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Abstrakt: Zmény velkych poloos obtich planet, které probéhly pfed 4 miliardami
let a uvedly slunecni soustavu do jeji dnesni podoby, podstatné ovlivnily tehdejsi
populace malych téles slunecni soustavy. Jednou z takovych skupin byly i dynamic-
ky stabilni planetky v rezonanci 2:1 sttedniho pohybu s Jupiterem, které setrvavaji
ve dvou ostrovech fazového prostoru, oznacovanych A a B, a vykazuji zivotni do-
by srovnatelné se stafim slune¢ni soustavy. Puvod téchto planetek doposud nebyl

vysvétlen. Nasim cilem je vypracovat uspokojivou hypotézu jejich ptivodu.

Na zakladé nejnovéjsich observacnich dat aktualizujeme rezonanc¢ni populaci a jeji
fyzikalni vlastnosti. S pouzitim N-Casticového modelu se sedmi planetami a Jar-
kovského jevem ukazujeme, ze difuze z ostrova A probiha rychleji nez v pripadé
ostrova B. Néasledné vySetfujeme: (i) prezivani primordidlnich rezonan¢nich plane-
tek a (ii) zachyceni populace béhem planetarni migrace, a to v neddvno popsaném
scénarti s unikajici patou obti planetou a nestabilitou ,skédkajicitho Jupiteru“. Pouzi-
vame simulace s predepsanou migraci, simulace hladké pozdni migrace a vysledky
statisticky vyhodnocujeme pomoci dynamickych map. Modelujeme rovnéz srazky
béhem uplynulych 4 miliard let. Nasim zavérem je, Ze skupina stabilnich planetek
vznikla zachycenim c¢asti hypotetické asteroidalni rodiny vnéjsiho hlavniho pasu

béhem skoku Jupiteru.
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Abstract: Changes of semimajor axes of giant planets, which took place 4 billion
years ago and evolved the Solar System towards its present state, affected various
populations of minor Solar-System bodies. One of these populations was a group of
dynamically stable asteroids in the 2:1 mean-motion resonance with Jupiter which
reside in two islands of the phase space, denoted A and B, and exhibit lifetimes
comparable to the age of the Solar System. The origin of stable asteroids has not

been explained so far. Our main goal is to create a viable hypothesis of their origin.

We update the resonant population and its physical properties on the basis of up-to-
date observational data. Using an N-body model with seven giant planets and the
Yarkovsky effect included, we demonstrate that the depletion of island A is faster
compared to island B. We then investigate: (i) survivability of primordial resonant
asteroids and (ii) capture of the population during planetary migration, using a re-
cently described scenario with an escaping fifth giant planet and a jumping-Jupiter
instability. We employ simulations with prescribed migration, smooth late migrati-
on and we statistically evaluate the results using dynamical maps. We also model
collisions during the last 4 billion years. We conclude that the long-lived group
was created by a capture from a part of hypothetical outer main-belt family during

Jupiter’s jump.
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Uvod a motivace

Studium procest, které formovaly slune¢ni soustavu do jeji dne$ni podoby, pat-
i mezi jeden z hlavnich zadjmt moderni nebeské mechaniky. Jednim z takovych
déji jsou i vyrazné zmény hlavnich poloos planet v dasledku gravitaéni interakce
s hmotnym diskem transneptunickych planetesimdl. Migrace planet v disku pla-
netesimadl byla zfejmé posledni velkou dynamickou nestabilitou slune¢ni soustavy,
kterd se odehrala priblizné pred 4 miliardami let, uvedla planety na jejich dnesni
drahy a znatelné ovlivnila veskeré populace malych téles slunecni soustavy.

