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ABSTRACT

Linear secular resonances happen when there is a commensurability between the precession frequency of the pericenter, g, or
longitude of the node, s, of an asteroid and a planet. Non-linear resonances are higher order combinations of these frequencies.
Here, we studied the three most diffusive g-type non-linear secular resonances using Artificial Neural Networks. We identified a
population of more than 2100 resonant objects in the g — 2g¢ + g5 and g — 3g¢ + 2gs resonances. This allows the creation of a
Convolutional Neural Network model for the g — 2g¢ + g5 resonance, able to predict the status of several thousands of asteroids
in seconds. We identified 12 new possible dynamical groups among the resonant population, including the 5507 and 170776
families, which have both estimated ages of less than 7 Myr. These are the two first-ever identified young families in resonant
configurations of the investigated resonances, which allows for setting limits on their original ejection velocity field.

Key words: astronomical data bases: miscellaneous —minor planets, asteroids: general — minor planets, asteroids: individual.

1 INTRODUCTION

Asteroid families are groups of asteroids that formed from collisions
or rotational break-ups of a parent body. The orbits of family
members evolve after the formation event because of the gravitational
effects of planets and massive asteroids, or non-gravitational forces
like the Yarkovsky effect (Bottke et al. 2001). Secular resonances are
one of the main gravitational effects. Linear secular resonances occur
when there is a commensurability between the precession frequency
of the longitude of pericenter @, indicated as g, or of the node, €2,
indicated as s, of a planet and an asteroid. The most diffusive linear
secular resonance in the main belt is the v = g — g¢ resonance, where
the suffix 6 is associated with the planet Saturn. Non-linear secular
resonances involve higher order commensurabilities of planets’ and
asteroids’ frequencies. Their argument can also be identified in terms
of linear secular resonances. For example, the zx resonance series of
both nodes and pericenter can be written as zx = K(g — g¢) + (s —
s6) = Kve +vi6, K=1, 2, 3,..., with vjg = s — 56 being the linear
secular resonance of node with Saturn. Resonances that only involve
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combinations of the g frequency are called g-type secular resonances.
They only affect the eccentricity of asteroids interacting with them
and can influence the dynamical evolution of large asteroid families,
like Astraea (Milani et al. 2014, 2017).

The dynamic effects of all g-type resonances up to order six
were recently studied in Huaman et al. (2017), which identified
three resonances responsible for most of the dynamical dispersion of
asteroid families: the g — 2g¢ + g5, the g — 3g6 + 2gs, and the 2g
— 3gs5 + g¢- The suffix fifth stands for Jupiter, the fifth planet from
the Sun. The g — 2g¢ + g5 resonance is one of the most important
non-linear secular resonances, crossing densely populated regions of
the asteroid belt and affecting a large number of asteroid families,
like Astraea. Its location was first obtained in Milani & KneZevié¢
(1990). Recently, Knezevi¢ (2022) mapped and identified the asteroid
families that are crossed by this resonance. The g — 3g¢ + 2g5 is
notable for its interaction with the Koronis family that gives rise to
the so-called Prometheus surge, a region of the Koronis family with
higher eccentricity values than the rest of the group. The Prometheus
surge was one of the arguments used in Bottke et al. (2001) to validate
the importance of the Yarkovsky effect on the dynamical evolution
of asteroid families affected by secular resonances.

© 2023 The Author(s).
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Two young families in g-type resonances

Table 1. The three most diffusive g-type secular resonances in the main belt, according to Huaman et al. (2017).
We report the resonant argument in terms of frequencies, in terms of combinations of linear secular resonances, the
central value of the asteroidal g frequency associated with each resonance, and the number of asteroids, numbered and
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multi-opposition, likely to be affected by the resonances.

Res. argument Res. argument Frequency Numbered Multi-opp.
frequencies linear resonances value (arcmin yr~') ast. ast
Fourth order:

g — 286 + &5 2v6 — V5 52.229 15267 6422
Sixth order:

8 — 386 + 285 3vg — 2vs 76.215 1780 928

2g —3g5 + g6 3vs — vg —7.736 15 7

Traditionally, after an initial phase by which possible resonant
asteroids are identified based on their frequencies, the detection of a
resonant asteroid is performed by a visual inspection of the behaviour
of its resonant argument, i.e. the combination of the asteroid and
planets angles associated with each resonance. For the g — 2g¢ +
gs, this would be the @ — 2w ¢ + @ 5 angle. The resonant argument
of asteroids in librating states would oscillate around an equilibrium
point, while for objects not in resonance it will circulate from 0°
to 360° deg, or alternate phases of circulations and librations (the
so-called switching orbits).

Currently, there are more than 1 million known asteroids, and a
study of a single resonance may involve checking the status of several
thousands of resonant arguments. This is already a vexing task for
a human observer and things will considerably get worse when the
10-yr Rubin Observatory Legacy Survey of Space and Time (LSST)
starts operations in 2025 (https://www.lsst.org/about/timeline). The
catalogues created by the LSST, according to Jones, Juri¢ & Ivezié
(2015), will increase the total number of small bodies in the Solar
system that are known by a factor of 10-100 times, with ~ 1
million more asteroids expected to be discovered in the first year of
operations alone. New methods for classifying large populations of
likely resonant asteroids are needed to deal with the huge influx of
expected new data. In Carruba et al. (2021), we introduced methods
based on Artificial Neural Networks (ANN) to automatically classify
images of asteroids’ resonant arguments. More recently, Carruba
etal. (2022a) used Convolutional Neural Networks (CNNs) and their
optimizations, for classifying large images data bases. The main goal
of this work is to obtain machine learning and deep learning models
for g-type non-linear secular resonances, to more speedily classify
the large new asteroidal population that is expected to be detected
soon.

This can also allow interesting developments for asteroid families
identifications. A new data set of asteroids in librating states of the
Ve = g — g¢ linear secular resonance were recently used in Carruba
et al. (2022b) to identify the main asteroid families interacting with
that resonance. As a result, the (12988) Tiffanykapler young asteroid
family was identified as the first in a linear secular resonance. Here,
we conduct a similar analysis for the new populations of likely
resonators, so as to identify other possible families. Because of their
relatively young age of 7 Myr or less, special numerical techniques
based on time-reversal simulations can be used to date these asteroid
families, providing exceptionally accurate age estimates, not avail-
able for older groups. Other techniques, based on the recognition
of clusters of resonant asteroids in an appropriate space of orbital
proper elements (Milani et al. 2017), are also used to characterize
the newly identified families.

2 METHODS

As a first-pass criterion to locate asteroids within the g-type non-
linear secular resonances, we apply the Carruba (2009) method. In
that work, we identified the objects most likely to be in librating states
as those for which g + s = (g¢ + s¢) = 0.2 arcsec yr~!, given the z;
secular resonance of argument z; = g — g¢ + 5 — s¢. We think that
this could be a reasonable criterion to identify objects likely to be in
fourth- and sixth-order g-type non-linear secular resonances, because
the breadth of the librating zone for asteroids in the fourth-order
secular resonance tends to be less than this threshold (Carruba 2009).
We used this criterion for all numbered asteroids with identifications
up to 616 689 for which proper elements and frequencies, computed
using the KneZevi¢ & Milani (2003) technique, also described
in Carruba (2010), are available at the Asteroid Families Portal
AFP [‘http://asteroids.matf.bg.ac.rs/fam/index.php’, Radovi¢ et al.
(2017); Novakovi¢ et al. (2022), accessed on November 2022], or
also at the AstDyS website [ ‘https://newton.spacedys.com/astdys/’
Knezevi¢ & Milani (2003)]. Finally, an additional 285 861 multi-
opposition asteroids are also available at AFP. The source of proper
elements and frequencies used in this work was only AFP. It is
important to note that the overall effect of the secular resonances is
to reduce orbital stability. Therefore, in this study, we have taken
measures to enhance the reliability of our analysis by excluding
highly chaotic objects with Lyapunov times of less than 100 yr,
for which reliable values of synthetic proper elements, according to
KneZevié¢ & Milani (2003), could not be obtained. These exclusions
contribute to a more robust and focused investigation of the remaining
asteroids within the study.

Up to sixth-order secular resonances, Huaman et al. (2017) pin-
pointed three prominent g-type resonances that exhibited significant
dynamical effects on asteroid families. These resonances are denoted
as g — 2g¢ + gs. & — 386 + 2gs5, and 2g — 3¢5 + g¢. Table 1 provides
details such as their names, central frequency values, and the counts
of numbered and multi-opposition asteroids potentially influenced
by these resonances. Currently, there are just 15 numbered asteroids
that are potential librators of the 2g — 3¢5 + g¢ resonance and none
of them are librating. Since other g-type resonance tended to have a
lesser effect on asteroid dynamical evolution, in this work we will
concentrate our attention only on the g — 2g¢ + gs and the g —
3g6 + 2gs resonances. Also, since resonant arguments are easier to
remember if expressed as combinations of linear terms, from now on
we will use the latter notation, i.e. g — 2g¢ + g5 = 2v¢ — vs, and g
— 3g6 + 2g5 = 3])6 — 2\15.

