each step differentiates between groups that share some of the properties, such as flat spectra, low albedo, or olivine and pyroxene absorption bands. Then, we explored each subcluster to search for any structure hidden in it. When the subclusters have no substructure and are not substantially different in their spectral features, albedo, and location in the main belt (MB), we stopped the iterative process and classified this cluster by a known taxon based on its properties.
The workflow from the clean sample (defined in Sect. 2.1) to the final classification is summarized in Fig. 1 and explained in detail in the following section. The features computed for the different PCA+GMM follow this nomenclature: albedo (pv); median of spectral reflectance between two wavelengths a and b in μm (med(a - b)); spectral slope between two wavelengths a and b in μm (Sa-b); difference in spectral slope defined as ΔSa-b-c = Sa-b - Sb-c, which mainly reflects the curvature of the spectra around wavelength b.
3 Building the classification
We applied a first PCA+GMM to the clean sample over two computed features: the logarithm in base 10 of the albedo (log(pv), see Mahlke et al. 2022, for a discussion on the use of logarithm) is related to the presence of carbonaceous material in the surface and the difference in slope around 0.7 μm (ΔS0.5-0.7--0.9) is related to the presence of the olivine-pyroxene band at 0.9 μm. Both of these parameters are available for 15 067 asteroids among the clean sample; this is the number of samples in which the PCA is based. Even if the spectral slope over the whole wavelength range is meaningful and contains most of the variance of the sample, we decided not to use it. Using the slope calculated over the whole visible wavelength range would result in more spread clusters, thus making it more difficult for the GMM to identify them. Instead, the two used variables are clustered together: low-albedo asteroids with a featureless spectra versus those with a prominent 0.9 μm band and a higher albedo.
We present in Fig. 2 the first iteration of the process. Five clusters were used to sort asteroids, and they correspond to the branches in Fig. 1. The first cluster contains 97% of the asteroids previously classified as primitives (C, G, P, X, F, D, T) and is thus dubbed the primitive complex (described further in Sect. 3.1). The second cluster contains all asteroids previously classified as E type. However, known E-type asteroids represent only 58% of all objects in this cluster. We describe the decontamination of this E complex in Sect. 3.2. Finally, the three remaining clusters contain a variety of classes, from the K, L, and M classes of moderate albedo to the S, A, and V classes with prominent olivine-pyroxene absorption band. We decided to merge these three clusters together in a mafic complex, and to separate them in a later step (Sect. 3.3).
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Workflow of the taxonomic classification. The colors (from left to right) indicate the derived taxa and complexes from each of the main clusters obtained in the first iteration. The blue branch is related to the primitive asteroids with low albedo and flat spectra in the visible. The turquoise branch represents the high-albedo enstatite-like cluster. The green, red, and purple branches are merged into a mafic-silicate complex. The deeper each branch extends, the more iterations of PCA+GMM are required to separate each taxon. We indicate the generation of the iterations with the numbered dashed horizontal lines.



