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Abstract In this paper we present a comprehensive analysis of the dynamics in the region
of the (3556) Lixiaohua asteroid family. The family lies in a particularly interesting region
of the phase space, crossed by several two-body and three-body mean motion resonances.
Also, members of this family can have close encounters with large asteroids, such as Ceres.
We have identified the mean motion resonances which contribute to the long-term dynamical
evolution of the family and our results confirm that the members of this family can be classified into a number of groups, exhibiting different dynamical behavior. We show for the first
time that in the Lixiaohua region, apart from the chaotic diffusion in proper eccentricity and
inclination (e p and I p ), there is at least one extended chaotic zone where several resonances
overlap, thus giving rise to chaotic diffusion in proper semi-major axis (a p ) as well. Using a
code of Monte Carlo type, we simulate the evolution of the family, according to the model
which combines the chaotic diffusion (in a p , e p and I p ), Yarkovsky/YORP thermal effect
and random walk in a p due to the close encounters with massive asteroids. These simulations show that all these effects should be taken into account in order to accurately explain
the observed distribution of family members in the space of proper elements, although a
“minimal” model that accounts for chaotic diffusion in (e p , I p ), Yarkovsky-induced drift in
a p and random walk in a p due to the close encounters with the most massive asteroids is
enough to grossly characterize the shape of the family.
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1 Introduction
Asteroid families are groups of small bodies that share certain orbital and spectral properties.
Several tens of families have been identified so far (see e.g. Bendjoya and Zappalà 2002;
Nesvorný et al. 2006), each one believed to have resulted from the collisional break-up of
a large parent body. To identify asteroid families, one looks for clusters of asteroids in the
space of proper elements: the proper semi-major axis (a p ), proper eccentricity (e p ), and
proper inclination (I p ) (Milani and Knežević 1990, 1994). Proper orbital elements, being the
quasi-integrals of motion and thus nearly constant in time, are used to define a dynamical
criterion to decide whether or not a group of bodies may have a common ancestor.
The size and velocity distributions of family members provide important constraints for
understanding of break-up processes, but, physical erosion and dynamical evolution of the
orbits over time can change the original signature of the collision. The young families, like e.g.
Karin cluster (Nesvorný et al. 2002a) or Veritas family (Tsiganis et al. 2007), provide a unique
opportunity to study collisional outcomes almost unaffected by orbital evolution. However,
most of the known asteroid families are quite old and have therefore probably undergone
significant collisional and dynamical evolution since their formation (e.g. Dell’Oro et al.
2004).
One of the most important pieces of information, which can help in overcoming the interpretation problems, is the age of the asteroid family. There are several methods developed to
determine the age (see e.g. Vokrouhlický et al. 2006b, and references therein), each of which
is well-suited for a particular type of families. Recently, Novaković et al. (2010) developed the
most sophisticated version of the so called chaotic chronology method, originally proposed
by Milani and Farinella (1994) and later improved by Tsiganis et al. (2007). This model takes
into account the chaotic dispersion of families and can be applied to asteroid families that
reside in complex phase-space regions. Apart from determination of the ages, this model can
be used to simulate the evolution of asteroid families, i.e. to reconstruct their original shapes,
which result from the collisions.
One of the families we recently found suitable to apply the method of chaotic chronology to is the family of (3556) Lixiaohua. This was shown by Novaković et al. (2010), who
estimated the family to be 155 ± 36 Myear old. Here we follow a somewhat different line
of work. First, we study in detail the dynamics of asteroids across the region occupied by
the family. Then, using an improved version of the model by Novaković et al. (2010), we
simulate the evolution of the entire family, in order to quantify the contribution of different
effects, such as chaotic diffusion, Yarkovsky/YORP drift and close encounters with massive
asteroids.

