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There are approximately 5000 known asteroids in the Hungaria orbital space, a region defined by orbits
with high inclination (16° < i < 34°), low eccentricities (e < 0.18), and semi-major axes 1.78 < a < 2.0 AU.
We argue that this region is populated by a large number of asteroids formed after a catastrophic collision
involving (434) Hungaria, the presumptive largest fragment of the Hungaria collisional family. The
remaining objects form a background population that share orbital characteristics with the family mem-
bers. Due to the general dynamic stability of the region, it is likely that most asteroids in Hungaria space

i‘;{ggirg:: (the Hungaria “group”) have been in this region since the formation of the Solar System or at least since
Photometry the planets assumed their current orbital configuration. Our examination of the Hungaria group included

comparing rotation rates, taxonomic classification, and orbital dynamics to determine the characteristics
of the family and background populations. We first found there is an excess of slow rotators among the
group but, otherwise, the distribution of spin frequencies is essentially uniform, i.e., that a plot of the
cumulative number of objects over the range of 1d~!<f<9d! is nearly a straight line or, put another
way, if the distribution over the range is binned by equal intervals of f(1-2 d~!, 2-3 d}, etc.), the number
of objects in each bin is statistically the same.
There is a distinct family within the Hungaria group, centered at a semi-major axis of 1.940 AU, with
a dispersion range that increases with decreasing size of members, as expected of an evolved collisional
family. The larger members with well-determined taxonomic class, including (434) Hungaria itself,
have flat spectra, mostly likely type E or similar. The degree of spreading versus size of family members
is consistent with that expected from Yarkovsky thermal drift in roughly 0.5 Gyr, suggesting that age
for the family. The Asteroid (434) Hungaria is displaced in semi-major axis by 0.004 AU from the center
of the Hungaria family. The collision event that produced the family should not have left the largest
body displaced by more than 0.001 AU from the original orbit, thus we infer that the displacement
of (434) Hungaria is mainly due to Yarkovsky drift, and is consistent with the expected drift for that
size body in ~0.5 Gyr. Below ~1.93 AU heliocentric distance the Hungaria family is perturbed by at
least two secular resonances, 2g — gs — g and one of the family of 4th or 6th order secular resonances
near s~ —22.25 ”[year. Their combined effect results in larger inclination dispersion of the family
members.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Before proceeding, it is important to differentiate between
members of a family and of a group in the context of this work.
Members of a group share common orbital characteristics, i.e., sim-
ilar values of a, e, and i. They may or may not have similar taxon-
omy or albedos (e.g., Cellino et al., 2002). Family members,
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however, share not only orbital characteristics but other traits as
well, such as similar taxonomy and albedos, and thus appear to
originate from a common parent asteroid through a catastrophic
collision. We will use the terms “Hungaria group” and “Hungaria
family”, as defined above, in the rest of this paper. If we use the
term “Hungaria” or “Hungarias” without qualification, it should
be taken to mean the Hungaria group. We will also use the term
“background” and take it to mean those asteroids in the Hungaria
group minus those in the Hungaria family.

Hungaria orbital space is bounded by the vs and v;¢ secular reso-
nances, and by Mars-crossing in (a, e) space (Gradie et al., 1979). The
zone is roughly defined by semi-major axis a (1.78 <a < 2.0 AU),
eccentricity e (e < 0.18), and inclination i (16° < i < 34°). With their,
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on average, high albedos (py ~ 0.3-0.4), this makes the Hungarias
among the smallest main belt objects that can be readily studied
with modest-size instruments. Since they are also not generally sub-
ject to tidal encounters with the terrestrial planets, the Hungarias
provide a control set within the main belt to compare against the
near-Earth asteroids (NEAs) for such characteristics as rotation rate
distribution and binary population. Studies along those lines
(discussed in more detail below) have shown some striking similar-
ities between the NEAs and Hungarias. This suggests that forces
other than tidal encounters were responsible for the binary and/or
paired asteroids in the Hungaria group.

It is likely that, because of their dynamical stability, the ob-
jects trapped in Hungaria space have resided there since the
planets assumed their final configuration. This makes the aster-
oids in the region prime targets for studies concerning the for-
mation and evolution of the Solar System in terms of orbital
dynamics, space weathering, and YORP/Yarkovsky forces, among
others. The large surveys coming on-line or planned for the near
future, e.g., Pan-STARRS, LSST, and the Discovery Channel Tele-
scope (DCT), will be able to provide a wealth of information that
will supplement and extend the current state of knowledge
about the Hungarias. In this work examine what is known about
the Hungarias in terms of rotation rates, taxonomic makeup, and
orbital dynamics.

It appears that most, but not all, of the smaller objects in the
Hungaria group were likely produced by the catastrophic disrup-
tion of the Hungaria parent body and so are members of the
Hungaria family. Fig. 1 shows all currently known objects in
Hungaria space using absolute magnitude (H) as an indicator of
size versus the semi-major axis. It is easy to see the large con-
centration of Asteroids around (434) Hungaria (dark triangle)
that fall within the V-shaped zone (curved lines) characteristic
of a collisionally-born cluster of asteroids (see, e.g., Zappala
et al, 2002). The vertical line represents the center of the
V-shape. This figure and, in particular, the apparent offset of
(434) Hungaria from the center of the “V” will be discussed in
detail in Section 4.
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Fig. 1. Hungaria-population asteroids projected onto the plane of absolute mag-
nitude H versus proper semi-major axis a (~5000 objects). The curved lines show
our assumed Hungaria-family zone where the highest concentration of the objects
is located; it also correlated with the concentration of objects in Fig. 5. To define the
family zone in this diagram we used a canonical form 0.2 H = log((a — a.)/C), where
a.=1.94 AU and C=3 x 10~#AU, discussed by Vokrouhlicky et al. (2006b). (434)
Hungaria itself (dark triangle) is displaced outward with respect to the symmetry
axis of the zone delimited by the curves by about 0.0045 AU. Yet, with the
estimated 10 m/s characteristic dispersal velocity, we would expect it that it would
initially fall within the £0.001 AU distance from the center (vertical gray zone). We
interpret this displacement as an accumulated drift due to Yarkovsky forces on
(434) Hungaria.