3.1 CD complex
97% of the previously classified objects in the CD complex belong to the taxa C, P, D, G, F, and B. First, we wanted to distinguish the D-type asteroids from the rest of the C complex as they cluster separately in existing taxonomic schemes (e.g., Tholen 1984; Bus & Binzel 2002b; DeMeo et al. 2009; Mahlke et al. 2022). These two complexes differ mainly in their slope, but also in their curvature. C-complex asteroids often have a negative curvature around 0.5 μm, while D-type asteroids are flat or have a positive curvature (Tinaut-Ruano et al. 2024). Thus, we used the slope S0.55-0.9, and the slope differences ΔS0.46-0.55-0.73, and ΔS0.55-0.73-0.9 to disentangle D types from C types. These features are available for 4669 asteroids among the 5257 asteroids present in the CD complex, losing 588 asteroids (4% of the clean sample). As shown in Fig. 3, both clusters are well separated in this space. Applying the GMM clustering in the rotated three-dimensional space, we found two clusters. In the C cluster 98% of the classified asteroids belong to the taxa C, P, G, F, and B. On the other hand, 84% of previously classified asteroids in the D cluster are classified as D. In the right column of Fig. 3, we can see how asteroids from the C cluster are predominant in the MB, while the D cluster is predominant in Hildas and trojans, as is expected for C-complex asteroids and D types, respectively (DeMeo & Carry 2013).
As no substructure was found in the D cluster, we defined it as the D taxon. For the C complex we found a PCB with a first principal component related to the slope, and a second one, different from previous studies, related to the coexistence and correlation of the NUV absorption and the 0.7 μm band (see Fig. 4). The third and fourth PCB are related to noise in the bands at 0.506 μm and 0.594 μm, respectively, and are not shown in the figure. In the space generated by the first two principal components, we were able to find known F, P, G, and C types differently distributed in the PCS. However, PCA cannot handle missing values, and only 391 C-complex objects in Gaia DR3 have spectra in which all bands meet our quality thresholds. In addition, most of them are already classified. To increase the number of asteroids that PCA could handle, and thus that we could classify, we computed a set of variables that allowed us to characterize the features found in the PCB. We used the set of four features log10(pv), S0.55-0.9, ΔS0.42-0.55-0.73, and ΔS0.55-0.73-0.9. Both differences in slopes account for the change in slope at 0.55 μm and 0.73 μm, i.e., the UV absorption and the 0.7 μm band. Those features are available for 1121 asteroids among the 3967 asteroids in the C complex (28%); the band at 0.42 μm is the most limiting. For the asteroids in the C complex for which the 0.42 μm band did not pass our selection criteria, we assigned them to the C type as we did not have enough information to discriminate between the different taxa found in the C complex.
After applying a PCA to reduce the four original dimensions to three, we found three clusters inside the C complex (Fig. 5). These clusters correspond to the P, C-G, and B-F taxa. In the C-G group we found that most of the asteroids were previously classified as C type, but 80% of the asteroids previously classified as G or Ch are in this cluster. To discriminate between G (Ch) and C, we defined another feature; we made use of the band depth at 0.7 μm, computed by Tinaut-Ruano et al. (2024). This band is the main feature of the visible spectra of G- or Ch-type asteroids (Tholen 1984; Bus & Binzel 2002b). The objects in the cluster having a band depth larger than 1% were classified as G types. The median spectrum and albedo of taxon G are displayed in Fig. 9. The rest of the objects are classified as C types, and are incorporated into the taxon C. Finally, the remaining cluster contains a mixture of objects previously classified as P, X, and C types. According to the median spectra of this cluster (panel P in Fig. 9), they are redder than the other clusters (panels G, C, B, or F in Fig. 9) and have a very shallow to no absorption below 0.55 μm. When applying a PCA and GMM over the objects in this cluster, we were not able to find any substructure, and thus we decided to define the taxon P as members of this cluster. There are 53 asteroids previously classified in this cluster by Mahlke et al. (2022) with both visible and IR data, 12 of which were previously classified as C, 4 as Ch (G type in our scheme) and 33 as P type. Even if we assume some false positives in this group, we suggest that use of NUV allowed us to efficiently distinguish the taxa because it traces the presence of the UV absorption (indicative of C or G types) versus the lack of absorption (indicative of P types).
As a final step for the study of primitive asteroids, we distinguished B types from F types. They differ in their slopes between 0.4 and 0.5 μm, the former having an absorption through the NUV beginning at 0.5 μm, the latter remaining flat until 0.4 μm, where their absorption begins (Tholen 1984; Tinaut-Ruano et al. 2024). Furthermore, B-type asteroids are known to have a higher albedo than other carbonaceous asteroids2. Thus, we use the features S0.55-0.9 and log10(pv) to distinguish those two taxa, available for all asteroids present in the BF complex. Figure 6 presents the clustering and orbital distribution of the asteroids in the BF complex. While the separation between the two clusters is not entirely obvious, the GMM finds two clusters that correspond to two different asteroid families in the MB. The F cluster is populating the Polana-Eulalia region, a family known to be mainly populated by F-type objects (Tatsumi et al. 2022). The B cluster is concentrated in the Themis family, known to be rich in B-type asteroids (Tatsumi et al. 2022). The albedo distribution and median spectra of asteroids on F and B clusters (Fig. 9) are coherent with the literature for F and B types. Therefore, we defined the B and F clusters as the B and F taxon, respectively.
One thing to note here is the low number of objects in the Pallas family belonging to the B cluster, even though Pallas is known to be a B-type family (Tatsumi et al. 2022). Pallas family members had been misclassified as members of the KLM complex after the first iteration of the classification, as can be seen in the region around (a≈2.6 au, i≈33 (deg)) at Fig. 2. This confusion is due to the use of a slope difference in the first iteration, as B-type objects can be bright and without absorption around 0.7 microns, and the M-type objects, thus sharing the PC space with them. At the farthest steps we used the values of the slope (not the difference) allowing the algorithm to differentiate the brightest B types from the M types (see Sect. 3.3). Thus, we were able to reinject misclassified B types into the taxon B, classifying Pallas family members as B types consistently with the literature.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Left : first two dimensions of the PCA latent space (using the variables log(pv) and Δ S0.5-0.7--0.9 over the clean sample). The top panel presents previously classified objects and the bottom panel the results from the GMM clustering with the S cluster in orange, the CD cluster in blue, the KLM cluster in green, the V cluster in purple and the E cluster in red. Right : orbital distribution of the clusters (using the same colors and symbols). We highlight the Hungaria, Eos, and Vesta collisional families.



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Similar to Fig. 2 but over the primitive complex and using the S0.55-0.9, ΔS0.46-0.55-0.73, and ΔS0.55-0.73-0.9 features. This allows the D types (in orange; dominating the trojan space) to be separated from the other primitive taxa (in blue).



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Loadings of the first two principal components from the base resulting after the PCA of the reflectance spectra in the CD complex. Both features discussed in the text, 0.7 μm band and UV absorption, appear together with the same sign in PC2 (in orange).



	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Similar to Fig. 2 but over the C complex from the second iteration and using four features: log10(pv), S0.55-0.9, ΔS0.42-0.55-0.73, and ΔS0.55-0.73-0.9. This iteration efficiently splits asteroids into three complexes: green, orange and blue, associated with BF, CG, and P classes, respectively. We highlight the F-type Polana family and the B-type Themis and Pallas families on the right, revealing a lack of objects among the latter family (see text).



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Similar to Fig. 2 for the BF complex and with the features: S0.55-0.9 and log10(pv), showing the divergence between the B and F taxa (in blue and orange, respectively). The result is visible from the concentrations of different taxa in the Polana, Themis and Pallas families (right).



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Similar to Fig. 2 but for the KLM complex and using four features: log10(pv), ΔS0.5-0.7--0.9, S0.5-0.9, and S0.46-0.55. The main clusters are related to K taxon (blue) and the Eos family, the L taxon (green) with the Tirela and Henan families, a mixture of B and M types (orange; see the Baptistina and Pallas families).



