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Received 30 March 2015 / Accepted 15 September 2015

ABSTRACT

Context. Most asteroid families are very homogeneous in physical properties. Some show greater diversity, however. The Flora family
is the most intriguing of them. The Flora family is spread widely in the inner main belt, has a rich collisional history, and is one of the
most taxonomically diverse regions in the main belt. As a result of its proximity to the asteroid (4) Vesta (the only currently known
intact differentiated asteroid) and its family, migration between the two regions is possible. This dynamical path is one of the counter
arguments to the hypothesis that there may be traces of a differentiated parent body other than Vesta in the inner main belt region. We
here investigate the possibility that some of the V- and A-types (commonly interpreted as basaltoids and dunites – parts of the mantle
and crust of differentiated parent bodies) in the Flora dynamical region are not dynamically connected to Vesta.
Aims. The goal of this study is to investigate asteroids in the Flora dynamical region that may be witness to the differentiation of a
parent body other than (4) Vesta. In particular, we aim at predicting which asteroids may be fragments of a differentiated body or
bodies (taxonomical V-types). We also investigate their possible dynamical linkage to the nearby Vesta family.
Methods. To predict the taxonomic types of asteroids we used the naive Bayes classifier. We studied their dynamical past through
numerical integration including gravitational and Yarkovsky forces. Each asteroid was cloned, and average orbital elements were
computed at each step. When possible, we used observationally constrained physical parameters for the thermal forces.
Results. Most of the asteroids in the Flora region are predicted to originate from the S-complex (around 47.8%). Tens of asteroids with
potentially differential origins are identified in the region, including 164 potential V-types. We investigated the dynamical evolution
of selected objects to examine possible linkages of selected asteroids with the nearby Vesta family. In addition to the candidate
differentiated objects, we also studied the dynamical evolution of those asteroids from the Flora family for which spectroscopic
classification exist. In particular, we used all the physical parameters available for asteroid (809) Lundia to show that the asteroid
is unlikely to originate in the Vesta region and that it resided on a stable orbit in the Flora dynamical region for at least 80 My. Its
observationally constrained prograde rotation shows that asteroid (809) Lundia is unlikely to be a former Vesta family member.
Conclusions. We found that the V-type candidates are plentiful in the Flora dynamical region. Dynamical investigations of selected
objects showed that some of these objects were likely not connected to asteroid (4) Vesta and its family for at least 100 My. This adds
another piece of evidence to the hypothesis that there are multiple differentiated parent bodies.
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1. Introduction

The Flora family is one of the asteroid families that were discov-
ered early (Hirayama 1918). It is a remnant from a collisional
disruption of a large body or bodies that occurred hundreds
of My to a few Gy ago (the age of the family was approxi-
mated by several authors, for example <1 Gy (Nesvornỳ et al.
2002) or 910+160

−120 My (Dykhuis et al. 2014)). The family occu-
pies large area in the orbital element space and is the most dis-
persed asteroid family known (Nesvornỳ et al. 2002). Because
of its proximity to the ν6 resonance, it is commonly thought
that the Flora region may be the source of many ordinary chon-
drites (Nesvornỳ et al. 2002) and near-Earth asteroids (La Spina
et al. 2004; Kryszczyńska 2013). The dynamical and compo-
sitional links between the Flora asteroids, near-Earth asteroids,
and ordinary chondrites led to multiple studies suggesting that
the Flora family might be the source of many Earth impactors,
such as the Chelyabinsk meteorite (Reddy et al. 2013, 2014) or
a Cretaceous/Tertiary (K/T) impactor (Bottke et al. 2007; Reddy
et al. 2009).

Early studies (in the 1970s through 1990s) of asteroids in
the Flora region considered a possible differentiation scenario

for a few asteroids in the Flora family. The final classifications
showed no proofs for such a process, however.

In particular, several asteroids in the family were studied in
detail with spectral analyses. Of these, (951) Gaspra, an S-type
asteroid, is the most thoroughly examined. The Galileo space-
craft imaged the asteroid in four bands. Studies of these im-
ages showed a color variability of material on Gaspra’s surface.
Carr et al. (1994) concluded that the variability is most likely
due to variations in the thickness of space weathered regolith. A
few other studies attributed the variability to a high olivine con-
tent and proposed a differential origin hypothesis (Veverka et al.
1994; Granahan et al. 1994). This hypothesis was also supported
by Kivelson et al. (1993), who showed that the magnetic prop-
erties of Gaspra as measured by the Galileo probe are consistent
with stony iron meteorites. The link between Gaspra and stony
iron meteorites was refuted by Hood & Sonett (1994), however,
who showed that the magnetic properties are also consistent with
ordinary chondrites.

Another extensively studied asteroid from the Flora family
is (8) Flora, also of S-type, the largest asteroid in the family.
Similarly to (951) Gaspra, a possible differentiation of (8) Flora
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has also been widely discussed. McCord & Gaffey (1974) in-
ferred Flora’s composition to be a mixture of metal and pyroxine
based on reflectance spectroscopy. Gaffey (1984) observed the
spectral variability of (8) Flora with rotation and suggested that
thermal alternations caused by a differentiation process shaped
the mineralogy of the asteroid.

Many other asteroids in the Flora family have been identi-
fied as S-types. Some of them showed a spectrum of ordinary
chondrites, such as (43) Ariadne Johnson & Matson (1973; later
classified as Sk-type Xu et al. 1995; Bus & Binzel 2002 and
now considered an interloper Hanuš et al. 2013). Later stud-
ies showed that the S-type asteroids can be divided into sev-
eral subtypes. This spectral diversity was thought to originate
from the exposure of materials of various degrees of differen-
tiation (Gaffey et al. 1993). Adding to the complexity of the
mineralogical interpretation of S-type asteroid spectra, Chapman
(1996) found that an S-type spectrum could result from a space-
weathering mechanism acting on ordinary chondrite materials.
More recently, multiple studies showed that impact shocking
can also significantly effect the spectrum of ordinary chondrites
(Kohout et al. 2014). As a result of the various mechanisms,
the mineralogical identification of spectrally observed asteroids
is challenging. Ordinary chondrites in particular are among the
meteorite types whose spectra are the most affected by space
weathering and impact shocking.

