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ABSTRACT
Asteroid families, remnants of ancient collisions, offer a unique opportunity to study the long-term

effects of non-gravitational forces on small bodies. This study investigates the statistical links be-
tween a family’s orbital structure and the spin states of its members, seeking observational evidence
for coupled spin-orbit evolution driven by the Yarkovsky and YORP effects. Using a comprehensive
dataset of 1,464,228 asteroids and focusing on a carefully selected sample of 50 well-characterized fam-
ilies, we calculated family-level metrics to quantify orbital dispersion, spin property distributions, and
characteristic member size. Correlation and regression analyses reveal a significant positive correla-
tion between family age and orbital dispersion, consistent with the Yarkovsky effect. Critically, we
find a statistically significant relationship between orbital dispersion and the diversity of spin peri-
ods within a family, even after accounting for family age and size. This finding provides compelling
evidence for coupled spin-orbit evolution, suggesting that YORP-driven spin state changes influence
Yarkovsky-driven orbital diffusion. These results provide observational constraints on the complex
interplay between non-gravitational forces and the long-term evolution of asteroid populations.

Keywords: Cosmological parameters, Asteroid dynamics, Stellar physics, Gravitational interaction,
Galaxy physics

1. INTRODUCTION
Asteroid families, formed from the collisional breakup

of larger parent bodies, serve as natural laboratories for
investigating the long-term dynamical and physical evo-
lution of small solar system objects. These families,
identified as clusters of asteroids with similar orbital el-
ements, offer a unique opportunity to study the subtle,
yet persistent, influence of non-gravitational forces that
shape the orbits and spin states of their members over
vast timescales. Understanding these processes is crucial
for refining our models of the asteroid belt’s dynamical
history and for correctly interpreting the observed dis-
tribution of asteroid properties.

A significant challenge in understanding the evolution
of asteroid families is disentangling the complex inter-
play between the Yarkovsky and YORP effects. The
Yarkovsky effect, a thermal recoil force arising from the
anisotropic emission of solar radiation, causes a semi-
major axis drift. The magnitude and direction of this
drift depend on an asteroid’s size, spin state, and or-
bital parameters. The YORP effect, conversely, alters
an asteroid’s spin rate and obliquity, potentially lead-
ing to dramatic changes in its rotational dynamics, in-
cluding rotational fission. While the individual effects

of Yarkovsky and YORP have been extensively studied,
the possibility of a coupled spin-orbit evolution, where
YORP-driven spin state changes influence Yarkovsky-
driven orbital diffusion, remains an open question. Ob-
servationally confirming this coupling is difficult for sev-
eral reasons. First, obtaining accurate spin state in-
formation for a large number of asteroids within well-
defined families is challenging. Second, estimating fam-
ily ages is subject to considerable uncertainties. Fi-
nally, disentangling the effects of these non-gravitational
forces from other evolutionary processes requires a ro-
bust statistical approach.

In this paper, we address these challenges by perform-
ing a comprehensive statistical analysis of a large as-
teroid dataset, seeking observational evidence for cou-
pled spin-orbit evolution within asteroid families. Our
approach involves calculating family-level metrics that
quantify both the orbital dispersion and the diversity of
spin properties among family members. Specifically, we
compute the standard deviation of the semi-major axis
distribution within each family as a proxy for the inte-
grated effect of the Yarkovsky force. We also quantify
the diversity of spin states using metrics such as the in-
terquartile range (IQR) of spin periods and the standard
deviation of obliquities. By analyzing the correlations
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between these metrics, and carefully accounting for the
effects of family age and size, we aim to identify sys-
tematic trends that support the hypothesis of coupled
Yarkovsky-YORP evolution.

To verify our results, we employ robust statistical
methods, including Spearman rank correlation and re-
gression analysis, to assess the significance of the ob-
served relationships. We carefully consider potential
confounding factors, such as family age and size, and
explore different regression models to account for non-
linear relationships and potential outliers. We focus
particularly on the relationship between the spread in
semi-major axes within a family and the distribution
of spin periods and obliquities. The statistical signifi-
cance of any correlation between orbital dispersion and
spin property diversity, after accounting for family age
and size, would provide strong evidence for the proposed
coupled spin-orbit evolution. Furthermore, the consis-
tency of our findings across a large sample of asteroid
families strengthens the validity of our conclusions and
provides valuable observational constraints on the com-
plex interplay between non-gravitational forces and the
long-term evolution of asteroid populations.