3.2 E complex
While dominated by E types, the E complex is contaminated by objects similar to those from the mafic complex (K, L, S...). We identify these outliers by applying a new PCA + GMM clustering over three features: log10(pv), ΔS0.5-0.7--0.9, to which we added the slope in the visible (S0.55-0.9) because S and E types have different visible slopes (Tholen 1984; Mahlke et al. 2022). These features are available for all the asteroids in the E complex. This iteration allows us to perfectly isolate all known E types from contaminants (Fig. A.2). Asteroids belonging to this cluster mainly populate the Hungaria region, which is known to be rich in E-type asteroids (Lucas et al. 2019). The other objects are re-injected in the mafic complex obtained from the first iteration, to be further classified at subsequent iterations.
3.3 Mafic complex
This cluster is the result of the merging of the nonprimitive nonE-type complexes (i.e., KLM, V, and S complexes) of the first clustering iteration with the outliers obtained from the second iteration on the E complex. We first split KLM- from SVA-related material using the log10(pv), ΔS0.5-0.7--0.9), and S0.55-0.9 (visible spectral slope) features, available for all asteroids in this cluster (Fig. A.3).
Among the KLM complex, the most descriptive features are the log10(pv), ΔS0.5-0.7--0.9, S0.5-0.9 used in the previous step together with the spectral slope between 0.46 and 0.55 μm (S0.46-0.55).
Those features are available for 2342 asteroids among the 2515 asteroids in the KLM complex (93%), losing 173 asteroids (1% of the clean sample). As visible in Fig. 7, we efficiently identify K- and L-type asteroids. First about 80% of the asteroids classified in the Eos family (a well-known K-type family, Bell 1989; Zappalà et al. 2000) belong to a single cluster and they do not have much prevalence outside this family. We thus defined the K taxon from this cluster. Second, many objects belonging to the L-type families Tirela and Henan (Balossi et al. 2024) lie in another cluster, which thus represent the L taxon. Finally, the objects in the third and last cluster are abundant in some families with M-type parent bodies (e.g., Baptistina Broz et al. 2013; Mahlke et al. 2022) and among the Pallas family (made of B types, Alí-Lagoa et al. 2016). The B types with their high albedo (compared with other primitive types) and mainly featureless spectra are somewhat reminiscent of M (for metallic) types, and thus contaminate this cluster and have an entirely different mineral composition.
We thus used other spectral features to differentiate B and M types: the visible slope (S0.5-0.9, M types being generally redder than B types), the difference in slope at 0.55 μm (ΔS0.46-0.55-0.73, B types show an decrease in reflectance in the NUV related to iron-rich phyllosilicates, not present in M-type asteroid spectra), and the albedo (log10(pv)). These features are available for all asteroids in the BM complex. As illustrated in Fig. A.4, the B types cluster in both the PC space and orbital elements (Pallas and Themis families), and we grouped them with the taxon B (obtained in the last step of Sect. 3.1). Conversely, we defined the M taxon from the other cluster, populating other regions of the MB, such as the Baptistina family.
The other subgroup arising from the second iteration is the SVA cluster (Fig. A.3) from which we first identified the V types, using the features log10(pv), S0.81-0.9, and med(0.81-0.9), available for all asteroids in the SVA complex. The results are shown in Fig. A.5. We defined the V types from a single cluster, which densely populates the Vesta family. The other cluster encompasses the S- and the A-type asteroids that we split using the slope S046-059 (very reliable to identify A types in Gaia DR3 following Galinier 2024), S0.81-0.9, and med(0.64-0.73), describing the beginning of the 0.9 μm band). These features are available for 6043 asteroids among the 6307 asteroids in the SA cluster (96%). We defined the A taxon from the A cluster (Fig. 8), which contains 86% of the previously known A types. Comparing the most recent focused work on A types (Delbo et al. 2026), this fraction increases to 13 out of their 14 A types. Furthermore, this cluster contains the first family rich in A-type asteroids found by Galinier et al. (2024). Finally, the other cluster contains 93% of the objects previously classified as S. As it does not present any substructure, this cluster defines the S taxon.
It should be noted that after every taxon definition, we checked their possible substructures by doing a PCA over the reflectance spectra. No additional substructures related to known taxa were found.
	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Similar to Fig. 2 but for the SA complex with three features S0.46-0.59, S0.81-0.9, and med(0.64-0.73) to separate the A taxon (orange) from the S taxon (blue). We highlight in the right panels the first collisional family known to be related to A-type asteroids: 1999_XT17.