Despite the difficulties involved in interpreting the spec-
tra, systematic spectral observations were undertaken to ex-
plain the origin of the Flora family. Based on an analysis
of UBV colors Tedesco (1979) concluded that the Flora pop-
ulation is mostly color homogenous. Xu et al. (1995) ob-
served spectra of 20 asteroids from the Flora family. All of
them except for (2259) Sofievka were found to belong to
the S-complex. Florczak et al. (1998) performed visible spec-
troscopy of 47 members of the Flora family. Most of the ob-
served asteroids showed characteristics typical of S-complex ob-
jects. Five of the observed members displayed different spectral
behavior. Of these, (4278) Harvey showed a V-type spectrum,
(3533) Toyota showed an M-type spectrum, (3875) Staehle is of
G or B type, (2093) Genichek is of C-type, and (298) Baptistina
is of E, M, or C type. Florczak et al. (2002) identified (809)
Lundia and (956) Elisa as V-type asteroids in the Flora fam-
ily and suggested that their origin might be in the Vesta family.
Mothé-Diniz et al. (2005) analyzed the taxonomic types present
in asteroid families and clumps in the Flora family. Within the
Baptistina family, Mothé-Diniz et al. (2005) found objects of
classes Xc, X, C, L, S, V, and A, making it one of the most taxo-
nomically diverse families in the study. Recently, Dykhuis et al.
(2014) redefined the core boundaries of the family using both or-
bital and reflectance properties. The results support a more spec-
trally homogenous definition of the family.

On the other hand, meteoritic evidence shows that there
might be objects other than those of the S complex in the re-
gion. Based on the Bunburra Rockhole meteorite fall obser-
vations and sample recovery, Bland et al. (2009) suggested
that they may be surviving fragments of a differentiated parent
body or bodies in the inner main belt different from those that
form (4) Vesta. Based on triangulated observations of the fall,
Bland et al. (2009) determined the pre-entry orbit and estimated
a probability of 98% that the observed meteoroid originated
in the inner main belt and chances 72% of it originating from
the ν6 resonance (a main contributor to transporting asteroids
from the Flora region Nesvornỳ et al. 2002; Scholl & Froeschlé
1991). Furthermore, the meteorite oxygen isotopic composition
in the recovered meteorites is significantly higher than that of

howardite-eucrite-diogenite (HED) meteorites, which are com-
monly interpreted to be part of the Vesta family. This leads to
the conclusion that there must be V-type asteroids in the inner
main belt that are not genetically related to (4) Vesta.

In this work we study the possibility that there might be
traces of a differentiated parent body in the Flora dynamical re-
gion other than asteroid (4) Vesta. We focus on the dynamical
Flora family members that were previously spectrally classified
as V- and A-type asteroids as well as candidate V-type asteroids
for the dynamical region. The V-type candidates were selected
based on Sloan Digital Sky Survey multi-filter photometry, the
albedos were taken from the WISE, IRAS, and AKARI surveys
and G12 phase-curve parameters. Asteroids of V- and A-type are
commonly interpreted to be basaltoids and dunites, parts of the
crust and mantle of differentiated bodies (for example, McCord
et al. (1970), Bus & Binzel (2002), Duffard et al. (2006), Lucas
et al. (2012)). Some ambiguity exists regarding the origin of A-
type asteroids, however. (Sanchez et al. 2014) showed that the
composition of A-type asteroids is consistent with brachinites
and R chondrites, and (Sunshine et al. 2007) showed that the
R chondrites are formed by nebular processes. Therefore we
mostly focus on V-types.

To exclude a connection of the possible differentiated ma-
terial to the Vesta family, we also analyze the dynamical his-
tory of these objects. In particular, we perform backward orbital
propagation on a timescale of 100 My (typical family migration
timescale).

In Sect. 2 we describe the taxonomical analysis and select
objects for dynamical investigation. In Sect. 3 we investigate
the dynamical paths of the asteroids and their past family ties.
Conclusions are presented in Sect. 4.

2. Taxonomic distribution

2.1. Data

Throughout this study we use the dynamical definition of Flora
family provided in Nesvorny (2012) and definition of clumps
and subfamilies provided in Mothe-Diniz et al. (2012). We de-
cided to use these databases because they are only based on
orbital elements to cluster asteroids into groups. This is a de-
sired property because we search for traces of differentiation and
therefore taxonomic variability. Asteroid families defined based
on both dynamical and physical properties, such as Masiero et al.
(2013) may lead to a family classification that is taxonomically
more homogeneous and may limit the possibilities of detect-
ing traces of differentiation in dynamical regions. The dataset
of Nesvorny (2012) contains 64 families calculated from ana-
lytic proper elements and 79 families calculated with synthetic
elements (Nesvorny 2012). Asteroids are clustered using the hi-
erarchical clustering method (HCM). The Flora cluster was com-
puted based on analytic proper elements, and it contains around
16 000 members, about 13 000 of which are numbered asteroids.
We focus on the numbered asteroids because their orbits are well
determined.

To taxonomically select and pre-classify V-type objects (de-
tailed classification should be made when visible (VIS) and near-
infrared (NIR) spectroscopy is available for these objects), we
used albedos (Masiero et al. 2011; Usui et al. 2011; Tedesco
1994) and photometric measurements from the fourth release of
the Moving Object Catalogue (MOC) of the Sloan Digital Sky
Survey (SDSS; Ivezić et al. 2001; Abazajian et al. 2005) and
G12 phase-curve parameters from Oszkiewicz et al. (2011).
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We do not aim to derive an unbiased distribution of taxo-
nomic types in the Flora family either by number or mass. Our
main goal is to identify potential V-type objects in the Flora re-
gion and focus on investigating their dynamical connections (or
lack of same) to the Vesta family.

Because the inner main belt region is rich in dynamically
overlaying families, there may be many interlopers present in
the Flora family (Migliorini et al. 1995). Therefore we would
like to stress that the identified V-type asteroids may not be ac-
tual genetic members of the Flora family or any of the currently
identified asteroid families. Our focus is to show that some of the
V-types in this dynamical region did not migrate from (4) Vesta
during their predictability period, not to identify their parent
body or family.