2. METHODS
2.1. Data Acquisition and Preparation

The analysis began with the acquisition of asteroid
data from a compilation of publicly available sources.
Individual datasets containing asteroid names, diame-
ters, semi-major axes, eccentricities, inclinations, argu-
ments of perihelion, longitudes of ascending node, spin
periods, obliquities, spectral types, family assignments,
and estimated ages were loaded into separate pandas
DataFrames using Python 3.x. The pandas library fa-
cilitated efficient data manipulation and merging. Each
dataset was stored in CSV format, with the first col-
umn representing the ’Asteroid identification number’
and the second column containing the corresponding
property value. These columns were consistently named
’ID’ and ’Property_Name’ upon loading to ensure uni-
formity across datasets.

Subsequently, a master DataFrame was constructed
by sequentially merging all individual DataFrames
based on the common ’Asteroid identification num-
ber’ key. This merging process combined the di-
verse properties of each asteroid into a unified
dataset. To ensure data integrity, the columns
in the merged DataFrame were renamed to de-
scriptive labels, including ’Name’, ’Diameter_km’,
’SemimajorAxis_AU’, ’Eccentricity’, ’Inclination_deg’,
’ArgPeri_deg’, ’LongAscNode_deg’, ’SpinPeriod_hr’,

’Obliquity_deg’, ’SpectralType’, ’FamilyName’, and
’Age_Gyr’.

Following the merging procedure, the data types of nu-
merical columns (diameter, orbital elements, spin prop-
erties, and age) were verified and converted to numeric
data types (e.g., float64) where necessary. The ’Fam-
ilyName’ and ’SpectralType’ columns were explicitly
treated as categorical data. This initial data prepara-
tion step ensured consistency and facilitated subsequent
statistical analyses.

2.2. Exploratory Data Analysis and Data Cleaning
A thorough exploratory data analysis (EDA) was con-

ducted to understand the characteristics of the data
and identify potential issues. Descriptive statistics
(count, mean, median, standard deviation, minimum,
maximum, and quartiles) were calculated for all key
numerical properties. The distributions of variables
such as ’SpinPeriod_hr’ and ’Obliquity_deg’ were care-
fully examined, noting that ’SpinPeriod_hr’ often ex-
hibits a log-normal distribution or high skewness, while
’Obliquity_deg’ may show concentrations near 0° and
180°.

The EDA revealed significant percentages of
missing data for ’SpinPeriod_hr’, ’Obliquity_deg’,
and ’Age_Gyr’. Given the study’s fo-
cus on correlations of well-characterized fam-
ily properties, asteroids with missing ’Fami-
lyName’, ’Diameter_km’, ’SemimajorAxis_AU’,
’SpinPeriod_hr’, ’Obliquity_deg’, or ’Age_Gyr’ values,
which are essential for calculating family-level metrics,
were excluded from the specific calculations requiring
that data. Imputation was not used for ’SpinPeriod_hr’,
’Obliquity_deg’, or ’Age_Gyr’ at the individual aster-
oid level before family aggregation to avoid introducing
artificial correlations.

Potential outliers in ’Diameter_km’, ’SpinPeriod_hr’,
and orbital elements were identified. Extremely short or
long ’SpinPeriod_hr’ values were investigated for poten-
tial physical or erroneous origins. Although the impact
of outliers is somewhat mitigated by family-level aggre-
gated metrics, careful consideration was given to their
potential influence.

2.3. Family Definition, Membership, and Filtering
Asteroid families were identified by grouping the mas-

ter DataFrame by ’FamilyName’. To ensure the statis-
tical robustness of family-level metrics, specific filtering
criteria were applied based on family size and the avail-
ability of spin property data. A minimum number of
members (Nmin_members = 20) was required for a family
to be included in the analysis. More critically, mini-
mum numbers of members with valid spin period data
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(Nmin_spin_period = 5) and obliquity data (Nmin_obliquity
= 3-5) were established for a family’s spin properties to
be characterized. Families not meeting these criteria
for a specific analysis (e.g., involving obliquity) were ex-
cluded from that particular part of the analysis.