Vznik obfich planet. Jak zapadd zminovand planetarni migrace do vSeobecné
prijimaného modelu vzniku slune¢ni soustavy? V plynoprachovém protoplanetdr-

nim disku vznikala postupnou akreci pevné slozky vétsi télesa. Nejprve subkilome-

trova, nasledné planetesimdly a nakonec planetarni embrya (Bi , IZQLEJ).
V zéné za snéznou linii ztejmé probihala akrece rychleji diky depozici vodniho ledu,
ktery ptispél ke zvySeni plosné hustoty pevné slozky disku (Brunini & Bgnvgnutd,

). Nejhmotnéjsi embrya v této oblasti umoznila lokdlni gravitac¢ni kolaps ply-

nu, ¢imz si utvorila hmotné plynné obalky — vznikly obfi planety.
V této fazi vyvoje ovSem sehrdl vyznamnou roli vliv centrdlni hvézdy, kterd bé-
hem své kontrakce k hlavni posloupnosti nulového véku prosla eruptivnim stadiem

a vymetla zbyvajici plyn z disku do mezihvézdného prostoru. Tuto skute¢nost po-

tvrzuji pfimd pozorovani protoplanetdrnich diskii a hvézd v riznych stadiich vyvoje

, ; , IZD_MI). Z toho mimo jiné vyplyva, ze ob-
i planety musely své plynné obdlky ziskat na ¢asové Skdle srovnatelné s 10 Myr,
protoZe poté uz na jejich vznik nebyl v okoli dostatek plynného materidlu.
Hydrodynamické simulace naznacuji, ze vznik planety za tak kratkou dobu je
problematicky zejména u ledovych obrti, pokud bychom uvazovali, Ze se formova-

ly na dnesnich orbitdch (Levison & Stgwar;l, 2001). V takovém ptipadé jsou totiz

obézné doby pfilis velké pro dostate¢né rychlé utvoreni hmotného embrya, kolem

kterého by mohla vzniknout plynnd obélka. Toto je jeden z hlavnich argumentq,
které vedly k presvédceni, ze obti planety obihaly kratce po svém vzniku vyrazné

blize ke Slunci, nez je tomu dnes.
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Pribéh migrace planet. Planety nasledné prodélaly migraci v plynném disku,

béhem niz se zreimé zachvytily ve vzdjemnych rezonancich stredniho pohybu (Mas-

set & Snellgrove, 2001); Morbidelli & Crida, [2007). Vyvstava ptirozend otazka, jaky

mechanismus vedl k migraci planet na dnesni drahy po rozptyleni plynného disku.

Silné perturbace, vyvolané nestabilni kompaktni konfiguraci obtich planet, byly tlu-

meni masivnim diskem planetesimal (Mg = 20 aZ 40 Mg, Nesvorny & Morbidelli

)), které ztstaly v oblasti ze Neptunem, kde se zddné obii planeta nestihla
utvorit. Pomald migrace planet, pripadné rezonance stfedniho pohybu a nasledné
vniknuti Neptunu mezi planetesimdly vedly k destabilizaci transneptunického dis-
ku. Zmény momentu hybnost planet pfi gravitacnim rozptylovani planetesimal
vedly k vyraznym zménam velkych poloos planetarnich drah. Zaroven se znacné
zvysil tok impaktora skrze sluneéni soustavu, coz vedlo k zrychlenému koliznimu
vyvoji populaci malych téles a k zesileni kraterovani mésicii. Toto obdobi se ozna-

cuje jako velké pozdni bombardovani (Gomes a koll, |;0Q§).

Samotné rozptyleni transneptunickych planetesimal umoznuje vysvétlit migra-

ci planet na dnesni drahy (Tsigani , ), nicméné zpusobuje téz plynuly
nartst separace drah Jupiteru a Saturnu, coZ v simulacich ¢asto zptisobuje ti'i neza-

douci efekty: (i) excentricity terestrickych planet vzrostou nad pozorované hodnoty

, ); (ii) sekuldrni rezonance v, a v;, svym pomalym pricho-

dem pres hlavni pas vytvori struktury, které se neshoduji s pozorovanim (Morbi-

delli a kol., [2010); (iii) vlastni frekvence planetarniho systému taktéz neodpovidaji
dnesnimu stavu (Morbidelli a kQLI, M). Vsechny tyto nezadouci efekty do jis-

té miry zaniknou v pripadé, kdy vzajemné vzdaleni Jupiteru a Saturnu probéhne

taktka skokové, na skdle mensi nez 0,1 Myr. ProtoZe rozptylovani planetesimadl tak-
to rychlou a ndhlou migraci neumoznuje, predpoklddd se, ze ve slune¢ni soustave
nastala série vzajemnych blizkych priblizent obtich planet (tedy opakovany rozptyl

planety na planeté).