2.1.1. Geometric albedos

For all the numbered asteroids in the Flora family we ex-
tracted albedos from one of three databases: WISE (Masiero
et al. 2011), AKARI (Usui et al. 2011), and IRAS (Tedesco
et al. 2004; Tedesco 1994). For each asteroid we extracted the
albedo measurement with the smallest uncertainty from the three
databases. This resulted in albedos for 3292 asteroids, 3202 of
which are taken from WISE, 82 from AKARI, and 8 from IRAS.
In general, using the different databases could lead to statisti-
cal biases in the resulting taxonomic distribution. However, we
aim at predicting the taxonomic types for pre-selection purposes
only and do not aim to derive an unbiased distribution. Therefore
we did not perform consistency checks between the different
databases. This approach is sufficient for the preselection pur-
poses. In Fig. 1 we present the distribution of proper orbital el-
ements for asteroids in the Flora family, color-coded according
to albedo. The albedo values in the plots were restricted to range
from 0 to 0.5 for image clarity. Very high albedos (pV ≥ 0.5)
are listed for 55 asteroids (around 1.6% of the whole sample).
The Baptistina family (median albedo values around pV = 0.2)
clearly stands out in the albedo distribution plots. The median
albedo of the whole sample in the Flora region is pV = 0.25, the
standard deviation is 0.11, and practically all albedo values are
present in the sample. Median albedos for each of the subgroups
and clumps in the Flora region for which we had at least ten
albedos are listed in Table 1. For most of the clumps the standard
deviation of the albedo points is around 0.10. An exception is the
Davidweilla clump, for which the albedo values are the lowest
of all clumps, and both the average uncertainty (0.03) and the
standard deviation of the sample (0.05) are small. Davidweilla is
therefore more albedo homogenous than the other clumps in our
sample. The Krinov clump also has a small standard deviation,
but the average uncertainties are large.

2.1.2. SDSS photometry

We decided to use the most recent release of the SDSS MOC,
which is the fourth release. It contains data for 471, 569 mov-
ing objects, of which 220, 101 are linked to 104, 449 unique ob-
jects. Following DeMeo & Carry (2014) to guarantee good qual-
ity data, we removed points with the following flags:

EDGE BADSKY PEAKS_TOO_CLOSE NOTCHECKED
BINNED4 NODEBLEND DEBLEND_DEGENERATE
BAD_MOVING_FIT TOO_FEW_GOOD_DETECTIONS
STATIONARY.

The flags meaning in the listed order: object was too close to
edge of frame to be measured; should not affect point sources,

Fig. 1. Orbital element distribution of asteroids in the Flora region
color-coded based on the albedo.

Table 1. Median albedo in Flora clumps and subfamilies.

Group Num. of obj. pV σpV std(pV )

Flora (all) 3299 0.25 0.08 0.11
Flora (without Baptistina) 2472 0.27 0.08 0.11

Flora (without Baptistina and clumps) 2191 0.27 0.08 0.11
Baptistina 827 0.2 0.07 0.1

Auravictrix 10 0.27 0.04 0.1
Matterania 33 0.26 0.05 0.1

Davidweilla 10 0.18 0.03 0.05
Belgica 18 0.33 0.07 0.11
Albada 12 0.24 0.06 0.09
Hissao 10 0.24 0.05 0.08
Krinov 11 0.31 0.11 0.06
Amytis 10 0.3 0.09 0.08

Wolfernst 10 0.29 0.06 0.11

local sky measurement failed, object photometry is meaningless,
some peaks were too close to be deblended, object contains pix-
els which were not checked for peaks by deblender; deblend-
ing may be unreliable, detected in 4 × 4 binned frame; few are
genuine astrophysical objects, object is a blend, but was not de-
blended because it is: too close to an edge (EDGE already set),
too large (TOO LARGE), or a child overlaps an edge (EDGE
will be set), some peaks had degenerate templates, motion incon-
sistent with straight line, not deblended as moving, even though
detected, no good centroid found in enough bands for motion
determination, a “moving” object’s velocity is consistent with
zero.

This resulted in around 5000 observations of the Flora fam-
ily members that were linked to around 2500 unique objects.
Additionally, we required that the parameters a* and i − z were
within bounds of (−0.3, 0.4) and (−0.6, 0.2), respectively, and
the errors in all filters (except for the u filter) were 10% or better.
The u-filter wavelengths are not covered by current taxonomies.
This reduced the sample to around 4800 Flora family measure-
ments for 2500 unique asteroids.

In Table 2 we list the median a* and i − z for asteroids in the
Flora family and its subgroups. In Fig. 2 we present the a* versus
i− z color index distribution for the Flora family. Asteroids of all
ranges of a* and i− z are present in the family. The vast majority
of asteroids lies in the S-complex cloud.
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Table 2. Median a* in Flora clumps and subfamilies.

Group Num. of obj. a∗ σa∗ stda∗ i − z σi−z std(i − z)

Flora (all) 4225 0.12 0.03 0.09 −0.04 0.07 0.11
Flora (without Baptistina) 3389 0.13 0.03 0.09 −0.05 0.07 0.11

Flora (without Baptistina and clumps) 3143 0.13 0.03 0.09 −0.05 0.07 0.11
Baptistina 836 0.07 0.03 0.1 −0.03 0.07 0.1
Matterania 24 0.16 0.02 0.07 −0.04 0.04 0.1

Ingrid 10 0.15 0.02 0.07 −0.09 0.05 0.14
Azalea 23 0.16 0.02 0.03 −0.04 0.04 0.06
Lude 10 0.13 0.02 0.09 −0.03 0.04 0.08

Alascattalo 19 0.13 0.02 0.1 −0.06 0.04 0.09
OAFA 13 0.17 0.03 0.06 −0.07 0.06 0.06

Dornburg 11 0.15 0.02 0.04 −0.06 0.04 0.03
Amytis 17 0.16 0.02 0.05 −0.34 0.05 0.19

Fig. 2. Distribution of the a* (a* = 0.89 (g − r) + 0.45 (r − i) − 0.57
Ivezić et al. 2001) and i − z color index in the Flora family.