2 Lixiaohua family: the basic properties
Here we describe the basic orbital and physical properties of the Lixiaohua family. The first
step in our study of Lixiaohua family was to identify its members in the space of proper
elements. This was done by applying the hierarchical clustering method (HCM) and the
corresponding metrics, proposed by Zappalà et al. (1990), to the catalog of synthetic proper
elements from the AstDys1 database. The HCM requires that distances among family members (in the proper elements space) are less than the so called cut-off distance (dcuto f f ), which
has velocity dimension. As the cut-off distance is a free parameter of HCM we tested different
1 http://hamilton.dm.unipi.it/~astdys/propsynth/numb.syn.
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Fig. 2 Distribution of the known Lixiaohua family members in the (a p , e p ) plane (left) and (a p , I p ) plane
(right). The superimposed ellipses represent equivelocity curves, computed according to the equations of
Gauss (e.g. Morbidelli et al. 1995), for a velocity of v = 40 ms−1 , true anomaly f = 80◦ and argument of
pericentre ω = 300◦ . The size of each point corresponds to the diameter of the body. Adapted from Novaković
et al. (2010)

values in the range 15 ms−1 < dcuto f f < 115 ms−1 . This is shown in Fig. 1 where two critical
values of dcuto f f can be easily recognized. The lower one is dcuto f f = 30 ms−1 , where HCM
begins to connect most of the family members, and the higher one is dcuto f f = 100 ms−1 , the
largest value before the family begins to merge with the local background population. For our
nominal family, as a conservative choice, we adopted dcuto f f = 50 ms−1 . The distributions
of the family members (for this value of dcuto f f ) are shown in Fig. 2.
In the next step, we calculated the cumulative absolute magnitude H distribution of the
Lixiaohua family members and, following Vokrouhlický et al. (2006a), we found the exponent γ that best fits the power-law approximation, N (< H ) ∝ 10γ H , for H ∈ [13, 15].2 The
exponent γ can change over the time (Morbidelli et al. 2003). Its average value for the main
belt asteroids is 0.61 (Ivezić et al. 2001), and it is larger in the inner than in the outer belt.
A value of γ higher than for the local background population indicates a young family. For
a velocity cut-off of 50 ms−1 we found3 γ = 0.58 ± 0.02, while for dcuto f f = 110 ms−1 ,
when many background objects are associated to the family, it drops to γ = 0.49 ± 0.02.
2 This is approximately the completeness limit in the outer belt.
3 In good agreement with γ = 0.56 found by Parker et al. (2008).
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This relatively steep magnitude distribution of the Lixiaohua family members suggests a
comparatively young age for the family.
The parent body of the Lixiaohua family had a diameter of about ∼ 220 km (Durda et al.
2007), while the largest member of the family is asteroid (3330) Gantrisch4 with a diameter
of ∼ 35 km. This yields the largest remnant to parent body mass ratio M L R /M P B ∼ 0.004.
Thus, the Lixiaohua family was likely produced by a super-catastrophic disruption.5 Using
a Monte-Carlo-type code that combines the effects of chaotic diffusion in (e p , I p ) with a
drift in proper semi-major axis (a p ) induced by the Yarkovsky and Yarkovsky-O’KeefeRadzievskii-Paddack (YORP) thermal effects, Novaković et al. (2010) estimated that this
has happened about 155 Myear ago.
According to Lazzaro et al. (2004), (3330) Gantrisch belongs to the X spectral type.
The data about spectral types of other family members are scarce and quite poor, but available information suggest that Lixiaohua members are mostly C/X type (Lazzaro et al. 2004;
Nesvorný et al. 2005). The albedo values are available only for three family members (Tedesco
et al. 2002): (5900) Jensen pv = 0.0287, (18483) 1995Y Y2 pv = 0.0802 and (19862) 2556PL pv = 0.0390, consistent with those of typical C-type asteroids.
3 Dynamical properties
The region occupied by the Lixiaohua asteroid family is dynamically very complex. Although
it is far from strong secular6 and mean motion resonances (MMRs), this region is crossed by
several weak MMRs (both, two- and three-body resonances), which give rise to at least one
sizeable chaotic zone. However, as according to Nesvorný and Morbidelli (1998) the total
volume of phase space covered by the resonances increases with eccentricity, for e p ∼ 0.2
resonances overlap in the interval 3.12 AU < a p < 3.17 AU and destroy almost completely larger regular regions. Because of that, the Lixiaohua asteroid family has experienced
significant dynamical evolution over its lifetime.
In Fig. 3 (top) Lyapunov Characteristic Exponents (LCEs)7 for the orbits of the Lixiaohua
family members are shown, along with the approximate location of MMRs that cross
the family region. The left border of the family, in terms of the semi-major axis (closer
to the Sun), is currently marked by the 15/7 MMR with Jupiter. The right border is close to
the (3, 3, −2) three-body MMR (Jupiter-Saturn-asteroid). Between these two resonances,
the region is also crossed by the 17/8 and 19/9 two-body MMRs8 and by several three-body
MMRs. Some of these three-body MMRs, such as (6, 1, −3) and (8, −4, −3), have been
identified by Nesvorný and Morbidelli (1998), while we have found that the region is also
crossed by the (14, −3, −6), (10, −9, −3), (7, 9, −5), (3, −18, 2), (9, 4, −5), (11, −1,
−5) and (1, 8, −2) resonances (see Fig. 3). In Fig. 4 the mean semi-major axis and resonant
critical angle σ(8 −4 −3) of the asteroid (38315) 1999R S112 are shown, over an interval of
2 × 105 year. Figure 5 shows the mean semi-major axis and resonant critical angle σ(1 8 −2) of
the asteroid (176047) 2000S L 362 . In both cases, there is an apparent correlation between
4 Although the asteroid (3330) Gantrisch is both, lower numbered and larger than (3556) Lixiaohua, we

