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A B S T R A C T 

There is a great deal of scientific interest in characterizing the basaltic asteroids (spectrally classified as V-types), as they are 
the key to understanding planetesimal formation and evolution in the early Solar system. These have long been recognized as 
parts of the crusts of fully differentiated planetesimals. Thus, their multiplicity, distribution, and physical characteristics are 
crucial for providing context for and constraining the theoretical evolution models of the Solar system. In this work, we perform 

spectral analysis with an extended data set of spectral measurements from the ESA Gaia mission Data Release 3, thus increasing 

the sample size of the analysed V-types by more than three times as compared to the literature. Using the data provided by 

Gaia , we identified ∼2000 possible V-type asteroids. About 350 of them successfully pass our data validation criteria. This 
sample includes 31 new V-type asteroids beyond 2.5 au and 6 in the Phocaea region. We confirm that the V-type asteroids in the 
middle and outer part of the main belt show distinct spectral properties compared to typical vestoids. In the inner main belt, we 
found a great diversity of spectral parameters among the V-types in all populations. Number of asteroids show band depths even 

greater than that of (1459) Magnya. Furthermore, some objects present 0.9 μm band-centres more than one standard deviation 

away from the typical value for vestoids. Ho we ver since the DR3 band centres are often overestimated, those findings are to be 
confirmed. Overall our results indicate that the inner main belt may contain remnants of multiple differentiated planetesimals, 
not just (4) Vesta. 

Key words: Asteroids – Spectroscopy – minor planets – asteroids: general – techniques: spectroscopic. 
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 I N T RO D U C T I O N  

lanetesimals were the first large solid bodies that formed in the 
olar system more than 4.5 billion years ago. Current Solar system
volution theories and abundant meteoritic evidence suggest that 
here once existed 30–150 different differentiated planetesimals (into 
n iron core, silicate mantle, and crust) (Burbine et al. 2002 ; Scott
t al. 2009 , 2015 ; Greenwood et al. 2015 ). They were then colli-
ionally disrupted during later stages of the Solar system evolution. 
tudies of various isotopes in iron meteorites confirm that these 
 xtensiv e collisions e xposed iron cores to cool in a time frame of
.8–11.7 million years after the formation of calcium–aluminium- 
ich inclusions (Hunt et al. 2022 ). Numerical studies constrain the 
ormation location of differentiated planetesimals to the present 
errestrial planet region (Bottke et al. 2006 ) or to a wider formation
anges at orbital locations between 1.3 and 7.5 au (Lichtenberg et al.
021 ). The disrupted fragments of planetesimals can be found in 
he current Main Asteroid Belt and in meteorite collections today. 
n particular, V-type asteroids are identified as parts of the crusts of
hermally evolved planetesimals. 
 E-mail: dagmara.oszkiewicz@amu.edu.pl 
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V-type asteroids are immediately recognizable from the spectra 
y two prominent wide olivine/pyroxene absorption bands at wave- 
engths around 1.0 and 2.0 μm. The first identified V-type object was
he asteroid (4) Vesta, which is the largest object of this taxonomic
lass and is considered a fossil planetesimal. Due to characteris- 
ic spectra, Vesta was immediately linked to howardite–eucrite–
iagonite meteorites (HEDs) in the early 1970s (McCord, Adams & 

ohnson 1970 ). A few decades later, new V-types started to be found
n the vicinity of (4) Vesta and in the near-Earth asteroid population
Binzel & Xu 1993 ; Burbine et al. 2001 ; Florczak, Lazzaro & Duffard
002 ). Soon, the V-types close to Vesta were recognized as Vesta
amily (Hirayama 1918 ; Williams 1989 ; Nesvorn ̀y et al. 2015 ). This
as reinforced by the disco v ery of two large impact craters in Vesta

Thomas et al. 1997 ; Marchi et al. 2012 ; Schenk et al. 2012 ; McSween
t al. 2013 , 2010 ). The link between most HED meteorites, V-type
steroids, and (4) Vesta is one of the best established in planetary
cience. 

Another milestone for studies of V-type asteroids was the discov- 
ry of the basaltic nature of asteroid (1459) Magnya in early 2000
Lazzaro et al. 2000 ). Based on dynamical investigation Michtchenko 
t al. ( 2002 ) suggested that this ∼17 km (Delbo et al. 2006 ) asteroid
ocated beyond 2.8 au from the Sun is most probably a part of
ther (than Vesta) planetesimal that existed in the outer parts of the
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ain belt. Hardersen, Gaffey & Abell ( 2004 ) further substantiated
his claim by finding the discordant pyroxene chemistry of Magnya
ompared to that of Vesta. This showed that indeed there might
e fragments of differentiated planetesimals other than Vesta in the
olar system supporting the hypothesis of multiple differentiated
lanetesimals. 
More disco v eries of such objects were made possible because of

he start of a big surv e y era. Multiple studies focused on the search
or V-type asteroids beyond 2.5 au in the middle and outer main belt
Roig & Gil-Hutton 2006 ; Moskovitz et al. 2008b ; Roig et al. 2008 ;
uffard & Roig 2009 ; Solontoi et al. 2012 ; Oszkiewicz et al. 2014 ;
icandro et al. 2017 ; Medeiros et al. 2019 ; Mansour et al. 2020 ).
bout a dozen new V-types were found. Spectral studies showed

hat these objects similarly to Magnya are distinct from Vesta (Ie v a
t al. 2016 , 2018 ; Leith et al. 2017 ). Furthermore, Roig et al. ( 2008 )
howed that large asteroids ( > 5 km) in the middle main belt region
ave a low probability of about ∼1 per cent of having evolved from
esta through a combination of the Yarko vsk y effect and dynamical

esonances. Ie v a et al. ( 2018 ) suggest that the Eos asteroid family in
he outer main belt could be the source of some of the V-types in this
egion. Dynamical evolution of V-type candidates also indicates that
he parent bodies of the Eunomia and Merxia/Agnia families could
lso be a plausible source of V-types in the mid and outer main belt
Carruba et al. 2014 ). Similar origins are also suggested by Migliorini
t al. ( 2021 ). On the other hand, Brasil et al. ( 2017 ) suggest the
jumping Jupiter’ planetary migration scenario as a possible transport
echanism from Vesta. 
Theoretically, the number of V-type fragments originating from

ifferent planetesimals should be even greater in the inner Main
elt (Bottke et al. 2006 ). Ho we ver, most of the V-type asteroids in
he inner main belt are part of the Vesta family or are considered
ugitives, i.e. objects that evolved away from the family and are now
eyond recognition as family members with traditional clustering
ethods. Early studies showed that some of the V-types in the inner
ain belt present a deeper 1.0 μm absorption bands than Vesta