2.1.3. Phase curves

Phase-curve parameters are available for around 500 000 aster-
oids (Oszkiewicz et al. 2011), of which around 11 000 are num-
bered Flora family members. We required that the G12 parameter
is within 0.0, to 1.0 bounds and that both the right- and left-
sided G12 errors are smaller than 20%. This reduced the sample
to around 450 G12 parameters (G12s). Generally, all values of
G12s are present in the sample. The weighted average (weights
are one over the sum of the right- and left-sided error) of the
family is G12 = 0.66, and the standard deviation is 0.10.

2.2. Predicted taxonomic distribution

We classified all asteroids in the Flora family using the method
described in Oszkiewicz et al. (2014). That is, we classified as-
teroids based on the available physical features such as albedo,
reflectance values, and phase-curve parameters. The classifica-
tion was made using the naive Bayes classifier. In particular, the
taxonomic class was predicted by computing probabilities for all
the Bus-DeMeo classes and selecting the most likely class for an
object (Oszkiewicz et al. 2014):

arg max

(
P(C = ck)

n∏
j= 1

P(F j|C = ck)

)
for k = 1,..,m

. (1)

where P(C = ck) is the a priori probability that the object is of
ck type, P(F j|C = ck) is the conditional probability of the object
having some specific value of a feature F j given that it belongs to
type ck, n is the number of features, and m is the number of types.
We mostly used the SDSS photometry; when possible, we added
the geometric albedo pv and the phase-curve parameter G12 to
the set of features. There are about 150 objects for which a full
set of features is available. Where several sets of observations
were available for an object, we chose the classification with the
highest posterior probability.

About 2500 Flora family members in total were assigned a
predicted taxonomic type. The most common complex of the
predicted types is S (1195 asteroids). The preponderance of
S-complex asteroids in the Flora family (including the Baptistina
family) is expected because it corresponds to earlier studies. The
remaining main complexes include X-complex (187 asteroids)
and C-complex (152 asteroids). Asteroids from V- (164 aster-
oids), K- (78 asteroids), L- (393 asteroids), D- (155 asteroids),
and A- (178 asteroids) types were also predicted. In Fig. 5 we
present the overall contributions of S-, X-, and C-complexes as
well as end-member types.

The high (6.2%) percentage of D-type asteroids is a surprise
at this distance from Sun. D-type objects are usually found far
from the Sun and are generally associated with trans-Neptunian
objects (TNOs). DeMeo et al. (2014) followed up D-type candi-
dates in the inner main belt predicted in DeMeo & Carry (2013)
and found that only approximately 20% can be observationally
confirmed as true D types. We suspect that many of our pre-
dicted D types are also false positives. Similarly, low confirma-
tion rates may be found for other taxonomic types, especially
those with no distinct features in the SDSS wavelength ranges.
For example, predicted A-type asteroids are often found to be
S-complex objects after the addition of NIR wavelength data
(Lucas et al. 2012). As a result of the distinct spectral charac-
teristics in the visible wavelengths, the confirmation rates for
the SDSS-predicted V-types are much higher (for example, the
survey by Solontoi et al. (2012) achieved a confirmation rate of
77%) and therefore are more reliable.

In our study the predicted V-types are 6.6% of the total pre-
dicted types. This is quite a high percentage, and if spectrally
confirmed (and if migration from Vesta can be dynamically ex-
cluded − we discuss this in the next section), these objects could
substantially strengthen the hypothesis of traces of a differenti-
ated body other than Vesta in the inner main belt. In Fig. 3 we
present the orbital element distribution for the predicted V-types
in the Flora region. Similarly to other types, the predicted V-type
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Table 3. Asteroids with spectra other than S and C complex in the Flora family.

Designation Type Reference

(298) Baptistina E, M, C, Xc Florczak et al. (1998), Mothé-Diniz et al. (2005)
(728) Leonisis A/Ld Florczak et al. (1998)
(809) Lundia V Florczak et al. (2002)
(956) Elisa V Florczak et al. (2002)
(2780) Monnig A/Ld Lazzaro et al. (2004)
(2858) Carlosporter L Mothé-Diniz et al. (2005)
(3533) Toyota M, Xk Florczak et al. (1998), Xu et al. (1995) or Bus & Binzel (2002)
(3850) Peltier V Xu et al. (1995) or Bus & Binzel (2002)
(4278) Harvey V Florczak et al. (1998)
(4375) Kiyomori A Mothé-Diniz et al. (2005)
(4556) Gumilyov A/L Lazzaro et al. (2004)
(4750) Mukai X Xu et al. (1995) or Bus & Binzel (2002)
(7255) 1993 VY1 X Mothé-Diniz et al. (2005)

Fig. 3. Distribution of the predicted taxonomic V-types in the Flora
family.

asteroids seem to be randomly distributed in the orbital element
space.

We compared the predicted number of V-types in the Flora
family with the fraction of modeled fugitives. Nesvornỳ et al.
(2008) modeled the evolution of Vesta family members over
1 Gy and showed that the modeled fraction of Vesta fugitives in
the inner main belt region I (defined as 2.2 < a < 2.3 AU 0.05 <
e < 0.2, 0◦ < i < 10◦) is fM = 2.3%. This region approximately
corresponds to half the Flora-family region in the semi-major
axis. To estimate the uncertainties of the fraction, Nesvornỳ et al.
(2008) shifted the region in orbital element space. This proce-
dure showed a fugitive fraction of fM = 1.7−3.1%. To com-
pare our predicted number of V-types with that of the fugitives
predicted by (Nesvornỳ et al. 2008), we computed the fraction
of predicted V-types in region I to the number of all predicted
types in the region. The fraction is 7.44% − more than twice
the highest modeled fraction in the area. Nesvornỳ et al. (2008)
also found that the fugitives that evolve into the region I typi-
cally have high negative values of da/dt Yarkovsky drift in the
semi-major axis. If the V-types in this region migrated from
Vesta, they should have preferentially retrograde spins and near-
optimal Yarkovsky drift parameters (i.e., an obliquity ε ≈ 180◦
and favorable thermal conductivity) to reach their current po-
sition in 1−2 Gy (Nesvornỳ et al. 2008). In Sect. 3 we dis-
cuss the dynamical evolution of selected asteroids considering

Fig. 4. Dependence of absolute magnitude H on the proper semi-major
axis a for the Flora family.

observationally constrained parameters (including obliquity) for
modeling of the thermal forces.