2. Lightcurve and rotation rate analysis

There are approximately 5000 known asteroids in Hungaria orbi-
tal space, as determined from pseudo-proper elements in the AstOrb
data file (Bowell, 2008). Asteroids in the Hungaria group have been
the subject of a concentrated study the past few years by the authors.
That program has produced one or more lightcurves for more than
100 Hungarias and determined statistically-useful rotation rates
and amplitudes for almost all observed objects. Those lightcurve
observations have also lead to the discovery of seven binary aster-
oids. Since the Hungarias are not subject to tidal encounters with
Mars or Earth, the discovery of binaries in this population requires
that other forces were involved in binary formation, likely the YORP
(Yarkovsky-O’Keefe-Radzievskii-Paddack) effect (Warner and Har-
ris, 2007; Bottke et al., 2006). YORP is the thermal re-radiation of
sunlight that creates a torque on smaller (D < 50 km) irregularly-
shaped bodies that can cause the rotation rate to increase or de-
crease. In the case of the former, the parent body can eventually
reach a critical spin rate where it sheds mass in order to prevent total
break up. That mass can reform into a separate body that goes into
orbit about the parent, becoming a satellite (Pravec and Harris,
2007; Walsh et al., 2008), or the two bodies can escape from one an-
other to become separate asteroids with very similar heliocentric or-
bits (Vokrouhlicky and Nesvorny, 2008, 2009).

It has been suggested that some binaries in a collisional family
may be created during the family-forming event, i.e., they are
escaping ejecta binaries or EEBs (see Durda et al., 2004). However,
all of the binary asteroids found to date among the Hungarias have
fast-rotating primaries, which suggests that they were more likely
formed by YORP spin up.

Warner and Harris (2007) showed that the spin rates among the
Hungarias have a relatively uniform distribution down to a fre-
quency of ~f=1 d~!and that below that (f< 1 d~!) there is an excess
of slow rotators. The bottom part of Fig. 2 shows the frequency
distribution for the 129 Hungarias with reliable lightcurve periods
in the Asteroid Lightcurve Database (LCDB, Warner et al., 2008) as
of 2008 December. The excess of slow rotators is clearly seen,
amounting to approximately 28% of the total number of asteroids.
Pravec et al. (2008) did an extended study that included small main
belt and Mars-crossing asteroids (3 < D < 15 km) as well as a subset
of the Hungaria lightcurves and found similar results, including the
excess of slow rotators (approximately 21% of the total set). Rossi
et al. (2009) show that this excess is a direct result of YORP action,
and, in fact, they suggest that the observed excess should be even
greater. This leads us to suspect that the excess we observe in the
Hungarias may be closer to the actual excess in both populations
rather than any difference between the populations.

The top section of Fig. 2 shows the spin distribution for the
range of 0d~!<f<2d". The slight “spike” for 0.25<f<0.5d"!
is also seen in the Pravec et al. data set. A larger data set of slow
rotators is needed to determine if the effect is statistically signifi-
cant. The mostly uniform distribution of the spin rates f>1d™!
means that the number of objects at any given spin rate is approx-
imately the same as at any other spin rate over the range of
1d 1< f<9d'. This also appears to be the result of the YORP ef-
fect (Pravec et al., 2008).

3. Taxonomic classification

Until recently, only a small number of the Hungaria group had
been taxonomically classified. Tholen (1987)included only 25 group
members while Bus and Binzel (SMASS II, 2002a,b) listed only 18.
These numbers are hardly sufficient to draw conclusions about the
group, let alone the family. The release of the Sloan Digital Sky Sur-
vey Moving Object Catalog (MOC, Ivezic et al., 2001) provided the
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Fig. 2. The bottom plot shows spin rate distribution of the 129 Hungaria asteroids in the LCDB that have statistically-useful rotation rates. An excess of slow rotators
(f<1d") stands out from the rest of the population, which otherwise shows a relatively uniform distribution through ~f=10d"". The top plot is a close-up of the range
f<2d! to show a small spike in the range 0.25d™' < f<0.50 d~! for which there is currently no explanation.

opportunity to explore family membership in greater detail. Nesv-
orny et al. (2005) used Principal Component Analysis (PCA) to map
SDSS ugriz magnitudes onto the SMASS II taxonomic system that
proved very effective in distinguishing among S, C, and X-type aster-
oids. The X-type is degenerate in that it encompasses other types (E,
M, and P), with accurate albedo information required to remove the
ambiguity. The recent fourth release of the MOC (ADR4, Parker et al.,
2008) allowed us to take another look at the Hungaria population
using the original Nesvorny PCA method.

The u magnitudes in the SDSS catalog are often very noisy
and so, despite having data on more than 1000 Hungarias in
ADR4, only 362 could be reliably classified. Even so, the results
were strongly conclusive. Of the 362 asteroids, 22 (6.0%) were
type C, 63 (17.2%) were type S, and 282 (76.8%) were type X.
As will be shown in subsequent sections, there is convincing evi-
dence of a collisional family in Hungaria space and that (434)
Hungaria is the largest fragment of that family. That asteroid is
known to be type E, which is characterized by a flat “X-type”
spectrum. In the case of (434) Hungaria itself, we also know
its albedo, py=0.38 (Morrison and Zellner, 1979).! It is a reason-

! The Morrison and Zellner albedo was based on the V(1, 0) system. The value used
here, py = 0.38, is on the H-G system and was derived using the original albedo and H
and G values from the Asteroid Lightcurve Database (LCDB, Warner et al. 2008).

able assumption that other members of the family will be of that
type and, indeed, most of those with spectral information do show
a flat spectrum.