4 Results
4.1 Classification outcome
After the cleaning processes explained in Sect. 2.1 and the methods explained in Sect. 2, we classified successfully 14 042 asteroids. To test the goodness of this classification, we compared the median spectra of our classified taxa with previous reference spectra in Fig. 9. This comparison showed the goodness of our threshold cuts as the discrepancy in the NUV between the Gaia DR3 and ground-based spectra is not noticeable. However, the reddening of the Gaia DR3 spectra in the wavelengths between 0.7 and 0.9 μm (Balossi 2023; Galinier et al. 2023; Oszkiewicz et al. 2023; Morate et al. 2026) is clear also in some taxonomies among our results. This reddening is present in every taxon but D, E, M, P, and F, the spectral types corresponding to the most featureless spectra. These differences are useful to highlight that the final median spectra from Gaia DR3 taxa should not be directly compared or classified without caution with reference spectra from other sources. However, we can see how the main features trend among taxa, and the qualitative description of the characteristics of every taxon are still in agreement with previous taxonomies showing a deep 0.9 μm band LK→A→S→V, an increasing visible slope for primitives BF→CG→P→D, an increasing albedo P→M→E with a similar spectral shape, or an increasing the prevalence of the 0.7 μm band from C→G.
Compared to the most recent taxonomical classifications that used spectral data (Mahlke et al. 2022), we increased the sample of classified objects by a factor of seven. We find fewer objects for the G taxon, when compared to Ch types from Mahlke et al. (2022). This is due to our need to use the Gaia band at 0.418 μm to successfully classify them as G types. This band is not present for most of the asteroids (see column Npv at row λ=0.418 μm in Table 1). Our largest increase is for K types, where we classified 28 times more objects than in Mahlke et al. (2022).
A detailed comparison with previous spectral taxonomical classifications, such as Tholen (1984); Bus & Binzel (2002a); DeMeo et al. (2009); Mahlke et al. (2022), is presented in Fig. 10.
The increment of the present taxonomical classification per taxon compared with previous taxonomical classifications is significant. We plotted closer taxa with similar spectra or features (S-V-A, K-L, X-E-M-P, D-Z, C-B-F-G-Ch). We note that we did not classify any X types (Bus & Binzel 2002b; DeMeo et al. 2009) because the albedo is available for all asteroids, thus allowing us to distinguish between E, M, and P. We did not find any structure in the D cluster, so we were not able to find the taxon Z defined in Mahlke et al. (2022). Finally, as we used the NUV information and the nomenclature from Tholen (1984), we were able to distinguish F types from the C complex, which are not present in any other taxonomic scheme apart from Tholen’s. Following Tholen (1984), we also chose to define a G class instead of the Ch class of later taxonomies (Bus & Binzel 2002b; DeMeo et al. 2009; Mahlke et al. 2022) to encompass the group of hydrated carbonaceous asteroids with their characteristic absorption band at 0.7 μm. One thing to highlight in this graph is the large number of K-type asteroids that we have found, most of them coming from the Eos family. We suspect that this is due to the nontargeted pointing of Gaia. Previous datasets were compiled from dedicated observations of individual objects. However, Gaia provides a coverage of the sky without a bias due to target selection, and thus it observed more objects from the large families such as Eos or Vesta, and increased the number of their own taxonomical types. On the other hand, the large number of new C types is due to our classification criteria, as we put in this taxon those asteroids in the C complex that had not passed the cleaning selection for the spectral point at 0.42 μm and thus cannot be differentiated among F, B, C, G, or P taxa. Looking at Fig. 9, it can be seen that the median spectra of C types follows the behavior previously described for this taxon (flat, featureless spectra), but the dispersion of the individual spectra is higher in this taxon as most of them come from C-complex spectra whose 0.418 μm point did not pass the cleaning criteria, having a lower S/N.
	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Median spectra (blue solid line) Gaia reflectance spectra computed from individual spectra (gray) for each of the 13 obtained taxa. For comparison, we added the Tholen and Mahlke reference spectra for the common taxa between our study and theirs (dash-dotted green and dotted red lines). We also included a boxplot of albedo for each taxon. The total number of objects classified is in the title of each subplot.



	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Histogram showing number of asteroids classified per taxon comparing this work with Mahlke et al. (2022) in orange, DeMeo et al. (2009) in green, Bus & Binzel (2002b) in purple, and Tholen (1984) and Tholen & Barucci (1989) in cyan.



	[image: Thumbnail: Fig. 11 Refer to the following caption and surrounding text.]	Fig. 11 Distribution of taxa per dynamical population. The color-coding follows the same pattern as the previous graphs. Taxa more prevalent than 3% are labeled and the percentage in the population is shown if higher than 10%. The total number of asteroids classified in the present study for each population is also reported.