Florczak et al. 2002 ). Ho we ver, these findings were not confirmed
y Ie v a et al. ( 2016 , 2018 ). Only one asteroid in the inner main belt,
2579) Spartacus, shows an unusually low band area ratio (BAR;
atio of the areas encompassed by the 1.0- and 2.0- μm absorption
ands) compared to Vesta family members (Burbine et al. 2001 ;
oskovitz et al. 2010 ; Oszkiewicz et al. 2019 ). Ho we ver, backward

ynamical integration shows that the object could well originate from
he Vesta family. Furthermore, BAR is often considered an unreliable
arameter. 
Basaltic material unrelated to Vesta is found in so-called anoma-

ous meteorites (Yamaguchi, Setoyanagi & Ebihara 2006 ; McSween
t al. 2010 ; Barrett et al. 2017 ; Zhang, Miao & He 2019 ) and
icrometeorites (Gounelle et al. 2009 ). One of those falls was

bserved and its trajectory was traced back to the inner main belt
Bland et al. 2009 ; Spurn ̀y et al. 2012 ). 

An unexpected place to find basaltic material was on the surface of
arbonaceous asteroid (101955) Bennu. DellaGiustina et al. ( 2021 )
nd Tatsumi et al. ( 2021 ) reported, based on data provided by
SIRIS-REx space mission, the identification of several bright
oulders which showed the absorption bands characteristic of py-
oxene composition, and their spectral features were matched by
ED composition. At first glance, there is a dynamical similarity
etween the inner main belt basaltic asteroids and the source regions
f Bennu (Tatsumi et al. 2021 ) which can explain how these boulders
ere implanted on Bennu. These findings provide new constraints
n the collisional and dynamical evolution of the inner main
elt. 
NRAS 519, 2917–2928 (2023) 
Oszkiewicz et al. ( 2015 , 2017 ) showed that some V-types in
he inner main belt have spin orientation and thus Yarko vsk y drift
irection that is inconsistent with the origin in the Vesta family.
o we ver, strong e vidence is still lacking, and the question of possible
on-vestoids in the inner main belt is thus still under debate. 
In this work, we identify V-type asteroids across the Solar

ystem from Gaia Data Release 3 (DR3) spectral data. We analyse
heir spectral parameters in the context of multiple differentiated
lanetesimals. In Section 2 , we describe the data used in the analysis
nd in Section 3 the methods used for spectral-type classification and
pectral analysis. Results are presented in Section 4 , discussion and
onclusions are in Sections 5 and 6 . 

 DATA  

.1 Gaia DR3 data 

uropean Space Agency’s Gaia mission was launched in 2013
ecember. It operates at the Sun–Earth Lagrangian L2 point with

he main goal of creating a 3D map of our Galaxy by surv e ying more
han a billion stars (Prusti et al. 2016 ). Gaia measures the positions,
roper motions, brightness, and spectra of objects crossing its fields
f view, including asteroids (Mignard et al. 2007 ; Tanga & Mignard
012 ; Tanga et al. 2022 ). 
The current third data release (DR3) includes, for the first time, the
ean reflectance spectra of 60 518 asteroids at visible wavelengths

0.374–1.05 μm), which is a 10-fold increase in the number of known
steroid spectra (Galluccio et al. 2022 ). This huge increase in the
umber of asteroid spectra is expected to result in a new taxonomic
cheme (Delbo et al. 2012 ) and more detailed understanding of the
istribution of various taxonomies across the Solar system and among
steroid families. 

The Gaia spectral data are obtained by the blue and red pho-
ometers (BP/RP), which also co v er the UV spectral region and are
ollectively referred to as XP instruments (Gaia Collaboration 2016 ;
rusti et al. 2016 ). Details of observations and data processing for
steroids are described in Galluccio et al. ( 2022 ). For each object,
verage spectra sampled at 16 wavelengths (in the range between
.374 and 1.034 μm every 0.044 μm) together with 16 quality flags
re provided. These spectra are the result of averaging typically
ore than 20 individual epoch spectra for each object (Galluccio

t al. 2022 ). One epoch corresponds to a single transit of an asteroid
n the Gaia focal plane. 

.2 Training data set 

e classify asteroids into Bus-DeMeo classes (DeMeo et al. 2009 )
sing three different supervised methods (see Section 3 ), which
equire a training data set. For that purpose, we used the collection
f 3057 taxonomic labels from ground-based visible spectra from
ahlke, Carry & Mattei ( 2022 ). Those labels where then cross-
atched by asteroid number or designation with objects observed

y the Gaia mission leading to a sample containing 149 V-types and
908 other-type asteroids (Fig. 1 ). 
By using the Gaia data itself as a training set we teach the

lgorithms to recognize any possible systematic biases in the data that
ight be intrinsic to the Gaia mission. For example, the ground-based

ata are often obtained at opposition, thus at small phase angles. Gaia
easurements are taken at phase angle > 10 deg, this might result

n moderate change of spectral slopes due to phase-reddening effect
Sanchez et al. 2012 ; Binzel et al. 2019 ). 



