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Extreme Adaptive Optics

f=12 kHz, 40x40 lens & actuators T

* VLT/SPHERE/ZIMPOL instrument (Schmid etal. 2018), designed for exoplanets (M),
diffraction-limited imaging, maximum contrast (planet/star), coronograph




SPHERE instrument
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ZIMPOL instrument

imaging polarimeter

polarizer = electrooptic
modulator (1 kHz) =
polarizing beam splitter —
filter wheels = MI's = M2’s
— cylindric lens = CCD’s
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PSF & its variability

* N_R filter (645 £ 28 nm), dependence on A, seeing conditions (<0.8")

* asteroid as NGS, nearby * as PSF, 5 series of 10-s exposures @ epoch
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Deconvolution (Bayes statistics)

* [.. degraded image, H ... PSF, O ... ideal image, N ... Noise

I=HxO+N
* Bayes theorem for conditional probabilities, where p(/) = I + 65535 ADU
p(1|O)p(O
p(0 A 1) = HOIDD) = plT10)p(0) — p(OI1) = & ‘p()j)( )

* maximalisation of p(Q|/), i.e. minimalisation of the functional wrt. O:

J = —In[p(1|0)p(0)] = —Inp(I|0) —Inp(0) = Jy + Jo



Deconvolution (Richardson-Lucy)

* Poisson statistics for p(/|0), where k... L A ... H*O & functional:

)\k e—)\
k!

p(k; \) =

Jny = —Inp(I]|0) = Z[—Iln(H* O) + H x O]

T

* min: compute V, shift to -V, in case of convergence (n = «) assume O™ = O
— iterative algorithm (Richardson 1972, Lucy 1974):

I(r)
H(r)* Om™(r)

O™ (r) = 0"(r) [H(T) *



Myopic deconvolution - s agoritm

problems of RL: divergence (if not P.), artifacts on edges, “ringing”

Gaussian noise (photon, PSF, seeing, jitter, ...), regularisation (Conan etal. 2000):

1 2 1
o) = I _ E _—(I-H
p(x;0) — e Jn 53 ( * O)

additional priors (edge, seeing), 2™ regularisation:

VO VO O, u ... free parameters,
Jo = — lnp = Z [ ‘ ‘ (1 + u E() ... expectation (average over ),

0 H ... Fourier transform, i.e. MTF

1 H-EH
JH:_ZE! — E()1°



degraded image stellar PSF deconvolved image
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8 epochs

Jul 7" - Oct 10" 2017
mypoic deconvolution
by MISTRAL algorithm
(Fusco etal. 2003)
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Crater (“Nonza”)

* 3D shape reconstruction by ADAM (Viikinkoski etal. 2015): AO + LC + regularisation
* crater visible at longitude 0° (def.) and latitude -32°

2017-07-08T09:29:52 (0.00) 2017-10-07T01:49:28 (0.10) 2017-07-10T09:06:56 (0.18) 2017-08-23T02:51:42 (0.36)

2017-08724102:57:45, (0:49) 2017-10-02101:25:87(0:53) 2017-07-14T09:47:36 (0.67) 2017-08-08T04:55:22 (0.93)

Fig. 3: Identification of the impact craters present at the surface of Julia. Besides the large impact basin Nonza, we identified two
possible small craters (A and B) at rotational phase 0.67.
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Main Asteroid Belt

* synthetic proper
elements (Knezevic
& Milani 2003) 05 |

*  WISE albedos %Q ~
(Masiero etal. 2014) & i
* 125 families c_g
(Nesvorn( etal. 2015) qf)
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Julia family identification

middle belt, high-/ low # of a.
(Nesvorn( etal. 2015)

hierarchical clustering
(Zappala etal. 1995) with
Vet = 80 m/s = 66 members

taxonomy S (or K?)
albedo py = 0.184

LL chondrites analogue
(Vernazza etal. 2014) —»
Pouk = 3300 kg/m?
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0. Preliminary analysis

0.14

escape velocity ve,c = 115 m/s

ellipses due to Gauss equations:
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1. N-body orbital simulation

We use a symplectic integration scheme (Levison and Duncan 1994), denoted as kick—drift—kick, where
the ‘kick’ (actually, a perturbation) is performed as:
: A
ny1 =Tnp - 1'7 5 (3)
and the ‘drift’ corresponds to an analytical solution of the two-body problem (the Sun-asteroid), which
involves a numerical solution of the transcendent Kepler equation:

M = FE-—esinF, (4)
'ny1 = p(E)rn G 5 Q(E)rn ) (5)
thy1 = P(E)Tn + ¢(E)in; (6)

we account for gravitational perturbations by planets, expressed in the heliocentric frame:

=

%

Gmi Gmi
e e rﬂ] ) (7)

7 7t

possibly, the planetary migration, in an analytical way (Malhotra 1995), and also eccentricity damping

(Morbidelli et al. 2010):
Av At t—t
I."rz-l-l:i'n {1+_,U—exp <_ 0)] ) (8)
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the Yarkovsky thermal effect (Vokrouhlicky 1998, Vokrouhlicky and Farinella 1999):

8 / /
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the YORP effect (Capek and Vokrouhlicky 2004):

L= ka(7)7
fios 091;(7)7
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€ — i = sl St
& an T Ry £0

mass shedding beyond the critical angular frequency (Pravec and Harris 2000):

4
Werit = 4/ ngp :

and random collisional reorientations with the time scale (Farinella et al. 1998):
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wo RO

(10)

(15)
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N-body (cont.)

* dynamical model: Sun + 4 giant planets + (13) Egeria (Levison & Duncan 1994),
Yarkovsky diurnal & seasonal effect (Vokrouhlick(j 1998), YORP effect (Capek

& Vokrouhlickg 2004), collisional reorientations, mass shedding @ W,
* 660 particles, Ve = 500 m/s, Psurs = 1500 kg/m3, K =103 W/m/K, ...
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N-body (cont.)

* post-processing: (i) uniform background, (i) match SFD @ every time step,
(iii) random selection of orbits from ICs (see Broz & Morbidelli 2018)

* sorry for being so noisy, but 66 is low number...
* Julia family age: 10 to 120 Myr (i.e. both lower and upper limits)
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Comparison of simulations & observations

* # of a. in boxes in (a,, €, space Noox a7 N 2
. ) . . . 2 ( synz obsz’)
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2. SPH break-up simulation

100

fragmentation by SPH5 (Benz &

Asphaug 1994), reaccumulation by 75 |

Pkdgrav (Richardson etal. 2000)

Tillotson (1962) EOS, von Mises

yielding, Grady & Kipp (1980) =
fracture model, g
basalt material with p, = 3300 kg/m? .

N = 1.4 - 10° to resolve LF

50

IC.d=8km, v=6km/s 6 =75° ..

- fragment SFD, v-field, crater size ~ 75f = i et e
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SPH (cont.)

* size-frequency distribution N (>D) = barely resolved LF

* correction of M/ M parametric relation from Morbidelli etal. (2009) « important!
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SPH (cont.)
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pseudo-random-number generator for rare collisions

3. Monte-Carlo

Monte-Carlo approach

number of disruptions
parametric relations (from SPH)
largest remnant

largest fragment

SFD slope of fragments

dynamical decay

specific energy Q = 2 mv}/M_, G ... scaling law

collisional models

(e.g. Boulder code, Morbidelli et al. 2009)

focussing
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number of asteroids N(>D)

1000
100
10

Monte-Carlo (cont.)

Boulder code (Morbidelli etal. 2009), scaling law of Benz & Asphaug (1999), ...

without (89) Julia (LR), i.e. only fragments — family lifetime ~ 100 Myr
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evolved MB
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number of asteroids N(>D)

1000
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Monte-Carlo (cont.)

DLF = 26 |<m
the same with (89) Julia = number of events: 1 to 10 per 4 Gyr (100 MC runs)
if > 1 then possible resurfacing? irregular shape?

30 Myr 520-Myr
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Crater size & position

estimated crater size D = (74.8 + 5.0) km (SPH: >60 km)
excavated volume V., = (9800 *+ 4900) km? (SPH: 7600 km?)
ejected volume V. =176 km?, ie. V,; K V.,

SPH: ejection velocity wrt. barycentre v,; = 100 m/s = A/ = 0.002 rad, cf.

ANvw ' v
— cosl(w +
nav'1 —e? a ( /)

obliquity of Julia y = -17°; for ¢ = y, ejecta can fly the most above (or below)

A

NOHZG Wlfh |aiiiude (p = -320 IS in a SUiJfClble posi’rion! (no spin evolution)



Conclusions

20 yr after HST observations of (4) Vesta...

asteroid families © craters identifications
possible from ground-based observations!

40-m class telescopes (ELT) will be used

Vernazza etal. (2018) A&A, 618, Al54
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