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Abstract

We study K-type asteroids in the broad surroundings of the fBmily because they seem to be intimately related, acegridi
their colours measured by the Sloan Digital Sky Survey. Shialos’ of asteroid families have been rarely used as caimt for
dynamical studies to date. We explain its origin as bodieagag from the family ‘core’ due to the Yarkovsky semimagodis drift
and interactions with gravitational resonances, mostty wie 94 mean-motion resonance with Jupiter at 3.03 AU. Qltivody
dynamical model allows us to independently estimate theo&tiee family 15 to 19 Gyr. This is approximately in agreement with
the previous age estimate by Vokrouhlicky et al. (2006¢dam a simplified model (which accounts only for changes wifis&jor
axis). We can also constrain the geometry of the disruptientewhich had to occur at the true anomély: 120° to 180.
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1. Introduction and inclination which is hard to reconcile with any reasdeab
o ] o _initial velocity field. Essentially, this is a substantiatension

The Eos family is one of the best-studied families in the mainys\york of Vokrouhlicky et al. (2006), but here we are intste

asteroid belt. Although we do not attempt to repeat a thor;, podies whicrescapedrom the nominal family.

ough review presented in our previous paper Vokrouhlidigt.e We were also curious if such halos may be somehow related

(2006), we recall that the basic structure of the family is th i, the giant-planet migration which would have caused §igni

following: (i) there is a sharp inner boundary coincidingWi  jcant gravitational perturbations of all small-body pagtidns

the 73 mean-motion resonance with Jupiter at approximatelyyorhidelli et al., 2005). Of course, in such a case the pssce

2.96 AU; (ii) the 94 mean-motion resonance with Jupiter di- ig gjze-independerind moreover the age of the corresponding

vides the family at 3.03 AU and asteroids with larger sizes ar family would have to approach 3.9 Gyr in order to match the

Iess.numerous at !arger semimajor axes; (iii) there is an exgjice model of giant-planet migration.

tension of the family along the, = g - gs + s - s secular In Section 2, we define the Eos halo and core populations.

resonance towards lower values of proper semimajor @xis  gection 3 is devoted to a description of our dynamical model

eccentricityg, and inclination sirlp. All these fact seem to be 44 to a comparison with the SDSS observations. We discuss
determined by the interaction between the orbits drifting d consequences of our results in Section 4.

to the Yarkovsky &ect in semimajor axis and the gravitational
resonances which maytact eccentricities and inclinations.
In this work, we focus on a ’halo’ of asteroids around the2. A discernment of the family core and halo
nominal Eos family which is clearly visible in the Sloan Dagi . . . . .
Sky Survey, Moving Object Catalogue version 4 (SDSS, Parker In this S_ectlon, we proceed as foIIows:_ (i) we use a_hler_z_:lrchl
et al. 2008). As we shall see below, both the ‘halo’ and thef@l clustering method to extract the nominal Eos family; e
family have the same SDSS colours and are thus most likel{POK at the members of the family with SDSS colours and we
related to each other. Luckily, the Eos family seems to be-spe J&fine a colour range; (iii) we select all asteroids with Eks-
trally distinct in this part of the main belt (several Eos fam colours from the SDSS catalogue; finally, (iv) we define a halo
ily members were classified as K-types by DeMeo et al. 2009f"d core using simple "boxes’ in the proper-element space.
and it falls in between S-complex angdGcomplex asteroids in ) ]
terms of the SDSS colour indices. Detailed spectroscopic ok?-1: Colours of Eos-like asteroids
servations were also performed by Zappala et al. (20003lwhi  We want to select asteroids similar to the Eos family, but
confirmed that asteroids are escaping from the Eos family dufirst we have to choose a criterion to do so. We thus identify
to the interaction with the J8 resonance. the nominal Eos family using a hierarchical clustering rodth
Our main motivation is to understand the origin of the whole(HCM, Zappala et al. 1995) with a suitably low cuff@elocity
halo and to explain its unusually large spread in eccebfrici veuor = 50 m/s (which leads to a similar extent of the family
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Figure 1: Colour indices— zanda* (defined in Parker et al. (2008)) of all as-