Justification for this assumption is based on a review of more
than 3000 asteroids with known or SDSS-derived classes where
we counted taxonomic classification versus semi-major axis. Only
eight asteroids with a < 2.2 AU have flat spectra. Of those, only two
have known low albedos (py < 0.10) and, more important, are near-
Earth asteroids (NEA), not main belt asteroids (MBA), and so their
provenance is unknown. Similar checks using the SIMPS catalog
(Tedesco et al., 2002) and Asteroid Lightcurve Database (LCDB,
Warner et al., 2008) also found very small numbers of flat spectra,
low albedo MBAs with a < 2.2 AU. These reviews strongly suggest
that a flat spectrum implies something other than type C in the in-
ner reaches of the main belt.

As a side note, we did look at two other SDSS mapping schemes,
those being Masi et al. (submitted for publication) and Parker et al.
(2008). The former did not make a distinction between X and C
type asteroids, though assuming the Masi C types (flat spectrum)
to be X/E, we found similar results for the Hungaria family and
background populations as when using the PCA method. Parker
et al. did not distinguish between C and X and the distinction
between S and C was such that we found an unjustifiable number
of background objects in Hungaria space.
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We also did a search correlating SIMPS (Tedesco et al., 2002)
and AstOrb data to look for Hungaria asteroids common to both
and which had low albedos (py < 0.2). We found a total of twelve
common objects with five matching the criteria: (1656) Suomi,
pyv=0.157; (3353) Jarvis, py=0.074; (5384) Changiangcun,
pv=0.072; (17,657) 1996 VO4, py=0.031; and (21,688) 1999
RK37, py=0.050. It should be noted that even these five objects
do not have firmly established albedos because of uncertainties
in the SIMPS program and so may or may not actually have low
albedos. Ideally, the values should be confirmed with modern-
day instruments and measurements.

These assumptions, i.e., that supposed C- and X-type asteroids
within the Hungaria population, more so for the family, are most
likely actually E-type is supported by other work (e.g., see Carvano
et al., 2001) but contradicts some conclusions recently stated by
Assandri and Gil-Hutton (2008) where they used SDSS colors on
334 Hungaria asteroids. In part, they claim that 59% of the aster-
oids are of type X, 26% are type C, and 9% are type S. They further
assert that the (presumed) relatively large number of C-type aster-
oids, since they formed in other regions, may indicate a dynamical
mechanism that transports objects from the main belt to the inner
Solar System.

We would argue that if the C-type population actually ac-
counted for ~25% of the Hungarias, the SIMPS survey should have
found many more objects in Hungaria space, not just the five given
above. It is also important to appreciate that X-type asteroids do
not have an albedo. This is a broad classification for objects with
spectra similar to C, M, or E. It is only after an albedo is found that
an object is formally classified as one of these three types. In a sim-
ilar vein, it is not appropriate to classify an object as type C based
only on spectral analysis, but wait until an albedo is available.
There are “suggestive” slight differences that Bus classifies as Xe
and so on, but the success rate of Xe objects being confirmed as
type E is poor. Differentiating between X and C classes without
an albedo amounts to probabilistic guesswork. We make the
assumption that X=C in the outer main belt (a> 2.6 AU or so)
and X =E in Hungaria space because they are not contrary cases
in their respective zones as confirmed by actual albedos.

A recent polarimetric study (Gil-Hutton et al., 2007) also sug-
gests a larger than expected population of darker asteroids in the
Hungaria population. First, this work does not distinguish between
the Hungaria group versus family. Only a third of the objects for
which a taxonomic class was reported is within the Hungaria fam-
ily as defined by being with the “V” in Fig. 1. We fully expect aster-
oids outside the family to be of various taxonomic types, including
E and, mostly, S.

Finally, we point out that whether X-type asteroids among the
Hungarias are actually type C, E, or even M, is largely irrelevant
to the main points of our paper. We are using the colors only in
the sense as “fingerprints” to separate the two populations, group
versus family, and not to say definitely the actual taxonomic type
of each asteroid.

Fig. 3 shows an a-H plot of the 367 Hungaria group asteroids for
which a PCA taxonomic classification was available. Small dark
squares represent C-type asteroids, dark circles represent the X/
E-type asteroids, and the small gray triangles represent type S
asteroids. The same distinctive V-shape is seen among the Hunga-
rias, with the X/E-type asteroids dominating the “V” and having
only a few outliers. The distribution of the S-type asteroids is much
more random. Of interest is that all but one of the type C asteroids
fall within the collisional family zone. Of the 367 asteroids repre-
sented in Fig. 3, only 41 (11%) have lightcurve rotation rates listed
in the LCDB. These are shown in the figure as larger circles (X/E)
and larger triangles (S). Not included in Fig. 3 are four other aster-
oids that have “unusual” classes. Three are type A (1600 Vyssotsky,
4713 Steel, and 5641 McCleese) and one is type V (Vestoid, 4483
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Fig. 3. Similar to Fig. 1, this plot includes only those asteroids with a taxonomic
classification based on Tholen, SMASS II, or Nesvorny et al. 367 Asteroids are
included, with 77% of them being of type X/E (dark circles), 17% being type S (gray
triangles), and 6% of type C (dark squares). The vertical line represents the center of
the collisionally-derived family, the largest member of which, (434) Hungaria
(a ~1.944, H=11.46), is located never the vertex of the “V” but displaced slightly
outward. The larger symbols (almost all H < 14) represent those asteroids for which
rotation rates have been determined and included in the Asteroid Lightcurve
Database (LCDB).

Petofi). Objects in both of these classes have moderate to high albe-
dos, which fits with the type E class, but given the significant dif-
ference in spectra, it is likely that these four asteroids are
interlopers.

Looking outside the Hungaria family zone defined by the curved
lines, it appears that the number of X/E and S type asteroids is
about the same. This, perhaps, is to be expected since it would
be unlikely that the parent body that lead to the Hungaria family
was the only X/E-type asteroid in Hungaria space some 0.5 Gyr
ago. This leads to the interpretation that those X/E-type asteroids
outside the family zone are background objects and so may or
may not follow the expectation that, having a < 1.94 AU, they are
all in retrograde rotation.