To identify the population of resonant asteroids, we adopted
the methodology outlined in Carruba et al. (2021). This approach
relied on a basic feedforward ANN model, comprising a ‘Flatten’

MNRAS 528, 796-814 (2024)
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Figure 1. Left panel: A proper (a, sin(i)) projection of asteroids in the 2ve — vs resonance. Vertical lines display the location of the main mean-motion
resonances in the area. Right panel: A proper (a, g) projection of the same asteroids, for asteroids with errors in proper g of less than 0.25 arcsec yr~!. The
horizontal line shows the center of the resonance. The legends in both panels identify the type of asteroid’s orbits.

layer for data preparation, followed by two ‘Dense’ layers with
ReLU activation for feature extraction, and a final ‘Dense’ layer
with softmax activation for classifying asteroids into their respective
resonant categories. This streamlined and automated process lever-
aged TensorFlow and Keras libraries for efficient implementation
and training. The methodology followed a five-step procedure. First,
asteroids underwent numerical integration under the gravitational in-
fluence of all planets for 10 million years. Cartesian vectors required
for the SWIFT integrator were generated following the procedure
described in section 2.8 of Murray & Dermott (1999). Notably, we
omitted the inclusion of Ceres and massive asteroids in this stage,
as their effects were deemed unnecessary for precisely determining
secular resonance positions. Subsequently, images depicting the time
evolution of the relevant resonant argument for each resonance
were generated. The ANN perceptron model from Carruba et al.
(2021) was then trained using labelled images in a training set, and
predictions were made for a separate set of 50 test images. These
predictions were subsequently validated through independent visual
inspection conducted by multiple co-authors. Up to 15 per cent of
the asteroids may be reclassified after the double-blind tests are
conducted. The typical fraction of asteroids reclassified is usually
approximately 5 per cent.

Finally, once the population of possible librating asteroids has been
identified, we investigate the effect that non-gravitational forces can
have on the permanence of asteroids in librating states. For this
purpose, we follow the approach of Carruba et al. (2022b): two sets
of orbital clones with maximum and minimum values of spin obliqui-
ties are created, and the YORP (Yarkovsky—O’Keefe—Radzievskii—
Paddack) effect is neglected, to maximize the Yarkovsky drift in
the semimajor axis. Maximizing the Yarkovsky drift allows us to
explore extreme scenarios, where this effect has the most significant
impact on an asteroid’s orbit, aiding our comprehensive analysis of
the dynamical behaviour of these objects. We use the set of physical
parameters (density, bulk density, thermal conductivity, specific heat,
and bond albedo) described in Carruba et al. (2022b), which also aims
at maximizing the Yarkovsky drift, and the particles are integrated
over 10 Myr over the influence of all planets, created two sets of
clones, one with a spin obliquity of +90° and one with —90°.
The time behaviour of the resonant argument is then verified for
both clones, and if they are both in librating states, the asteroid is
confirmed as a librator and is added to our sample for families’
studies.

Results for the resonances of interest will be reported in the next
subsections.

MNRAS 528, 796-814 (2024)

2.1 2v¢ — vs5 resonance

The results of simulations and ANN analysis identified 1517
numbered asteroids with available synthetic proper elements and
389 multi-opposition asteroids suspected to be in 2ve — vs li-
brating states. Simulations with the Yarkovsky force confirmed
this status for 1337 numbered and 357 multi-opposition bodies,
respectively.

The distribution of the identified asteroids in the proper (a, sin (i))
and (a, g) planes is shown in Fig. 1. The great majority of the
librating orbits are found near the centre of the resonance, as seen in
the right panel of Fig. 1, which supports the validity of our analysis.
Switching orbits are mostly encountered at the resonance boundary.
Finally, most asteroids in the 2vg — vs resonance are found in the
central main belt, with a small tail in the outer belt. No resonant
asteroids were encountered in the inner main belt.

2.2 3vg — 2v5 resonance

We identified 1776 numbered asteroids with publicly available
synthetic proper elements and 722 multi-opposition bodies possibly
in the 3vs — 2vs resonance. Regrettably, the time behaviour of
librating resonant angles for this resonance is slightly different than
that of the previously analysed 2v — vs resonance. Because of that,
the previously trained ANN models perform poorly in classifying
resonant arguments for this resonance, and models based on actual
labels of the 3vgs — 2v5 resonance are also not viable, since there
are just too few asteroids (2498) to efficiently train an ANN model
that usually requires tens of thousands of images. For this reason, we
visually analysed the resonant arguments of the asteroids’ candidates
under the effect of the Yarkovsky force. This analysis confirmed the
librating status for 132 numbered and 78 multi-opposition asteroids,
respectively.

Fig. 2 shows the distribution of these objects the proper (a, sin (i))
and (a, g) planes. Librating asteroids are only found in the outer main
belt, and have values of proper g close to that of the resonance centre,
3gs — 2g5 = 76.215 arcmin yr~!, as expected.

3 DEEP LEARNING MODELS OF g-TYPE
RESONANCES

As seen in Section 2.1, the data base of images for the 2vg — vs
resonant argument was both large enough and reliable enough to
sustain the use of more advanced image classification methods. This
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Figure 2. Left panel: A proper (a, sin (i)) projection of asteroids in the 3vg — 2vs resonance. Vertical lines display the location of the main mean-motion
resonances in the area. Right panel: A proper (a, g) projection of the same asteroids. Symbols are the same as in Fig. 1.

study harnessed the power of CNN, Visual Geometry Group (VGG)
model (Simonyan & Zisserman 2014), Inception (Szegedy et al.
2015), and ResNet He et al. (2015) models to explore the new 2v¢
— vs data base. In order to ensure the robustness of the models, a
comprehensive methodology was followed.

The data set was divided into three distinct parts:

(i) Training set: This segment of the data set was designated for the
primary purpose of training the models. It served as the foundation
upon which the models learned intricate patterns and relationships
within the data. These patterns allowed the models to recognize and
classify images effectively.

(ii) Validation set: A separate portion of the data set was set aside
for validation purposes. This validation set played a critical role
in assessing the models during their training process. It allowed
for continuous evaluation of their performance and helped fine-tune
various parameters. The validation set served as a quality control
mechanism, ensuring that the models were not overfitting the training
data.

(iii) Test set: To gauge the models’ generalization capabilities and
behaviour on external data, a distinct and independent test data set
was created. This data set was never seen by the models during
their training or validation phases. Instead, it provided a real-world
assessment of how well the models could make predictions on new,
unseen images.

To enhance the models’ performance and prevent overfitting,
various regularization techniques were judiciously applied. These
techniques included data augmentation (DA), dropout (DO), and
batch normalization (BN). By employing these regularization strate-
gies, the models were able to maintain their ability to generalize
effectively to new, unseen data, ultimately resulting in more reliable
and accurate predictions. More details on these practices can be found
in Carruba et al. (2022a).

Our models are based on CNNs: CNNss are a class of deep neural
networks designed to autonomously learn patterns, features, and
hierarchical structures from input images. Unlike our basic ANN,
CNNs incorporate convolutional layers that efficiently capture local
patterns through filter applications. CNNs feature deeper and more
complex architectures, with each layer extracting increasingly higher
level features.

VGG model (Visual Geometry Group network): VGG model is
another deep convolutional neural network architecture renowned
for its simplicity and effectiveness. VGG model networks consist
of convolutional layers followed by max-pooling layers, resulting
in a straightforward and uniform structure. Compared to our basic
ANN, VGG model is significantly deeper and excels at capturing

Table 2. Execution time, memory, maximum memory allocation, best epoch,
and best accuracy for the models tested in this work for the 2ve — vs data base
using an 11th Gen Intel(R) Core(TM) i7-11700F @ 2.50GHz CPU. Memory
allocations are measured in gigabytes (GB).

Model Time Memory  Max. memory  Accuracy
(h:m:s) alloc. (GB)  alloc. (GB)

VGG model 1:00:51.6 1.33 3.08 0.50

Inception 1:22:36.1 1.22 3.08 0.73

ResNet 0:40:51.4 1.22 3.08 0.70

abstract and complex image features. However, this depth requires
increased computational resources, making VGG model ideal for
tasks prioritizing accuracy over computational efficiency.

ResNet (Residual Network): ResNet represents a breakthrough in
deep learning by addressing the challenge of training extremely deep
neural networks. It introduces residual blocks and skip connections,
enabling the training of exceptionally deep networks while mitigating
the vanishing gradient problem.