teroids from the Sloan Digital Sky Survey, Moving Object &ague version 4
and the corresponding colour palette (top panel) whichesl uis the following

figures to distinguish colours of asteroids. We also plotEbe family mem-

bers observed by the SDSS (bottom panel) with small photienatcertain-

ties (less than 0.03 mag). The inferred range of colour esliclenoted by the
dashed yellow rectangle) is then used as a criterion fordteeton of the Eos-
like asteroids in the broad surroundings of the nominal faniihe rectangle

does not encompass the outliers.

as in Vokrouhlicky et al. (2006)), and extract colour datanf

Table 1: The definitions of the core, halo and background latipus in terms
of intervals of proper eccentricitg, and proper inclination sity. The range of
proper semimajor axiap € (2.95,3.16) AU is the same in all cases.

population & sinly note

core 0.04-0.10 0.15-0.20

halo 0.00-0.15 0.12-0.24 andtin the core
background 0.00-0.15 0.06-0.12 together with...

0.00-0.15 0.24-0.30

while the range of proper semimajor axis is always the same,
ap € (2.95,3.16) AU.

Our results do not depend strongly on the selection criterio
For example, we tested a stringent definition: core was ident
fied by the HCM at/. it = 50 m/s and all remaining bodies in
the surroundings belong to the halo. This approach makes the
core as small as possible and the halo correspondinglyrlarge
but our results below (based on halore ratios) would be es-
sentially the same. According to our tests, not evenfizidint
definition of the backgrountalo boundary changes our results.

We are now ready to construct size-frequency distributions
of individual populations. In order to convert absolute mag
nitudesH to diameterd we computed the median geometric
albedopy = 0.16 from the WISE data (Masiero et al., 2011) for
the nominal Eos family members. The size-frequency distrib
tion (Figure 4) of the halo has a cumulative sldye D) « D”
equal toy = —-3.9 + 0.2 in the size rang® = 6 to 15km and
is significantlysteeperthan that of the corey(= -2.2 + 0.1).
Even this diference of slopes (1+0.2) indicates that if there a
process transporting asteroids from the core to the halaigt m
be indeed size-dependent.

A frequency analysis similar as in Carruba and Michtchenko
(2007) or Carruba (2009) shows that there is approximatédy 5
of likely z; resonators (with the frequengy— gs + S— S <

the SDSS catalogue (see Figure 1). The majority of Eos-famil 377 yr) in the halo region. However, the concentration of ob-

asteroids have colour indices in the following intervals

a” € (0.0,0.1)mag

@)
i—-z € (-0.030.08) mag (2)

jects inside and outside the resonance is roughly the same, s
that this secular resonance does not seem to be the mostimpor
tant transport mechanism.

which then serves as a criterion for the selection of Eos-lik 3, yarkovsky-driven origin of the halo

asteroids in the broad surroundings of the nominal family.

We also used an independent method for the selection of Eos- Motivated by the diterences of the observed SFD’s, we now

like asteroids employing a 1-dimensional colour index @hhi

want to test a hypothesis that the Eos family halo (or at laast

was used in Parker et al. 2008 to construct their colour fgglet part of it) was created by the Yarkovsky semimajor-axistgdrif
and we verified that our results are not sensitive to this@roc which pushes objects from the core into neighbouring mean-

dure.

2.2. Boundaries in the proper element space

Next, we have to distinguish the family 'core’ and ’halo’ pop

ulations on the basis of proper orbital elemerats &, sinlp)

motion resonances and consequently to the halo region.