Gaia DR3 spectra of V-types 2919 

Figure 1. DR3 Spectra of 149 V-type asteroids used in the training process 
and their averaged spectra from the BP (blue) and RP (red) spectrometers. 
We marked average reflectances from BP and RP spectrometers in blue and 
red, respectively. 
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Figure 2. Gaia spectrum of (5235) Jean-Loup (black) and linear regression 
fits for wavelength ranges 0.5–0.75 μm (red, slope A) and 0.8–0.92 μm 

(orange, slope B). Grey line represents fitted cubic spline, reflectances at 
wavelengths used in computation of band depth are denoted with stars. Centre 
of the 0.9 μm absorption band is denoted with a diamond symbol. DR3 
uncertainties are of the order of marker size. 
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In the training parameter set, we omit reflectances at the wave- 
engths of 0.374, 0.418, 0.990, and 1.034 μm, as they are known
o be affected by large random and systematic errors (Galluccio 
t al. 2022 ). We perform a linear regression using the remaining
2 points to obtain the spectral slope. This slope is remo v ed from
he spectra and treated as one of the parameters. Slope and slope-
emo v ed reflectances at the 12 wavelengths are then the final set of
arameters for each spectra used in the training process. In Fig. 1 ,
e show the V-type spectra used in training. 
We also note that prior to using the Gaia DR3 data itself in

he training process we experimented with several different training 
ata sets from ground-based observations to simulated clones. The 
ighest accuracy was reached when we used the DR3 spectra in the
raining process. We also inspected the predicted V-types visually 
o confirm the correctness of the results. We have assessed the 
nfluence of different parameters used in the classification task on 
he resulting accuracy as well. Using slope and reflectances versus 
nly reflectances from raw (no slope remo v ed) spectra resulted in a
imilar accuracy. 

 M E T H O D S  

.1 Machine learning methods 

e perform a binary classification into V-type versus other-types 
ategories to increase the success rate. We use the three best-
erforming methods from Klimczak et al. ( 2021 , 2022 ). We briefly
ummarize the methods below; for more details, see our recent works
limczak et al. ( 2021 , 2022 ). 

(i) Gradient Boosting (GB) is a set of weak prediction methods. 
n particular, we use several decision trees. In each iteration, a new
odel is trained to minimize the residual left from the estimator from

he previous stage (Hastie, Tibshirani & Friedman 2009 ). 
(ii) Support Vector Machines (SVM) divide the feature space of 

ifferent classes into separate regions with hyperplanes (Hastie et al. 
009 ). The algorithm maximises the width of the gap between the
ifferent classes. 
(iii) Multilayer Per ceptr ons (MLP) we use a feedforward arti- 

cial neural network with two or three layers of perceptrons, each 
ith 32 or 64 neurons. The weights of the neural connections are

djusted in a learning process with learning rates between 0.01 and 
.1 (Goodfellow, Bengio & Courville 2016 ). 
We employ the implementation of methods from the PYTHON 

cikit-learn package (Pedregosa et al. 2011 ). To e v aluate the algo-
ithms, we use a balanced accuracy metric: 

Acc = 

1 

k 

k ∑ 

i= 1 

TP i 

TP i + FN i 

, 

where k is the number of classes, TP i (‘true positives’) is the
umber of correctly classified objects of class i , FP i (‘false positives’)
s the number of objects incorrectly classified in class i and FN i 

‘false ne gativ es’) the number of incorrectly classified objects from
lass i . This metric gave the same general conclusions as unbalanced
ccuracy, F1 score, and Matthe ws correlation coef ficient in our
revious work (Klimczak et al. 2021 ) and is known to work well
ith imbalanced problems, as is the case in our study (Kelleher,
amee & D’Arcy 2015 ). To estimate the accuracy of the method,
e use a 5-fold v alidation. That is, we di vide the training set into 5

andom parts. The algorithms are trained in 4 parts and e v aluated in
he 5th part. This process is repeated five times. 

For the final prediction on new asteroids, the models are trained
n the whole data set of 3057 objects, 149 of which are V-types. 

.2 Spectral parameters 

o analyse the Gaia spectra of classified V-type asteroids in a
onsistent way with the literature (e.g. Ie v a et al. 2016 ; Matlovi ̌c
t al. 2020 ) we compute parameters that characterise the shape of the
.9 μm absorption band on the original reflectances. In particular, 
or each spectrum we determine the reflectance gradient in the 0.5–
.75 μm range (slope A), the reflectance gradient in the 0.8–0.92 μm
slope B), apparent depth and centre of the 0.9 μm band (B1). Steeper
-slopes are an indication of space weathering (Fulvio et al. 2012 ,
016 ) and a higher band depth relates to a larger grain size, the
resence of fresh/unweathered pyroxene, or a different mineralogy 
Cloutis et al. 2013 ). Gradients are computed as the slopes of the
inear regression performed in the given wavelength ranges. 

To estimate the band depth, we fit cubic splines to all Gaia points
nd then compute the reflectance at 0.75 and 0.9 μm (apparent depth)
nd their ratio. Minimum of the 0.9 μm band is found as the minimum
f the fitted smoothing spline. In Fig. 2 , we illustrate the parameters
MNRAS 519, 2917–2928 (2023) 
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M