Nedavna studie Nesvorného a Morbidelliho ‘E) se zabyvala statistickym vy-
hodnocenim nékolika tisici simulaci migrace planet, ¢asto s nestabilitou oznaco-

vanou jako ,skok Jupiteru“. Jedna se o udalost, pti které Saturn rozptyli jednoho

!M4me na mysli zmény pti vyiméné momentu hybnosti, jeho% celkovd velikost se zachovava.



z ledovych obri smérem k Jupiteru, a pak sdim migruje ven, Jupiter nésledné le-
dového obra rozptyli do vnéjsi casti slunecni soustavy, a sam tedy migruje dovnitt.
Ukazalo se, Ze pti takové interakci je ledovy obr casto vymrstén zcela mimo slune¢ni
soustavu. Dokonce je statisticky pravdépodobnéjsi pocate¢ni konfigurace slunecni
soustavy s péti obfimi planetami.

Otdzka presného priibéhu planetarni migrace i naddle z{stavd otevienym téma-
tem. Ackoliv jsou simulace migrace zaloZzeny na Newtonové gravitatnim zakoné,
ktery je dostatecné presny a jednoduchy, diky vysoké mife chaosu N-casticovych
systému se tato uloha stava netrividlni. Navic je tfeba si uvédomit, Ze se jedna
o ulohu inverzni: je treba nalézt takové pocatecni podminky, které vedou k vyvoji
soustavy do stavu co nejpodobnéjsitho dnes pozorovanému.

Souvislost migrace planet s malymi télesy. Jednim z efektivnich zpiisobd,
jak testovat vérohodnost scénaiti migrace, je studium vyvoje populaci malych téles
pri zméndch planetarnich drah. Mala télesa totiz vyrazné reaguji na jakékoliv zmeé-
ny perturbujicich gravitacnich sil a v jejich orbitdlnich strukturdch nebo fyzikalnich
vlastnostech lze nalézt otisk globalnich procesti, které ve slune¢ni soustavé probéh-
ly. OvSem casto jsou tyto informace obtizné identifikovatelné, protoze mald télesa
se vyvijeji neustdle, at’ uz orbitdlné, kolizné nebo plisobenim riznych negravitac-
nich zrychleni. V souvislosti s migraci nés tedy zajimaji predevsim takové populace,
jejichz vyvoj za posledni 4 Gyr jsme schopni alespon ptibliZzné rekonstruovat.

Rezonance 2:1 s Jupiterem. Jak naznacila rada predchozich studii (napt. Ro-
ig a kol., 2002; Broz a kol., 2005; |Chrenka, 2013), jedna z takovych populaci se

zfejmé nachazi v rezonanci 2:1 stfedniho pohybu s Jupiterem (casto ji budeme
oznacovat zkratkou J2/1). Tato silna rezonance prvniho radu odpovida Kirkwoo-

dové mezete, kterd se nazyva Hecuba (Kirkwood, |L8_6_2|; Sghweizetl, Il%d), a je po-

vazovana za hranici mezi vnéjsim hlavnim pasem a oblasti Cybele (viz obrazek [I]).

Jeji ndzev je odvozen od velké planetky (108) Hecuba, kterd se nachazi blizko re-
zonance 2:1, ale nikoliv pfesné v ni.