As might be expected, the number of asteroids with known
lightcurves is dominated by objects with both smaller H and
semi-major axes, i.e., the brighter members of the group. This goes
hand-in-hand with the fact that most of the lightcurve rotation
rates have been determined using modest “backyard telescopes”
of 0.35-0.5 m size. Appeals have and are being made to observers
with larger telescopes to start working the fainter members of the
group, in particular the X/E-type asteroids within the “V”. Anyone
able and willing to participate in the Hungaria observing program
in order to reduce the existing observing biases is urged to contact
the corresponding author.

Fig. 4 is another frequency distribution plot similar to Fig. 2 ex-
cept that it includes only the known S and X/E types and shows the
combined totals. The distribution within the 41 asteroids is split
about 2:1, with 26 type X/E, and 15 type S asteroids. For the most
part, the distribution is similar between the two classes for each
frequency bin. The notable differences of no fast rotators
(f>9d~') among the X/E-type asteroids and an excess of slow
rotators among the X/E-type asteroids are most likely due to small
number statistics rather than any real difference.

4. Dynamics of the Hungaria asteroid population

To set a stage for our work on the dynamics of the Hungaria
group, we initially needed the best characterization of the orbital
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Fig. 4. A plot of the number of objects with a given rotation frequency (d~!) based on the two broad spectral classes shows little differences and the same excess of slow
rotators seen in Fig. 2. Since there are only 42 asteroids included, the sample is too small to draw any reasonable conclusions.

distribution of its members and a glimpse into their size-frequency
distribution. First we note that there is no set of proper elements
for the Hungarias available on-line. The AstDyS web site (http://
newton.dm.unipi.it) does provide synthetic proper elements for
high-inclination objects but always with semi-major axis >2 AU.
However, Milani and KneZevic (in preparation) are working toward
providing a set of proper elements for the Hungarias.

The semi-numerical theory of Lemaitre and Morbidelli (1994)
developed for high-inclination orbits is applicable in this case. See,
for example, Lemaitre (1994) where the author noticed clustered
values of proper inclination for several members of the Hungaria
group and hypothesized that they are fragments from a common
parent objects much like members in other main belt families. Since
we do not have the software to apply the Lemaitre-Morbidelli theory
to the currently available (much larger) sample of Hungaria-type
asteroids, we adopted a more simple, but acceptable, numerical ap-
proach. We extracted all potential Hungaria group asteroids from
the AstOrb file (July 2008), some 5150 asteroids, and numerically
integrated their orbits for 10 Myr. This integration contained pertur-
bations from all planets (we used SWIFT-RMVS integrator, a time
step of 10 days, and output sampling of 500 years). 72 objects were
discarded before the integration ended because our initial filter in
semi-major axis also included some Mars-crossing objects with very
high eccentricities. These are obviously not related to the Hungaria
group and so they were rejected. The remaining 5074 objects sur-
vived the 10 Myr integration and are likely members of the Hungaria
group. We then computed the mean values of the semi-major axis,
eccentricity, and inclination of these orbits. These results were used
to approximate proper orbital elements for this work.

Fig. 5 shows the results of our calculations. We notice a strong
concentration of objects in the range of 20-21° inclination, and
somewhat less clustered in the eccentricity values. This is a
dynamical mark of the Hungaria collisional family. We should note
that we also ran a series of tests using other quantities for the
proper elements such as maxima of osculating eccentricity and
minima of osculating inclination and achieved similar results. We
do not detail those calculations here since the work by Milani
and KneZevi¢ (in preparation) will lead to actual proper elements
for the Hungaria family.

Itis alsointeresting to remark that the Hungaria collisional family
does not entirely fill the long-term stable zone of the Hungaria phase
space. This fact not only speaks in favor of the collisional origin of this
group but also points out to a smaller dimension of the parent object

M5/7 N7/10 M2/3
u13/18 MO/13 M15/22
T T T T T T
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Fig. 5. Pseudo-proper orbital elements for about 5000 Hungaria-type asteroids
determined as mean values of the osculating elements over the integrated 10 Myr
time interval. The members of the Hungaria family are best seen as a dense
concentration of asteroids around the inclination value of ~20.5°. (434) Hungaria is
shown as a large dark triangle at a ~ 1.944 AU. The gray vertical lines show major
mean motion resonances in this heliocentric zone, all exterior resonances with
Mars (see labels above the top panel). The most important is M2/3 which seems to
terminate the Hungaria family (and the whole group). The powerful jovian
resonances J4/1 and ]5/1 are outside the scale of this figure; the higher order
jovian resonances (e.g., J9/2 at ~1.908 AU or J13/3 at ~1.957 AU) or the three body
resonances are overall less important. The orbital space occupied by the Hungaria
asteroids is also crossed by a number of high-order secular resonances (e.g., Figs. 8
and 9); because of their complicated three-dimensional structure in (a, e, i) it is
difficult to show their location in this figure. The major secular resonances
surrounding the Hungaria region, vs and v are outside the scale of the figure.

(see below). To probe, but not prove, such conclusions we continued
our 10 Myr integration of the multi-opposition Hungaria asteroids to
100 Myr. Some objects near the Mars-crossing limit (pericenter dis-
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tance < 1.67 AU) as well as those near and beyond the M2/3 exterior
mean motion resonance with Mars were either eliminated or
showed signs of instability. There are, however, many objects out-
side the region of the Hungaria collisional family that remain per-
fectly stable over this integration timespan (see also McEachern
et al. 2009 for independent tests of the long-term stability in the
Hungaria region).