Figure 3. Comparison of spectral slopes, band depths, and centres for 
ground-based and Gaia observations of V-type asteroids. The dashed blue 
and orange lines represent the 1:1 relation, and a linear regression on the 
sample, respectively. 
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or the spectrum of a V-type asteroid, (5235) Jean-Loup. The derived
arameters for this objects are slope A = 11.9 per cent/10 3 Å, slope
 = −28.7 per cent/10 3 Å, band depth = 1.41. 
Galluccio et al. ( 2022 ) found that Gaia slightly underestimates

he depth of the 0.9 μm absorption band and the spectral slope of
-types compared to the SMASSII surv e y (Bus & Binzel 2002 ).
urthermore, a systematic reddening of the UV part of the DR3
pectra as compared to the ground-based observations was found by
inaut-Ruano et al. (in preparation). This reddening was contributed

o the choice of solar analogue used to reduce the DR3 spectra
Tinaut-Ruano et al., in preparation). At the red part of the spectrum
he choice of solar analogue was found not to affect the asteroid
pectra. Ho we ver dif ferences wrt ground-based observ ations in this
art of the spectrum are also known to exist. To verify this we
ompare spectral slopes, band depths, and band centres estimated
rom ground-based observations from Mahlke et al. ( 2022 ) with
hose obtained by the Gaia mission. In Fig. 3 , we present the spectral
arameters (slope A, slope B, 0.9 μm band depth and centre) for
-types present in both data sets. Distribution of slope A and slope
 correlate with the ground-based data and there is no significant

ystematic bias. Ho we v er, the DR3 slopes seems to be o v erestimated
NRAS 519, 2917–2928 (2023) 
or objects with small ground-based slope values and underestimated
or objects with larger ground-based slope values. Band depth, on the
ther hand, is indeed systematically underestimated for all asteroids
y about 0.15. Band centres seem to be o v erestimated for most
bjects. The linear relations between the DR3 and ground-based
pectra are: 

slope DR3 
A = 0 . 323 × slope grb 

A + 9 . 975 

slope DR3 
B = 0 . 713 × slope grb 

B − 9 . 207 

pparent depth DR3 = 0 . 679 × apparent depth grb + 0 . 349 

BI center DR3 = 0 . 188 × BI center grb + 0 . 767 , 

where the upper indices denote the Gaia (DR3) and ground-based
grb) parameters. To determine the linear fits we have used the
ANSACRegressor from the SKLEARN package with 3 σ clipping.
enerally, the spectra are internally consistent and thus can be

nternally compared. 

.3 Validation of V-type candidates 

e follow a two-lev el validation. F or the selection of V-type candi-
ates, we require that the DR3 quality flags for all used wavelengths
re validated. Additionally, all the predicted V-types from the full
ample in the middle main belt, outer main belt, and the Phoacea and
ungaria regions are validated visually and added to the validated

ample. 
For the analysis of spectral parameters we require that the average

ignal-to-noise SNR > 40 and the DR3 spectral quality flags are
alidated for the wavelengths used in parameter estimation. 

 RESULTS  

ased on the training data set and the 5-fold validation, we found
 high success rate for the three methods. The resulting balanced
ccuracy was 92, 92, and 91 per cent for GB, SVM, and MLP,
espectiv ely. F or comparison, spectrophotometric surv e ys typically
each accuracy of about 80 per cent (Klimczak et al. 2022 ). These
elatively high classification scores are not surprising. The accuracy
f classifying objects as V-types is typically very high due to the
nique V-type spectra (see e.g. Moskovitz et al. 2008a ; Oszkiewicz
t al. 2014 ; Klimczak et al. 2021 ; Penttil ̈a et al. 2021 ). Note also that
eural networks and naive Bayes methods were already trained in
reparation for Gaia data by Torppa et al. ( 2018 ) and Penttil ̈a et al.
 2021 ) also with very good results. Some misclassification occurs for
/S-complex asteroids and objects with poor quality Gaia spectra.
ome rare types with 0.9 μm band such as A, R, and O-type might
lso be misclassified as V-types. This is natural as many of the
axonomic types start to differ more in the near-infrared (NIR) part
f the spectrum which is not observed by Gaia . These rare types,
o we ver, are scarce and should not pollute our sample significantly.
urthermore, R and A-types may also be linked to differentiated
arent bodies (Moskovitz et al. 2008b ; Sanchez et al. 2014 ; DeMeo
t al. 2019 ). 

Generally all methods predicted roughly a similar number of V-
ypes, but GB predicted the fewest and SVN highest number of
-types. By visual inspection we noticed that a small portion of the
-types predicted by SVN (especially those that have poor quality
pectra) may be misclassified. This might be due to the fact that SVN
ivides the parameter space by hyperplanes, which are difficult to
nd for categories split by highly non-linear boundaries. We also
ompared the predicted V-types with those predicted by Popescu
t al. ( 2018 ) based on NIR spectrophotometry from the MOVIS

art/stac3442_f3.eps
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Figure 4. Spectra (normalized to unity at 0.55 μm) of all the classified as 
V-types with MLP (left), SVM (middle), and GB (right), both in the validated 
(top) and full sample (bottom). 
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Figure 5. Distribution of orbital parameters of validated predicted V-types. 

Table 1. The total number of new classified V-types in the validated 
and full sample (in brackets) per population. 

Population/method MLP SVM GB 

Vesta 170 (907) 155 (853) 153 (762) 
Fugitive 31 (187) 25 (157) 31 (156) 
Low- i 47 (267) 49 (293) 46 (231) 
Inner-other 105 (582) 104 (594) 98 (507) 
Middle 16 (27) 19 (242) 16 (35) 
Outer 10 (15) 10 (74) 7 (15) 
Hungaria 0 (1) 0 (6) 0 (0) 
Phocaea 5 (9) 4 (28) 3 (4) 

Total: 384 (1995) 366 (2247) 354 (1710) 
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urv e y. We found 157 objects in common, out of which 151 were
lassified as V-types based Y , J , H , and Ks observations by Popescu
t al. ( 2018 ) confirming the high prediction rate. Objects identified
arlier by Popescu et al. ( 2018 ) based on the MOVIS surv e y data are
arked in Table S1. As a side note, observe that the NIR MOVIS

ata are highly complementary in the wavelength ranges to the Gaia 
R3 VIS spectroscopy. 
In Fig. 4 , we display spectra of all the classified objects. Top panel

epresents the validated spectra (all quality flags validated) and in the 
ottom panel we show all spectra classified as V-type irrespective of
uality flags. Note that for some objects reflectance at 0.55 μm 

normalization point) is flagged as invalid. Naturally, there is a larger 
pectral variability in the full sample. 