4.2 Taxonomical distribution in dynamical populations
One direct result from the taxonomical classification comes from inspecting the distribution of taxa along the dynamical populations. We compared the results from this analysis with DeMeo & Carry (2013) as a test of the goodness of our classification. DeMeo & Carry (2013) used SDSS photometry reaching a larger sample size, but a lower spectral resolution. In Fig. 11, we can see pie charts with the percentage of each taxonomy in the different dynamical regions, following Fig. 4 in DeMeo & Carry (2014). We can see 61% of Hungaria asteroids are E types, the 33% are S-type asteroids. However E types are hardly present in the rest of the MB. S-type asteroids dominate the inner and the middle main belt (IMB and MMB; 60% in both cases). The presence of primitive asteroids (C, P, D, B, F, G) keeps growing from 11% in the IMB to 55% in the outer main belt (OMB) with 25% in the MMB. This is in agreement with our current understanding of MB formation and evolution (Morbidelli et al. 2015; Vokrouhlicky & Nesvorny 2015; Levison et al. 2009). If we continue looking further than the MB the primitive objects dominate over 90%, with the D as the more usual taxon. D type represents 39% among the Cybeles, 68% among the Hildas, and 83% among the Jupiter trojans (JTs), where the primitive objects dominate with 99.4% of the sample. The number of D types is in good agreement with the recent results from Fornasier & El-Bez-Sebastien (2025), and El-Bez-Sebastien et al. (2026) for the IMB, the MMB, the Hildas, and the JTs. They found, using Gaia DR3 data, 0.6% of D and Z types in the IMB, 1% in the MMB, 69% of D and Z types in Hilda, and 80% in the JTs. However they found a slightly larger amount of D and Z types in the Cybele region (45% in their work vs. 39% in ours). On the other hand, we found a slightly larger amount in the OMB (7% in this work vs. 2.3% in El-Bez-Sebastien et al. 2026). The small discrepancies can be explained as the original sample in both works not being the same, as the threshold used in the noise of the bands is not the same.
Another interesting point is the effect of the large families Vesta and Eos, which populate the IMB and the OMB with V and K types, respectively, making those taxa the second most common in their respective populations with a 15% and a 21% prevalence.
We have to highlight here that, as in many other magnitudelimited surveys, we have an observational bias against small, dark, and far objects that could be affecting the real distribution of taxa. High-albedo taxa are observed farther away and/or smaller in their real distribution than low-albedo taxa.
5 Conclusions
In this paper, we classified the reflectance spectra of 14 042 Gaia DR3 asteroids. However, this data release has some artifacts that require caution when performing direct comparison with reference spectra obtained in previous classifications. Thus, to classify Gaia DR3 we needed to follow a process of clustering as if we were trying to build a new taxonomy, and then relate clusters to known taxa. To achieve our objective, we first cleaned the sample based on the quality of the spectral bands, avoiding some of the artifacts related to the signal-to-noise ratio. Then, we carried out an iterative process of clustering that allowed us to find 13 taxa related to known taxa: A, B, C, D, E, F, G, K, L, M, P, S, V. The total number of classified objects is 14042 asteroids, which is the largest systematic classification using spectral information. We emphasize the relevance of the presence of NUV information among the Gaia data, thus allowing us to distinguishing between the taxa in the C complex (i.e., B, F, G taxa). As a test of the classification we inspected the distribution of taxa in the dynamical populations and collisional families of the Solar System. Their distribution is in agreement with previous results, reinforcing our trust in our classification method. When comparing our classified objects with previous spectral classifications, we found a reddening in the spectra between 0.7 and 0.9 μm of Gaia DR3 spectra, already noted by other authors, reminding us that neither the obtained median spectra should be used to classify other objects outside the Gaia DR3 catalog, nor should previous templates be used to classify Gaia DR3 spectra without accounting for this reddening.
This classification offers a unique opportunity to explore the heterogeneity in the collisional families and refine their definition based on the taxonomical classification as well as inspecting the spatial distribution of material in the Solar System.

Data availability
Tables with the classification outcome are available at the CDS via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/711/A167.
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2 Hence, the “B” for Bright cornered by Tholen (1984)




Appendix A  Extra figures of the method
	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Distribution of the spectral slope between two consecutive bands vs. the uncertainty. We selected as an example the two first (left panel), two central (middle panel), and two last bands (right panel). The red solid line is a running median of the distribution. The black dashed vertical lines indicate the thresholds we used to clean the sample from low S/N spectra that could be affecting the clustering process.



	[image: Thumbnail: Fig. A.2 Refer to the following caption and surrounding text.]	Fig. A.2 Same as Fig. 2 but over the E complex and using three features: log10(pv), ΔS0.5-0.7--0.9, and S0.55-0.9. Here the blue cluster represents the outlier asteroids polluting this complex, and the yellow cluster is named E taxon. In the bottom panels we highlighted the Hungaria population.



	[image: Thumbnail: Fig. A.3 Refer to the following caption and surrounding text.]	Fig. A.3 Same as Fig. 2 but over the SKLM complex formed by S comples, KLM complexes, and outliers from E complex. In the PCA we used three features: log10(pv), ΔS0.5-0.7--0.9, and S0.55-0.9. Here the blue cluster is the SV complex, and the orange cluster is the KLM complex. In the bottom panels, we highlighted the Eos collisional family.



	[image: Thumbnail: Fig. A.4 Refer to the following caption and surrounding text.]	Fig. A.4 Same as Fig. 2 but over the C complex and using three features: log10(pv), S0.5-0.9, and ΔS0.46-0.55-0.73. Here we used PC3 vs. PC2 as it is where the blue cluster is more differentiable. The orange cluster is named M taxon, and the blue cluster is joined with the B taxon defined in Fig. 6 (see text). In the bottom panels we highlighted the collisional families known to be related to M-type asteroids (Baptistina) and B-type asteroids (Pallas and Themis).



	[image: Thumbnail: Fig. A.5 Refer to the following caption and surrounding text.]	Fig. A.5 Same as Fig. 2 but over the SV complex and using three features: log10(pv), S0.81-0.9, and med(0.81-0.9). The blue cluster is named SA complex, and the orange cluster is named the V taxon. In the right panels we highlighted the collisional family known to be related to V-type asteroids, Vesta.




Appendix B  Extra tables for results
Table B.1 
Number of objects classified per taxon and dynamical population.

Table B.2 
Descriptors of the albedo distribution per taxon.


Appendix C  References of visual albedos and diameters
Table C.1 
Data references used for albedos and diameters.