Inception: The Inception model is a deep learning architecture
designed to capture features at various scales and dimensions within
images. It employs complex structures called ‘inception modules’ for
efficient feature extraction. Compared to our basic ANN, inception
excels at handling complex data sets with intricate patterns and
relationships. It is important to note that Inception is not the same
as the basic ANN discussed earlier. Instead, it is a deeper and more
powerful neural network architecture.

The evaluation of model performance was based on the ‘accuracy’
and ‘F-beta’ measures. ‘Accuracy’ represents the proportion of
correctly predicted labels, while ‘F-beta’ is a composite score con-
sidering both ‘Precision’ (correctly predicted labels for the positive
class) and ‘Recall’ (correctly predicted labels for the positive class
out of all potentially positive predictions). Further details regarding
these metrics and the selection of the best-performing CNN model
can be found in Carruba et al. (2022a).

In this analysis, we applied the same methodologies to a data set
of images representing the 2vs — vs resonant arguments. The data
set was partitioned into three subsets: 13052 images for training
(comprising all numbered asteroids up to designation 523 134), 2108
images for validation (encompassing all numbered asteroids with
designations between 523 134 and 600 000), and 71 asteroids for the
test set (consisting of numbered asteroids with designations greater
than 600 000). A summary of our results is presented in Table 2.

We note that, among the models considered, the Inception model
emerged as the top performer, followed by the ResNet and VGG

MNRAS 528, 796-814 (2024)
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Figure 3. Dependence of cross-entropy loss and accuracy as a function of
the model epoch for the 2vg — v5 best-performing CNN model.

models. To address the overfitting phenomenon, we applied a
Dropout layer with a rate of 0.4 to each model, along with Ftrl
optimization. Fig. 3 illustrates the performance behaviour of the
Inception model, showing the trends in both cross-entropy loss (as
defined in Carruba et al. 2022a, equation 3) and accuracy.

Notably, the cross-entropy loss of the validation set exhibits a
decrease, while accuracy increases with each epoch. However, it
is crucial to highlight that the model’s significant learning appears
to plateau after five epochs. This observation implies that beyond
the fifth training iteration, the model has essentially converged to
a solution, with further training iterations not yielding marginal
improvements.

As previously mentioned, in addition to the conventional practice
of utilizing a dedicated validation data set for evaluating the model’s
performance on unseen data during training, we extended our
assessment to include external data sources. This comprehensive
evaluation provides valuable insights into the model’s generalization
capabilities and behaviour when confronted with data beyond the
boundaries of the training and validation sets.

4 IDENTIFICATION OF ASTEROID GROUPS
INTERACTING WITH g-TYPE SECULAR
RESONANCES

Asteroid families interacts with secular resonances in different way.
While there are cases of families for which all the members are in
resonant configurations, like the Tina (Carruba & Morbidelli 2011)
and Tiffanykapler (Carruba et al. 2022b) families in the v¢ secular
resonance, or the Zelima sub-family (Tsirvoulis 2019) in the z; non-
linear secular resonance, most asteroid families that interacts with
linear or non-linear secular resonances have just a fraction of their
members in resonant configurations, like the Padua family in the z;
resonance (Carruba 2009).

The identification of substructures of large asteroid families that
are in resonant configurations may be difficult. Small sub-families
in large, dense families could be difficult to detect using standard
methods, or, if detected, their dynamical importance could not be
perceived by researchers not aware of their resonant status. Here, we
plan to use the methods applied in Carruba et al. (2022b) to identify
dynamical groups interacting with the 2vs — vs and 3ve — 2vs
resonances. These are not necessarily independent asteroid families,
but could either be (i) part of larger families interacting with the
two secular resonances, or (ii) sub-families or secondary families

MNRAS 528, 796-814 (2024)

formed in recent impacts. The latter cases will be investigated using
time-reversal numerical methods later on in this paper.

Since the early 1990s, asteroid families have been identified using
the Hierarchical Clustering Method (HCM) (Zappala et al. 1990;
Bendjoya & Zappala 2002). The most popular version of the approach
uses a distance metric suited for the given task to search for an
asteroid’s neighbours in a domain of the (a, e, sin(i)) proper elements.
The second asteroid is added to the family member list if the distance
between the first and second asteroids is less than a critical value, d,
and the process is then repeated for the second body until no more
bodies are detected. The method’s free parameter, dy, is based on the
density of asteroids in a certain orbital zone. In this case, we use the
strategy described in Beaugé & Roig (2001), which defines dj as the
average of the lowest distances between all asteroids in the area.

Determining family membership versus cut-off and using stalactite
diagrams are two effective techniques for detecting asteroid families.
With the first approach, one displays the number of family members
as a function of increasing distances, up to values of distances that
are so great that every asteroid in the orbital zone belongs to a certain
family. The asteroids in a family that comprises all the objects in the
area are first depicted in a stalactite diagram, as, for instance, shown
in Broz & Vokrouhlicky (2008). After lowering the cut-off distance
value, asteroid groupings are found within the population of objects
that are no longer connected to the original family. The process is
then repeated for decreasing distance cut-off values. The results are
depicted in a plane with the distance cut-off on the y-axis and the
memberships of the families on the x-axis. See Carruba (2010) for
further information on each of these steps and processes.

Families determined with this approach can then be tested in
an extended proper element data base including all asteroids in
the regions, to see how quickly they may merge with other local
families, as listed in surveys like those of Nesvorny, Broz & Carruba
(2015) and Milani et al. (2014). Finally, machine learning methods
optimized by the use of genetic algorithms can be used to attach
multi-opposition asteroids to the core families identified among the
numbered population of librating bodies. Interested readers can find
more details about both these approaches in Carruba et al. (2022b).

4.1 2v¢ — vs resonance: families identification

Asteroids in librating states of the 2vs — vs resonance are mostly
located in the central belt, with a few scattered asteroids in the outer
main belt. We identified 1337 asteroids in the central main belt, and
21 in the outer one. We first applied HCM and the stalactite diagram
method to the two data bases and plots of the dependence of the
number of family members as a function of the velocity cutoff are
shown in Fig. 4. The value of dy was 100.5 m s~! in the central main
belt, and 407.0 m s~! in the outer belt. In the central main belt, almost
all asteroids are connected to the main 2198 Ceplecha initial body
at a cut-off of 200 m s~!, while this happens in the outer main belt
at a cut-off of 500 m s~'. Several different clusters are observed in
the central main belt, while only one is detectable in the outer main
belt, that of (47883) 2000 FZ39. To analyse the librating population
in the central main belt, we use the stalactite approach outlined in
Section 4.

Our results are shown in the left panel of Fig. 5 and summarized
in Table 3. Overall, we identified eight different asteroid groups,
whose orbital distribution in the (a, sin (i) plane is displayed in the
right panel of Fig. 5. All these groups are made of subpopulations of
resonant asteroids of the Astraea family, which is well known for its
interaction with the 2vg — vs secular resonance (Milani et al. 2014).
The fifth column of Table 3 shows the value of the cut-off for which
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Figure 5. Left panel: A stalactite diagram for the asteroids in the 2vg — v5 resonance. The numbers on the plot identify the groups, according to the nomenclature
of Table 3. Right panel: A proper (a, sin (7)) distribution of the resonant asteroid groups identified in this work.

Table 3. Identification of the asteroid groups interacting with the 2ve — vs5 secular resonance identified in this work.
The fifth column displays the velocity cut-off for which the families join the Astraca family and in the last column the
number of multi-opposition asteroids identified as possible family members by machine learning methods optimized

through the use of genetic algorithms.

Group Asteroid Asteroid Number of members Velocity # multi-opp.
# id. name cut-off (m s~!) asteroids

1 2198 Ceplecha 511 70 110

2 5507 Niijima 14 60 0

3 6573 Magnitskij 16 80 0

4 11791 Sofiyavarzar 27 80 13

5 41895 (2000 WJi21) 13 90 0

6 17200 (2000 AF47) 16 90 0

7 14611 Elsaadawi 11 50 0

8 47883 (2000 FZ39) 11 100 0

the groups join the Astraea large family. Using the machine learning
methods optimized by the use of genetic algorithms, originally
discussed in Carruba et al. (2022b), we identified a population of
110 multi-opposition asteroids that are connected to the 2198 group,
and 13 multi-opposition bodies connected to the 11791 cluster. Their
orbital distribution in the proper (a, sin (7)) plane is shown in Fig. 6.

4.2 3vs — 2v5 resonance

Resonant asteroids in the 3vg — 2vs resonance are only located in the
outer main belt, where we identified 170 numbered and 78 multiple
opposition asteroids. The value of d for the numbered resonant
data set was 167.2 m s~!. The dependence of the number of family

members as a function of the velocity cut-off is shown in Fig. 7. We
start with the lowest numbered object with a sizeable family in the
region, 33 189 Ritzdorf, which is located in the pristine region of the
main belt, near the Koronis family. The family grows larger, and it
merges with other groups beyond the 9:4 mean-motion resonance
with Jupiter for a cut-off of 750 m s~'.