In Fig. 4 we show the dependence of absolute magnitude and
proper semi-major axis for the Flora family. We plot there three
different family borders. For different values of the C parameter
relating to a different initial extent of the family or different ages
and magnitudes of the Yarkovsky drift, we refer to Brož et al.
(2013). The left side of the “V-shape” plot for the Flora fam-
ily is truncated due to the nearby ν6 resonance. Two asteroids,
(809) Lundia and (956) Elisa, which previously have been con-
firmed as V-types, lie outside the family borders. They both are
large objects and therefore unlikely to be driven to the edges of
the family by the Yarkovsky force. The two asteroids are even
more distant from the borders of the Vesta family. Even though
they have been identified as Flora family members using the hi-
erarchical clustering method, they are likely to be interlopers in
Flora and Vesta.

With the exception of two objects, most of the V-type candi-
dates lie within the Flora family borders. However, as a result of
the complex dynamical nature of this region, these objects may
not be actual genetical Flora family members. We study their
dynamical history in Sect. 3.
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Table 4. Keplerian elements (and rms uncertainties) of 11 selected asteroids; epoch: JD 2 457 000.5 TDT (2014-12-09).

Ast. name Taxa a[AU] e i2000[deg] Ω2000[deg] ω2000[deg] M[deg] No. of rms
obs. used [arcsec]

(956) Elisa V [1] 2.29757 0.205259 5.96450 192.664 125.479 290.205
1σ rms 8.02E-9 5.04E-8 5.72E-6 5.01E-5 5.18E-5 1.56E-5 1511 5.24E-1

(4278) Harvey V [2] 2.26683 0.177584 5.47574 146.505 235.233 139.328
1σ rms 1.053E-8 7.29E-8 5.59E-6 6.77E-5 6.99E-5 1.58E-5 1119 5.62E-1

(728) Leonisis A/Ld [3] 2.25391 0.0876105 4.25641 82.6708 55.1723 142.944
1σ rms 6.79E-9 3.93E-8 5.28E-6 7.17E-5 7.96E-5 3.54E-5 1364 4.98E-1

(4375) Kiyomori A [3] [4] 2.29351 0.104495 5.86327 137.557 69.8264 311.666
1σ rms 1.35E-8 8.57E-8 6.29E-6 7.66E-5 8.27E-5 3.78E-5 1033 5.25E-1

(2780) Monnig A/Ld [3] 2.19419 0.115843 5.46732 274.991 312.466 100.482
1σ rms 9.85E-9 4.91E-8 5.67E-6 5.93E-5 6.56E-5 2.87E-5 1067 5.14E-1

(4556) Gumilyov A/L[3] 2.31040 0.145536 4.75199 111.901 213.755 290.406
1σ rms 1.44E-8 5.60E-8 5.34E-6 7.34E-5 7.70E-5 2.87E-5 1169 5.45E-1

(809) Lundia V [1] 2.28258 0.193118 7.14897 154.583 196.249 265.245
1σ rms 4.86E-9 5.09E-8 4.71E-6 4.24E-5 4.48E-5 1.64E-5 1719 5.09E-1

(122192) 2000 KK82 V* 2.33976 0.146215 5.73099 199.474 207.051 218.271
1σ rms 2.04E-8 1.06E-7 1.30E-5 6.54E-5 7.29E-5 3.42E-5 347 6.13E-1

(124360) 2001 QR133 V* 2.32323 0.183149 5.21932 248.974 68.8619 284.170
1σ rms 2.08E-8 7.71E-8 7.56E-6 8.25E-5 8.82E-5 3.49E-5 406 5.69E-1

(151563) 2002 TM135 V* 2.22461 0.177543 6.96351 122.275 256.778 243.590
1σ rms 1.56E-8 9.10E-8 6.77E-6 7.63E-5 7.98E-5 2.48E-5 210 5.69E-1

(103418) 2000 AM150 V* 2.26591 0.140663 6.94947 140.812 272.373 185.026
1σ rms 1.94E-8 6.74E-8 9.52E-6 6.12E-5 7.29E-5 4.25E-5 276 5.27E-1

Notes. [1] Florczak et al. (2002); [2] Florczak et al. (1998); [3] Lazzaro et al. (2004); [4] Mothé-Diniz et al. (2005); (∗) predicted, this work.

For completeness we list asteroids in the Flora family in
Table 3 with a spectrally determined taxonomic type. We do not
list the most prevalent S- and C-complex asteroids in the table.
C-complex objects are primitive undifferentiated objects, and S-
complex asteroids may indicate partial differentiation. We here
mostly focus on V-types, which show evidence of full planetary
differentiation.

For a more detailed investigation we selected 11 asteroids
(listed in Tables 4 and 5). Although 164 V-type asteroids were
predicted, a dynamical investigation can only be made for se-
lected targets because the orbital propagation is computationally
demanding and time and resources are limited. We selected spec-
trally confirmed asteroids as well as V-type candidates indicated
in this study. We tried to select objects for which some physical
parameters are observationally constrained (albedo, size, or ro-
tational period) for a better approximation of the thermal forces.
Seven of the selected asteroids are of known taxonomic type (ei-
ther V- or A-types), and four are of predicted V- ype (they were
randomly selected from the pool of predicted V-types). Fits to
the V-type template for the predicted V-types are presented in
Figs. 6−9, and they represent typical predicted V-type fits. The
u-band points are plotted for reference only. To highlight the dif-
ference between the V and S-type (the most prevalent taxonomic
type in this region), we have plotted the template for the S-type
as well. All of the selected asteroids had their next opposition in
May to August 2015, predicted apparent V magnitudes between
17.5−19.5 mag, and can be targeted with large telescopes.

