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Abstract. We investigate the effects of space weathering in 24 asteroid families of different
taxonomic classes (11 S-type and 13 C-type families) and ages using photometric data from
the SDSS, Gaia DR3, and SkyMapper surveys. The age of each family was determined using
the V-shape approximation in the semi-major axis — absolute magnitude space. In addition,
we analyzed the spectral properties of family members and investigated the dependence
of the a* parameter, a proxy for spectral slope, on family age. Significant correlations
between a* and the logarithm of age were found for both S-type and C-type families. The
results reveal distinct evolutionary trends in spectral slope: a* decreases with age in C-type
families, whereas it increases in S-type families. These findings provide new constraints on
space-weathering processes and their effects on the surface properties of asteroids.

Keywords: space weathering; V-shape; color index; taxonomy; asteroid families; SDSS; Gaia;
SkyMapper.

1 Introduction

Space weathering encompasses a suite of physicochemical processes that alter the surface prop-
erties of airless bodies as a result of prolonged exposure to the space environment. The principal
agents driving these modifications are micrometeorite bombardment and irradiation by the so-
lar wind and cosmic rays. Acting on cosmogonical timescales, these processes induce significant
changes in the spectral, mineralogical, chemical, and morphological characteristics of the surfaces
of asteroids, planetary satellites, and other small airless bodies throughout the Solar System. The
Moon is the most extensively studied body for investigating space-weathering processes [7], which
have been examined through both laboratory analyses of Apollo-returned samples and theoret-
ical modeling. Although asteroids are subjected to broadly similar space-weathering agents,
systematic investigations of these processes have become possible only within the last decade
owing to advances in large-scale photometric surveys |[8,9]| and the return of the first asteroid
samples to Earth. Despite these developments, significant discrepancies remain between weath-
ering timescales inferred from lunar regolith studies, laboratory experiments on meteorites, and
telescopic observations of asteroids. Asteroid families represent an important tool for studying
the evolution of space-weathering effects [2|. As fragments produced by the disruption of a com-
mon parent body, family members are expected to possess similar initial compositions and ages,
providing an opportunity to investigate the cumulative effects of space weathering while reducing
the influence of compositional variability [1]. Accordingly, this study examines the manifesta-
tions of space weathering in asteroid families that cover a wide range of taxonomic classes and
formation ages.
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2 Data and methodology

The SDSS MOC-4 catalog has long been the primary source of photometric data for asteroids.
However, new surveys have emerged, including the SkyMapper survey and Gaia DR3. In addi-
tion, WISE satellite provides a catalog of more than 150,000 asteroids albedo and diameters [4].
These developments have provided comprehensive, high-quality datasets for studying asteroid
physical properties, enabling systematic investigations of space-weathering effects and their vari-
ation with asteroid composition and age. This work proposes analyzing space weathering in
asteroid families using albedo and the parameter a* [3].

2.1 Color indicies and parameter a*

Twenty-four asteroid families were selected for analysis: 11 S-type (Agnia, Barcelona, Euno-
mia, Gefion, Iannini, Karin, Koronis, Maria, Massalia, Merxia, Rafita) and 13 C-type (Adeona,
Astrid, Dora, Erigone, Euphrosyne, Hoffmeister, Hygiea, Misa, Naema, Nemesis, Themis, Ursula,
Veritas). The list of members for each family was taken from the Nesvorny catalog [6].

For all members of the families, a cross-search was performed in four photometric catalogs,
and stellar magnitudes in the corresponding filters and their errors were obtained. Based on
these data, the main color indices (g—r, r—i, etc.) and their errors were calculated. Objects with
abnormal color values or relative errors greater than 0.50 were rejected from the sample.

The next step was to calculate the color index a*, which was determined by formula [3]:

a* =0.89(g — r) + 0.45(r — i) — 0.57.

The next step involved conducting a cross-search for geometric albedo values for all 24 fam-
ilies using data from the WISE mission [4]. To refine the criteria for filtering out “contami-
nants” (asteroids of other taxonomic classes), the two-dimensional distribution of objects in the
“albedo — a*” parameter space was analyzed. The criterion used for exclusion was the detection
of objects outside the main cluster (core) of a specific dynamic family. Visualization and statisti-
cal analysis of these relationships allowed for a clear distinction between members of the family’s
primary taxonomic type and nonfamily asteroids. In particular, for the S-complex asteroid fam-
ilies, both compact isolated groups of objects with low albedo (p, < 0.1) and negative values of
the a* values, consistent with possible to contamination of the family by carbonaceous asteroids,
and isolated outliers with unusually high color indices (a* > 0.6), that deviate significantly from
the main cluster (Figure 1).