Returning to Fig. 1, we again note the large concentration of
Asteroids around (434) Hungaria (dark triangle) that fall within
the V-shaped zone (curved lines) characteristic to the collision-
ally-born clusters of asteroids. We also point out that the family
members dominate the whole population since, for example, there
are 2589 objects within the curved lines in the range
15.5 < H<17.0 while there are only 232 of those outside the lines.
If we consider without prejudice all objects within the region de-
fined by the curved lines and assume that they all have a geometric
albedo value of 0.38, the same as (434) Hungaria, their collective
volume is equivalent to that of a ~26 km body. This implies that
these are rather small objects, including the parent body, (434)
Hungaria, which has D ~ 11 km.

Note that in Figs. 1 and 3 the largest member of the family,
(434) Hungaria, is located outward of the center of the cluster by
~0.004 AU. We would expect a shift in the semi-major axis of
<0.001 AU with respect to the center of the family after the initial
disruption event. The escape velocity from the parent body is
Vesc ~ 16 m/s, which itself means a ~ 2 Vesc/Vorn ~ 1.5 x 1073 AU
(here vo, ~ 21 km/s is the characteristic orbital velocity at 2 AU).
Assuming even up to 10% asymmetry in the transversal velocities
of the ejection field of all other members in the family, we would
expect (434) Hungaria was launched with a speed =~0.1 x [(27/
13)> -~ 1] x 16 ~ 11 m/s implying éa ~ +0.001 AU from the cen-
ter-of-mass of the family (the vertical line in Fig. 1). Yet, the ob-
served offset of (434) Hungaria from the family center is much
larger, ~4.4 x 1073 AU. We thus postulate that a major part of this
offset was not due to the initial velocity of this asteroid but was
slowly accumulated over time due to Yarkovsky forces. The fact
that this displacement puts (434) Hungaria near the edge of the
family drift zone for its size is consistent with this hypothesis.

We checked the hypothesis with the following. It has been
shown (e.g., Bottke et al., 2006) that objects spinning in a prograde
sense experience outward drift while those with retrograde spin
drift inward. (434) Hungaria has a rotation period of 26.5 h and
an estimated pole position of (4;, B1)=(159°, 65°) or (4,
B>) = (117°, 64°) (Durech, 2006). These correspond to small obliqui-
ties of ~28° or ~13° with the orbital plane of (434) Hungaria and
are, in either case, prograde. This implies that (434) Hungaria
should indeed migrate outward from the Sun by the Yarkovsky ef-
fect. Its long rotation period suggests that it is near the asymptotic
state of the YORP evolution (e.g., see Capek and Vokrouhlicky,
2004). Interestingly, the characteristic timescale of YORP evolution
for an asteroid of its size and heliocentric distance is ~0.5 Gyr.
Smaller asteroids in the Hungaria family should have even shorter
time scales of spin evolution, as we see from the nearly flat spin
rate distribution. That same timescale (0.5 Gyr) is needed to ac-
quire the suggested 0.002-0.003 AU outward drift of (434) Hun-
garia with respect to the center-of-mass position of the family.
These independent lines of evidence suggest that the Hungaria
family is about 0.5 Gyr old. It is thus tempting to link its birth to
other major disruption events in the inner part of the main asteroid
belt, possibly the birth of the Flora family (e.g., Nesvorny et al.,
2002, 2007).

5. Analysis of the size-frequency distribution

Here we analyze the size-frequency distribution (SFD) of
Hungaria group, especially its two distinct parts: the Hungaria

family and the background population (the Hungaria group minus
the Hungaria family). We do this by examining the absolute mag-
nitude distribution of both populations. With the limited means
described above to distinguish family members from the back-
ground, we decided to construct a Monte Carlo code to explore
how randomly changing the taxonomic type of different asteroids
would modify the family SFD (size-frequency distribution). In this
code, we assumed the Hungaria family objects were delimited by
the curved lines in the a-H projection in Fig. 1. To determine the
background population for a given value of H, we looked at the
number of objects well outside the family zone in 0.5 magnitude
wide strips and determined the number of interlopers per AU for
each strip. This number was applied against the width, in AU, of
the given strip within the family zone to find the estimated per-
centage of interlopers within that strip. As a result, we found that
for H > 15 the interloper contamination is only 1-3%.

After finding the number of interlopers for each 0.5 magnitude
strip, we then ran 20 different test cases to find the SFD, each time
using the calculated number of interlopers to pick family members
at random and move them to the background population. The top
panel of Fig. 6 shows the results for the background population
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Fig. 6. Cumulative magnitude distribution N(<H) for modeled background popu-
lation in the Hungaria region (top) and the Hungaria family (bottom). We picked the
interloper background objects using a Monte Carlo scheme using 20 different
simulations for each case. See the text for details on how the background
population count was determined. Approximating N(<H) using a power-law model
N(<H) = 107", the straight lines in both panels, we obtain approximate values of the
v parameter. For the Hungarias, we consistently obtain y=0.62 in the range
14<H<17, independent of the interloper percentage. This is fairly a well-
established value for many asteroid families (steeper than Dohnanyi slope). Since
the background is a minor component compared to the Hungaria family, the
assumed interloper fraction affects the slope value, which we found to be 1-3° for
H > 17. Our simulations lead to 7y = 0.21 for the background population.
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while the bottom panel shows the results for the family. Since the
family population dominates the zone between the curved lines in
Fig. 1, the results for all of our cases are similar in character and so
the individual SDF curves overlap to the point to where they usu-
ally cannot be distinguished from one another. The straight lines in
each panel represent power-law estimates in the interval of
15 < H < 17 for the background population and 14 < H < 17 for the
family population. From this analysis we obtain an approximate
power-law distribution of the form N(<H)~ 10" with y=0.21
for the background population and y = 0.62 for the family. Translat-
ing the latter value for y to a cumulative power-law SFD, this yields
a power-law exponent of approximately —3.1 [N(>D)~ D%
o ~ 3.1]. This slope is slightly steeper than a power-law SFD in col-
lisional equilibrium as described by Dohnanyi (1969), where the
slope would be o ~ 2.5. However, the steep slope is expected as
evidenced by similar slopes among many other families and it also
fits into the hypothesis of the relatively young age of the Hungaria
family.