The right panel of Fig. 8 displays the results of an analysis
using the stalactite approach. Properties of the identified groups
are also summarized in Table 4. None of the identified groups are
part of asteroid families as listed by Nesvorny, Broz & Carruba
(2015) and Milani et al. (2014). However, the 33 189 group is very
close to the Koronis asteroid family, and the other three groups are
on the outskirts of the large Eos family. The possibility of these
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Figure 6. An (a, sin (i) projection of the numbered population of the 2198
and 11791 groups (symbols are the same as in Fig. 5). The filled red
circles show the location of the extended population among multi-opposition
asteroids for the two clusters.
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Figure 7. Dependence of the number of asteroid family members (left y-
axis), and of the incremental number of asteroid family members (right y-
axis) on the HCM velocity cutoff for 3ve — 2vs resonant asteroids in the
outer main belt.

groups belonging to the halos of the Koronis and Eos families, as
defined in Broz & Morbidelli (2013), will be further investigated
later on in this paper. The fifth column of Table 4 reports the
values of the cut-offs for which the groups merge with the two
families. Finally, machine learning methods optimized by genetic
algorithms identified multiple-opposition asteroids connected to the
33189, 233054, and 97217 groups. Their proper (a, sin (7)) orbital
distribution is displayed in Fig. 9.

5 PHYSICAL PROPERTIES OF THE NEW
GROUPS

As asteroid families form from the break-up of a larger parent body,
they are expected to have consistent compositions across family
members. Physical property information such as albedo (Masiero
et al. 2013), colours (Parker et al. 2008) or both (Carruba et al.
2013) can be used to improve family membership lists by removing
potential background contaminants and reducing confusion when
searching for additional family members. In this section, we con-
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solidate the information from public data bases that are available
for members of the asteroid groups identified in this work. First,
we compare the physical properties of the family members to that
of the family background population, which we define as a region
that includes all objects, numbered and multi-oppositions, within
+5° of proper inclination, +0.05 proper eccentricity, and £0.05 au
of proper semimajor axis [with cut-offs at the major mean-motion
resonances] of the center of the family. Comparing the distribution
of physical parameters of the family members to that of the local
background will allow us to assess the likelihood that the family is
contaminated by the inclusion of background objects. Specifically,
in the case of the albedo, the background will mostly have a bimodal
distribution, while families are expected to have a monomodal
distribution consistent with formation from a single-parent body.
Here, we regard the distribution of physical parameters which have
been observed for a large number of objects: reflectance spectra,
albedos, colours, and phase curve parameters. We further include
taxonomic classifications as a comparison criterion.

For all members of the candidate families and local backgrounds,
we retrieve available physical parameters from the literature us-
ing SsODNet (https://ssp.imcce.fr/webservices/ssodnet/, accessed
on 2023 February 14), a web service from the Institut de mécanique
céleste et de calcul des éphémérides (IMCCE), which contains a
compilation of data from over 3000 peer-reviewed publications on
minor bodies (Berthier et al. 2022b), including those published in the
surveys of Bus & Binzel (2002), Lazzaro et al. (2004), and DeMeo
et al. (2009); the Sloan Digital Sky Survey-Moving Object Catalog
data (SDSS-MOC4; Ivezi¢ et al. 2001) used with the taxonomical
method of DeMeo & Carry (2013) and Sergeyev & Carry (2021);
and albedo data in the WISE and NEOWISE, AKARI, or IRAS data
bases (Ryan & Woodward 2010; Usui et al. 2011; Masiero et al.
2012), among other sources. All the relevant papers from which data
and methodologies have been used in this work are listed in the
appendix 9.

For albedo data, where an object had multiple albedo measure-
ments in the WISE and NEOWISE data, we chose the one with
the smallest listed diameter uncertainty, as this will be the strongest
metric for the quality of the physical property fit used to derive
albedo from infrared data. We further search for reflectance spectra
in the Gaia DR3 data (Gaia Collaboration 2022) and in a compilation
of ~7000 spectra created by Mahlke, Carry & Mattei (2022a) in
their work on asteroid taxonomy. Taxonomical classification for
reflectance spectra in Gaia DR3 can be obtained using classy
(https://github.com/maxmahlke/classy/), a classification algorithm
that can handle missing data and includes the visual albedo, when
possible. Before classifying the Gaia spectra, we remove reflectance
values that carry the photometric flags 1 and 2, indicating low quality.
We further remove data points with a signal-to-noise ratio lower than
10. The systematic reddening towards the ultraviolet is corrected
following Tinaut-Ruano et al. (2023).

Finally, Mahlke, Carry & Denneau (2021) showed that asteroids
with different taxonomic classes display different behaviours in the
(G, G,) phase curve parameter space. When possible, we will
discuss taxonomic information obtainable from this method for
the groups studied in this work. As we aim to identify different
statistical distributions between the candidate families and their
background populations, we require a sufficiently large number of
physical parameters for the families’ members. This is, in particular,
relevant for properties such as phase curve parameters, which exhibit
large stochastic uncertainties when derived based on non-targeted
observations for a large number of objects. Our general results will
be discussed in the next subsections.
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Figure 8. Left panel: A stalactite diagram for the asteroids in the 3vg — 2vs resonance. The numbers on the plot identify the groups, according to the
nomenclature of Table 4. Right panel: A proper (a, sin (i)) distribution of the resonant asteroid groups identified in this work.

Table 4. Identification of the asteroid groups interacting with the 3ve — 2v5 secular resonance identified in this work.
The fifth column displays the velocity cut-off for which the families join the Koronis (group 33189) and the Eos
(remaining groups) asteroid families, and the last the number of multi-opposition asteroids identified as possible family

members.

Group Asteroid Asteroid
# id. name

# of members

Velocity
cutoff (m s™1)

# multi-opp.
asteroids

33189
233054
92171
170776

(1999 GV3)
(2005 GAgg)
(1999 VE95)
(2004 CAgs)

B W -

10 140 5
12 80 4
11 110 15
7 50 0

9217
52

0151 233054

0.1

Sine of proper inclination

005 f OQ&Q.
®

33189

2.8 2.85 2.9 2.95 3
Proper semi-major axis [au]

Figure 9. An (a, sin (7)) projection of the numbered populations of the 59421,
233054, and 92 171 groups (symbols are the same as in Fig. 8). The filled red
circles show the location of the extended population among multi-opposition
asteroids for the three clusters.

5.1 2vg — vs resonance

Table 5 shows information for each group about taxonomy, spectra,
colours, albedo, and phase curve parameters. The 2198 group is the
one most closely associated with the Astraea family: almost 100
per cent of the 345 family members which have been associated
with a family in the literature have been associated with the Astraea
family (see Fig. 10, bottom right panel). Of the 30 per cent of family
members with taxonomic classifications, the majority has been
classified as S-type. The background shows a similar distribution.
We exclude classes with fewer than 20 members from the histogram
of the background population to increase the readability. 2198 is the

only family where we have sufficient Gaia spectra to make a tentative
ensemble classification. Out of 621 family members, 74 have a spec-
trum in Gaia DR3 (second row on the leftin Fig. 10), and 67.0 per cent
belong to S-complex taxonomies. Taxonomy classification based
mostly on SDSS colours also shows a mixed distribution with a
tendency towards the S-complex. Albedos, mostly computed from
WISE data, have a bimodal distribution with 61.6 per cent of family
members showing albedos above 10 per cent. Given that this includes
M-complex members, the albedo distribution thus indicates a lower
percentage of S-types than what observed from spectra, colours, and
taxonomic classifications. However, the discrepancy might be fully
explained by (i) different sampling constraints, with SDSS being
more sensitive to small, S-complex objects and NEOWISE having a
relatively flat selection effect concerning albedo (cf. Mainzer et al.
2012); and (ii) uncertainty of taxonomic classification based on
visible-only photometry. Finally, most family members fall into the
S-type regime of the G1-G2 phase curve parameters’ space (see
Fig. 10, bottom left panel).

The 5507 group has 1 CX asteroid (12664) and 1 S-type (57354)
(see the left panel of Fig. 11). 12664 and 19639 can both be
albedo interlopers, as also shown in the right panel of Fig. 11.
The albedo distribution for this family shows a significantly larger
fraction of high-albedo objects than the background, implying
that this is likely a high-albedo family with a small amount of
background contamination. Results from phase curve parameters
and taxonomy point to a mixed composition, but we are affected
by small numbers statistics for this and the remaining groups in
the 2vs — vs resonance. Discussions of the physical properties
of the remaining candidate families should be taken with a grain
of salt.