V rezonanci 2:1, kterd byla zprvu povazovana za zcela vyprazdnénou, setrvava
vicero malych asteroidii, objevenych béhem 20. stoleti; prvni asteroid zpozorovany
v J2/1 byla (1362) Griqua, objevena roku 1943 ( , ). Dynamika téchto
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téles byla velmi dobre prostudovana v poslednich tfech desitkdch let pomoci ana-
lytickych a semi-analytickych metod (napft. |Murra\4, Il%_d; Moons a kQLI, ﬁggé),

symplektického mapovani (napf. Roi _&LEQI:LaZ;M_el]d, [19_9d) a frekvenc¢ni analyzy

(napt. y - , ). Tyto studie poskytly vhled do vnitrni struk-
tury rezonance, kterd je ovlivnéna prekryvem se sekuldrnimi (Morbidelli & Moo sJ,

) a sekundarnimi rezonancemi (Wi ,1198 ZI; Henrard a le.I, ILQQEI). Ukaza-

lo se, Ze zatimco oblasti prekryvu vyvolavaji velmi chaotické chovdni drah planetek,

lze ve fazovém rezonan¢nim prostoru nalézt dvé oddélené oblasti kvaziregular-

nich pohybt ,Frankliﬂ, ILQ%II; Michtchenko & Fgrraz-Mclld, ILQQZI). Tyto oblasti byly
oznaceny jako stabilni ostrovy A a B (Nesvorny & Fgrraz—Mglng, hggﬂ).

Nicméné i stabilita téchto ostrovii mohla byt v minulosti narusena, jak navrhl
[EerLaZ;MQI.Lo_a_k_o_I.J ‘19_38|). Mozny mechanismus, ktery by zptisobil zvyseni chao-

su v ostrovech, byl popsan jako rezonance 1:1 mezi libra¢ni periodou P, planetek

v J2/1 a periodou P, velké nerovnosti Jupiteru a Saturnu. Ackoliv soucasna hod-
nota periody velké nerovnosti je 880yr, v minulosti byla zfejmé krat$i a nartstala
béhem rozbihavé migrace Jupiteru a Saturnu. Pokud byla nékdy v minulosti pe-
rioda velké nerovnosti srovnatelnd s libra¢ni periodou (kterd je typicky ~ 420yr),
nastala by zminéna rezonance.

Diky neustalému zdokonalovani observacni techniky a prehlidkdm oblohy by-

la v J2/1 objevnena populace planetek dostatecné pocetnd pro statistickou analy-

zu pomoci numerickych metod. I&ng_uki,l ,;QOj) provedli dlouhodobé integrace
53 pozorovanych rezonancnich drah ve zjednoduseném modelu se ¢tyrmi obtimi
planetami a identifikovali drdhy dvojiho typu: nestabilni a stabilni. Zatimco dyna-
mické zivotni doby prvni skupiny jsou relativné kratké a jeji clenové z rezonance
unikaji na $kdldch 10Myr, asteroidy druhé skupiny mohou vykazovat zivotni do-
by srovnatelné se stafim slunec¢ni soustavy. Drahy téchto téles byly lokalizovany
v ostrové B a jeho okoli, kam jsou rozptylovany chaotickou difuzi. AvSak v ostrove
A zadna planetka nalezena nebyla.

V sérii ¢lankt, zamétenych na J2/1 a rezonance prvniho fadu obecné, Broz a kol.
,ﬁ) a Broz & Vokrouhlicky ,ﬂ) aktualizovali katalog rezonancnich plane-

tek. Identifikovali 92 nestabilnich a 182 stabilnich planetek, z nichz 9 se nachazelo




v ostrové A. Pivod nestabilnich asteroidt byl vysvétlen pomoci Jarkovského driftu,
ktery doplnuje télesa jejich transportem z ptilehlého vnéjsiho hlavniho pasu, a udr-
Zuje tak tuto kratce zijici populaci v ustdleném stavu. Podobny model byl zkusmo
pouzit i v pripadé stabilni populace, tentokrat jakozto transport z kolizni rodiny
Themis (Broz a leJ, |;0Q5]), kterd lezi na podobnych sklonech jako stabilni aste-

roidy v ostrové B. Tento model nicméné selhal, protoze driftujici fragmenty jsou

prilis perturbovéany kratce po vstupu do rezonance a neproniknou az do stabilnich

ostrov.