Our analysis of the background population is more complicated
because the Hungaria family dominates the background popula-
tion. The general result mentioned above can be seen by the fact
that the number of family members goes up faster with increasing
H than the number of background objects. Confirmation of the
background results will require additional spectra data. The value
of y=0.21, which corresponds to a surprisingly shallow SFD slope
of —1.05, is only slightly shallower than y = 0.26, which has been
repeatedly found in the SFD of the inner main belt as one moves
from multi-kilometer objects to kilometer and sub-kilometer ob-
jects. For example, the 3rd and 4th releases of the SDSS catalog find
this value for H> 15.5 and H > 16.0, respectively (e.g., Ivezic et al.,
2001; Parker et al., 2008). Assuming an average albedo of py,=0.18
among inner main belt asteroids, the slope change at 15.5<H < 16
corresponds to D = 2.0-2.5 km diameter asteroids.

This “bump” or slope change in the SFD is thought to be a
byproduct of collisional evolution (see Davis et al., 2002, for a re-
view). As asteroids increase in size, they move from the strength-
to the gravity-scaling disruption regimes, with the transition
occurring near D =0.2 km. Because objects slightly larger than
0.2 km are more difficult to disrupt, more of them survive, which
in turn creates an excess number of projectiles capable of disrupt-
ing still larger asteroids. This perturbation launches a wavy pattern
into the asteroid SFD and creates a bump near D = 2-3 km.

For Hungaria background objects, the slope change to y=0.21
occurs at H ~ 15.0, a somewhat brighter value than those in the in-
ner main belt. However, using the average albedo of the Hungaria
family, py=0.4, we find this value corresponds to a D =2.1 km
asteroid, nearly the same as than those found in the inner main
belt. The fact that inner main belt and Hungaria background aster-
oids have “bumps” at similar diameters suggests the disruption
properties of typical objects in both populations are similar to
one another. We hesitate to take this further, given the uncertain-
ties in using average albedos to characterize different populations,
but if the bump in the Hungaria background SFD is indeed at a
slightly larger diameter than the bump in the inner main belt
SFD, it could indicate that typical Hungaria group asteroids are
more difficult to disrupt than typical inner main belt objects.

The Hungaria group is small enough that it probably could not de-
velop a bump by itself if it were placed in isolation. Instead, we sus-
pect the bump developed via collisions between Hungaria group and
inner main belt asteroids. While proving this is beyond the scope of
this paper, we did perform the following suggestive calculation.
Using the collision probability code described in Bottke et al.
(1994), we computed the “intrinsic collision probability” (i.e., the
probability that a single member of the impacting population will
hit a unit area of the target body in a unit of time) and impact velocity
between a representative object of each population: (434) Hungaria

and (8) Flora. We found that a typical Flora object is three times as
likely to strike a typical Hungaria object as a typical main belt object
is to strike another main belt object (9.24 x 10~ '® km 2 year ! ver-
sus 2.85 x 1078 km~2 year~!). Moreover, Hungaria asteroids also
hit inner main belt objects at nearly twice the velocity as standard
main belt collisions (9.1 km/s vs. 5 km/s). All of this points in the
direction of the inner main belt population playing an important role
in the evolution of the Hungaria asteroids over the last several Gyr.

Hungaria asteroids can also be dynamically lost from their zone
by Yarkovsky thermal drift forces and resonances working in tan-
dem. This should affect the Hungaria SFD by preferentially deplet-
ing smaller objects compared to larger ones. The difference may
not be severe, however, because the mobility of smaller objects
may be obstructed by the YORP cycles (e.g., Bottke et al., 2006).
YORP cycles, which are fairly short for kilometer-size and smaller
Hungarias, effectively randomize the asteroid spin axes and there-
by change Yarkovsky drift directions from a slow steady march to-
ward or away from the Sun to a random walk. At the extreme limit,
when all Yarkovsky effects are random walking with time steps gi-
ven by the YORP cycle length DTyorp, the effective Da/Dt becomes
(da/dt)/(DTyore/T)!/%. Since both numerator and denominator here
are 1/D, the effective Da/Dt becomes size independent. There is
no clear evidence that the limit has been reached for the Hungaria
family, though there are hints of it at H ~ 17 and greater. Conclu-
sive evidence awaits additional data from upcoming surveys that
will reach to larger values of H (smaller diameters).

6. The role of Yarkovsky migration for structure of the Hungaria
family

Fig. 5 shows that the Hungaria family has been possibly per-
turbed below ~1.92 AU heliocentric distance. Most strikingly, the
tight confinement in the pseudo-proper inclination value for
a=1.92 AU disappears and the bulk of the family population is
shifted by nearly one degree toward large inclination values. There
is also a weaker “stream” of particles going down to smaller values
of the pseudo-proper inclination up to ~17-18. Either (i) the pop-
ulation of small asteroids migrating by the Yarkovsky forces inter-
acted with weak mean motion or secular resonances to produce
this structure (in a similar way as in the Koronis and Eos families;
see Bottke et al., 2001; Vokrouhlicky et al., 2006a), or (ii) the clus-
ter of asteroids with a = 1.92 AU form a separate collisional family.
Since there is no clear separate V-shape structure in the a-H pro-
jection (Fig. 1) we a priori tend to prefer the first possibility. In or-
der to get a glimpse whether the low-a end of the Hungaria family
is indeed dynamically less stable and if there are dynamical path-
ways to disperse the inclination values below 1.92 AU, we con-
structed the following numerical experiment.