The 6573 group is possibly an S-type complex with a possible
C-type interloper, 6573 itself. 3 albedo interlopers are found in the
S-complex 11791 group. 41895 is a possible C-complex group, with
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Table 5. Physical properties of the asteroid groups interacting with the 2vg — v5 secular resonance identified in this work. The fifth column displays the likely
taxonomic complex from our analysis. The sixth column shows results from Gaia spectra. The sixth column reports data on colours, the seventh on albedo and
the eighth the mean value of albedo for the family. Finally, the last column shows the taxonomy most compatible with the phase curve parameters distribution.

Group Asteroid Asteroid # of members Taxonomy Spectra Colours Albedo Mean Phase curve
# id. Name pv parameters
1 2198 Ceplecha 621 S S(64.8 per cent) S(61.6 per cent) 0.183 S

2 5507 Niijima 14 Mixed C(66.6 per cent) S(75.0 per cent) 0.221 Mixed

3 6573 Magnitskij 16 S S(56.3 per cent) S(100.0 per cent) 0.144 -

4 11791 Sofiyavarzar 40 S S(71.0 per cent) S(71.4 per cent) 0.239 -

5 41895 (2000 WIi21) 13 - C(50.0 per cent) C(100.0 per cent) 0.070 -

6 17200 (2000 AF47) 16 - S(65.7 per cent) S(66.7 per cent) 0.111 -

7 14611 Elsaadawi 11 S S(71.4 per cent) S(100.0 per cent) 0.317 S

8 47883 (2000 FZ39) 11 Mixed C(50.0 per cent) C(100.0 per cent) 0.053

possible S-type interlopers, like (97258). 17200 and 14611 have
all taxonomies compatible with an S-complex composition, with
one possible albedo interloper for 17200. Finally, 47 883 has three
asteroids with S-complex taxonomies, and 5 objects with C-complex
albedos, making its classification rather ambiguous.

Except for 41 895 and 47883, all the other groups appear to be
compatible with an S-complex composition, with various percent-
ages of interlopers.

5.2 3vg — 2v5 resonance

None of the members of the asteroids’ groups in the 3vs — 2vs
resonance has any member for which information in one of the
spectroscopical surveys is available. Information on Gaia spectra or
phase curve parameters is also unavailable for all the 3vs — 2vs
candidate families. Table 6 shows colour and albedo information for
the studied groups.

For the 33 189 group, three objects have colour information. 33189
Ritzdorf Sq spectral type could be compatible with an origin from the
Koronis family and supports the possibility of this family being part
of the extended Koronis group. No albedo information is available
for any of the family members. The local background is dominated
by low-albedo objects.

Limited information is available for the 233 054, 92171, and
170 776 groups, with up to 5 asteroids with known albedos, all
with py < 0.12. The physical properties of the 170776 group and
of surrounding main belt asteroids are shown in Fig. 12. As the
outer belt is dominated by low albedo objects, the current data are
insufficient to quantify the level of any background contamination.

6 DATING THE NEW RESONANT FAMILIES

Asteroid families can be dated using various approaches. One of the
most commonly used is based on using the slope of the V-shape of
family members in the (a, 1/D) domain (Spoto, Milani & KneZevié
2015). Other methods use Monte Carlo simulations of the Yarko- Yorp
dynamical diffusion of family members Vokrouhlicky et al. (2006a).
Both such approaches require a sample of asteroids of at least 100
members to work properly (Vokrouhlicky et al. 2006a; Spoto, Milani
& Knezevi¢ 2015). For smaller, younger clusters methods based on
time-reversal numerical simulations, like the Backward Integration
Method (BIM; Nesvorny et al. 2002) and the Close Encounters
Method (CEM; Pravec et al. 2010), can provide accurate and precise
age estimates.

In the BIM technique, previous differences in the longitudes of the
pericenter & and node 2 of family members with regard to those
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of the claimed parent body are determined through time-reversal
numerical simulations. During the period of family formation, these
discrepancies should settle to levels that are close to zero. The
approach can only employ convergence in Q2 for asteroids inside
g-type secular resonance, when e is in a locked state, but the main
idea is the same. According to Radovi¢ (2017), BIM can detect
families with ages up to 18 Myr, so in this work we integrated our
groups backward in time for timescales of 20 Myr.

The CEM strategy functions by simulating many clones of the
parent body and the other family members in the past. The Hill’s
radius and the main body’s escape velocity are used to set the cutoff
values for the relative distances and speeds of the encounters. Close
interactions between two clones that take place at low relative speeds
and distances are observed. The median value of these periods is used
to calculate the pair’s age, while the confidence interval covers the
periods between the 25th and 75th quantiles of the distribution. The
techniques section of Carruba et al. (2020) has further information
on both of these methods as applied by our team. CEM can detect
young asteroid families with ages up to ~ 7 Myr. Our numerical
simulations will cover timescales of 10 Myr into the past.

Finally, as detailed in Carruba et al. (2020), fission pairs may
form inside relatively young asteroid families. We define fission pair
candidates as pairs of asteroids with relative distances in proper
elements, determined using equation (4) in Carruba et al. (2020), of
less than 5 m s~!, and a mass ratio (see equation 5 in Carruba et al.
2020) of less than 0.3. We searched for candidate pairs in all families
identified in this work, and the results will be discussed in the next
sections.

6.1 2vg — vs5 resonance

We searched for possible young asteroid groups using BIM for
the clusters identified in the 2vs — vs resonance. Of the eight
identified clusters, only the 5507 Niijima group had a possible age
of less than 20 Myr. Our results are shown in Fig. 13, where we
observe two possible convergences of the angles at 2.5 &= 1.3 Myr
and 5.5 &+ 0.8 Myr'. Since we are neglecting Yarkovsky forces,

! At this stage of our study, we do not include in our simulations the effect
of the Yarkovsky force, since proper modeling of this effect would require
creating a population of several hundreds of clones of each asteroid simulating
the generally unknown parameters of the Yarkovsky effect, like the object
density, surface density, thermal conductivity, spin obliquity, etc. We believe
that such a detailed study exceeds the goal of this paper, which is to perform
a preliminary exploration of young asteroid families in secular resonance
configurations.
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Figure 10. Physical properties of the 2198 candidate family. We display the (g — r, i — z) colours of the family (black crosses) and local background object
(grey circles), with the class boundaries from Sergeyev & Carry (2021) (top left panel), the albedo distribution of family and background objects (top right
panel), the Gaia DR3 spectra (middle left panel), the known taxonomical properties of family and background objects (middle right panel), the projection of
family and background members in the (G, G) plane (bottom left panel), and the fraction of members belonging to known asteroid families (bottom right

panel).

and it is not possible to obtain convergence in @, these are just
qualitative estimates of the real age. To obtain a confirmation of the
age estimate, we applied CEM to all the asteroid pairs present in this
group. At this stage of our investigation, we also include possible
taxonomical interlopers like 12664, which is a CX interloper in an
S group, and 19639, which is a likely albedo interloper. Should
these objects not be a part of the family, we will expect them to
have CEM ages significantly different from the rest of the group,
which may constitute independent proof of the validity of the CEM

approach. The right panel of Fig. 13 shows our results for the pair
5507-125592, which has an estimated nominal age of 5.323:;;
Myr. Table 7 displays our results for all the other asteroid pairs
in the family. All age estimates are statistically significant, having
been obtained from several thousands of possible encounters at low
relative speeds and distances. Using the approach of Carruba et al.
(2022b) for determining age estimates from CEM, with their errors
(see equations 2 and 3 in the cited reference), we found an age for
the 5507 Niijima family of 5.25 + 1.88 Myr.

MNRAS 528, 796-814 (2024)
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Figure 11. Physical properties of the 5507 candidate family. On the left panel, we display the (g — r, i — z) colours of the family (black crosses) and local
background object (gray circles), while the right panel shows the albedo distribution of family (red line) and background objects (dashed black line).

Table 6. Physical properties of the asteroid groups interacting with the 3vg — 2v5 secular resonance identified in this
work. We present data on colours (fifth column), albedo (sixth column), and the mean value of visual albedo (seventh

column) for the studied groups.

Group Asteroid Asteroid # of members Colours Albedo Mean
# id. Name pv
1 33189 Ritzdorf 15 3(S?) 0- -
2 233054 (2005 GAgg) 16 3(C? 3(CYH 0.055
3 92171 (1999 VE95) 26 4(CY? 5(Ch 0.033
4 170776 (2004 CAos) 7 1(C?) 3(CYH 0.058
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Figure 12. Physical properties of the 170 776 candidate family. We use the same scheme employed for Fig. 11.

The age obtained from CEM appears to be older than the first
result from BIM, but compatible with the second one. Two pairs,
the ones with 12 664 and 19639, appear to have ages older than the
rest of the family. To check for the possible existence of sub-groups
inside the 5507 cluster, we apply a DBSCAN clustering algorithm
(Ester et al. 1996) to data in the plane age versus absolute magnitude,
with a procedure similar to that proposed in Carruba et al. (2020).