preserve here the original name of the family.
5 Super-catastrophic events are usually characterised by M
L R /M P B ≤ 0.1 (Nesvorný et al. 2006).
6 There are no secular resonances (up to order 4) which cross the family region (see e.g. Figure 10 in Milani

and Knežević 1994).
7 LCEs are calculated according to the procedure described in Milani and Nobili (1992).
8 Applying the numerical method proposed by Gallardo (2006), we found the strength of the 17/8 resonance

to be ∼3 times larger than that of 19/9.
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Fig. 3 Top Lyapunov
characteristic exponents (LCEs),
as a function of the proper
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of several two-body MMRs with
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the semi-major axis oscillations and the librations/circulations of the respective critical
angle.
Although all the resonances mentioned above could have caused some dynamical evolution of Lixiaohua family, it can be easily recognized, by looking at Fig. 3, that these
resonances appear to be well separated from each other, except in two regions, where several
resonances overlap. Of course, one should keep in mind that there are many other resonances in this region which are not shown in Fig. 3, but our investigation suggests thus these
higher-order resonances are less important.
In order to appreciate better the individual contribution of each resonance we propagated
the orbits of all known 263 Lixiaohua members for 200 Myear. These, as well as all other integrations in this work, were performed using the ORBIT9 integrator9 in a purely gravitational
dynamical model that includes the four major planets (from Jupiter to Neptune) as perturbing
bodies. The indirect effect of the inner planets is accounted for by applying a barycentric
correction to the initial conditions. Then, we computed synthetic proper elements (Knežević
and Milani 2000) for consecutive intervals of 10 Myear. The evolution of the proper elements
of all asteroids is shown in Fig. 3 (bottom). The oscillations in proper semi-major axes are
9 Available at http://adams.dm.unipi.it/~orbmaint/orbfit/.
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quite large inside the two regions of resonance-overlap mentioned above, the first centered at
a p ∼ 3.14 AU and the second centered at a p ∼ 3.147 AU . Somewhat smaller oscillations
are found in the region around a p ∼ 3.161 AU . As none of the identified resonances has
a particularly large width, these oscillations are probably due to the overlapping of several
resonances. In such a situation, however, the approximation that each resonance is separated
from the others breaks. The chaotic regions associated to separatrices of the resonances are
connected. As a result, asteroids can pass from one resonance to another. This phenomenon
is often referred to as Chirikov diffusion (see e.g. Morbidelli 2002). In terms of the diffusion
in e p and I p , the most important among these three chaotic zones is the main chaotic zone
(MCZ) located at a p ∼ 3.147AU, which is also associated with the highest LCEs values (see
Fig. 3).
3.1 The main chaotic zone (MCZ)
The size of the MCZ can be estimated from the oscillations of the mean semi-major axes
of the two largest fragments (see Figs. 6 and 7). The MCZ spreads from ∼ 3.143AU to
∼ 3.150AU, for e P ∼ 0.2. This relatively wide chaotic zone consists of several two- and
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three-body MMRs, listed above. Although each of these resonances is relatively weak and
narrow, they overlap allowing bodies to drift from one resonance to another. As a result,
bodies inside this zone exhibit random walk in semi-major axis as well as in e p and I p . In the
case of the Lixiaohua family this is particularly interesting, because the two largest family
members are both inside the MCZ.10
At the beginning of this Section, we have already mentioned some of the resonances
located within the MCZ. To verify our claim we searched for correlations between the semimajor axis oscillations of several family members and critical angles that correspond to some
of these resonances. The example in Fig. 8 clearly shows that asteroids can be temporarily
trapped in different MMRs within the MCZ.