We selected asteroids in the Hungaria family zone and semi-ma-
jor axis values in the range of 1.925-1.945 AU. We numerically inte-
grated their orbits using the SWIFT-RMVSY integrator (see, e.g., BroZ,
2006). We applied a constant Yarkovsky force equivalent to a 0.1-
0.2 km object (to speed up the computation) and let the population
evolve for 30 Myr. Figs. 7 and 8 summarize sample orbits that dem-
onstrate the ability of the evolving orbits with initial semi-major
axes of 1.925 < a < 1.94 AU to populate both higher- and lower-incli-
nation zones and they migrated inward. We did not integrate out-
ward since the primary goal of the exercise was to see how the
high-i, low-a zone could be populated. Approximately 40% of the
asteroids did not significantly change orbital inclination. About
40% (shown in Fig. 7) showed a modest increase in inclination while
the rest (about 20%, Fig. 8) showed a significant decrease in orbital
inclination.

In an attempt to understand the situation somewhat more clo-
sely, we computed resonant angles of several putative high-order
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Fig. 7. Evolutionary tracks of 114 Hungaria-family asteroids projected onto the
planes of pseudo-proper orbital elements (dark lines; mean values computed in a
1 Myr running window). The black dots in the background are asteroids in the
observed Hungaria family. The integrated objects were selected such that they
initially started with semi-major axis values of 1.925 < a < 1.945 AU in the Hungaria
family region. We applied a constant Yarkovsky force corresponding equivalently to
a0.1-0.2 km object (to speed up the computation) and let the population evolve for
30 Myr. The selected orbits, with initial pseudo-proper inclination values of 20—21°,
increased by about 1°, i.e., to 20.75-21.75°.

secular resonances. Toward that end we first analysed Fourier spec-
tra of the non-singular eccentricity and inclination vectors to obtain
their proper frequencies g and s. We found that the Hungaria colli-
sional family forms a dense cluster in the proper-frequencies plane
in between 14 to 16 ”[year in g and —22 to —23.5 ”[year in s (and
would have been also easily identifiable by clustering methods in
the frequency space, e.g., Carruba and Michtchenko, 2007, 2009).
This zone is delimited or crossed by a couple of potentially important
secular resonances such as 2g —gs—gg=Vs+ Vg, S+22— 285
— S7=2vs5+vy7 and a clump of s-related resonances near s ~ —22.2
to —22.3 ”[year value (Milani, personal communication). Interest-
ingly, the first has already been anticipated by Morbidelli and Henr-
ard (1991). Candidate cases for the s-resonances may be of the 4th
order(e.g.,s +gs — 8 — S3 0TS — g5 + gg — Sg) or some of the plethora
of the 6th order resonances (e.g., S—gs+8s— 2Ss+S7,
S—85+8stS7— 253, S+81—Ze—254+S7, S*+284—85— 86— S3,
etc.). None of these resonances is capable of producing a major orbi-
tal instability, such as the mean motion resonances like M2/3 (Fig. 5)
or overall shape the family structure, such as the z; resonance in the
case of Agnia and Padua families (Vokrouhlicky et al., 2006¢; Car-
ruba, 2009), but they can serve as a temporary pathway for orbits
undergoing long-term migration due to the thermal forces in a
way documented in other asteroid families (e.g., Bottke et al.,
2001; Vokrouhlicky et al., 2006a). This effect is most strikingly seen
in Fig. 8 where it results in macroscopic decrease of the mean orbital
inclination value. We found that the example orbits in this figure
temporarily interact with one of the s ~ —22.2 to —22.3 ”[year reso-
nances at ~1.93 AU heliocentric distance (Fig. 9). However, this
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Fig. 8. The same as in Fig. 7 but now the 30 displayed orbits follow an evolution
that drags their final pseudo-proper inclination values into the 18-20° range.
Analysing the orbits in some detail, we found they interact with some of the
s~ —222 to —22.3 "[year high-order secular resonances at ~1.93 AU and by
following the resonance they significantly decrease their mean inclination value. At
~1.88-1.89 AU they become released from this resonance which moves to higher
eccentricity zone of the phase space. Some may become captured in the crossing
2g — g5 — g6 high-order resonance (+0.5 ”/year border of this resonance is shown by
the dashed gray lines in the top panel). The gray zone shows 0.5 ”[year region
around the position of the s=—-22.25 ”[/year denominator related to a number of
possible high-order secular resonances: (i) at 0.08 eccentricity fixed in the top
panel, and (ii) at 20.5° inclination fixed in the bottom panel (because of their
complicated three-dimensional structure we have to use position of the resonance
as it intersects a plane of the constant value of the complementary orbital element;
we used secre8 software provided at the AstDyS site, see Milani and KneZevic (1992,
1994)).

resonance is crossed by yet another secular resonance 2g — gs — gg
below ~1.9 AU and simultaneously moves to higher eccentricity
zone of the Hungaria orbital phase space. The migrating orbits are
thus released from the temporary resonant lock, some having even
a chance to get temporarily trapped in the 2g — g5 — g¢ resonance
(Fig. 9). Using the same techniques, we found that the inclination
perturbation of orbits in Fig. 8 is also produced by temporary inter-
action with the s-type resonances. A combination of secular resonant
effects and thermal-forces-driven orbital changes thus produce the
perturbation of the inclination confinement of the Hungaria-family
members below ~1.92 AU. Our integration also roughly reproduces
relative density of orbits in the different inclination values: there are
5-6 times more orbits lifting their inclination value than those slid-
ing tolower-inclination values, whichis in agreement with the much
more populated cluster in Fig. 5. In addition, we find that about one-
third of the orbits did not significantly change in inclination while
migrating through the 1.92 AU threshold. We believe that this can
be reconciled by the fact that the small asteroids (0.5 < D <2 km)
that dominate this population should have undergone a number of
YORP cycles in the estimated age of ~0.5 Gyr. As such, they would
go through periods of random walking up-and-down over the
dynamical structures below 1.92 AU and would likely diffuse to
the higher inclination zone. Therefore, we conclude that the per-
turbed structure of the Hungaria family below ~1.92 AU heliocentric
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Fig. 9. Left panels show resonant angles ¢, and o, of the high-order secular resonances s — gg + g5 — 256 + 57 and 2g — gs — g for one of the orbits shown in Fig. 8 (the first is
an example of the s ~ —22.25 ”[year group of resonances). Reversal of their circulation pattern indicates periods when the orbits interact with the respective resonance. The
right part of the figure shows the orbit in the projection of 1-Myr running window averaged semi-major axis a and inclination i as in Fig. 8; the labels and arrows point the
position of the orbit at different times, namely 5, 10, 15, 20 and 25 Myr. These tic-marks allow localizing time through the a-i evolution and associate it with the
corresponding phase of the resonant confinement. Note that between 15 and 20 Myr the orbit resides in both resonances, which is why its lock in the s ~ —22.25 ”[year

resonance becomes destabilized.

distance can be reconciled with a long-term dynamical evolution
and does not require an ad hoc hypothesis of a second collisional
family.