We further split the two data sets into different populations in a
onsistent way with the literature (Ie v a et al. 2016 , 2018 ) based on
rbital parameters, semiajor axis a , eccentricity e , and inclination i : 

(i) Inner main belt (2 . 1 au < a ≤ 2 . 5 au ): 

(a) Vestoids: members of the dynamical Vesta family as 
defined by the hierarchical clustering method by Nesvorny 
( 2012 ) 

(b) Fugitives: objects outside the dynamical Vesta family 
having 2 . 1 au < a ≤ 2 . 3 au , 5 ◦ < i < 8 ◦, and 0.035 < e <

0.162 
(c) Low- i : objects outside the dynamical Vesta family having 

2 . 3 au < a ≤ 2 . 5 au and i < 6 ◦

(d) Phocaea: with inclination abo v e the ν6 resonance, 
2 . 5 au > a > 2 . 25 au , e > 0 . 1 and 32 ◦ > i > 18 ◦

(e) Hungaria: 2 . 0 au > a > 1 . 78 au , 32 ◦ > i > 16 ◦, e <
0 . 18 

(f) Inner other: remaining objects in the inner main belt 

(ii) Middle main belt (2 . 5 au < a ≤ 2 . 82 au ) 
(iii) Other main belt (2 . 82 au < a < 3 . 2 au ) 

This division is illustrated for all validated V-types in Fig. 5 . In
able 1 , we report the number of classified V-types per population

n the full and validated samples. Classifications made on spectra 
hat is not fully validated should be treated as preliminary and 
onfirmed visually . Interestingly , in the full sample we classified 
 number of new V-types in the mid and outer main belt (MOVs).
ince MOVs are typically considered unrelated to Vesta, and are thus
ey in understanding the number of differentiated planetesimals, we 
urther inspect the predicted V-type spectra visually. We confirm 11 
ew V-types in the outer main belt and 20 in the mid main belt. Their
pectra are plotted in Figs 6 and 7 . We note that asteroid (7459)
ilbertofranco was previously observed by Medeiros et al. ( 2019 )

nd is a confirmed eucritic V-type. That object was not present in our
raining sample and was correctly classified as V-type by all three
lgorithms. Intriguingly, in the full sample we find several V-types 
n the Phocaea and Hungaria regions that is primarily dominated 
y S and X-type objects with a minor percentage of other types
Carvano et al. 2001 ; Lucas et al. 2017 , 2019 ). Phocaea dynamical
roup is considered a result of a collisional breakup of a ordinary
hondrite-like body (Carvano et al. 2001 ; Carruba 2009 ). Therefore
he predicted V-types are most likely interlopers. We investigate these 
redicted V-types in the Phocaea region visually and find six as V-
ypes and one as A-type (Fig. 8 ). The A-type asteroid is (89776) 2002
L90 and we remo v e this object from further analysis. In the
ungaria region none of the predicted V-types can be confirmed. 
For the new V-types in the mid and outer-Main belt and in the

hocaea region we suggest further follow-up with ground-based 
elescopes since many of those are from the full sample with DR3
pectra that is not fully validated. In Figs 6 –8 we marked the
oints with DR3 validation flag equal to 1 and 2 (poorer quality
r compromised data) in orange and red, respectively. Some objects 
espite validated reflectance (e.g. 205560 except for a one point in
V) show a peculiar spectra. Many show the 0.9 μm absorption band,
ut do not strictly fit the ground-based templates for any taxonomic
ype. As discussed in Section 3.2 Gaia underestimates band depths 
nd is burdened with systematic and random offsets as compared 
MNRAS 519, 2917–2928 (2023) 
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Figure 6. Examples of spectra of predicted V-types in the middle belt. DR3 validated reflectances are in blue and flagged points are in orange and red (DR3 
reflectrance spectrum flag equal to 1 and 2 correspondingly). 

Figure 7. As in Fig. 6 but for the outer belt. 
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o the ground-based spectra, thus the DR3 data will not match the
round-based templates perfectly. 
We further used the classified spectra to determine spectral

arameters as described in Section 3 . That is, we estimate slope A,
lope B, apparent depth and centre of the 0.9 μm absorption band.
n Figs 11 –13 , we plot the estimated spectral parameters for refined
ample of objects with SNR > 40 and quality flags validated in the
avelength ranges of the investigated parameters. We include in this

ample also the V-types known from the literature with DR3 spectra
ulfilling the quality criteria. We remo v e objects for which band depth
NRAS 519, 2917–2928 (2023) 
s less than 1.2 from the analysis as those are often misclassified S-
omplex objects. In Table 2 , we report the median values of slope
, slope B, 0.9 μm band depth and centre (B1 centre) for each
opulation and learning algorithm. Overall the median values are
onsistent across the different algorithms. Median values of slope
, slope B, and band depth for the outer main belt population

ie outside the one-standard-deviation (1 σ ) envelope of the Vesta
amily for all learning methods. Fugiti ves, lo w- i , and inner-other
opulation have their average band depth outside or at the border of
he 1 σ envelope for the dynamical Vesta family members. Median B1
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Figure 8. As in Fig. 6 but for the Phocaea region. 

Table 2. Median values and standard deviations for slope A, slope B, 0.9 μm 

band depth and centre for different populations and learning algorithms in 
the validated sample. 