10 Note that in the previous paper (Novaković et al. 2010) we found these bodies are just outside MCZ, but

probably resided in MCZ at some point in the past. Here, however, from Figs. 6 and 7 we see that these objects
do belong to MCZ, just currently being located near the borders.
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4 Evolution of the family
The long-term orbital evolution of the Lixiaohua family members is mainly dictated by
the chaotic diffusion in proper elements, generated inside the chaotic zones. This diffusion
affects mostly e p and I p but also the semi-major axis a p , at least in some parts of the family.
Apart from chaotic diffusion, there are at least two other mechanisms that contribute to the
long-term dynamical evolution of the family: (1) the Yarkovsky/YORP thermal effect and
(2) close encounters with massive asteroids. These two effects are the most important for our
analysis in terms of the semi-major axis evolution. There is an important difference, however,
between the semi-major axis drift caused by close encounters with massive asteroids and the
one caused by the thermal effect. While close encounters cause (more or less random) jumps
in (proper) semi-major axis, its evolution due to the Yarkovsky/YORP effect is much more
complex and depends on a number of parameters.
Chaotic diffusion in the region of the Lixiaohua asteroid family has already been studied
in Novaković et al. (2010), and used to estimate the age of Lixiaohua family. Here we are
mainly interested in simulating the evolution of the whole family and understanding its shape
in proper elements space. As the model used by Novaković et al. (2010) does not take into
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account possible random variations in proper semi-major axis (due to the chaotic diffusion
or close encounters), we extended it to account for these additional effects. Thus, our revised
Monte Carlo model now includes: chaotic diffusion in e p and I p , Yarkovsky/YORP thermal
effect, chaotic diffusion in a p , and close encounters with massive asteroids. We also checked
how the last two additional mechanisms affect the estimate of the family age.
In the case of a normal diffusion, transport in the space of actions is determined by the solution of a Fokker-Planck equation (Lichtenberg and Lieberman 1983). Our numerical method
is in fact equivalent to solving a discretized 2-D Fokker-Planck equation with variable coefficients. In the present simulations of the evolution of the whole family we used the diffusion
coefficients obtained by Novaković et al. (2010) to quantify the diffusion in e p and I p .
The Yarkovsky effect is the result of partial absorption of solar radiation at the surface of
the asteroid and its anisotropic re-emission in the infrared band. The thermal radiation from
the hottest part of the surface carries away more linear momentum than from the coldest part
and this imbalance results in a recoil force. It mainly acts on the semi-major axis and its
magnitude is size dependent. For asteroids it scales as 1/D, where D is the body’s diameter.
The resulting drift in semi-major axis depends also on several other physical and dynamical
parameters, such as thermal inertia, rotational period, spin obliquity and orbital geometry.
The values for these parameters were also taken from Novaković et al. (2010).
The reflection and re-emission of sunlight from an asteroid surface also produces a net
thermal torque on asteroids with irregular shape (YORP effect). Over time, this torque can
affect the spin rate and obliquity of small asteroids. YORP is important because it not only
controls the long-term evolution of asteroid spin vectors but also the magnitude and direction
of the Yarkovsky drift in a p (see e.g. Rubincam 2000; Bottke et al. 2006).
Close encounters with massive asteroids affect bodies of all sizes. Thus, contrary to the
Yarkovsky effect, they can change the semi-major axis of large bodies as well. The standard
deviation of changes in the semi-major axis due to encounters, can be expressed as:11