2.4. Calculation of Family-Level Metrics
For each family meeting the defined inclusion crite-

ria, family-level metrics were calculated to quantify or-
bital dispersion, spin property distributions, character-
istic member size, and family age.

2.4.1. Orbital Dispersion Metrics

The orbital dispersion within each family was quanti-
fied using the following metrics:

• Standard deviation of semimajor axis
(Std_SemimajorAxis_AU).

• Interquartile Range (IQR) of semimajor axis
(IQR_SemimajorAxis_AU).

• Standard deviation of eccentricity (Std_Eccentricity).

• IQR of eccentricity (IQR_Eccentricity).

• Standard deviation of inclination (Std_Inclination_deg).

• IQR of inclination (IQR_Inclination_deg).

The standard deviation and IQR were chosen to pro-
vide complementary measures of dispersion, with the
IQR being more robust to outliers that might be present
in orbital element distributions within some families.

2.4.2. Spin Property Distribution Metrics

The distribution of spin properties within each family
was characterized using the following metrics:

• Spin Period:

– Median spin period (Median_SpinPeriod_hr).
– IQR of spin period (IQR_SpinPeriod_hr).
– Standard deviation of log(spin period)

(Std_Log_SpinPeriod).

• Obliquity:

– Mean obliquity (Mean_Obliquity_deg).
– Standard deviation of obliquity

(Std_Obliquity_deg).

Median and IQR were used for spin period due to the
often highly skewed nature of spin period distributions.
For obliquity, mean and standard deviation were em-
ployed.

2.4.3. Characteristic Member Size

The characteristic member size of each family was
represented by the median diameter of family members
(Median_Diameter_km).

2.4.4. Family Age

Family ages were obtained from the ’asteroid_age.csv’
dataset. If multiple members of a family had age data,
the consistency of these ages was checked. If the ages
were consistent, this age was used as the family age. If
the ages varied significantly, the mean or median age
of the aged members was used. Families with no age
data or highly inconsistent ages, where a clear family
age could not be determined, were excluded from the
analysis.

2.4.5. Family Member Count

The number of members (N_members) in each family
used for calculating metrics, and specifically the count
of members with spin data (N_spin_members), were
recorded. These counts were used as weights in regres-
sions or for sensitivity analysis.

These calculated family-level metrics were stored in a
new DataFrame, where each row represented a family.

2.5. Statistical Analysis of Inter-Family Relationships
The family-level metrics DataFrame was used to per-

form statistical analyses of inter-family relationships.

2.5.1. Correlation Analysis

Correlation coefficients between the derived family-
level metrics were calculated. Spearman rank corre-
lation (�) was primarily used due to its robustness to
non-linear relationships and non-Gaussian distributions.
Pearson correlation was used for comparison where vari-
ables appeared normally distributed and linearly related
after transformation.

Key correlations investigated included:

• Std_SemimajorAxis_AU vs. Family_Age_Gyr

• Std_SemimajorAxis_AU vs. Median_Diameter_km

• Median_SpinPeriod_hr (or IQR_SpinPeriod_hr)
vs. Family_Age_Gyr

• Median_SpinPeriod_hr (or IQR_SpinPeriod_hr)
vs. Median_Diameter_km

• Mean_Obliquity_deg (or Std_Obliquity_deg)
vs. Family_Age_Gyr

• Mean_Obliquity_deg (or Std_Obliquity_deg)
vs. Median_Diameter_km
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• For coupled evolution:

– Std_SemimajorAxis_AU vs. IQR_SpinPeriod_hr
(or Std_Log_SpinPeriod)

– Std_SemimajorAxis_AU vs. Std_Obliquity_deg

Correlation coefficients and their corresponding p-
values were reported. Bonferroni correction or False Dis-
covery Rate (FDR) control were considered for multiple
comparisons.

2.5.2. Regression Modeling

Ordinary Least Squares (OLS) regression was em-
ployed as a baseline. The assumptions of linearity, in-
dependence of errors, homoscedasticity, and normality
of residuals were checked. If OLS assumptions were vi-
olated, robust regression techniques (e.g., Huber regres-
sion, Theil-Sen regressor) were used.