3.1. Initial conditions

We prepared amN-body simulation of the long-term evolu-
tion of the Eos core and halo with the following initial condi

which will be consistently used for both the SDSS observations: we included the Sun and the four giant planets on ntirre
tions and our dynamical models. We also need to define 'baclerbits. We applied a standard barycentric correction tdibot
ground’ population which enables to estimate how many asmassive objects and test particles to prevent a substahifal
teroids might have Eos-like colours by chance. We decidedf secular frequencies (Milani and Knezevic, 1992). The to-
to use a simple box criterion (see Figures 2, 3 and Table 1}al number of test particles was 6545, with sizes ranginmfro

2
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Figure 2: The proper eccentricitg, vs proper inclination siiy, plot for as-

teroids included in the SDSS MOC 4 catalogue. The properraejor axis is

confined to the interval 2.95to 3.16 AU, i.e. the Eos familpeoColour coding
corresponds to the SDSS colour indices according to Figufehg top panel
includesall asteroids (regardless of their colours). The bottom pahelvs

only a subset of 'Eos-like’ asteroids with colours similarthose of the Eos
members (see Fig. 1, bottom). Moreover, we denote a box usebd defini-

tion of the family 'core’ (dashed yellow line) a larger box the 'halo’ (dotted

green line) and two boxes considered as 'background’ (thaokbline). For

comparison, we also plot positions of the nominal Eos fammgmbers (black
dots), identified for the velocitygyiar = 50 my/s.
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Figure 4: The cumulative size-frequency distributiots>D) of the Eos core
and halo. We show power-law fits and corresponding slepesich clearly in-
dicate that the halo population is significantgepetthan the core population.
For comparison, we also plot the SFD of the nominal Eos faffafyinferred
from the WISE data, Masiero et al. 2011). The SFD’s of the @é halo
are biased because they inclugldy asteroids observed by the SDSS. Conse-
guently, the core seems to be much less populated than thiealdaos family,
even though these SFD’s should be very similar. Nevertaelbe slopes and
the halgcore ratios which we use in our analysis is not mufieced by this
bias.



D = 104 to 15 km and the distribution resembling the observed 024 ‘ o

SFD of the Eos family. L5 and 33-23-1
Material properties were as follows: the bulk dengity= 0221 i mandomer -

2500 kgm?3, the surface densitys = 1500 kgm?, the thermal oo b |

conductivityK = 0.001 W/m/K, the specific thermal capacity

C = 680 Jkg/K, the Bond albedd = 0.1, the infrared emis- = o018 | |

sivity e = 0.9, i.e. all typical values for regolith covered basaltic =~ ®

asteroids. 0.16 | 1
Initial rotation periods were distributed uniformly on time : :

terval 2 to 10 hours and we used random (isotropic) oriestiati 0.14 | ' : .

of the spin axes. The YORP model of the spin evolution was '

described in detail in BroZ et al. (2011), while thiii@ency 012 = 3 205 a1 315 32

parameter wasyorp = 0.33 (i.e. a likely value according to ay/ AU

Hanus et al. 2011). YORP angular momenftaeting the spin
rate and the obliquity were taken fraapek and Vokrouhlicky  Figure 6: The proper semimajor axig vs proper inclination sify, of the syn-
(2004). We also included spin axis reorientations causewbby thetic family members at the moment when they have enteeelato region. It

lisions! with a time scale estimated by Farinella et al. (1998):'S 82y to distinguish objects injected by mean-motionmasoes and by sec-
ular resonances in this projection, because the former agaaticular value

Treor = B(w/wo)’ (D/Do)”?, whereB = 845 k_yr, B1 = 5/6,  of the semimajor axis. The objects injected by thetJ@sonance are denoted
B2 =4/3,Dg = 2m andwg corresponds to periodl = 5 hours. by red colour, the J¥5 and 3J- 2S- 1 by orange, the J3 by yellow, thez