[a j (t) − a j (0)]2
σa (t) =
,
(1)
N −1
where N denotes the number of objects used in the experiment. Its time evolution follows a
power law of the form σa = Ct B (see e.g. Nesvorný et al. 2002b; Carruba et al. 2003). In
order to estimate the exponent B in the region of Lixiaohua family we selected 20 family
members, outside the regions where appreciable chaotic diffusion in semi-major axis (due to
resonance overlapping) has been found. Their orbits were propagated for 100 Myear, using
six different dynamical models. We focus on the influence of the three most massive asteroids (i.e. (1) Ceres, (2) Pallas and (4) Vesta) and four less massive asteroids located close
to the family (namely, (10) Hygiea, (52) Europa, (511) Davida and (704) Interamnia). In all
six simulations we used the same dynamical model for the planets as described above, each
time adding different massive asteroids. Our six sets (index 1–6) of integrations therefore
include: (1) Ceres, (2) Pallas, (3) Vesta, (4) Hygiea and Davida, (5) Europa and Interamnia, and (6) all seven asteroids. The adopted values for their masses were 4.75 × 10−10 M
(Ceres), 1.06 × 10−10 M (Pallas), 1.34 × 10−10 M (Vesta), 4.54 × 10−11 M (Hygiea),
9.76 × 10−12 M (Europa), 2.98 × 10−11 M (Davida) and 3.58 × 10−11 M (Interamnia)
(Baer and Chesley 2008).12 For each case, we calculated the time series of σa according to
11 A more sophisticated approach to investigating of the influence of close encounters with massive asteroids
was presented by Carruba et al. (2007). Here, however, we use a simpler method.
12 Other values for these masses (see e.g. Carpino and Knežević 1996; Michalak 2000; Pitjeva and Standish
2009) yield similar results.
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Fig. 9 Left The time series of σa (t) computed according to Eq. (1). The upper curve represents σa (t) due to
close encounters with Ceres, where changes of σa (t) can be easily appreciated. The curve below is related to
gravitational perturbations by Pallas. It is almost flat, suggesting that the influence of Pallas is negligible for
the Lixiaohua family. Right The best fit solutions of the time series of σa (t) for the six different dynamical
models (see text). The values of the exponent B are also shown

Eq. (1) and then the exponent B, applying a least-squares fit. The results are shown in Fig. 9.
As one can see, the influence of Pallas and the Europa-Interamnia pair are negligible, while
that of Vesta and the Hygiea-Davida pair is somehow larger, but still small. As expected, the
largest effect is by far due to close encounters with Ceres, the most massive asteroid.
However, on a statistical level, we are interested in the cumulative effect of close encounters with massive asteroids. Thus, in the following we use the value of B derived from model
(6), which includes all seven asteroids, i.e. B = 0.53. The dispersion σa2 is almost linear in
time and the process is close to normal diffusion (slightly super-diffusive). Note that this
value of B is somewhat smaller than the one found by Nesvorný et al. (2002b) and Carruba et
al. (2003). However, as discussed by these authors, the exponent B may vary with time and
also with asteroid location, so that this might be the reason of the discrepancy. In addition we
have derived our estimate using different techniques and dynamical model. Also, although
we tried to avoid using resonant bodies in this study, we were most likely unable to avoid the
effect of some weak MMRs.
To estimate the contribution of each of the effects mentioned above in the evolution of
the shape of the family, we first examine the projection of the family in the (a p , H ) plane.
Following the line of work of Vokrouhlický et al. (2006b) we need to derive a good “first
guess” of the initial (post break-up) distribution of fragments of the family, to be used as
initial condition in our Monte Carlo simulations. Thus, we first introduce the parameter
C = a 10