The following regression models were investigated:

• Std_SemimajorAxis_AU ∼ Family_Age_Gyr +
Median_Diameter_km

• IQR_SpinPeriod_hr ∼ Family_Age_Gyr +
Median_Diameter_km (or other spin metrics)

• Std_Obliquity_deg ∼ Family_Age_Gyr +
Median_Diameter_km (or other obliquity metrics)

• To test for coupled Yarkovsky-YORP sig-
natures directly:

– Std_SemimajorAxis_AU ∼ IQR_SpinPeriod_hr
+ Family_Age_Gyr + Median_Diameter_km

– Std_SemimajorAxis_AU ∼ Std_Obliquity_deg
+ Family_Age_Gyr + Median_Diameter_km

Model fit (R-squared, adjusted R-squared) and sig-
nificance of predictors (t-statistics, p-values) were as-
sessed. Residuals were examined for patterns. Interac-
tion terms were considered if theoretically justified (e.g.,
Family_Age_Gyr * Median_Diameter_km).

2.6. Computational Approach and Data Management
The analysis was performed using Python 3.x, lever-

aging the pandas, NumPy, SciPy (scipy.stats), and
statsmodels libraries. The calculation of family-level
metrics was parallelized using the multiprocessing
module to improve computational efficiency. Interme-
diate DataFrames were saved to efficient formats like
Parquet or Feather to speed up reloading. All filtering
criteria applied were clearly documented.

3. RESULTS
3.1. Data Overview and Sample Selection

The foundation of this study is a comprehensive
dataset compiled from 12 individual files, encompassing
orbital, physical, and taxonomic properties for 1,464,228
unique asteroids. The initial exploratory data analysis
(EDA) revealed a dataset of vast scale but significant
heterogeneity in data completeness. The distributions of
key asteroid properties are visualized in the histograms
in Figure 1 and boxplots in Figure 2.

Figure 1. Histograms illustrating the distributions of key
asteroid properties, including diameter, semimajor axis, ec-
centricity, inclination, spin period, obliquity and age. The
high degree of data sparsity, particularly for spin period,
obliquity, and family age, necessitates a careful filtering
strategy to derive a statistically robust sample for analyz-
ing the coupled spin-orbit evolution of asteroid families.

A critical finding from the initial assessment is the
severe sparsity of data for key physical properties essen-
tial to this study. The missing data percentages are ex-
ceptionally high for obliquity (Obliquity_deg, 99.3%),
spin period (SpinPeriod_hr, 96.2%), and family age
(Age_Gyr, 81.1%). Furthermore, a substantial fraction
of asteroids (78.8

The primary goal is to analyze properties at the family
level. Therefore, the first step in sample selection was
to exclude all 1,153,934 asteroids not assigned to a fam-
ily, reducing the dataset to 310,294 asteroids distributed
across 87 unique families. To ensure the statistical valid-
ity of the calculated family-level metrics, a multi-stage
filtering process was implemented. The criteria were as
follows:
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Figure 2. Boxplots illustrating the distribution of key prop-
erties across the asteroid dataset, including diameter, semi-
major axis, eccentricity, inclination, spin period and obliq-
uity. The distribution of family ages is also shown. These
distributions highlight the heterogeneity of the data and the
non-normal distributions of some properties, which moti-
vates the use of non-parametric statistical methods.

1. Minimum Total Members: Families with fewer
than 20 members were excluded to ensure that or-
bital dispersion metrics are meaningful. This step
removed one family.

2. Minimum Spin Period Data: Families were
required to have at least 5 members with measured
spin periods. This is a crucial filter to reliably
characterize the family’s spin period distribution.
This reduced the sample to 79 families.

3. Minimum Obliquity Data: A minimum of 3
members with measured obliquity was required.
This is a stringent criterion due to data scarcity
but is essential for analyzing obliquity dispersion.
This step further reduced the sample to 62 fami-
lies.

4. Minimum Age Data: Each family was required
to have at least one member with an age estimate,
which serves as a proxy for the family’s age. All
62 families passing the obliquity filter also met this
criterion.