DBSCAN is a density-based clustering algorithm that groups
together points that are close to each other in a high-density region of
the data space. The radius of the area surrounding each data point is
designated as ‘eps.’ It establishes the minimum separation required
between any two points in order to classify them as belonging to
the same cluster. The bare minimum of points needed to create
a dense zone is called ‘min_samples’. This parameter determines
the minimum size of a cluster. Here, we uses eps = 0.5 and
min_samples=5, which are the default value.

MNRAS 528, 796-814 (2024)

We identified three possible groups, one of smaller objects with
high absolute magnitudes, an intermediate one with objects with 15
< H < 16, and the group formed by the two pairs with 12 664 and
19639, with higher ages (see Fig. 14). The ages from the high and in-
termediate absolute magnitude groups are comparable. If we exclude
the two older pairs, associated with likely interlopers, the estimated
family age drops to 4.90 £ 1.60 Myr, which is compatible with the
second possible age interval from BIM. We did not detect possible
fission pairs in the Niijima group or any of the other possible families.

6.2 3vs — 2v5 resonance

Among the four studied groups, only the 170 776 cluster showed a
possible young age with BIM, with two preliminary ages of 1.4 £ 0.4
and 4.7 £ 0.7 Myr. The family extends beyond librating objects
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Figure 13. Left panel: Convergence of nodal distances to the parent body of the 5507 Niijima group as a function of time. The vertical dashed lines display the
uncertainty levels for the two possible age solutions. Right panel: Distribution of close encounter times for the pair 5507-125592. The vertical line displays the

age estimate from CEM, while the dashed lines show the uncertainty levels.

Table 7. Age estimates for pairs in the 5507 Niijima cluster obtained with
CEM.

Asteroid Number of Age
1d. enc. (Myr)
12664 22129 6.131)83
19105 6090 5.14128
19639 13923 7.16+156
24274 14906 5.65H138
38755 6185 4.637%33
57354 5996 5.067200
63562 11293 5.36%3 00
116120 12915 4.737339
125592 11406 5321050
222567 10896 44355
255962 14890 3.91130
302951 12056 5150308
380822 5543 5211398
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Figure 14. An absolute magnitude versus age diagram for the members of
the 5507 Niijima group. The colour code is associated with the three groups
identified by the DBSCAN machine learning algorithm.

when standard HCM is used on asteroid proper elements and merges
with the Eos family at a cut-off of 50 m s~!. The largest group
before the merging has 21 members. We checked with BIM possible
convergences of the 2 angles of these asteroids in the past, and we
identify 13 objects that show the same solutions observed for the
already known resonant members. The left panel of Fig. 15 shows
the time dependence of the convergence of nodal distances for these
13 objects. Of the 7 new possible members, 53 790 (2000 EV os) has
a rather larger albedo than the rest of the group. Its py is 0.29, while
the average value for the group is 0.055 £ 0.015. This object may be
an interloper. Since at this stage of our analysis, it is not clear which
asteroid may be the parent body, we decide to use 170776 as such
for CEM. The right panel of Fig. 15 displays the age estimate from
CEM for the pair 170776—469020, while Table 8 shows our results
for all the pairs in the family. Again, age estimates are statistically
robust, having being determined upon several thousands of close
encounters. Using the same approach of Section 6.1, we found an
age of 6.13 £ 2.76 Myr.

As observed for the resonant family in the 2v¢ — vs resonance,
this age estimate is older than what is expected from BIM. Again,
there are pairs whose ages are significantly older than the rest of the
family. Fig. 16 displays our DBSCAN results for the new resonant
family. The pairs with 53 790 and 491 469 have larger age estimates
that are incompatible with the age obtained from CEM for the rest of
the family. Both objects may be interlopers, which is confirmed by
the rather divergent value of albedo of 53 790. Eliminating these two
objects yields a lower age estimate of the family, with an estimated
age of 5.10 & 1.51 Myr. No possible fission pairs were detected
among the 3vg — 2v5 resonance groups.

7 RESONANT PROPER ELEMENTS AND
CONSTRAINTS ON THE INITIAL EJECTION
VELOCITY FIELD OF g-TYPE RESONANT
FAMILIES

It is well known that the non-linear secular resonances, including
the ones we are dealing with in the present study, give rise to
the comparatively large and fairly regular oscillations of asteroid
orbital elements, which cannot be averaged out if the object is in
libration. The problem was circumvented in the analytical proper
elements computation (Milani & KneZevi¢ 1992) by simply leaving
the resonant oscillation unremoved, at the price that the proper
elements of such bodies suffered from severely deteriorated accuracy,
sometimes even to the point that they became unusable for the family

MNRAS 528, 796-814 (2024)
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Figure 15. Left panel: Convergence of nodal distances to the parent body of the 170776 (2004 CAgs) group as a function of time. Symbols are the same as
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Table 8. Age estimates for pairs in the 170 776 (2004 CAys) cluster obtained
with CEM.

Asteroid Number of Age
1d. enc. (Myr)
53790 3754 7.10755¢
92217 2389 5.66T17
133913 2651 439729
216691 3916 5.39+)5
250792 3281 5387232
399185 2053 5187319
418738 1926 4.51%333
469020 3585 5.78+336
487095 2020 415737
491469 3787 7.547413
541352 2424 4337313
2.53
610139 2389 4.79%523
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Figure 16. An absolute magnitude versus age diagram for the members of
the 170776 (2004 CAgs) group. The colour code is associated with the two
groups identified by the DBSCAN machine learning algorithm.
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classification purpose; in such a case the appropriate ‘resonant flag’
has been attached to the data as a warning for the user.

The first attempt to attack the problem by computing specially
adapted ‘resonant proper elements’ is due to Morbidelli (1993),
who computed the secular evolution using the Hamiltonian which
resembles an integrable single resonance normal form, determining
the so-called semiproper action-angle variables, and converting them
to the proper eccentricity and inclination corresponding to a specific
value of the argument of perihelion (g = 0).

In this paper, we also use a kind of resonant proper elements,
but computed by means of a simpler numerical method proposed
by Milani et al. (2017), specifically adapted for a given secular
resonance. In the ‘g-type’ resonances case, the only element which is
seriously affected by the resonant perturbation is the eccentricity e,
thus new resonant value has to be defined just for this element. Milani
et al. (2017) adopted the amplitude Ae of libration in eccentricity,
associated with the libration of the critical argument, to serve as
the new proper element, since this amplitude exhibits the property of
remaining nearly constant in time, in any case much more so than the
eccentricity itself. A purely numerical procedure is used to compute
this amplitude of libration, starting from the output of numerical
integration filtered online to remove short-periodic perturbations (for
a standard 10 Myr integration time span, we removed oscillations
with periods <750 yr). The time-step of numerical integrations is
selected automatically by produce an optimal truncation error in
longitude according to the procedure described in (Milani & Nobili
1988), and it does not exceed 0.2 d. The time series of filtered non-
singular variables are next smoothed (filtered again) with decimation
100 to remove oscillations with periods up to 75000 yr. Note that
this removal is justified because typical libration periods for resonant
asteroids may be significantly longer (over 1 Myr).

For the resulting doubly filtered eccentricity time series, we next
compute spectrum for periods in the range of values depending on
the resonance (see below), then we determine the maximum spectral
density following Ferraz-Mello (1981) and adopt the corresponding
amplitude as the proper element. The stability in time is estimated by
means of the running box method, with errors obtained as RMS of
the series of consecutive values of amplitudes computed over shorter
intervals of time. The integration length is adjusted so as to always
have at least 20 000 records in the time series.

We computed resonant proper elements for members of the two
families of interest, the 5507 in the 2vg — v5 and the 170 776 in the
3v — 2vs. Dealing with two resonances of different orders, we had to
optimize the procedure for each of them separately. For this purpose,
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Figure 17. In the left panel, we show the standard synthetic (black full circles) and resonant proper (red full circles) (a, e) distribution for the 5507 asteroid
family. The right panel shows the same for the members of the 170 776 family for which resonant proper elements can be computed.

we first made a shorter integration (10 Myr) to assess the likely
libration periods of resonant asteroids and to adjust the integration
time-span and the range in which to compute the spectrum, to achieve
the highest accuracy of the results.

Adopting the aforementioned criterion +0.2 arcsec yr~' as a
distance from the exact resonance within which according to Carruba
(2009) asteroids are likely to be in libration, we were able to compute
the resonant proper elements for all the asteroids in the 5507 group.
Since libration periods for these objects turned out to be in the range
2.8—3.8 Myr, we decided to integrate the whole set for 30 Myr, to
have 9 shorter intervals of the length of 6 Myr, shifted by 3 Myr.
This enabled a reliable stability estimate and accurate derivation of
the amplitude Ae from the spectrum computed for periods between
1 and 6 Myr. Indeed, the results we have obtained showed that errors
are typically an order of magnitude smaller than the corresponding
amplitudes, except in two cases (asteroids 19 639 and 302 951) for
which the errors are somewhat larger, but still significantly less than
the amplitudes themselves.