All Tables
Table 1 
Number of objects that pass the selection criteria.
In the text

Table B.1 
Number of objects classified per taxon and dynamical population.
In the text

Table B.2 
Descriptors of the albedo distribution per taxon.
In the text

Table C.1 
Data references used for albedos and diameters.
In the text

All Figures
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Workflow of the taxonomic classification. The colors (from left to right) indicate the derived taxa and complexes from each of the main clusters obtained in the first iteration. The blue branch is related to the primitive asteroids with low albedo and flat spectra in the visible. The turquoise branch represents the high-albedo enstatite-like cluster. The green, red, and purple branches are merged into a mafic-silicate complex. The deeper each branch extends, the more iterations of PCA+GMM are required to separate each taxon. We indicate the generation of the iterations with the numbered dashed horizontal lines.
In the text



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Left : first two dimensions of the PCA latent space (using the variables log(pv) and Δ S0.5-0.7--0.9 over the clean sample). The top panel presents previously classified objects and the bottom panel the results from the GMM clustering with the S cluster in orange, the CD cluster in blue, the KLM cluster in green, the V cluster in purple and the E cluster in red. Right : orbital distribution of the clusters (using the same colors and symbols). We highlight the Hungaria, Eos, and Vesta collisional families.
In the text



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Similar to Fig. 2 but over the primitive complex and using the S0.55-0.9, ΔS0.46-0.55-0.73, and ΔS0.55-0.73-0.9 features. This allows the D types (in orange; dominating the trojan space) to be separated from the other primitive taxa (in blue).
In the text



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Loadings of the first two principal components from the base resulting after the PCA of the reflectance spectra in the CD complex. Both features discussed in the text, 0.7 μm band and UV absorption, appear together with the same sign in PC2 (in orange).
In the text



	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Similar to Fig. 2 but over the C complex from the second iteration and using four features: log10(pv), S0.55-0.9, ΔS0.42-0.55-0.73, and ΔS0.55-0.73-0.9. This iteration efficiently splits asteroids into three complexes: green, orange and blue, associated with BF, CG, and P classes, respectively. We highlight the F-type Polana family and the B-type Themis and Pallas families on the right, revealing a lack of objects among the latter family (see text).
In the text



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Similar to Fig. 2 for the BF complex and with the features: S0.55-0.9 and log10(pv), showing the divergence between the B and F taxa (in blue and orange, respectively). The result is visible from the concentrations of different taxa in the Polana, Themis and Pallas families (right).
In the text



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Similar to Fig. 2 but for the KLM complex and using four features: log10(pv), ΔS0.5-0.7--0.9, S0.5-0.9, and S0.46-0.55. The main clusters are related to K taxon (blue) and the Eos family, the L taxon (green) with the Tirela and Henan families, a mixture of B and M types (orange; see the Baptistina and Pallas families).
In the text



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Similar to Fig. 2 but for the SA complex with three features S0.46-0.59, S0.81-0.9, and med(0.64-0.73) to separate the A taxon (orange) from the S taxon (blue). We highlight in the right panels the first collisional family known to be related to A-type asteroids: 1999_XT17.
In the text



	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Median spectra (blue solid line) Gaia reflectance spectra computed from individual spectra (gray) for each of the 13 obtained taxa. For comparison, we added the Tholen and Mahlke reference spectra for the common taxa between our study and theirs (dash-dotted green and dotted red lines). We also included a boxplot of albedo for each taxon. The total number of objects classified is in the title of each subplot.
In the text



	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Histogram showing number of asteroids classified per taxon comparing this work with Mahlke et al. (2022) in orange, DeMeo et al. (2009) in green, Bus & Binzel (2002b) in purple, and Tholen (1984) and Tholen & Barucci (1989) in cyan.
In the text



	[image: Thumbnail: Fig. 11 Refer to the following caption and surrounding text.]	Fig. 11 Distribution of taxa per dynamical population. The color-coding follows the same pattern as the previous graphs. Taxa more prevalent than 3% are labeled and the percentage in the population is shown if higher than 10%. The total number of asteroids classified in the present study for each population is also reported.
In the text



	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Distribution of the spectral slope between two consecutive bands vs. the uncertainty. We selected as an example the two first (left panel), two central (middle panel), and two last bands (right panel). The red solid line is a running median of the distribution. The black dashed vertical lines indicate the thresholds we used to clean the sample from low S/N spectra that could be affecting the clustering process.
In the text



	[image: Thumbnail: Fig. A.2 Refer to the following caption and surrounding text.]	Fig. A.2 Same as Fig. 2 but over the E complex and using three features: log10(pv), ΔS0.5-0.7--0.9, and S0.55-0.9. Here the blue cluster represents the outlier asteroids polluting this complex, and the yellow cluster is named E taxon. In the bottom panels we highlighted the Hungaria population.
In the text



	[image: Thumbnail: Fig. A.3 Refer to the following caption and surrounding text.]	Fig. A.3 Same as Fig. 2 but over the SKLM complex formed by S comples, KLM complexes, and outliers from E complex. In the PCA we used three features: log10(pv), ΔS0.5-0.7--0.9, and S0.55-0.9. Here the blue cluster is the SV complex, and the orange cluster is the KLM complex. In the bottom panels, we highlighted the Eos collisional family.
In the text



	[image: Thumbnail: Fig. A.4 Refer to the following caption and surrounding text.]	Fig. A.4 Same as Fig. 2 but over the C complex and using three features: log10(pv), S0.5-0.9, and ΔS0.46-0.55-0.73. Here we used PC3 vs. PC2 as it is where the blue cluster is more differentiable. The orange cluster is named M taxon, and the blue cluster is joined with the B taxon defined in Fig. 6 (see text). In the bottom panels we highlighted the collisional families known to be related to M-type asteroids (Baptistina) and B-type asteroids (Pallas and Themis).
In the text



	[image: Thumbnail: Fig. A.5 Refer to the following caption and surrounding text.]	Fig. A.5 Same as Fig. 2 but over the SV complex and using three features: log10(pv), S0.81-0.9, and med(0.81-0.9). The blue cluster is named SA complex, and the orange cluster is named the V taxon. In the right panels we highlighted the collisional family known to be related to V-type asteroids, Vesta.
In the text





    
      Table 1 

      Number of objects that pass the selection criteria.