3. Dynamical investigation

The Flora region partially overlaps with the Vesta family in the
orbital elements phase space. Therefore it has often been sug-
gested that some of the asteroids currently associated with the
Flora dynamical region could have originated in the Vesta fam-
ily and then migrated to the Flora region. Carruba et al. (2005)
presented a dynamical scenario in which the V-type asteroids
(809) Lundia and (956) Elisa could have migrated from Vesta
and therefore represent the same parent body. Other asteroids in

Fig. 5. Predicted taxonomic types in the Flora family.

the region, such as (4278) Harvey because of its V-type spec-
trum, were also suggested to originate from (4) Vesta (Florczak
et al. 2002). In this section we test the migration scenario. In par-
ticular, we study the dynamical past of selected asteroids in the
Flora region.

3.1. Initial data

We integrated the orbital elements of all the selected asteroids
back in time up to 100 My into the past using two models: a
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Fig. 6. V-type template fit to SDSS data of asteroid 103418.

Fig. 7. V-type template fit to v data of asteroid 122192.

simplified model (gravitational forces including the Sun and
eight planets using the JPL DE405 planetary ephemeris) – called
“grav. model”, and a model with thermal forces (grav. model
and Yarkovsky forces) – called “Yark. model”. The 100 My
timescale is shorter than the latest estimates of Flora and Vesta
ages (about 0.9 Gy for the Vesta family according to Spoto et al.
2015), but it is long enough to show the influence and direc-
tion of the Yarkovsky drift. We also took into account relatively
low Lyapounov time (LT ) values of selected asteroids. The most
“predictable” is Lundia with LT = 552 ky, but for (151563)
2002 TM135, LT = 15.6 ky (AstDys 2015). Most of the se-
lected asteroids have LT values on the order of 105 yr. Because
of these limitations, we decided to set the integration time to at
most 100 My.

The starting orbital elements for the integration are listed in
Table 4. Initial orbital elements were computed using astromet-
ric observations from the Minor Planet Center database (MPC)
and the OrbFit software, version 4.2. (Milani et al. 1997). This
new version includes the new error model based upon Chesley
et al. (2010). The starting orbital elements were computed using
the JPL Planetary and Lunar Ephemerides DE405 and additional
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Fig. 8. V-type template fit to SDSS data of asteroid 124360.

Fig. 9. V-type template fit to SDSS data of asteroid 151563.

Table 6. Average values of the Yarkovsky drift rates in the semi-major
axes of 11 selected asteroids.

Name da/dt [AU/My]

956 Elisa 0.20e-05
4278 Harvey 0.27e-05
728 Leonisis 0.32e-05

4375 Kiyomori 0.78e-05
2780 Monnig 0.80e-05

4556 Gumilyov 0.37e-05
809 Lundia 0.17e-05
(122192) 0.55e-05
(124360) 0.86e-05
(151563) 0.29e-05
(103418) 0.43e-05

perturbations from the 25 massive asteroids. Their masses were
taken from Farnocchia et al. (2013).

We list in Table 5 the physical data of the asteroids that are
needed to reproduce perturbations from thermal forces: radius,
bulk density, surface density, thermal conductivity, thermal ca-
pacity, albedo, infrared emissivity, period, and spin orientation.

Where possible, we use modeled values for spin vectors and ra-
dius (otherwise random values were assumed). Densities and
thermal properties were adopted from literature as “typical”
for particular taxonomic group. We made several assumptions.
Asteroid shapes were assumed spherical for simplicity. The dou-
ble asteroid (809) Lundia (Kryszczyńska et al. 2009; Birlan et al.
2013) was approximated by a single body of an equivalent diam-
eter of 9.1 km. This simplified model is sufficient for the current
study. Our simplified model of (809) Lundia takes into account
latest observational data (spin rate, rotational pole, diameter, and
albedo), which is an advantage compared with other studies. A
more advanced simulation of the binary system including accu-
rate shapes of both components and bYORP should be consid-
ered in the future.

3.2. Orbital integration

The main tool used for the numerical integration was the
swift_rmvsy package (Brož et al. 2011). This tool is a modified
and extended version of the swift_rmvs that is included in the
original SWIFT software (Levison & Duncan 1994). The initial
step size of the swift_rvmsy integrator was 20 days. This is a typ-
ical value in such calculations, especially for orbits of main belt
asteroids. Details of Yarkovsky effect computations used in the
swift_rmvsy package were described by Vokrouhlicky (1998)
and Vokrouhlický & Farinella (1999).

For each asteroid we created 101 test particles (clones) fol-
lowing the procedure described by Milani et al. (2005). The or-
bital distribution of clones was similar to real observational er-
rors (Gaussian, with a 3σ criterion, along the line of variation).
We analyzed the propagation of the mean values of the orbital
elements. The elements were averaged and weighted using a
Gaussian probability density function. For this reason, elements
located close to the nominal solution were more important in
weighting and averaging. We used averaged elements instead of
proper elements because they are fast and easy to compute. They
also give a good overview and qualitative estimate of a long-term
dynamical evolution. Additionally, the separation of clones dur-
ing the integration represents the propagation of observational
errors.

3.3. Dynamical evolution

In our sample of 11 asteroids and their clones, we did not find
any collisions and ejections during the numerical integration.
The numerical integration with the two dynamical models shows
differences in the evolution of the averaged orbital elements. In
Figs. 10 and 11 we present the results of the integration with the
two models for all the 11 asteroids collectively. Nine of these
objects cluster very tightly in proper eccentricity e and sine of
inclination sin(i) near the Baptistina region (with the exception
of 728 Leonisis and 4556 Gumilyov). For most of the asteroids,
the Yarkovsky effect played an important role in the dynamical
past. In Table 6 we list the average values for the Yarkovsky drift
in the semi-major axis for the 11 selected objects. We also show
detailed results for three asteroids: (809) Lundia (728) Leonisis,
and (122192) 2000 KK82, as typical examples of the dynamical
evolution in our sample.