The initial velocity field was size-dependentpc voDo/D, secular resonance and other resonances by black.
with vo = 93m/s andDy = 5km (i.e. the best-fit values

from Vokrouhlicky et al. 2006). In principle, this type de—  p5)o: J94 57 %, J115 (together with a three-body resonance
velocity relation was initially suggested by Cellino et@999),  33_25_ 1 with Jupiter and Saturn) 10 %,/3% %, andz sec-
but here, we attempt to interpret the structure of the famBla  jar resonance 23 %. The remaining few percent of bodies may
complex interplay between the velocity field and the Yarkgvs onier the halo by dierent dynamical routes.However, if we
drift which is also inversely proportional to size. We as&@in - account for the fact that bodies captured by theesonance
isotropic orientations of the velocity vectors. The geamet ;qa]ly encounter also the/d@esonance that scatters them fur-
of collisional disruption was determined by the true angmal ther away in to the halo, we obtain a modified statisticg J9
f_: 150, and the_arg_ument_of perihelion= 30°. We discuss 7094, 3115 12 %, J73 5%, andz 10 % that better reflects the
different geometries in Section 4. importance of derent mechanisms.
~ We use a modified version of the SWIFT package (Lev- A saturation of the halo occurs after approximately 1 Gyr,
ison and Duncan, 1994) for numerical integrations, with ayacause the halo population ected by the YarkovskyORP
second-order symplectic scheme (Laskar and Robutel, 2001gyitt too, so that the injection rate roughly matches theaeah
digital filters employing frequency-modified Fourier tréorsn  rate Nevertheless, the hatore ratio steadily increases, which
(Sidlichovsky and Nesvorny, 1996) and an implementatibn 0j5 caused by the ongoing decay of the core population.
the Yarkovsky €ect (Broz, 2006). The integration time Stép | order to compare our model and the SDSS observations
wasAt = 91 days, the output time step after all filtering proce-ye compute the rati® = dNhao/dNcore between the number
dures 10 Myr and the total integration time span reached 4 Gyp¢ objects in the halo and in the core for a giveiferential
) ) size bin. This can be computed straightforwardly from om-si

3.2. Results of the N-body simulation ulation data. In case of the SDSS observations, however, we

Initially, almost all asteroids are located in the core (S  think that there is a reddackgroundof asteroids with Eos-like
ure 5). Only a few outliers may have velocities large enowgh t colours (may be due to observational uncertainties or aralatu
belong to the halo. Within a few million years the halare  spread of colours; see Figure 2). Obviously, such backgtoun
ratio quickly increases due to objects located inside e 9 overlaps with the core and the halo, so we need to subtract thi
resonance and injected to the halo by these size-independefontamination
gravitational perturbations. Further increase is causethé dNhalo — 0.833 dNoackground
Yarkovsky YORP semimajor axis drift which pushes additional Robs = AN~ 0.167 N .
orbits into the JBt and also other resonances. core = background

We checked the orbital elements of bodies at the momenthe numerical cofiicients then reflect dierent 'volumes’ of
when they enter the halo region (Figure 6) and we computethe halo, core and background in the space of proper elements
the statistics of dynamical routes that had injected badidse  (ap, €, Sinlp), as defined in Table 1.

As we can see in Figure 7, areasonable match to the observed
halgcore ratios can be obtained for ages 1.5 Gyr (for smaller

3)

1We donottake into account collisional disruptions because we mouigi
that subset of asteroids which survived subsequent asiésigrinding (and

compare it to the currently observed asteroids). Of coufsge would like 20ther secular resonances intersecting this region,ss — 2gs + 2gs Of
to discuss e.g. the size of the parent body, it would be nacgss model g+ 295 — 3ge, do not seem to be important with respect to the transpom fro
disruptive collisions too. the core to the halo.
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Figure 5: Left panels: the proper semimajor axisvs proper eccentricitg, plots showing a dynamical evolution of our synthetic familye can distinguish the
core (black dots), the halo (red dots) and objects beyonthalebox (gray dots). There is a comparison to the observadce and halo too (yellow crosses),
as inferred from the SDSS data (the same as in Figure 2, bptfbine positions of important resonances are indicated hycaédotted lines. We plot the initial
situation att = O (top panel) and the evolved family at 1.7 Gyr (bottom panel). The core of the synthetic family extsila slightly diferent structure than the
observed core which may indicate that: (i) the initial trummaly was closer td = 18C, or (ii) the initial velocity field deviated from the assumedx 1/D
dependence. Right panels: the corresponding size-fregudistributions of the synthetic core (black line), whicasvalways scaled to the observed SFD of the
Eos core, and the synthetic halo (red line) which can be tivectty compared to the observed halo (gray line). It is ictbat the halo’s SFD becomes steeper in
the course of time and at 1.7 Gyr it matches the observed SFD.