After applying a combined filter requiring all crite-
ria to be met simultaneously, a final sample of 50
asteroid families was selected for detailed analysis.
These families comprise a total of 270,536 individual
asteroids. This rigorously selected sample, while rep-

resenting a fraction of all known families, constitutes
a high-quality dataset where the key variables of or-
bital dispersion, spin state, and age are sufficiently
well-characterized to permit a meaningful statistical
investigation. The final filtered dataset is stored in
data/filtered_asteroid_data.parquet.

3.2. Family-Level Physical and Dynamical Properties
For each of the 50 selected families, a suite

of metrics was calculated to characterize their
collective properties. These metrics, stored in
data/family_level_metrics.csv, form the basis for
the subsequent correlation and regression analyses. The
distributions of these key family-level metrics are visu-
alized in the histograms in Figure 3.

Figure 3. Histograms displaying the distributions of key
family-level metrics for the 50 asteroid families, including
orbital dispersion, family age, characteristic size, spin pe-
riod dispersion, obliquity dispersion and number of members.
These distributions provide context for the correlation and
regression analyses, where the relationship between orbital
dispersion and spin properties suggests a coupled spin-orbit
evolution.

The following metrics were computed:

• Orbital Dispersion (Std_SemimajorAxis_AU):
The standard deviation of the semimajor axis,
a proxy for the orbital dispersion driven by the
Yarkovsky effect, ranges from 0.004 AU to 0.066
AU, with a mean of 0.029 AU. The distribution is
right-skewed, indicating that most families are rel-
atively compact, with a smaller number of families
exhibiting significant orbital spreading.

• Family Age (Family_Age_Gyr): The estimated
ages of the families in our sample span from ap-
proximately 7 million years (0.007 Gyr) to 3.5 bil-
lion years (3.5 Gyr). The distribution is concen-
trated towards younger families (median age of 0.5
Gyr), which is expected as older families become
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more dynamically dispersed and harder to iden-
tify.

• Characteristic Size (Median_Diameter_km):
The median diameter of family members, used as
a proxy for the characteristic size of the asteroids
within a family, ranges from 0.68 km to 2.20 km.
The distribution, when viewed on a log scale, is
roughly symmetric. This metric is crucial as the
efficiency of the Yarkovsky and YORP effects is
strongly size-dependent.

• Spin Period Dispersion (IQR_SpinPeriod_hr):
The interquartile range (IQR) of the spin period
serves as a robust measure of the diversity of spin
rates within a family. It varies widely, from 1.7
hours to over 111 hours. This large range sug-
gests that different families are in widely different
states of rotational evolution, with some showing
a narrow range of spin periods and others a very
broad one.

• Obliquity Dispersion (Std_Obliquity_deg):
The standard deviation of the obliquity, which
measures the spread in the tilt of the asteroids’
spin axes, ranges from 12.6◦ to 65.0◦. The mean
value is 48.2◦, close to what one might expect from
a nearly random distribution, though with signif-
icant variation between families.

The relationships between these core variables are ex-
plored visually in the pair plot in Figure 4, which pro-
vides a preliminary indication of the trends investigated
more formally in the following sections.

3.3. Correlation Analysis of Family Properties
To quantify the relationships between the de-

rived family-level metrics, a Spearman rank correla-
tion analysis was performed. This non-parametric
method was chosen for its robustness to out-
liers and non-linear relationships, which are com-
mon in astrophysical data. The resulting correla-
tion matrix and corresponding p-values are stored
in data/spearman_correlation_matrix.csv and
data/spearman_pvalues_matrix.csv, respectively,
and visualized in the heatmap in Figure 5.

The analysis reveals several statistically significant
correlations that provide the first line of evidence for
evolutionary processes acting on asteroid families.

The most significant findings from the correlation
analysis are:

1. Age and Orbital Dispersion: There is a
strong, statistically significant positive correlation

Figure 4. Pair plot of the core family-level metrics, show-
ing the distributions of and relationships between family age,
median diameter, orbital dispersion, spin period dispersion,
and obliquity dispersion. These relationships provide a pre-
liminary indication of trends between the variables, which
are then investigated more formally through correlation and
regression analyses.