−β H
5

,

(2)

with a = a − ac and ac being the adopted “central” value for the family; β is a free
parameter. Next, we calculate the number of family members (Nobs (C)) as a function of a p .
This is shown in Fig. 10. Interestingly, there are significant variations13 in the number of
family members in the bins, but the two maxima that usually appear in older families (see
Vokrouhlický et al. 2006b) are not so clear in our case. Let us assume that the parent body
resided on a nearly circular orbit with semi-major axis ac . We assume that the following
break-up rules are valid:
a =

2
VT + O(e)
n

13 This is partly an artifact due to uncertainty in the computation of proper elements for resonant bodies.
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Fig. 10 Left The number√
of known Lixiaohua members in (C, C+C) bins. We chose C = 2 × 10−6 AU.
The error-bars have size N (C). Right The value of C (top) and E (bottom) as computed for different simulations, in which different dynamical effects were included. At the x-axis an index is given for each
represented model: (i) chaotic diffusion in (e p , I p ), (ii) chaotic diffusion in a p , (iii) Yarkovsky/YORP effect,
(iv) close encounters with massive asteroids, and (v) all effects included

and

VT = V0

D0
D

β
cosα.

(4)

In the above equations n is the heliocentric mean motion of the parent body, VT denotes the
transverse ejection velocity of fragments and D the diameter of the fragments. D0 is a reference value, typically D0 = 1329 km. The exponent β is a free parameter, which, following
Vokrouhlický et al. (2006b) we set to 1. Obviously, Eqs. (3) and (4) are just approximative.
Equation (3) assumes that bodies follow circular orbits and that eccentricity corrections can
be neglected. For our purposes and for eccentricities of ∼0.2, as in our case, this assumption
is still acceptable. Equation (4) represents an idealized situation, in which bodies of the same
size are being ejected from the parent body with the same relative velocity. Although it is
likely that there is some velocity dispersion, we restrict our study to this case; otherwise,
Eq. (2) is no longer tailored to the Yarkovsky drift model (see Vokrouhlický et al. 2006b).
Finally, the absolute magnitude value, H , can be converted to diameter, D, using the standard
relation
10
D( km) = D0 √

−H
5

pv

,

(5)

where pv denotes the geometric albedo.
Using the above assumptions and the size-frequency distribution (SFD) of the real family
members that we have derived from the data, we generated 10,000 random walkers in the
region that we suppose was covered by the family members, immediately after the brake-up
of the parent body. Then, we used our Monte Carlo model to simulate the evolution of these
random walkers, using different combinations of the dynamical effects that contribute to the
long-term evolution of the family. In each case, we ran our code for a time corresponding
to 160 Myear of evolution [i.e. approximately for the family age found by Novaković et al.
(2010)]. In order to measure how well our final distribution matches the currently observed
one, similarly to Vokrouhlický et al. (2006b), we used the χ 2 -like function defined as:
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C =

 [N (C) − Nobs (C)]2
C

Nobs (C)

,

(6)

where N (C) is obtained from our simulation, Nobs (C) is derived from the observed distribution of the real family members.14 The smaller the value of C , the better the match. The
obtained results are shown in Fig. 10. First, we examine separately the contribution of each
effect. Obviously, neither chaotic diffusion in e p and I p (i), nor in a p (ii) can explain the
real distribution. On the other hand, the Yarkovsky/YORP effect improves the fit greatly (iii),
for what concerns the spreading of family members in a p . The results also show that close
encounters with massive asteroids (iv), although less important than the Yarkovsky/YORP
effect, play an important role, at least for this family.
The best fit of the real distribution of family members in C is achieved when all dynamical
effects are included in the model (v). However, the most important contribution is carried
by the Yarkovsky/YORP effect, followed by that of close encounters with massive asteroids.
Thus, a model that takes into account only these two effects can be considered as the “minimal” model, for understanding the (a p , H ) distribution of the Lixiaohua family members.
This is, however, not true for what concerns their (e p , I p ) distribution. As can be understood
from what we presented in the previous sections, a significant part of the Lixiaohua family
has chaotically diffused in e p and I p during its lifetime; this can be understood simply by
looking at the current shape of the family in proper elements space. As the parameter C does
not depend on e p or I p , we introduce another parameter
E = e I = (e p − ec ) (sin I p − sin Ic )