For the 170 776 group, the resonant proper elements could only be
computed for the following 10 asteroids: 53 790, 92 217, 133 913,
399 185, 418 738, 469 020, 487 095, 491 469, 541 352, and 610 139.
The others are more distant from a resonant configuration, and
our procedure was not applied for these objects. Still, the results
were good enough for the subsequent analysis. In this case, the
libration periods ranged from 7 to 13 Myr, hence we extended
the integration time span to 100 Myr, computing spectrum for
6—15 Myr range. The accuracy of the obtained resonant proper
elements was very good, with a couple of cases (asteroids 133913
and 399 185) that had somewhat larger errors due to more complex
dynamics (a very long term effect of unidentified origin, giving rise
to irregular eccentricity oscillations, in the former case, and exit from
the resonance, interrupting the libration after some 70 Myr, in the
latter). The results of our computations are shown in Fig. 17.

For g-type secular resonance, we expect that at the simplest level
of perturbation theory the quantity:

K, =/1—e2[1 —cos (i)], 60

should be preserved, when resonant proper eccentricity is used, rather
than the unstable standard proper e. In the next subsections, we will
investigate the preservation of this conserved quantity for the two
studied families. Under the assumption that this is true, an approach
not often available for non-resonant families can be used to estimate
the initial ejection velocity field thanks to the retention of the original

values of Ké (Vokrouhlicky et al. 2006b, see also the review in
Carruba, Vokrouhlicky & Novakovié¢ 2018).

To proceed, let’s first suppose that asteroids are ejected with an
isotropic ejection velocity field and that the standard deviations Vgp
are proportional to the size of the asteroid through the parameter Vg,
as shown by the relationship:

Voo = V 5 km )
Sp = EJ'(T)v 2)

where D is the asteroid’s diameter in kilometers. The ejection
velocities for asymmetric fields may not be precisely measured
by this method, but it can place helpful limits on their magnitude.
We simulate several asteroid families using different Vgy parameter
values, calculate their K é numbers, and then choose the one that best
matches the observed K é distribution.

To test this numerically, we may use a variable that is similar to a
x? variable and is specified as equation (3):

Nint

=3 (i q_p,) ' 3)
i=1 !

The number of intervals required to produce the histogram of the K ;
distribution is Ny, = 6. The number of actual and virtual objects in
the ith interval are represented by ¢; and p;, respectively.

After values of Ax? = x? — x%min, Where xZmin is the smallest
value of x2, are acquired, the x? probability distribution function
can be used to calculate the 97.5 per cent confidence level (for a
further explanation of this procedure, see Carruba, Vokrouhlicky &
Novakovi¢ 2018). Applications of this procedure will be discussed
in the next subsections.

7.1 2vg — v5 resonance

First, we verified that the distribution of K, values is preserved when
using resonant proper e. The left panel of Fig. 18 shows the initial and
final distributions for the first and last time interval used to compute
resonant proper e. Applications of Kolmogorov—Smirnov tests to
compute the probability that the initial and any of the successive
K ; distributions are compatible all passed with p-values larger than
0.90, which suggest that the Ké distribution was rather stable over
the studied time-interval.

Then we estimated the Vg parameter with the approach used in
Section 7. Our results are shown in the right panel of Fig. 18. For the

5507 group, we found Vg to be 1071 m s~

MNRAS 528, 796-814 (2024)
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Figure 18. In the left panel, we show the distributions of Ké values for the initial (red line) and final (blue line) time interval used for computing resonant
proper elements for the 5507 group. The right panel displays the dependence of Ax? as a function of the Vgy parameter. The 97.5 per cent confidence level

limit is identified by the horizontal dashed line.

7.2 3vg — 2vs5 resonance

We again applied the procedure described in Section 7.1 and verified
the conservation of the K; quantity distribution. Kolmogorov—
Smirnov tests confirms the stability of the Ké quantity distribution
with p-values larger than 0.98. Results are shown in the left panel of
Fig. 19.

Then, we used the method described in Section 7 to estimate the
Vgy parameter. Our results are shown in the right panel of Fig. 19.
For the 170 776 group, we estimate Vgj to be 201’}1 ms~!.

8 ESTIMATING THE PROBABILITY OF
PRODUCING YOUNG RESONANT ASTEROID
FAMILIES

The cumulative number of impacts, n(z, d), of asteroids larger than d
in the last ¢ years, on any target, can be represented as:

n(t,d)=F(<t)N(> d), “)

where N(> d) is the number of asteroids larger than d (the size fre-
quency distribution — SFD), and F(< ) is the cumulative probability
of impacts on the specific target in the last ¢ years (the chronology
function). The slope of F(< 1) is related to the so-called intrinsic
collision probability, which is the probability per unit of cross-
section:
p 4x dF 5
i) = TR (%)
where § = nD? is the surface area of the target, and the fac-
tor 4 accounts for the difference between surface and cross-
section (Wetherill 1967). With this definition, the number of impacts,
dn, from impactors larger than d, on a target of size D, over an interval
dr, is given by

dn(t,d) = iP,-(t)DzN(> d)de. (6)

In the above calculation, itis assumed that the SFD does not change
with time, which is a good assumption over the last 3.9 Gyr (Bottke
et al. 2005). But there is the problem of the completeness limit,
which is different for different parts of the MB. Since we are dealing
with small parent bodies, the SFD must be extrapolated beyond the
completeness and this is a huge source of uncertainty. Here, we will
assume a unique SFD for all the MB, with an extrapolation rule (Roig
& Nesvorny 2020):

N(> d) = 10534729, d < 8.7 km.

MNRAS 528, 796-814 (2024)

As for the intrinsic collision probability, it has also been con-
stant over the last 3.9 Gyr. Early estimates give a value of
2.85 x 107"8km=2 yr~!' for the whole MB (Farinella & Davis
1992), but again P; has different values for different parts of the
MB (actually, the P; has specific values for each individual asteroid
because it depends on a, e, i). Moreover, for a given region of the MB,
there are several values of P;, depending if you consider intra-region
collisions of inter-regions collisions (Cibulkova, BroZ & Benavidez
2014). Intra-region probabilities are always the largest. Here, we will
always consider the maximum P; in the corresponding region of the
MB in order to maximize the impact probability.

Under the above assumptions, n(t, d) increases linearly with time,
and the mean time required to have at least one impact, n = 1, is
then

4
T=—"——r.
P.D2N(> d)

The actual probability of having 1 impact over t follows a Poisson
distribution. We are interested in collisions that are able to shatter the
target in order to have the possibility of forming a family. During an
impact, the result is determined by the specific impact energy, given
by

@)

1 a
oD d
where v is the relative impact velocity and it is assumed, for
simplicity, that both the target and the impactor have the same
density, p. The average impact velocity among asteroids, v, is of
the order of 5 km s~! (Farinella & Davis 1992) and has also been
constant over the last 3.9 Gyr (Roig & Nesvorny 2020). But again,
the values are slightly different in different regions of the MB. Here,
we will always consider the largest possible value of v in the given
region (Cibulkova, Broz & Benavidez 2014), which maximizes the
occurrence of catastrophic impacts.

The result will be catastrophic if Q > Q7,, where Q7 is the
catastrophic threshold energy, necessary to disperse at least half of
the mass of the target. This is given by a scaling law, and here in
particular, we adopt the parametrization for monolithic basalt of Benz
& Asphaug (1999):

1 R\ 036 R\ 136
op= 5 [QO (E) +Bp (E) :| ) 9

where Q) =9 x 103 T kg™' and B =5 x 107% J m® kg=2. The
parameter 1 < g < 13 has been introduced here ad hoc in order to

Q ®
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Figure 19. The same as in Fig. 18, but for the 170 776 group.

damp the threshold for rubble-pile asteroids, which should be easier
to shatter than monolithic bodies (¢ = 1 is the original Benz and
Asphaug law, larger values are for rubble-piles).

Although there are other parametrizations and other possible
values of the parameters, the scaling laws have all the same
behaviour: the stress. The largest uncertainties occur in the region of
the transition from the stress to the gravity domains, D, < D < D,,
which is around the size interval of the small families’ parent bodies.
We have now all the ingredients to make a rough estimation of the
number of small families that you might expect to find in a given
region of the MB:

(i) Start with the estimated diameter of the parent body D, the
estimated age of the family 7, and the intrinsic collision probability
of the corresponding MB region P;. For the age, we will consider the
upper limit, T,y -

(i) Assume a density p for the parent body and determine the
catastrophic threshold Q7, from equation (9).