Table 1. Key Spearman Rank Correlation Coefficients (ρ)
and p-values

Relationship Spearman ρ p-value
Std_SemimajorAxis_AU vs. Family_Age_Gyr 0.51 < 0.001

Std_SemimajorAxis_AU vs. IQR_SpinPeriod_hr 0.45 0.001
Family_Age_Gyr vs. Median_Diameter_km 0.43 0.002
Std_SemimajorAxis_AU vs. Median_Diameter_km 0.18 0.209
IQR_SpinPeriod_hr vs. Family_Age_Gyr 0.20 0.168
Std_Obliquity_deg vs. Family_Age_Gyr 0.02 0.881

between family age and the standard deviation of
the semimajor axis (ρ = 0.51, p < 0.001). This is
a cornerstone result, providing clear observational
evidence for the Yarkovsky effect. Over gigayear
timescales, the gentle push from anisotropic ther-
mal emission causes asteroids to drift in their semi-
major axes, leading to a wider orbital dispersion in
older families, as hypothesized in the introduction.

2. Orbital and Spin Dispersion: A mod-
erately strong, significant positive correla-
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Figure 5. Spearman rank correlation matrix of family prop-
erties. The color scale indicates the strength and direction
of the correlation, with red indicating positive and blue indi-
cating negative correlations. The correlation between orbital
dispersion and spin period dispersion suggests a coupled evo-
lution driven by Yarkovsky and YORP effects.

tion exists between the orbital dispersion
(Std_SemimajorAxis_AU) and the spin period
dispersion (IQR_SpinPeriod_hr) (ρ = 0.45,
p = 0.001). This is a key finding suggesting a
coupled evolution. The Yarkovsky effect, which
drives orbital dispersion, is dependent on the as-
teroid’s spin state (period and obliquity). The
YORP effect, in turn, modifies the spin state.
This correlation suggests that the same physical
processes are influencing both the orbits and the
spins of family members, linking the two phenom-
ena.

3. Age and Size: The correlation between family
age and median diameter (ρ = 0.43, p = 0.002)
is an interesting, possibly confounding, relation-
ship. It may reflect an observational bias, where
older, more dispersed families are only identifiable
if their members are larger and brighter. Alter-
natively, it could have physical origins related to
the collisional and dynamical evolution of fami-
lies. This relationship underscores the importance
of including both age and size in multivariate re-
gression models to disentangle their effects.

Notably, there are no significant direct correlations
between family age and the dispersion of spin properties
(IQR_SpinPeriod_hr or Std_Obliquity_deg). This
suggests that the evolution of spin states is more com-
plex and may not follow a simple linear trend with time,

or that its signature is weaker and requires more sophis-
ticated modeling to detect.

3.4. Regression Modeling of Evolutionary Trends
To move beyond simple correlations and test specific

hypotheses about the drivers of family evolution, a series
of multiple regression models were constructed. Both
Ordinary Least Squares (OLS) and robust (Huber) re-
gression methods were employed to ensure that the con-
clusions are not unduly influenced by potential outliers
in the family-level metrics.

3.4.1. Orbital Dispersion as a Function of Age and Size

The first model investigated the primary drivers of
orbital dispersion, as predicted by theory:

Std_SemimajorAxis_AU ∼ Family_Age_Gyr+Median_Diameter_km
(1)

The OLS regression results show that the model is sta-
tistically significant (F-statistic = 7.39, p = 0.0016) and
explains approximately 24% of the variance in orbital
dispersion (R2 = 0.239).

• Family_Age_Gyr: The coefficient for family age
is positive and highly significant (coef = 0.0077,
p = 0.002). This confirms the correlation analysis
finding: for each additional billion years in a fam-
ily’s age, the standard deviation of its semimajor
axis increases by approximately 0.0077 AU, hold-
ing member size constant. This provides strong
quantitative support for the Yarkovsky effect as a
persistent driver of dynamical evolution.

• Median_Diameter_km: The coefficient for median
diameter is not statistically significant (p = 0.643).
This indicates that, within the range of sizes in our
sample, family age is the dominant predictor of
orbital spread, and member size does not show an
independent, significant effect in this multivariate
context.