D=3t04km — 4. Conclusions
4to5km i
0.8 | 510 6 km

Solkm — \ Yarkovsky-driven origin seems to be a natural explanatfon o
06 Brkm” W the halo population. A lucky coincidence that the disruptio
J of the Eos-family parent body occurred close to the modbrate
0.4 M AﬂfWMf/V\Vl . . . .
Ao R strong 94 mean motion resonance with Jupiter established a
02} / T 1 mechanism, in which orbits drifting in semimajor axis due to
it the Yarkovsky @fect are mostly perturbed by this resonance
0 1000 2000 3000 4000 and scattered around in eccentricity and inclination. Ttelt
time t/ Myr spread of the simulated halo (up to 0.2 in eccentricity, Fédi),
R which matches the SDSS observations (Figure 2), also stgpor
|~ Cehistogram } our conclusion.
As an important by-product, the process enabled us to in-
E dependently constrain the age of the family. Moreover, if we
analyse the evolution in the proper semimajor axis vs the ab-
- solute magnitudeap, H) plane and create a histogram of the
n=8 quantityC = (a— 3.019 AU)/10" (i.e. a similar approach as in
Vokrouhlicky et al. (2006), but now using a fll-body model
0 1000 2000 3000 4000 and the SDSS observations for both the core and halo), we can
time t/ Myr compute an independept(t) evolution (refer to Figure 7, red
line). Since both methods — the hadore ratiosR and theC-
Figure 7: Top panel: the evolution of the haore ratio in our simulation for histogram — seem to be reasonable, we can infer the most prob-
several size bins (colour curves) and its comparison to tisewed SDSSra-  ghje age as an overlap of intervals of IQ\K('[) and this way
tios in the same bins (horizontal lines). The intersectigive age estimates . .
from 1.5 Gyr (for smaller bodies) to 2.2 Gyr (larger bodieBditom panel: the furth_er decr_ease ItS_ uncertainty, so that1.5t0 19 Gy'_’- )
corresponding evolution of the? vs timet. The dotted line indicates the num- It is also interesting that the true anomaly at the time of dis
bern = 8 of size bins (fronD = 2 km to 10 km) in which thg? was computed. ruption has to beé ~ 120 to 180. We performed tests with

The best fits (withy? ~ n or smaller) correspond to ages from 1.5 to 2.2 Gyr. lower values off and in these cases the synthetic family has
For comparison, we also ploty&(t) dependence (red line), computed from the

histogram ofC = (a— 3.019 AU)/10H values, which corresponds to the anal- INitially a different orientation in thesg, &) plane: thf—' objects
ysis of Vokrouhlicky et al. (2006). We use the populatiorEaks-like asteroids  are spread from smadl, ande, to largea, ande;, (cf. Figure 5).

observed by the SDSS in both core and halo for this purpose. Way too many objects thus initially fall in to the secular reso-
nance and because such captured orbits cannot drift to agnalll

. . : and larges, it is then impossible to explain the observed struc-
bodies) to 2.2 Gyr (for larger bodies). To better quantifg th e of the family and consequently< 12 is excluded.

difference between the model and the observations we constrLﬂiI . . : .
Finally, let us emphasize that given theéfdiences between

a suitable metric . o
the size-frequency distribution of the halo that of the cove

halo/core ratio
N

1000 F —

\\\\\

halo/core ratio

5 21 (Ri(1) = Rops )2 can exclude a possibility that the Eos halo was created by a
XM= Z PRSI (4)  purelygravitational process (like the perturbations arisingrfro
=2 i obs giant-planet migration).
where the summation is over the respective size dingl; +
dD), D; = i-1km and d = 1km. The uncertainties of the
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