(iii) Given v for the corresponding MB region, determine the
minimum size of the impactors that are able to shatter the target
from equation (8):

0* 1/3
don = | —=2—— D. 10
(0.552 - Q’B) 1o

(iv) From the SFD, get the number N(> dy,;, ), and determine the
rate of impacts from equation (6)

1
pi =7 PiD*N(> diin).
(v) The expected number of catastrophic impacts that the target
may have suffered over the age of the family is drawn from a Poisson
distribution with mean

a(T) = piT.

(vi) The above calculations correspond to a single body of size
D. If you have Npp parent bodies of that size, the total amount
of catastrophic collisions that you may expect during the last T is
obtained by multiplying by Npg. This should give the mean number
of families that can be created in the last T’

Sfr = piT Nps.

(vii) To compute Npg, I considered an interval of D + 0.05 km
from the SFD

Npg = N(> D —0.05) — N(> D +0.05).

(viii) Finally, the actual number of expected families should be
drawn from a Poisson distribution with mean f7.

For the families that we are considering, results are in Table 9.
Some caveats apply to these computations. Results are quite sensitive
to the parameters used, especially the extrapolation of the SFD,
the scaling law, and the assumed number of parent bodies. A more
rigorous calculation should consider the SFD and Apg of each part
of the MB separately. In this case, for a given region one would
determine individual values of 71(¢), corresponding to the intra-region
collisions and to the inter-regions collisions. The final 77 would be the
sum of these. Finally, the above results are upper limits for almost
monolithic bodies (¢ = 2), because we chose P;, o, T in order to
maximize the effects. But if we choose ¢ = 10, for example, those
upper limits of f7,  increase by a factor of 4.

With these considerations, our results indicate that the formation of
ayoung family like Zelima is extremely improbable. A ~50 km body
may suffer 0.1 collisions over 3.5 Gy, and since there are three of
such bodies, you may expect ~0.3 Zelima-like families formed over
3.5 Gyr, i.e. no family at all. The fact of having one of such families
formed very recently is extremely rare and unique. The occurrence
of families formed with smaller parent bodies, like those of 5507
Nijima and 170776 (2004 CAys) studied in this work, appear to be
much more common occurrences, with values of fr  of 2.62 and
6.03, respectively. We believe that the use of methods for families
determinations employed in this work, and the expected discovery
of large numbers of new asteroids from surveys like the LSST, will
significantly increase the number of known young families in secular
resonance configurations, which will improve our knowledge about
mechanisms of asteroid families formation.

9 CONCLUSIONS

The main goal of this paper was to obtain machine learning and
deep learning models for resonant asteroids in the most diffusive g
—type secular resonances. For this purpose, we obtained images
and resonant statuses for more than 20000 asteroids likely to
interact with the 2vg — vs and 3vg — 2v5 secular resonances. This
allowed to identify 1694 2vs — vs and 210 3vs — 2vs resonant
asteroids. For the case of the 2vs — vs resonance, a deep learning
CNN model was obtained and optimized to correct for possible
overfitting issues (Carruba et al. 2022a), which will allow the classi-
fications of future populations of resonant asteroids in time-scales of
seconds.

Using the detected population of 2vs — vs and 3vg — 2vs
resonators, we used standard HCM methods to identify 12 new
possible dynamical groups among these librating populations. Most
of these groups are not collisional families, but sub-groups of existing
families, like Astraea, identified by HCM among the resonant
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Table 9. Results of the collision probability model for the four young and resonant families.

Tiffanykapler Nijima Zelima (2004 CAgs)
D (km) 10.4 55.4 7.0
Tinax (Myr) 42 4.0 6.6
P; (km2yr—1) 11.98 x 10~18 491 x 10718 3.57 x 10718 3.57 x 10718
o (kms~!) 434 434 434
p (gcm™3) 25 25 25
q 2 2 2
dmin (km) 0.765 8.68 0.432
NG dmin) 6.34 x 10° 1.484 x 107 11 464 2.805 x 107
7 (Myr) 487.0 31845.3 815.0
pi Myr~h 2.053 x 1073 1.475 x 1073 3.14 x 1072 1.23 x 1073
7i(3.5Gy) 7.18 0.11 4.29
7(Timax) 8.62 x 1073 9.59 x 1073 1.25 x 1074 8.09 x 1073
Npg 181 3 745
o 1.56 3.77 x 1074 6.03

®  633:z,(2019) ®  5507:g—2gc+gs (2023)

®  12988: vg (2022) ®  170776: g - 3gs + 2g5S (2023)
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Figure 20. Asteroid families in secular resonances. Left panel: The (a, sin (7)) distribution of the four currently known young asteroid families interacting with
secular resonances. Right panel: The estimated parent body radiuses as a function of the age estimates, with their errors.

population. Multi-opposition asteroids were added to the core of
the numbered objects using machine learning methods optimized
through the use of genetic algorithms (Carruba et al. 2022b). The
physical properties of the newly identified groups, like albedos
and taxonomies, were then revised using currently available data
bases.

Time-reversal numerical methods, like the BIM (Nesvorny et al.
(2002) and the CEM (Pravec et al. 2010), were then applied to the
newly identified groups to find possible young asteroid families, i.e.
families with ages of 7 Myr or less. We identified the 5507 Niijima
family in the 2v¢ — vs resonance, and the 170 776 (2004 CAys) family
in the 3vg — 2vs, which are the first young asteroid families ever
to be found in such resonant configurations. After eliminating likely
interlopers, the families’ ages were 4.90 £ 1.60 and 5.10 & 1.51 Myr,
respectively.

We then compute resonant proper elements appropriate for both
families, and estimated the initial ejection velocity field parameters
with methods described in Section 7 for the two groups. We found
Vi; = 1071 ms~! for the 5507 and Vi, = 207} ms~! for the 5507
and 170 776 families, respectively.

Prior to this work, the only young asteroid families known to
have all members in secular resonant configurations were the 633
Zelima family in the z; secular resonance (Tsirvoulis 2019; Carruba
& Ribeiro 2020), which is a sub-family of the larger Eos family, and
the 12 988 TiffanyKapler in the vg secular resonance (Carruba et al.
2022b). The two families identified in this work bring this total up to
four. The orbital distribution of these four families in the (a, sin (7))
plane is shown in the left panel of Fig. 20. The right panel of Fig. 20
shows the estimated parent body radiuses as a function of the age
estimates. While the formation of the Zelima asteroid family is a
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rather unlikely event, families like those of (170 776) (2004 CAys)
are expected to have been much more common occurrences in the
latest 10 Myr (see Section 8). We expect that methods like those
applied in this work will allow detecting many more of these young
groups, allowing us to better understand the mechanisms behind the
formation of asteroid families.

CODE AVAILABILITY

The deep learning and machine learning codes used in this
work are available in the GitHub repository under a MIT public
license (https:// github.com/valeriocarruba/ CNN- Optimization,
https:// github.com/valeriocarruba/Machine-learning-
classification- of-new-asteroid-families-members). ~ All  codes
were written in PYTHON (https://www.python.org), using version
3.10.7 of the PYTHON interpreter, and the following libraries:
NUMPY (https://numpy.org/, Oliphant (2006), version 1.23.5),
PANDAS (https://pandas.pydata.org/, McKinney (2010), version
2.0.3), MATPLOTLIB (https://matplotlib.org/, Hunter (2007),
version 3.7.1), SCIKIT-LEARN (https://scikit-learn.org/stable/,
Pedregosa et al. (2011), version 1.3.0), IMBLEARN
(https://imbalanced-learn.org/stable/, Lemaitre, Nogueira & Aridas
(2017), version 0.11.0), tensorflow (https://www.tensorflow.org/,
Abadi et al. (2015), version 2.12.0), and KERAS (https://keras.io/,
Chollet et al. (2015), version 2.12.0).

The source code for the symplectic integrator used for the numer-
ical simulation of the asteroid orbits is part of the SWIFT package,
that can be obtained at https://www.boulder.swri.edu/ hal/swift. html.
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Any other codes or data presented in this paper can be obtained from
the corresponding author upon reasonable request.

SUPPLEMENTARY MATERIAL 1: QUOTED
PAPERS ON ASTEROIDS’ PHYSICAL
PROPERTIES

Data and metodologies used for obtaining information on the
asteroid groups studied in this work were obtained from Rivkin
(2012), Sergeyev & Carry (2021), Tinaut-Ruano et al. (2023),
Mahlke, Carry & Mattei (2022b), DeMeo & Carry (2013), Mi-
lani et al. (2014), Carvano et al. (2010), Jasmim et al. (2013),
Popescu et al. (2018), Sergeyev et al. (2022), Mahlke, Carry &
Mattei (2022b), Vinogradova (2019), Erasmus et al. (2018), Eras-
mus et al. (2019), Schemel & Brown (2021), and Berthier et al.
(2022a).
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