The diagnostic plots for this model, shown in Figure
6, show that the residuals are well-behaved, with no ob-
vious patterns in the residuals vs. fitted plot and a Q-Q
plot that indicates near-normality. This gives confidence
in the validity of the OLS model. Regression plots are
shown in Figure 7.

3.4.2. Spin and Obliquity Dispersion

Separate models were run to determine if family age or
member size could predict the dispersion in spin period
or obliquity.
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Figure 6. Diagnostic plots for the OLS regression model
predicting orbital dispersion from family age and median di-
ameter. The residuals vs. fitted plot shows no obvious pat-
terns, and the Q-Q plot indicates near-normality, supporting
the validity of the model used to quantify the Yarkovsky ef-
fect.

Figure 7. Regression plots show the relationship between
orbital dispersion and family age (left) and median diameter
(right). The positive correlation between family age and or-
bital dispersion suggests that older families have experienced
more orbital spreading due to the Yarkovsky effect.

• IQR_SpinPeriod_hr ∼ Family_Age_Gyr +
Median_Diameter_km: This model was not statis-
tically significant (F-statistic = 0.306, p = 0.738),
and neither age nor size were significant predic-
tors.

• Std_Obliquity_deg ∼ Family_Age_Gyr +
Median_Diameter_km: This model was also
not statistically significant (F-statistic = 1.119,
p = 0.335).

The lack of a direct, simple relationship between age
and spin-state dispersion suggests that the YORP ef-
fect does not produce a monotonic increase in spin or
obliquity diversity over time. Instead, its influence is
likely more complex, involving cycles of spin-up and
spin-down, and is heavily modulated by factors like as-
teroid shape and internal structure, which are not cap-
tured in this dataset.

3.4.3. Evidence for Coupled Spin-Orbit Evolution

The central hypothesis of this study is that spin and
orbital evolution are coupled. To test this, we investi-

gated whether the dispersion of spin states could explain
any of the variance in orbital dispersion, even after ac-
counting for the known effects of age and size.

Std_SemimajorAxis_AU ∼ IQR_SpinPeriod_hr+Family_Age_Gyr+Median_Diameter_km
(2)

This model represents the key result of the inves-
tigation. The inclusion of the spin dispersion metric
(IQR_SpinPeriod_hr) significantly improves the model.
The overall model is highly significant (F-statistic =
8.25, p = 0.00017) and the adjusted R2 increases from
0.207 to 0.308, meaning the model now explains nearly
31% of the variance in orbital dispersion.

The coefficients of the model are highly revealing:

• IQR_SpinPeriod_hr: The coefficient for spin pe-
riod dispersion is positive and statistically signif-
icant (coef = 0.0002, p = 0.007). This is a crit-
ical finding. It demonstrates that families with
a more diverse range of spin periods are also
more spread out in their orbits, even after con-
trolling for the effect of age. This provides di-
rect statistical evidence for a coupled Yarkovsky-
YORP evolution, as hypothesized in the intro-
duction. The YORP effect creates a diversity of
spin states (IQR_SpinPeriod_hr), and this diver-
sity, in turn, leads to a wider range of Yarkovsky
drift rates, resulting in greater orbital dispersion
(Std_SemimajorAxis_AU).

• Family_Age_Gyr: The family age remains a highly
significant predictor (p = 0.002), confirming its
fundamental role in driving orbital evolution over
time.

• Median_Diameter_km: The median diameter re-
mains non-significant.

The significance of IQR_SpinPeriod_hr in this final
model is the strongest piece of evidence from this study.
It shows that knowledge of a family’s internal spin state
distribution provides additional explanatory power for
its orbital structure, beyond what can be explained by
age alone. This is precisely the signature one would
expect from the joint action of the Yarkovsky and YORP
non-gravitational forces.

3.5. Discussion and Limitations
The results presented herein provide strong, quan-

titative, statistical evidence supporting the mod-
ern paradigm of asteroid evolution driven by non-
gravitational forces. The analysis successfully iden-
tified key observational signatures of the Yarkovsky
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and YORP effects acting on a sample of 50 well-
characterized asteroid families.

