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Introduction

Proper elements are quasi-integral of 

motion of the N-body problem

Methods of computation:

● Analytical methods (e.g. Hirayama 1918, 
Kozai 1962, Milani & Knežević 1990, 
1992, 1994)

● Semi-analytical methods (e.g. Williams 
1969, 1979, Lemaitre & Morbidelli 1994)

● Synthetic methods (Knežević & Milani 
2000, 2003)
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Secular resonances in the main belt

g: frequency of 𝛡

s: frequency of 𝛀

Linear resonances: g-gp= 0 or s-sp= 0

Non-linear resonances: libation of σ = 
combination of 𝛡 and 𝛀 fulfilling the 
D’Alembert rules

4[1] Knežević 2022: Survey of secular resonances in the asteroid belt, SaJ 204
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Identification of asteroid families

Typically done in the proper elements 
space using the metric:

Catalogues:

● https://newton.spacedys.com/astdys/
● http://asteroids.matf.bg.ac.rs/fam/

5[2] Novaković et al. 2022: Asteroid families: properties, recent advances, and future opportunities, CMDA 134
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Part 1: Proper elements of NEAs
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Proper elements of NEAs

Near-Earth Asteroids (NEAs) are objects 
with q < 1.3 au. 

NEAs can cross the orbits of planets!

Problems in proper elements computation:

● Orbit crossings cause divergence of 
series

● Orbit crossings cause divergence of 
quadratures

● Close encounters with planets shorten 
the Lyapunov time
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Kozai secular model: 

With planets on circular orbits, the 

Delaunay elements L, Z are constant, the 

system has 1 DoF

Proper elements: e
min

, e
max

, i
min

, i
max

Proper frequencies: s (of 𝛀) and g (of 𝛡)

8[3] Gronchi and Milani 2001: Proper Elements for Earth-Crossing Asteroids, Icarus 2152
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Example: Bennu
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Proper elements of NEAs

Proper elements:
emin = 0.2033
emax= 0.2181
imin  = 3.967
imax = 6.090

Proper frequencies:
g = -4.776   arcsec/yr
s = -51.016 arcsec/yr

Number of crossings:
Venus:  0
Earth:   4
Mars:    0
Jupiter: 0



Motivations:

● Many NEOs are in a MMR
● MMRs may significantly affect the 

dynamics
● No theory available for proper 

elements for resonant NEAs 

Goals:

● Define proper elements for resonant 
NEAs

● Understand the importance of MMR in 
the long term dynamics of NEAs

[4] Fenucci et al. 2022: Proper elements for resonant planet-crossing asteroids, CMDA 134 10

Proper elements of NEAs: mean-motion resonances



11

Proper elements of NEAs: mean-motion resonances



12

Proper elements of NEAs: mean-motion resonances
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Proper elements of NEAs: mean-motion resonances
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Proper elements of NEAs: mean-motion resonances



Part 2: Secular resonances
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Secular resonances in the NEA region

Motivation

The location of the secular resonances in 
the NEA region are not determined 

Method of computation:

1. Fix i0 and define a grid in (a, e0)
2. Compute s and g-s over the points of 

the grid
3. Plot the level curves corresponding 

to 

g-gj = 0 and of s-sj = 0 

[5] Fenucci et al. 2023: Maps of secular resonances in the NEO region, A&A 672, A39 16

Table: Proper frequencies of planets 
from Laskar et al. 2011



Secular resonances in the NEA region: fixed inclination
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Secular resonances in the NEA region: fixed inclination
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Secular resonances in the NEA region

Conclusions and consequences

● Secular resonances location 
determined in the NEA region for 
the first time, for any value of 
eccentricity and inclination

● All the secular resonances appear 
well inside the NEA region

● Resonances with Venus, Earth, Mars, 
Jupiter, and Saturn (well known) may 
produce Sun impacting NEAs. This 
seems to be confirmed by recent 
numerical simulations [6]

19

Figure: Known NEAs close to a secular 
resonance. Proper elements catalogue: 
https://newton.spacedys.com/neodys/

[6] Toliou and Granvik 2023: Resonant mechanisms that produce near-Sun asteroids, MNRAS

https://newton.spacedys.com/neodys/


Part 3: Parent bodies of meteorites
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Parent bodies of meteorites

Motivation:

● The current paradigm says that meteorites are born in the main belt as a result 

of collisions, and they are transported to the Earth by Yarkovsky + MMRs

● Disruptions happen also in the NEA region, but families of NEAs are not known 

yet [7]

Goal:

● Understand whether some NEA could be the parent body of some known 

meteorite or not

[7] Schunová et al. 2012: Searching for the first near-Earth object family, Icarus 220, 2
[8] Carbognani and Fenucci 2023: Identifying parent bodies of meteorites among near-Earth asteroids, submitted
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List of all meteorites with an orbit: 

https://www.meteoriteorbits.info/

Current number: 37 
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Parent bodies of meteorites

https://www.meteoriteorbits.info/


DN: distance introduced in [9] based on geocentric quantities. In 
a geocentric frame with:

- y facing Earth motion
- x opposite to the direction of the Sun
- z orthogonal to the ecliptic plane

Then

● 𝑈 - normalized geocentric velocity 
● 𝜃 - the angle between the the 𝑦 axis and the vector of 𝑈
● 𝜙 - the angle between the 𝑈 vector and the 𝑥𝑧 plane 
● 𝜆 - the heliocentric longitude of the Earth at the encounter 

with the meteor

NOTE1: The angles 𝜃 and 𝜙 are directly related to the radiant

NOTE 2: Encounter conditions of NEAs from secular evolution 

23[9] Valsecchi at al. 1999: Meteoroid stream identification: a new approach - I. Theory, MNRAS 304

Parent bodies of meteorites



Searching for possible parent bodies:

1. For each meteorite we computed D
N

 

over the whole population of known 

Earth crossing NEAs (catalogue 

from NEODyS)

2. We found 16 couples 
meteorite-NEA with DN < 0.06

NOTE: The value of 0.06 is when random 

associations start to be more likely
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Parent bodies of meteorites

Table: 16 couples meteorite-NEA with DN < 0.06



Numerical simulations 

● Meteorite: 5000 clones

● NEA: only nominal orbit

● Total integration time: -100 kyr

● Only gravitational model - Mercury 

integrator [9]

Vicinity of the objects evaluated with MOID 

and ΔV at MOID, using the minimum of the 

distance:

25
[9] Fenucci and Novaković 2022: Mercury and OrbFit packages for the 
numerical integration of planetary systems: implementation of the 
Yarkovsky and YORP effects, SaJ 204
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Parent bodies of meteorites
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Natural History Museum of Vienna (Austria)

Parent bodies of meteorites



Results and conclusions:

● 10 meteorite-NEA association look 
dynamically possible

● ΔV are compatible with collisions

● Separation ages ~10 kyr ago

● Current NEA population models 
suggest a timescale of ~10 kyr for 
collisions among NEAs

● ~1/3 of meteorites may originate 
directly in the NEA region
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General conclusions

● Proper elements of NEAs are a fast indication of the secular dynamics
● Catalogue maintained only by NEODyS
● No catalogue for NEAs in a MMR, even detection of MMRs is not automatized
● They can be used to identify secular resonances, similar to the case main belt 

asteroids
● They can be used to search for parent bodies of meteorites, similar to the 

case of asteroid pairs
● They can be further used to search for NEAs clusters, e.g. families
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