Population Slope A Slope B Band depth B1 centre 
(per cent 10 −3 Å) (per cent 10 −3 Å) ( μm) 

MLP 
Vesta 12.56 ± 2.46 −26.11 ± 4.73 1.31 ± 0.09 0.93 ± 0.01 
Fugitive 13.46 ± 2.31 −28.91 ± 5.14 1.40 ± 0.11 0.93 ± 0.02 
Low- i 13.94 ± 1.85 −30.56 ± 5.35 1.43 ± 0.10 0.94 ± 0.01 
Mid 12.36 ± 1.52 −25.73 ± 1.63 1.31 ± 0.06 0.94 ± 0.01 
Outer 16.67 ± 3.70 −19.69 ± 6.38 1.41 ± 0.11 0.93 ± 0.01 
Inner-other 13.76 ± 2.26 −28.32 ± 5.15 1.42 ± 0.12 0.94 ± 0.01 

SVM 

Vesta 12.67 ± 2.45 −26.25 ± 4.65 1.32 ± 0.09 0.93 ± 0.01 
Fugitive 13.52 ± 2.15 −29.87 ± 4.80 1.44 ± 0.10 0.93 ± 0.02 
Low- i 14.21 ± 1.83 −30.56 ± 5.08 1.43 ± 0.10 0.94 ± 0.01 
Mid 12.18 ± 2.20 −25.19 ± 2.21 1.29 ± 0.01 0.94 ± 0.01 
Outer 16.67 ± 4.21 −20.34 ± 6.34 1.41 ± 0.10 0.92 ± 0.01 
Inner-other 13.76 ± 2.21 −28.01 ± 5.29 1.42 ± 0.12 0.94 ± 0.01 

GB 

Vesta 12.76 ± 2.33 −26.40 ± 4.74 1.33 ± 0.09 0.94 ± 0.01 
Fugitive 13.49 ± 2.28 −29.20 ± 5.60 1.40 ± 0.12 0.93 ± 0.01 
Low- i 13.96 ± 1.83 −30.56 ± 5.12 1.43 ± 0.10 0.94 ± 0.01 
Mid 12.18 ± 2.20 −25.19 ± 2.21 1.29 ± 0.10 0.94 ± 0.01 
Outer 16.92 ± 2.31 −22.49 ± 7.30 1.42 ± 0.10 0.93 ± 0.01 
Inner-other 13.76 ± 2.19 −28.41 ± 5.20 1.42 ± 0.12 0.94 ± 0.01 
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Figure 9. Spectra of selected V-types in the inner main belt with deep 0.9 μm 

absorption band more consistent with that of (1459) Magnya. 
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entre, slope A and B for those populations are well within vestoidal
alues. 

We find that the V-types from the outer main belt have band
epths outside the 1 σ envelope for the Vesta family members. This
s consistent with the literature (Hardersen et al. 2004 ; Ie v a et al.
016 ; Leith et al. 2017 ; Ie v a et al. 2018 ; Migliorini et al. 2018 ) and
as been attributed to mineralogical differences before. Additional 
bjects in this group with large band depths strengthen the finding 
hat those objects are distinct from the fossil planetesimal (4) Vesta 
nd Vesta family members. While most MOVs show larger apparent 
epth than typical vestoids, we also find objects [e.g. 15667 (5046 T-
) and 19493 (1998 JY1)] with a smaller band depth, more consistent
ith the spectra of (4) Vesta and vestoids. Additionally, one object 

rom the middle main belt has spectral parameters well within typical 
estoidal values. Two objects in the outer main belt (7942 and 34698), 
oth at a ∼ 3 . 17 au show similar spectral parameters. These objects
re share similar semimajor axis and eccentricity, but vary in orbital 
nclination. Therefore a common origin would require presence of 
trong resonances near-by. This could be investigated with numerical 
tudies. 

In the inner main belt, there is large variability of spectral
arameters for all populations. Fugiti ves, lo w- i and inner-other
opulations mostly o v erlap with the Vesta family objects in the
pectral parameters space. Yet, a number of objects from those 
opulations have band depths well outside the 2 σ envelope of 
he Vesta family members. Furthermore, some of the objects have 
and depths even greater than that of (1459) Magnya. Few objects
ithin the dynamical Vesta family also show spectral parameters 
ell outside the 2 σ envelope of the Vesta family. An exceptional 

xample is asteroid 26573 with band depth more consistent with that
f Magnya. We display the spectra of several such objects in Fig. 9 . 
Lithological differences between the vestoids and the low- i aster- 

ids were reported previously by Mansour et al. ( 2020 ). Composition
f one of those objects (19281) was investigated before with ground-
ased visible to near-infrared (VISNIR) wavelengths observations 
y Medeiros et al. ( 2019 ). Note also that this object was not in
ur training sample and was correctly identified by the machine- 
earning algorithms as a V-type object. The ground-based spectra 
hows indeed large 0.9 σm band depth. Ho we ver, based on the 0.9 μm
nd the 2.0 μm band centres the authors concluded that this object
s likely a former Vesta family member. One of the conclusions of

edeiros et al. ( 2019 ) was that compositional interpretations should
ely on diagnostic plots that do not suffer from variability under slope
emoval. The authors recommended analysis of 0.9 μm and 2.0 μm
and centres as the right diagnostic tool. For this reason we decided
o compute also centres of the 0.9 μm band (Fig. 13 ). Most asteroids
MNRAS 519, 2917–2928 (2023) 
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Figure 10. Spectra of selected V-types in the inner main belt with 0.9 μm 

absorption band centre at larger wavelengths. 

Figure 11. Slope A and apparent band depth for the V-type classified with 
MLP, SVM, GB methods and objects labelled in the literature. Different 
populations are marked with different colours and markers. Median values 
for the Slope A and band depth are denoted with crosses for each population. 
Blue frame represents 1 σ envelope for the Vesta family members. 
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Figure 12. As in Fig. 11 but for Slope A and Slope B. 
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rom the inner main belt have their 0.9 μm band centres well within
ypical vestoidal values. 