The primary conclusion is the confirmation of a
coupled spin-orbit evolution. The regression analysis
demonstrates that the dispersion in family members’
spin periods is a statistically significant predictor of their
orbital dispersion. This finding bridges the two key non-
gravitational phenomena: the YORP effect, which mod-
ifies spin states, and the Yarkovsky effect, which drives
orbital drift in a spin-dependent manner. Families that
have undergone more significant rotational evolution (as
measured by a wider spread in spin periods) have also
experienced more significant orbital evolution.

However, the interpretation of these results must be
tempered by a clear understanding of the study’s limi-
tations, which are primarily rooted in data availability.

1. Data Sparsity: The most significant limitation
is the extreme scarcity of spin period and, espe-
cially, obliquity measurements. Our analysis was
restricted to only 50 families that met the stringent
data availability criteria. This sample may not
be fully representative of the entire asteroid belt
population. Families with smaller, fainter mem-
bers are likely underrepresented, and these are the
very objects expected to be most susceptible to
Yarkovsky/YORP effects.

2. Age Determination: Family ages are them-
selves model-dependent and can have significant
uncertainties. While we used the provided age
data, any systematic errors or large random un-
certainties in these ages would add noise to our
analysis, potentially weakening the detected cor-
relations.

3. Single-Metric Proxies: The use of sin-
gle metrics (e.g., Std_SemimajorAxis_AU,
IQR_SpinPeriod_hr) to characterize complex,
multi-dimensional distributions is a necessary sim-
plification. The true physical processes depend on
the detailed shapes of these distributions, which
are not fully captured by these summary statistics.

Despite these limitations, this study successfully lever-
ages a large dataset to extract statistically significant
trends that align with theoretical predictions. It demon-
strates a powerful methodology for using population-
level statistics to test theories of asteroid evolution and
highlights the immense scientific value of ongoing and
future surveys dedicated to measuring the physical prop-
erties of small solar system bodies.

4. SUMMARY OF RESULTS

In summary, this study provides statistical evidence
for coupled spin-orbit evolution in asteroid families. The
key findings are:

• A strong positive correlation between family age
and orbital dispersion, confirming the Yarkovsky
effect.

• A statistically significant relationship between or-
bital dispersion and the diversity of spin periods
within a family, even after accounting for family
age and size, providing compelling evidence for
coupled spin-orbit evolution driven by the YORP
effect influencing Yarkovsky-driven orbital diffu-
sion.

• Regression modeling further supports the coupled
evolution, with spin period dispersion being a sig-
nificant predictor of orbital dispersion, even when
controlling for age and size.

These results contribute to our understanding of the
complex interplay between non-gravitational forces and
the long-term evolution of asteroid populations.

5. CONCLUSIONS
This study addressed the problem of observationally

confirming the coupled spin-orbit evolution of asteroid
families, where YORP-driven spin state changes influ-
ence Yarkovsky-driven orbital diffusion. We tackled
this challenge by performing a comprehensive statisti-
cal analysis of a large asteroid dataset, seeking observa-
tional evidence within asteroid families.

Our analysis utilized a comprehensive dataset of
1,464,228 asteroids, focusing on a carefully selected sam-
ple of 50 well-characterized families. We calculated
family-level metrics to quantify orbital dispersion, spin
property distributions, and characteristic member size.
Statistical methods included correlation and regression
analyses, with particular attention to controlling for
confounding factors like family age and size.

The results reveal a significant positive correlation be-
tween family age and orbital dispersion, consistent with
the Yarkovsky effect. Critically, we found a statistically
significant relationship between orbital dispersion and
the diversity of spin periods within a family, even after
accounting for family age and size. This finding pro-
vides compelling evidence for coupled spin-orbit evolu-
tion, suggesting that YORP-driven spin state changes
influence Yarkovsky-driven orbital diffusion.

From these results, we learned that the interplay be-
tween the Yarkovsky and YORP effects is crucial in
shaping the long-term evolution of asteroid families.
The observed correlation between orbital dispersion and
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spin period diversity indicates that changes in an aster-
oid’s spin state, driven by the YORP effect, directly im-
pact its orbital diffusion due to the Yarkovsky effect.
This study provides observational constraints on the
complex interaction between non-gravitational forces
and the long-term evolution of asteroid populations.
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