To picture the evolution of dynamical ties to the Flora and
Vesta family in time, we calculated the distances from Vesta
and Flora centroids (Dorbit, Parker et al. 2008) at each inte-
gration step. The centroids were defined based on the cur-
rent family orbital element distributions. In Figs. 12−14 we
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103418

122192

124360

151563

Elisa

Lundia

Gumilyov

Harvey

Kiyomori

Leonisis

Monnig

103418

122192
124360

151563
Elisa

Lundia

Gumilyov

Harvey

Kiyomori

Leonisis

Monnig

103418 Yark.

122192 Yark.
124360 Yark.

151563 Yark.

Elisa Yark.

Lundia Yark.

Gumilyov Yark.

Harvey Yark. Kiyomori Yark.

Leonisis Yark.

Monnig Yark.

Fig. 10. Orbital drift in semi-major axis a and
inclination i.

Fig. 11. Orbital drift in semi-major axis a and
eccentricity e.

A18, page 9 of 14

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201526219&pdf_id=10
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201526219&pdf_id=11


A&A 584, A18 (2015)

Fig. 12. Dorbit criteria of asteroid (122192) obtained with the grav. and Yark. models with regard to the Vesta and Flora families.

Fig. 13. Dorbit criteria of asteroid (809) Lundia obtained with the grav. and Yark. models with regard to the Vesta and Flora families.

present the evolution of the average centroid distances during
the past 100 My years for asteroids (122192), (809) Lundia, and
(728) Leonisis. In Figs. 15, 17, and 19 we plot the evolution
of orbital elements, and in Figs. 16, 18, and 20 we show the
Yarkovsky drift in the semi-major axis for the three objects.

Asteroid (122192) 2000 KK82 is a typical example of an
object in the Flora region for which the dynamical history and
centroid distances differ strongly depending on the selected
model. The orbit of (122192) is located close to the region of
the 10:3 Jupiter resonance, but also to the three body 5J+4S-
2A mean motion resonance (MMR) region. In the Yarkovsky
model (Fig. 12), the asteroid enters the resonant region about
15 My in the past due to the Yarkovsky drift in the semi-major
axis. In the grav. model the asteroid never reaches that region.

Moderate-order resonances play an important role in stabiliz-
ing this orbit. The mean Yarkovsky drift value is rather typi-
cal (average rate: 0.55e-5 AU/My) and changes during the in-
tegration. The asteroid shows smaller centroid distances to the
Flora family than to Vesta family throughout the integration
time. However, many of the physical parameters are unknown
for (122192) 2000 KK82, and therefore a link to the Vesta fam-
ily cannot be excluded for this object.

Asteroid (809) Lundia is an example of an object where
the differences in the evolutionary paths for the two models are
small. In both dynamical models the asteroid reaches a stable or-
bit after around 15 My of integration into the past and remains
stable throughout the integration after this. The Yarkovsky drift
for (809) Lundia is the smallest among all the asteroids in our
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Fig. 14. Dorbit criteria of asteroid (728) Leonisis obtained with the grav. and Yark. models with regard to the Vesta and Flora families.

Fig. 15. Dynamic evolution of asteroid (122192) obtained with the
Yarkovsky model.

sample, and it remains relatively constant throughout the inte-
gration. According to Carruba et al. (2005), Lundia is captured
into a (g − g6) + s − s6 secular resonance, also called the z2 sec-
ular resonance. We note that Lundia is also very close to the
6:11 MMR with Mars. We compare our results for (809) Lundia
with that of Carruba et al. (2005). There are substantial differ-
ences in our approaches and results. Carruba et al. (2005) per-
formed forward-integration staring with a position in the Vesta

Fig. 16. Drift in semi-major axis due to the Yarkovsky effect for aster-
oid (122192).

family and showed that migration to the current Lundia posi-
tion is possible. In our approach we started with the current
position of Lundia and performed back integration. To show
the amplified drift effect, Carruba et al. (2005) created clones
with either prograde rotation and 0◦ obliquity or retrograde rota-
tors with 180◦ obliquity (for which the Yarkovsky drift is max-
imized) and size 100 m. In our modeling we used the obser-
vationally confirmed obliquity and spin axis of (809) Lundia,
that is, λ = 122◦ ± 5◦ β = 22◦ ± 5◦ (Kryszczynska et al.
2014) as well as the observationally constrained size (9.1 km)
and albedo. Additionally, we used 100 clones as compared
to two clones in Carruba et al. (2005). We argue that using
the observationally constrained sizes and spins gives us a bet-
ter understanding of the actual dynamical history of this ob-
ject. Based on the non-observationally confirmed assumptions,
Carruba et al. (2005) suggested that (809) Lundia may have
originated in the Vesta family and drifted to the Flora region.
However, this scenario is only possible if retrograde spin clones
are considered for (809) Lundia (see the two different paths
in Fig. 7 in Carruba et al. 2005). From observations we know
that (809) Lundia has a prograde sense of rotation. Therefore
out of the two paths shown in Carruba et al. (2005), the pro-
grade drifting toward the larger semi-major axis is more likely.
Additionally, the size of Lundia (9.1 km) limits the amplitude of
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Fig. 17. Dynamic evolution of asteroid (809) Lundia obtained with the
Yarkovsky model.

Fig. 18. Drift in semi-major axis due to the Yarkovsky effect for asteroid
(809) Lundia.

the Yarkovsky drift. For these two reasons, starting from a po-
sition in the Vesta family and slowly drifting toward the larger
semi-major axis, Lundia would never have migrated to its cur-
rent position in the Flora region. This finding also agrees with
(Nesvornỳ et al. 2008), who showed that the Vesta fugitives in
the inner main belt region should have preferentially retrograde
rotations and thermal parameters that maximize the Yarkovsky
drift amplitude. (809) Lundia with its prograde rotation and large
size does not fit the picture of a typical fugitive. Integrating back
in time and taking the observational constraints into account, we
find (809) Lundia on a stable orbit that is closer to the centroid of
the Flora family than that of Vesta during the 100 My integration.
Furthermore (809) Lundia remains not only closer to the Flora
centroid, but also outside the limit of the Vesta family throughout
most of the integration time. Because of its prograde rotation, its
relatively stable orbit during the 100 My, the small Yarkovsky
drift in the semi-major axis, and its position on the V-shaped

Fig. 19. Dynamic evolution of asteroid (728) Leonisis obtained with the
Yarkovsky model.