      
        


	λ
(μm)
	Tε
	NQF
	Nε
	NPV
	Ntax





	0.374
	100
	15 592
	828
	828
	642



	0.418
	50
	56 056
	3460
	3352
	1047



	0.462
	30
	59 770
	18 013
	15 302
	1268



	0.506
	25
	59 902
	29 025
	23 068
	1288



	0.550
	30
	60 017
	23 316
	19 169
	1278



	0.594
	30
	59 771
	23 181
	19 056
	1269



	0.638
	25
	58 957
	29 227
	23 240
	1258



	0.682
	30
	59 433
	18 920
	16 023
	1257



	0.726
	25
	59 882
	25 758
	20 963
	1280



	0.770
	25
	59 832
	24 576
	20 138
	1275



	0.814
	25
	59 788
	23 436
	19 320
	1274



	0.858
	25
	59 645
	23 026
	19 018
	1276



	0.902
	25
	59 104
	22 532
	18 569
	1268



	0.946
	30
	57 876
	15 728
	13 539
	1244



	0.990
	60
	55 965
	4297
	4112
	1086



	1.034
	80
	33 003
	2257
	2223
	963





      

      
Notes. The conditions are cumulative from left to right (see text): GDR3 quality flags (NQF), uncertainty threshold (Nε), known albedo (NPV), and known taxonomy (Ntax). For each band, the central wavelength (λ) and chosen threshold (Tε) is also provided.




    

  
    
      Fig. 1 

      
        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Workflow of the taxonomic classification. The colors (from left to right) indicate the derived taxa and complexes from each of the main clusters obtained in the first iteration. The blue branch is related to the primitive asteroids with low albedo and flat spectra in the visible. The turquoise branch represents the high-albedo enstatite-like cluster. The green, red, and purple branches are merged into a mafic-silicate complex. The deeper each branch extends, the more iterations of PCA+GMM are required to separate each taxon. We indicate the generation of the iterations with the numbered dashed horizontal lines.

      

    

  
    
      Fig. 2 

      
        [image: Fig. 2 Refer to the following caption and surrounding text.]
      

      
        Left : first two dimensions of the PCA latent space (using the variables log(pv) and Δ S0.5-0.7--0.9 over the clean sample). The top panel presents previously classified objects and the bottom panel the results from the GMM clustering with the S cluster in orange, the CD cluster in blue, the KLM cluster in green, the V cluster in purple and the E cluster in red. Right : orbital distribution of the clusters (using the same colors and symbols). We highlight the Hungaria, Eos, and Vesta collisional families.

      

    

  
    
      Fig. 3 
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        Similar to Fig. 2 but over the primitive complex and using the S0.55-0.9, ΔS0.46-0.55-0.73, and ΔS0.55-0.73-0.9 features. This allows the D types (in orange; dominating the trojan space) to be separated from the other primitive taxa (in blue).

      

    

  
    
      Fig. 4 

      
        [image: Fig. 4 Refer to the following caption and surrounding text.]
      

      
        Loadings of the first two principal components from the base resulting after the PCA of the reflectance spectra in the CD complex. Both features discussed in the text, 0.7 μm band and UV absorption, appear together with the same sign in PC2 (in orange).

      

    

  
    
      Fig. 1 
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        Similar to Fig. 2 but over the C complex from the second iteration and using four features: log10(pv), S0.55-0.9, ΔS0.42-0.55-0.73, and ΔS0.55-0.73-0.9. This iteration efficiently splits asteroids into three complexes: green, orange and blue, associated with BF, CG, and P classes, respectively. We highlight the F-type Polana family and the B-type Themis and Pallas families on the right, revealing a lack of objects among the latter family (see text).

      

    

  
    
      Fig. 6 
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        Similar to Fig. 2 for the BF complex and with the features: S0.55-0.9 and log10(pv), showing the divergence between the B and F taxa (in blue and orange, respectively). The result is visible from the concentrations of different taxa in the Polana, Themis and Pallas families (right).

      

    

  
    
      Fig. 7 

      
        [image: Fig. 7 Refer to the following caption and surrounding text.]
      

      
        Similar to Fig. 2 but for the KLM complex and using four features: log10(pv), ΔS0.5-0.7--0.9, S0.5-0.9, and S0.46-0.55. The main clusters are related to K taxon (blue) and the Eos family, the L taxon (green) with the Tirela and Henan families, a mixture of B and M types (orange; see the Baptistina and Pallas families).

      

    

  
    
      Fig. 8 
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        Similar to Fig. 2 but for the SA complex with three features S0.46-0.59, S0.81-0.9, and med(0.64-0.73) to separate the A taxon (orange) from the S taxon (blue). We highlight in the right panels the first collisional family known to be related to A-type asteroids: 1999_XT17.

      

    

  
    
      Fig. 9 

      
        [image: Fig. 9 Refer to the following caption and surrounding text.]
      

      
        Median spectra (blue solid line) Gaia reflectance spectra computed from individual spectra (gray) for each of the 13 obtained taxa. For comparison, we added the Tholen and Mahlke reference spectra for the common taxa between our study and theirs (dash-dotted green and dotted red lines). We also included a boxplot of albedo for each taxon. The total number of objects classified is in the title of each subplot.

      

    

  
    
      Fig. 10 

      
        [image: Fig. 10 Refer to the following caption and surrounding text.]
      

      
        Histogram showing number of asteroids classified per taxon comparing this work with Mahlke et al. (2022) in orange, DeMeo et al. (2009) in green, Bus & Binzel (2002b) in purple, and Tholen (1984) and Tholen & Barucci (1989) in cyan.