All objects that fell into such isolated additional clusters or exhibited extreme outliers on the
“albedo — a*” plane were excluded from further analysis. This reduced the contamination from
background main-belt objects and from members of nearby dynamical groups that were incor-
rectly assigned to the studied families due to limitations in automatic dynamical classification
or overlaps in orbital element space.

2.2 Building a V-shape for asteroid families

For each of the 24 selected asteroid families from Nesvorny’s catalog [6], we constructed graphs
showing the dependence of absolute magnitude H on the proper semi-major axis a. Each point
on the graph corresponded to a separate object in the family.

The resulting distributions were then approximated using the following formula [1]:

H = 5logy, (‘a ;acy)
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Figure 1. Distribution of asteroids in the Gefion family on the “albedo — a*” plane. The main taxonomic
core of the family is highlighted by black squares, while red circles indicate extraneous “impurities” (an
additional cluster of C-type objects and excess anomalous points) that have been filtered out.
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Figure 2. Constructed V-shapes and their approximations for C-type families.

where H is absolute magnitude, a is proper semi-major axis, a. is center of the V-shape, C
is width parameter. Parameter C' is critical for determining the age of the family, as it re-
flects the rate of dispersion of fragments after the initial collision due to the Yarkovsky ef-
fect [11].

The reason for the emergence of such structures is the non-gravitational Yarkovsky effect,
which leads to a change in the semi-major axis of an asteroid depending on its size and orientation
of the axis of rotation. Thus, for each family, corresponding V-shapes were constructed with
selected C values, which were used in further age calculations.
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Figure 3. Constructed V-shapes for S-type families.

2.3 Age estimation

After constructing the V-shape for each of the 24 asteroid families, with the parameter C defined
for each of them, the next step was to calculate their age. The bagic idea is that, with increasing
age, family members progressively spread along the major axis away from the family center; thus,
the width of the V-shape provides a direct proxy for the family age. For a quantitative estimate,
we adopt a semi-empirical formulation described by [6]:

1
Cy e \2 P 0.2\2

e~ 1gy. % [0 ) x (e I
fage = 18y X (10—4AU) 8 (2.5AU) . (2.5g cm—3> 8 <pv>

where t,q¢ is age of the family (in billion years), Cy is width of the V-shape, determined at the
previous stage, a. is central proper semi-major axis of the V-shape (the proper semi-major axis
of the parent body in the formula for constructing the V-shape), p is average density of the
family objects (in g/cm?’), py is mean geometric albedo.

The parameter C' was selected individually for each family by visual adjustment of the
V-shape, as the observed asteroid distributions in eigenspace deviate substantially from idealized
theoretical models. In particular, real families often exhibit pronounced asymmetry between the
two wings, as well as internal gaps and artificial boundaries caused by the dynamical effects of
mean-motion and secular resonances. Under these conditions, formal mathematical criteria are
overly sensitive to local density inhomogeneities and to the presence of background interlopers
near the family boundaries, which can introduce significant systematic errors in the automatic
determination of V-shape slopes. To mitigate these effects, we performed an individual selection
procedure with a controlled shift of the family center a. within the range 0.002-0.01 au, allowing
us to account for dynamical distortions and to isolate the influence of resonance regions. The
geometric albedo py was derived separately for each family using WISE data [4].

The average densities (p) were taken from Carry [8]: for S-types — 2.70 & 0.69 g/cm?, for
C-types — 1.41 + 0.69 g/cm3.

Using the formula, we obtained approximate age estimates for each family — from several
million to over a billion years. It should be noted that the error in age estimation is largely due
to uncertainty in albedo and real differences in the density of individual objects in the family, as
well as possible errors in our selection of the V-shape width.
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3 Results and discussion

3.1 Dependence of a* on age in S-types families

Using the previously calculated data, we analyzed the change in parameter a* with respect to the
age of S-type families and observed an increase in this parameter over time. This is consistent
with the lunar case of space weathering, where the spectral slope increases with time. Within
the 11 S-type families we selected, a positive correlation between age and the average value of
parameter a* can be clearly traced. A graph of a* (for all four photometric catalogs) versus
the age of families was constructed (Figure 4). The dependence is linear in logarithmic scale,
which corresponds to theoretical expectations: the weathering process is more intense in the
early stages (up to 700 Myr), after which the weathering rate slows down. This may explain the
color saturation in older families.
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Figure 4. Dependence of the color index a* on age for S-type families according to four photometric
catalogs (top left — SDSS MOCA4, right — SDSS [8], bottom left — Gaia, right — SkyMapper [9]).

3.2 Dependence of a* on age in C-types families

For C-type families, the spectrum is less sensitive to space weathering than S-type families due
to their dark, carbon-rich surface, which limits spectral changes in the visible range.