Fig. 20. Drift in semi-major axis due to the Yarkovsky effect for asteroid
(728) Leonisis.

plot, we suggest that (809) Lundia is not a former member of the
Vesta family.

This shows that the observational constraints and specifi-
cally the rotation direction need to be carefully considered when
studying the dynamical past and family membership of specific
asteroids. Particularly the rotation direction has a direct implica-
tion on the direction of the Yarkovsky drift.

Another example of typical evolutionary path in the Flora
region shows asteroid (728) Leonisis. The differences in the
evolutionary paths for the two models are small. The average
Yarkovsky drift is among the smallest in our sample and is vari-
able though the integration time. Main, principal resonance in
the vicinity is the 5:9 MMR with Mars (5M-9A, mentioned by
Nesvorny et al. 2008a and Carruba 2005). This is most probable
cause of e and i variations in the last 10 My. The orbit of Leonisis
is also close to 7:2 Jupiter mean-motion resonance. The object
stays closer to the centroid of the Flora family throughout the en-
tire integration than that of Vesta family. Unfortunately the Vesta
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Table 7. Vesta and Flora Dorbit criteria for different models, present and past (T = −100 My) values.

Dorb for Vesta family

Name Dorb(T = 0) Dorb(T = −100 My) Dorb(T = −100 My)
(grav. model) (Yark. model)

956 Elisa 7.11 5.13 4.78
4278 Harvey 5.67 4.27 4.37
728 Leonisis 4.70 6.61 6.31

4375 Kiyomori 1.54 4.89 4.39
2780 Monnig 3.20 3.77 4.72

4556 Gumilyov 4.61 4.23 4.91
809 Lundia 6.39 3.94 3.57
(122192) 3.45 4.83 2.41
(124360) 6.07 6.25 3.24
(151563) 5.51 3.84 3.63
(103418) 3.06 4.40 3.62

Dorb for Flora family

Name Dorb(T = 0) Dorb(T = −100 My) Dorb(T = −100 My)
(grav. model) (Yark. model)

s 956 Elisa 2.82 2.07 1.90
4278 Harvey 1.71 0.99 0.96
728 Leonisis 1.78 1.15 0.95

4375 Kiyomori 1.40 1.87 1.10
2780 Monnig 1.44 1.57 1.64

4556 Gumilyov 0.73 1.18 1.13
809 Lundia 2.84 1.64 1.58
(122192) 1.35 2.31 1.46
(124360) 2.02 2.81 1.48
(151563) 2.42 1.69 1.68
(103418) 1.63 1.97 1.82

Notes. Vesta boundary according to Parker et al. (2008; the maximum deviation in orbital space, in units of adopted dispersions, all values rounded
to two decimal places): Dorb,V = 2.75; Flora boundary: Dorb,F = 2.6.

family link cannot be excluded for this object due to unknown
pole orientation, thermal and physical parameters.

For all the asteroids the main cause of the e,i oscillations are
multiple resonances, especially moderate-order two-body and
three-body MMRs. The migration of orbital elements into res-
onant regions is often connected with the Yarkovsky drift. In
the motion of (809) Lundia, the z2 secular resonance plays an
important role. In the Yark. model all the considered asteroids
have orbits that are closer to the centroid of the Flora family
than to that of Vesta throughout the 100 My integration time.
In Table 7 we list the centroid distances to the Flora and Vesta
families for all the considered asteroids at T = −100 My and
now (T = 0 My). A more detailed analysis including more
observational constrains needs to be made for all the objects.
Observationally confirmed pole orientations in particular need
to be considered.

4. Conclusions and future work

The Flora family is one of the most taxonomically diverse as-
teroid families and has a rich dynamical history. Asteroids of
various taxonomic types, albedos, color indices, and G12s are
present in this dynamical region, which suggests that they have
various origins. In particular, we here predicted 164 V-type as-
teroids in the dynamical region. These objects need to be tar-
geted spectrally to confirm their taxonomical types. These aster-
oids in addition to spectrally confirmed V- and A-type objects
in the Flora family may represent traces of a differentiated body
other than asteroid (4) Vesta in the inner main belt region. To

test this hypothesis, we investigated 11 asteroids from the re-
gion (of predicted or observationally confirmed V or A-type) in
more detail and showed that their distances to the centroid of the
Flora family are smaller than those to the Vesta family during
the last 100 My. An in-depth investigation is required to ana-
lyze the past of these objects beyond this timescale. However,
many of the studied objects have very short Lapapunov times,
leading to unfeasible orbits beyond the 100 My timescale and
obscuring their dynamical past. For this reason, it is challenging
or even impossible to reliably rule out or confirm their dynam-
ical origin. Nonetheless, we suggest that some of these objects,
such as (809) Lundia, are unlikely to originate from (4) Vesta.
The dynamical investigation also showed that the Yarkovsky
forces play a crucial role in the dynamical evolution and that
the physical parameters have to be accurately known to better
understand dynamical paths of those objects. Obtaining precise
spin and shape models as well as determining thermal param-
eters is of great importance to constraining initial parameters
for dynamical modeling and understanding evolutionary paths.
In particular, we found that with the observational constraints,
asteroid (809) Lundia, a V-type object, probably does not orig-
inate in the Vesta family, as previously indicated by Carruba
et al. (2005). Because of its observationally constrained spin,
the direction of the Yarkovsky drift, and its size, we suggest
that the object did not migrate from the Vesta region. (809)
Lundia does not fit the picture of a typical Vesta fugitive. We
suggest that there might also be other objects similar to (809)
Lundia in the inner main belt. In particular, V-types with pro-
grade rotation vs. mostly retrograte rotating fugitives need to be
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dynamically investigated. Future studies should investigate the
dynamical history of (908) Lundia using a more complex binary
model for the asteroid. The candidate asteroids should also be
targeted spectrally to establish their spectral differences or sim-
ilarities to the V-types in the Vesta region and to the Bunburra
Rockhole meteorite.
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Icarus, 157, 155
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