We also find it interesting that our long-term integration of the
Hungaria asteroids without Yarkovsky forces included (mentioned
in Section 4) indicates that objects inside and beyond the M2/3
mean motion resonance reside on unstable orbits. This would im-
ply they must have acquired their current orbits only recently,
within the last few hundreds of Myr, most likely by heliocentric
outward drift due to the Yarkovsky forces.

7. Conclusions

A study of the Hungaria orbital space, located at the inner main
belt and characterized by orbits with high inclinations and low
eccentricities shows many characteristics common to the NEA pop-
ulation, e.g., both show a relatively flat distribution of spin rates
but with an excess of slow rotators. The excess is likely due to
YORP causing an asteroid to spin down to this state and the exces-
sive amount of time required for YORP to reverse the trend and
cause the asteroid to spin up again. The binary population is
approximately 15% in both populations. Since the Hungarias are
not influenced by tidal encounters from the terrestrial planets,
the mechanism for binary formation is now thought to be primar-
ily YORP forces that cause an asteroid to spin up to where it sheds
mass that subsequently becomes a satellite or, in an extreme case,

a pair of asteroids that share nearly identical heliocentric orbits but
are not gravitationally bound to one another. It is possible that
some of the binaries within the Hungarias are the result of the fam-
ily-forming event but, given that all binaries found to date have
fast-rotating primaries, we believe that YORP spin up is the pri-
mary formation mechanism.

More than 5000 known asteroids occupy the Hungaria region
with ~370 (14%) of them having been roughly classified as either
type X/E (77%),S (17%), or C (6%). Claims of a large significant C-type
or other low albedo populationin the region are not supported by the
available albedo data, which shows only five for fewer asteroids with
confirmed low albedos in Hungaria space. Those classified as X-type
may be any one of three spectrally degenerate classes: E, M, or
P. Also, the few type Cobjects found in Hungaria space using the Prin-
cipal Component Analysis (PCA) method may yet prove to be type E;
independent albedo data are required to remove the ambiguities. In
the meantime, a flat spectrum is considered to be type E in Hungaria
space since it is consistent with existing albedo data.

The taxonomic data help confirm a true family in Hungaria
space. A plot of semi-major axis (a) versus absolute magnitude
(H) shows a distinctive “V” shape indicative of a family that has
been influenced by Yarkovsky spreading where smaller asteroids
have migrated inward or outward more than larger asteroids.
Asteroids in prograde rotation migrate outward and those in retro-
grade rotation migrate inward. The dispersion width in semi-major
axis of the collisional family, and the outward displacement of
(434) Hungaria, known to be in prograde rotation, from the center
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of the “V” indicates an approximate age of 0.5 Gyr for the Hungaria
family.

We used pseudo-proper elements to examine the Hungaria
members and found strong evidence of a true family, as evidenced
by the slope of the cumulative count versus absolute magnitude for
those asteroids presumed to be of type E. The “background” aster-
oids outside the zone of the collisional family (Fig. 1) show a much
shallower slope, indicative of them being “random” occupants of
Hungaria space. Additional study of the orbital evolution for the
Hungarias indicates that there has been relatively little mixing
since the Solar System assumed its current configuration and so
we draw the conclusion that it is very likely that the Hungaria pop-
ulation is now essentially what it was at that time.

While a significant amount has been learned about the Hunga-
rias, there is much work yet to be done. First, many more lightcur-
ves are needed to obtain a better picture of the rotation rate
distribution. Those lightcurves can be applied to shape and spin
axis modeling. Given the “V” shape a-H diagram, we would expect
to find that prograde rotation is dominant among the Hungarias
with a < 1.940 AU and retrograde rotation dominant for those with
a > 1.940 AU. The lightcurves can also be used to look for additional
binaries within Hungaria space to confirm the percentage of bina-
ries in comparison to the NEA population. Data on at least another
75-100 Hungarias is required to form a solid statistical sample.

However, that number presumes data without observational
biases. The current data set of lightcurves is biased towards bright-
er (larger and/or closer) members of the Hungarias. We are trying
to coordinate with other observers who have access to larger tele-
scopes in order to reduce the size-brightness bias. We also need to
assure that long-period objects are not bypassed because of time
constraints. While backyard astronomers often have the luxury of
time, those with access to larger telescopes often do not and so
cannot do sufficient follow up on more difficult targets. We urge
those with access to “mini- and micro-telescopes” (<2 m) to con-
tact the corresponding author in order to coordinate efforts to ob-
tain lightcurve data as quickly and efficiently as possible while
maintaining quality and bias control over the data.

Additional taxonomic and/or albedo data are needed to confirm
assumptions based on SDSS-to-SMASS spectroscopy. When sur-
veys such as Pan-STARSS and LSST accumulate sufficient data, it
may be possible to expand the number of classified Hungarias con-
siderably using either an approach similar to Nesvorny et al. or
other methods and so do a more thorough analysis of taxonomic
and dynamic characteristics.

The Hungarias may represent one of the best “laboratories” for
exploring the formation and evolution of the Solar System. What
we have presented here reflects just some of what has been
learned so far. However, there are still many discoveries to be
made about both the Hungarias themselves and what they can tell
us about the Solar System as a whole.
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