Among the 13 selected C-complex families, a weak but systematic decrease in the a* spectral
slope parameter with increasing age is observed, suggesting progressive “bluing” of the surface.
Although the dependence is weaker and less stable than in the S-type, the general trend is
confirmed by the a* graph of the age of families (Figure 5).

This is commonly attributed to a more subdued or fundamentally different space-weathering
regime acting on carbonaceous surfaces, or alternatively to compositional and regolith-structural
effects that modulate optical maturation. In contrast to the logarithmic spectral reddening
and eventual saturation observed for S-type asteroids, the C-complex appears to exhibit a more
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Figure 5. Dependence of the color index a* on age for C-type families (top left — SDSS MOC4, right —
SDSS (Sergeev), bottom left — GAIA [8], right — SkyMapper [9]).

gradual and less monotonic evolution in color indices. For C-type families, the variation in a*
with age is weaker and more dispersed, consistent either with slower weathering rates, more
efficient optical resetting via collisional gardening, or intrinsically lower sensitivity of carbon-rich
material to space-weathering products at visible wavelengths.

It should be noted that variations between individual families still remain and may be related
to different proportions of secondary events, compositional features, or the accuracy of photo-
metric data. However, even under such conditions, a general trend can be observed, which can be
interpreted as an indicator of long-term surface “aging” under the influence of space weathering.

4 Conclusions

This article analyzes the manifestations of space weathering on the surface of S- and C-type
families using four photometric catalogs (SDSS MOC4, Gaia DR3, SkyMapper, SDSS reprocessed
by Sergeev) [8,9] and dynamic characteristics from the Nesvorny catalog [6]. The key parameters
were the a* index as an indicator of spectral evolution and the V-shape for estimating the age
of the families.

The age of the families was calculated using the V-shape method with Nesvorny’s formula [6],
the results were compared with previous studies [6,11], and they are in good agreement.

For S-families, there is a clear increase in a* with age, which is consistent with the model of
space weathering and the accumulation of nano-phase iron (npFe®). The graphs show an increase
in the a* parameter (slope of the spectrum) over time.

For C-families, a* decreases with age, indicating a different nature of weathering processes on
dark carbon-rich surfaces. Low albedo and spectral “flatness” complicate photometric analysis.
The results highlight the differences in weathering mechanisms between S and C-types and the
need for further spectroscopic and laboratory studies.
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These results are consistent with the conclusions of David Nesvorny et al. [5], while extending
them through a significantly enlarged sample of asteroid families and the use of four independent
photometric catalogues.
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Awnorariig. Y crarri JOCHZKY€EThCs BIUIMB KOCMIYHONO BUBITPIOBAHHS HA MOBEDPXHI acTe-
poinis 24 ciMeiicTs pizuoi Takconomii (11 cimelicts S-tumy ta 13 C-tumy) i BiKy Ha 0CHOBI
doromerpuunux ganux karajoris SDSS MOC4, Gaia ra SkyMapper. Buznadeno Bik K0OxKHO-
ro cimeiicTBa 3a momoMororo anpokcumarii V-shape y mpocropi Benuka miBBich — abcomoTHA
3opsaHa BennduHa. /107aTKOBO MPOAHATI30BAHO CIEKTPAIbHI XapAKTEPUCTUKN aCTEPOIIiB Ta
JIOCJTIIZKEHO 3aJIe’KHICTh MmapaMmerpa a*, sKnil XapaKTepu3ye HaxXmJl CIIEKTPY, Bia BiKy ci-
MeiicTB. OKpiM IIHOTO, BCTAHOBJIEHO KODEJISIiiHI 3a/I62KHOCTI MiXK mapaMeTrpom a* i jiorapu-
dmowm Biky aya cimeiicts S-tuny ta C-tumy. Haperri, BusBieHo pi3unii xapakTep eBOJIIOMIT
CIEKTPAJIHLHOTO HAXUJIY 3 BIKOM [IJIs aCTEPOIIiB Pi3HOI TakCcOHOMII: y cimeiicts C-Tumy mapa-
MeTp a* 3MEHIITYEThCs 3 BIKOM, TOIi K y ciMeiicTB S-Tuiy — 3pocrae. OrpumMani pe3yabraru
POBIIUPIOIOTH YABIEHHS PO MEXaHI3MHU KOCMIYHOTO BUBITPIOBAHHS Ta iXHi# BB Ha (isn-
YHI BJIACTUBOCTI MOBEPXOHH ACTEPOITiB.

Karuosi crosa: kocmiane BuBiTpioBanHs; V-shape; mOKa3HUK KOJbOPY; TAKCOHOMisi; acTe-
poinni cimeiicrBa; SDSS; Gaia; SkyMapper.
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