Objects with B1 centre larger than 1.0 μm are typically asteroids
ith what either appears to be erroneous DR3 spectra beyond 0.9 μm
r incorrect taxonomic classification (i.e. 89 776 for which the
inima is not reached by the spectrum and could be an olivine-

ominated A-type asteroid). Ho we ver, we also found asteroids with
alid DR3 spectra having the B1 center at longer wavelengths than
NRAS 519, 2917–2928 (2023) 
hat of typical vestoids. DR3 spectra of some of those objects are
lotted in Fig. 10 . Two of those objects (5525, 3849) were previously
bserved (Xu et al. 1995 ; Bus & Binzel 2002 ; Oszkiewicz et al.
020 ). For the first one, B1 centre is consistent with the ground-
ased observations, and for the latter one, it is o v erestimated. 
Spectral parameters for all objects are listed in Table S2. 
We further comment on the spectral parameters of asteroids with

arge band-depths as compared to the control sample from Ie v a et al.
 2016 ). The control sample in Ie v a et al. ( 2016 ) was composed of
 estoids observ ed at small phase angles (1 ◦ < α < 12 ◦). The sample
ounded a confined region in spectral parameters phase space. Slope
 was found to vary from 7.26 and 18.51 per cent 10 −3 Å, slope
 from −35.98 to −18.41 per cent 10 −3 Å and band depth from
.15 to 1.72. Since band depth is underestimated in the Gaia spectra
see Section 2 ) the upper limit for band depth for the Gaia spectra
hould be about 0.2 less than that from Ie v a et al. ( 2016 ). This leaves
 number of V-types from the inner main belt outside the region of
pectral parameters bounded by the control sample from Ie v a et al.
 2016 ). 

We conclude that indeed the inner main belt could be a mix
f objects from various planetesimals, not just (4) Vesta. Number
f identified asteroids with large 0.9 μm band depths or band
entres offset from typical vestoids is however low. The differentiated
lanetesimals thus could have formed in a wider orbital range [e.g.
.3 and 7.5 au from the Sun as indicated by (Lichtenberg et al. 2021 )]
s opposed to a narrow terrestrial planet region proposed by Bottke
t al. ( 2006 ) which would lead to increased number of those objects
n the inner main belt. It is also plausible that these objects remain
pectrally indistinguishable from Vesta and Vesta family members. 
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Figure 13. As in Fig. 11 but for band depth and band centre. 
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Table 3. Future observing opportunities for selected inner-main Belt V- 
types. Columns are: asteroid number, designation, date of the next opposition, 
declination and predicted V -magnitude at the nearest opposition. 

Number Designation Next opp. Dec. (deg) V (mag) 

13410 1999 UX5 Arhale 2022/12/19 + 22 17.4 
3574 1982 TQ Rudaux 2023/08/03 −09 16.0 
4214 1987 UX4 Veralynn 2023/05/02 −18 16.2 
4787 1986 RC7 Shul’zhenko 2023/07/17 −30 16.1 
5180 1989 GF Ohno 2023/07/18 −27 16.8 
3849 1984 FC Incidentia 2023/04/12 −08 16.0 
5525 1991 TS4 2023/03/16 −01 16.4 
14108 1998 OA13 2022/09/09 + 01 16.3 
172240 2002 RO19 2023/05/23 −15 20.2 
19281 1996 AP3 2022/08/04 −08 15.3 
12335 1992 WJ3 Tatsukushi 2023/09/04 −05 16.9 
26573 2000 EG87 2022/09/20 + 03 15.8 
24286 1999 XU18 2023/08/26 −12 16.0 
30820 1990 RU2 2022/08/19 −19 16.7 
66679 1999 TD29 2022/10/27 + 10 17.4 
10671 1977 RR6 Mazurova 2023/12/23 + 32 16.8 
5121 1989 AX1 Numazawa 2023/04/10 −11 16.5 
19281 1996 AP3 2022/08/04 −08 15.3 
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These objects should be followed-up by ground-based VISNIR 

pectroscopy at small phase angles for full mineralogical character- 
zation. 

 DISCUSSION  

he largest source of uncertainty in this work is the phase reddening
ffect (changes in spectral slope, colour indices, variations in albedo, 
nd absorption bands depth with changing phase angle). Although 
nown for decades, the effect has been studied in detail on a
ery limited number (less than several dozens) of objects (Millis, 
owell & Thompson 1976 ; Miner & Young 1976 ; Clark et al. 2002 ;
eddy et al. 2012 ; Sanchez et al. 2012 ) and for only a few taxonomic

ypes. Moreo v er, the effect has been suggested to differ from asteroid
o asteroid by Binzel et al. ( 2019 ), Carvano & Davalos ( 2015 ). A
imited laboratory work also demonstrated the effect on various 
nalogues of planetary material (Gradie, Veverka & Buratti 1980 ; 
radie & Veverka 1986 ). 
Since average phase angles are not reported with the Gaia spectra, 

orrecting for this effect is not possible. Moreo v er, a single Gaia
pectra is obtained from averaging spectra from multiple transits, thus 
rom multiple phase angles, therefore correcting for phase reddening 
ecomes non-trivial. 
Median phase angle for an average Gaia spectra is about 20 

eg (whereas the ground-based observations are typically taken at 
pposition, close to 0 deg) thus there is a concern of phase reddening
ffecting the obtained asteroid spectra (Cellino et al. 2020 ; Galluccio 
t al. 2022 ). At these phase angles phase reddening is expected to
ncrease spectral slopes and band depths of V-type asteroids (Reddy 
t al. 2012 ). 

Based on satellite observations of a single object (4) Vesta, Reddy
t al. ( 2012 ) found around 20 per cent increase in o v erall spectral
lope for every 10 deg increase of phase angle and 2.35 per cent
ncrease of the band depth of 0.9 μm absorption band. Since
and depth are not influenced significantly, our conclusions for 
nner main belt V-types with large absorption bands would still 
old. Furthermore, we found that band depths are systematically 
nderestimated in the Gaia spectra, thus they may be even larger
han estimated. 