(7)

in analogy with C, in order to express the distribution of family members with respect to
an assumed “origin” (ec , Ic ) in the (e p , I p ) plane. If we now define the function E in
analogy to C , we can search for the “minimal” model that minimizes both functions at
the same time—i.e. best fits the distribution of family members not only in a p but also in e p
and I p . Note, however, that here the age of the family is not a free parameter but is fixed to
160 Myear. Given that, we do not try to minimize E and C with respect to the age of the
family. Our aim is to check how these two quantities change when different effects are taken
into account. As shown in Fig. 10, chaotic diffusion in e p and I p (i) needs to be taken into
account, in order to minimize not only C but also E . On the contrary, chaotic diffusion
in a p (ii) can be considered as a higher-order effect, as it introduces only small changes in
both quantities.
The distributions of our random walkers after 160 Myear of the evolution (all effects
included) are shown in Fig. 11. Random walkers, initially in different dynamical regions are
now mixed up. The spread of the family in the (a p , e p ) plane is larger for smaller values
of the proper semi-major axis. This matches well the distribution of real family members.
In the (a p , I p ) plane, the spread around a p = 3.14 AU is somewhat larger in our simulation
than in the real case, particularly towards smaller inclinations. We conjecture that this is
because many faint Lixiaohua family members in this region may still be unknown. The
only thing that our run does not reproduce is the high inclination of three members located
at a p ≈ 3.162 AU. Further investigation is necessary to check whether these bodies really
do belong to the family and, if yes, why and how they may have migrated to their present
positions.
Finally, as the last step in our study of the Lixiaohua family, we use our extended model to
estimate the age of the family. Following Novaković et al. (2010) we perform a set of different
14 Here we used N (C) and N
obs (C) expressed in percents, due to the unequal numbers of real family members

and random walkers.
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Fig. 11 The distribution of random walkers after 160 Myear of evolution in our model. Chaotic diffusion
in a p , e p and I p , Yarkovsky/YORP effect and random walk in a p due to the close encounters with massive
asteroids were all taken into account

simulations and we find the Lixiaohua family to be 160 ± 35 Myear old. This represents only
a 3% correction (towards larger values) of what we found in a previous paper (Novaković
et al. 2010). Given the size of the error-bars, this correction does not change the result, thus
making our estimate of the age quite robust.

5 Conclusions
We have investigated the dynamics in the region of Lixiaohua asteroid family. The family is
located in a particularly interesting region of the phase space, crossed by several two-body and
three-body MMRs. We have identified several two- and three-body MMRs which contribute
to the long-term dynamical evolution of the family and our results confirm that the members
of this family can be classified into several groups, exhibiting different dynamical behavior.
We show for the first time that in the Lixiaohua region, apart from the chaotic diffusion in
proper eccentricity and inclination (e p and I p ), there is at least one extended chaotic zone
(3.143 AU ≤ a p ≤ 3.150 AU) where several resonances overlap, thus giving rise to chaotic
diffusion in proper semi-major axis (a p ). This is an example of Chirikov diffusion in a real
system.
In addition to that, members of this family can have close encounters with large asteroids,
such as Ceres. We analyze the long-term effects of close encounters with massive asteroids
in order to determine the degree to which the semi-major axes of asteroid family members
can be scattered by this mechanism. Interestingly, we found that close encounters disperse
the semi-major axes of asteroids such that the dispersion evolves in time, following a power
law with exponent B 0.53, i.e. approximately according to Fick’s law.
Using a code of Monte Carlo type, we simulate the evolution of the whole family, according to a model which combines the chaotic diffusion (in a p , e p and I p ), Yarkovsky/YORP
thermal effect and random walk in a p due to close encounters with massive asteroids. Our
simulations show that all these effects should be taken into account in order to accurately
reproduce the observed distribution of family members in the space of proper elements,
although their individual contribution can be very different. We conclude that the Yarkovsky/
YORP effect is dominant for what concerns the spreading of family members in a p , but the
effect of close encounters with massive asteroids has a significant contribution as well, at
least in this family. Regarding now the (e p , I p ) distribution, chaotic diffusion is by far the
most important process, shaping the family.
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