      

    

  
    
      Fig. 11 
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        Distribution of taxa per dynamical population. The color-coding follows the same pattern as the previous graphs. Taxa more prevalent than 3% are labeled and the percentage in the population is shown if higher than 10%. The total number of asteroids classified in the present study for each population is also reported.

      

    

  
    
      Fig. A.1 

      
        [image: Fig. A.1 Refer to the following caption and surrounding text.]
      

      
        Distribution of the spectral slope between two consecutive bands vs. the uncertainty. We selected as an example the two first (left panel), two central (middle panel), and two last bands (right panel). The red solid line is a running median of the distribution. The black dashed vertical lines indicate the thresholds we used to clean the sample from low S/N spectra that could be affecting the clustering process.

      

    

  
    
      Fig. A.2 

      
        [image: Fig. A.2 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. 2 but over the E complex and using three features: log10(pv), ΔS0.5-0.7--0.9, and S0.55-0.9. Here the blue cluster represents the outlier asteroids polluting this complex, and the yellow cluster is named E taxon. In the bottom panels we highlighted the Hungaria population.

      

    

  
    
      Fig. A.3 

      
        [image: Fig. A.3 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. 2 but over the SKLM complex formed by S comples, KLM complexes, and outliers from E complex. In the PCA we used three features: log10(pv), ΔS0.5-0.7--0.9, and S0.55-0.9. Here the blue cluster is the SV complex, and the orange cluster is the KLM complex. In the bottom panels, we highlighted the Eos collisional family.

      

    

  
    
      Fig. A.4 

      
        [image: Fig. A.4 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. 2 but over the C complex and using three features: log10(pv), S0.5-0.9, and ΔS0.46-0.55-0.73. Here we used PC3 vs. PC2 as it is where the blue cluster is more differentiable. The orange cluster is named M taxon, and the blue cluster is joined with the B taxon defined in Fig. 6 (see text). In the bottom panels we highlighted the collisional families known to be related to M-type asteroids (Baptistina) and B-type asteroids (Pallas and Themis).

      

    

  
    
      Fig. A.5 

      
        [image: Fig. A.5 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. 2 but over the SV complex and using three features: log10(pv), S0.81-0.9, and med(0.81-0.9). The blue cluster is named SA complex, and the orange cluster is named the V taxon. In the right panels we highlighted the collisional family known to be related to V-type asteroids, Vesta.

      

    

  
    
      Table B.1 

      Number of objects classified per taxon and dynamical population.

      
        


	Taxon
	Dynamical Population (total)



	Hungaria
(174)
	IMB
(4317)
	MMB
(4542)
	OMB
(4351)
	Cybele
(126)
	Hilda
(105)
	JT
(180)





	A
	6
	69
	29
	24
	0
	0
	0



	B
	0
	16
	53
	199
	2
	0
	1



	C
	1
	398
	885
	1544
	27
	13
	23



	G
	0
	37
	116
	137
	5
	0
	0



	D
	0
	44
	73
	309
	49
	71
	148



	F
	2
	49
	38
	36
	1
	0
	0



	K
	6
	180
	236
	919
	3
	5
	1



	L
	4
	48
	103
	62
	1
	0
	0



	E
	105
	120
	25
	3
	1
	0
	0



	M
	2
	174
	203
	293
	5
	2
	1



	P
	0
	24
	120
	231
	29
	14
	6



	S
	48
	2489
	2632
	580
	3
	0
	0



	V
	0
	669
	29
	14
	0
	0
	0





      

    

  
    
      Table B.2 

      Descriptors of the albedo distribution per taxon.

      
        


	Tax
	min
	P001
	P003
	P016
	P050
	P084
	P097
	P099
	max





	P
	0.02
	0.02
	0.03
	0.03
	0.04
	0.06
	0.08
	0.09
	0.09



	F
	0.03
	0.03
	0.03
	0.04
	0.05
	0.06
	0.06
	0.07
	0.07



	G
	0.03
	0.03
	0.03
	0.04
	0.05
	0.06
	0.08
	0.08
	0.09



	C
	0.01
	0.03
	0.03
	0.04
	0.05
	0.07
	0.08
	0.09
	0.1



	D
	0.02
	0.03
	0.03
	0.04
	0.06
	0.07
	0.08
	0.09
	0.09



	B
	0.04
	0.04
	0.04
	0.05
	0.06
	0.1
	0.13
	0.15
	0.16



	M
	0.07
	0.09
	0.09
	0.1
	0.13
	0.17
	0.21
	0.23
	0.24



	K
	0.02
	0.08
	0.09
	0.1
	0.13
	0.15
	0.19
	0.21
	0.29



	L
	0.12
	0.13
	0.13
	0.14
	0.17
	0.21
	0.25
	0.27
	0.28



	S
	0.1
	0.13
	0.15
	0.18
	0.22
	0.27
	0.33
	0.36
	0.44



	A
	0.1
	0.11
	0.13
	0.19
	0.23
	0.27
	0.35
	0.37
	0.38



	V
	0.02
	0.14
	0.17
	0.22
	0.28
	0.35
	0.45
	0.52
	0.67



	E
	0.24
	0.25
	0.27
	0.36
	0.52
	0.64
	0.8
	0.87
	1.43





      

    

  
    
      Table C.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); Durech et al. (2011); Fornasier et al. (2013); Grav et al. (2011, 2012a,b); Hasegawa et al. (2013); Hanus 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. (2011, 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)
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