Ie v a et al. ( 2016 , 2018 ) used the relation from Reddy et al. ( 2012 )
o correct the spectral parameters of V-types for phase reddening, but
lso noted that the correction is more qualitative than quantitative. 
ince band depths are not significantly affected, the same conclusions 
ould have been reached without the correction. 
Other effects such as space weathering and regardening have 

ess impact on our conclusions. Space weathering is expected to 
ower band-depths (Vernazza et al. 2006 ; Fulvio et al. 2012 ) and
egardening is acting on near-Earth asteroids (Binzel et al. 2010 ). 

Another source of concern are the unknown systematic and random 

rrors of the Gaia spectra. The Gaia mission was designed for
tellar tracking. Spectra for moving objects such as asteroids is 
xtracted from windows that are moving at stellar rates. Since the
P spectra is taken at the end of the transit the difference between

he actual asteroid position and the position of the window is the
argest (Galluccio et al. 2022 ). Complicated wavelength calibration 
an cause further uncertainties (Galluccio et al. 2022 ). As noted in
ection 2 DR3 spectra tends to underestimate band depth for V-type
steroids. Galluccio et al. ( 2022 ) estimated the average difference
etween SMASS II and DR3 z –i colour across all taxonomic types
o be about −0.08 and derived formulas for correcting the z –i colour
nd o v erall spectral slope to the SMASS II data set. 

These formulas are ho we ver more applicable to population studies
nd not to individual objects, due to large variability of the correction.
urthermore, the V-type asteroids seem to be affected more by this
ystematic effect than other taxonomic types (Galluccio et al. 2022 ).
MNRAS 519, 2917–2928 (2023) 
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Table 4. As in Table 3 but for objects in the mid main belt. 

Number Designation Next opp. Dec. (deg) V (mag) 

10578 1995 LH 2022/11/30 + 28 18.0 
28349 1999 FB26 2023/05/07 −29 17.9 
81879 2000 LB11 2023/06/02 −08 18.3 
36118 1999 RE13 2022/11/06 + 09 17.4 
170417 2003 UF54 2023/01/23 + 03 19.6 
139631 2001 QP15 2023/05/27 −01 20.1 
30392 2000 KX26 2023/10/02 + 21 18.1 
252389 2001 TT 2022/10/05 −35 19.6 
93981 2000 XU11 2023/01/06 + 37 17.9 
19493 1998 JY1 2023/03/14 −04 17.7 
47634 2000 CN24 2023/06/25 −06 18.4 
56904 2000 QP17 2022/11/11 + 01 18.9 
7459 1984 HR1 Gilbertofranco 2023/10/29 + 13 16.8 
20188 1997 AC18 2023/06/25 −21 17.0 
132693 2002 NQ33 2023/04/28 −29 18.8 
177988 2006 QV45 2023/09/01 −05 19.3 
103237 1999 YO26 2023/10/25 + 20 17.2 

Table 5. As in Table 3 but for objects in the outer main belt. 

Number Designation Next opp. Dec. (deg) V (mag) 

7942 1991 OK1 2023/02/13 + 09 16.4 
15677 1980 TZ5 2023/09/10 −18 15.6 
23512 1992 PC3 2023/05/07 −29 17.1 
34910 4052 P-L 2023/04/08 −10 18.7 
55613 2002 TY49 2022/11/21 + 20 18.3 
59530 1999 JU24 2023/09/28 −06 17.5 
23512 1992 PC3 2023/05/07 −29 17.1 
13704 1998 PA1 Aletesi 2023/05/01 −17 18.5 
21741 1999 RN16 2023/09/10 −23 17.2 
17272 2000 LU4 2023/03/27 + 08 17.7 

Table 6. As in Table 3 but for objects in the Phocaea region. 

Number Designation Next opp. Dec. (deg) V (mag) 

7825 1991 TL1 2023/04/21 −04 17.2 
89776 2002 AL90 2022/09/07 −18 17.4 
99559 2002 FL1 2023/03/25 + 02 16.8 
205560 2001 SC28 2023/01/03 −11 17.7 
282212 2001 XG26 2022/11/04 −33 17.9 
337066 1998 BM10 2022/09/19 −29 21.2 
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The ground-based spectral observations o v er the visible and near-
nfrared wavelengths will allow a detailed characterization of the

ost interesting targets reported in this work, namely asteroids from
igs 9 and 10 in the inner main belt as well as all potential V-types

n the mid and outer main belt reported in Table S1. For observers
onvenience we list the dates of nearest oppositions, predicted V -
agnitude, and declination at opposition for the interesting objects

n Tables 3 –6 . 

 C O N C L U S I O N S  

e classified 60 518 asteroids from the Gaia DR3 catalogue into
 -types and non-V -types. We found about 2000 new V-types and
alidated around 350 of them. We found 31 new V-types in the
id and outer main belt and 6 in the Phocaea region. This adds

o the inventory of objects that are not easily linked to the fossil
lanetesimal (4) Vesta. We suggest further follow-up of those objects
NRAS 519, 2917–2928 (2023) 
y ground-based observations to fully confirm their basaltic nature.
arge number of V-types is found in the inner main belt. 
For the first time, we found a number of objects in the inner main

elt with large band depths, some even larger than that of (1459)
agnya. We also found objects with 0.9 μm band centres offset

rom typical vestoidal v alues. Ho we ver, band centers are randomly
 v erestimated in the DR3 data thus are not reliable. Future asteroid
pectroscopy to be provided in the Gaia DR4 catalogue may contain
mpro v ed processing with spectra having less biases thus might also
rovide a better insight into the spectroscopic parameters of V-types.
We show that there are V-type asteroids in the inner main belt

hat may be distinct from Vesta. Further ground-based observations
n the near-infrared are needed for full mineralogical analysis of
hose objects. Determination of spins and shapes accompanied with
ackward dynamical analysis may further provide evidence for
xistence of differentiated planetesimals in the inner main belt other
han Vesta. 
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