V préaci Roiga a kol. ‘@) bylo poprvé popsano kumulativni rozdéleni velikosti

stabilni populace, které je strmé, cili vzdalené od rovnovazného stavu (Dohnanyi,

), coz by mohlo naznacovat neddvny vznik populace pfti srazce. Naproti tomu

v . 7]

.ZQ_O_é) nenalezli v orbitdlnim rozdéleni Zddny shluk fragmen-
t{; ptipadna rodina by tudiZ musela byt jiz rozptylena orbitdlnim vyvojem, a tedy
star$i nez 1Gyr. Dopad fragmentt do ostrova A by navic vyzadoval nerealistické
rychlosti vyhozu.

Cile diplomové prace. Jednim z hlavnich cild této préce je podat vnitfné
konzistentni vysvétleni ptivodu a vyvoje stabilni populace v rezonanci 2:1, které
prozatim neexistuje. Je tfeba vzit v potaz pozorovanou nerovnomérnou populaci
stabilnich ostrovii, nizké sklony planetek ostrova B v porovndni s ostrovem A, i ne-
rovnovazné rozdéleni velikosti.

Dlouhé dynamické Zivotni doby stabilnich asteroidii a dosavadni neispésné po-
kusy o vysvétleni ptvodu stabilni populace naznacuji, Ze vznik této skupiny téles
muze souviset s obdobim migrace planet. Neddvné pokroky v migra¢nich teoriich
ukdzaly, ze ptivodné kompaktni konfigurace planetarnich drah, ptipadné nésled-

na skokova migrace, muze vést k destabilizaci oblasti, které jsou v dne$ni slune¢ni

soustave stabilni. Jako ptiklad lze uvést Trojany a Hildy (Nesvornv a kolJ,|2013: Ro-

ig & Nesvorny, 2014): primordidlni populace v ptislusnych rezonancich 1:1 a 3:2

s Jupiterem byly zfejmeé zcela rozptyleny jesté pred skokem Jupitera a pozorované
populace vznikly zachycenim téles z hlavniho nebo transneptunického pasu béhem
migrace planet. Lze ocekavat, Ze i rezonance 2:1 pri migraci prodélala zna¢né zme-

ny polohy, vnitini sekularni struktury a samoziejmé populace planetek.
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Struktura diplomové prace. Diplomova prace je ¢lenéna nasledovné. V ka-
pitole [Tl je podan prehled aktualizovanych fyzikalnich vlastnosti stabilni populace.
Ddle je diskutovan vliv terestrickych planet a Jarkovského jevu na dlouhodobou
stabilitu studovanych planetek. V kapitole 2] porovndvame rtizné metody, pomoci
kterych lze provadét dynamické simulace s predepsanou migraci planet. Kapitola 3]
je zamérena na studium hypotézy rezonancniho zachyceni stabilni populace. V ka-
pitole 4] zkoumame, zda mohli planetarni migraci prezit hypotetické primordialni
rezonacni planetky. Nasledné v kapitole [5] ovérujeme, jaky vliv méla na rezonancni
populaci hladkd pozdni migrace planet. Kapitola [f] je vénovana koliznim modeltm.
Priloha [A] obsahuje odborny ¢ldnek s nazvem The origin of long-lived asteroids in
the 2:1 mean-motion resonance with Jupiter, ktery byl podan do ¢asopisu Monthly
Notices of the Royal Astronomical Society. V priloze Bl jsou uvedeny nejdilezitéjsi
c¢asti zdrojového kédu integratoru SWIFT, upraveného pro simulace s predepsanym

vyvojem planet.

0.4

!
1 2:1 resonance

3:2 Hilda group

proper eccentricity ep

Jupiter .
4 45 5
proper semimajor axis ap [AU]

Obrazek 1: Pozice planetek v rezonanci 2:1 stfedniho pohybu s Jupiterem (modré body)
zobrazena v roviné (a,, e, ), kde a;, je vlastni hlavni poloosa a e, je vlastni excentricita. Cerné
body odpovidaji okolnim malym télesim hlavniho pésu, oblasti Cybele a skupiny Hilda.
Vyznacujeme rovnéz pozici Jupiteru. Vlastni elementy jsou prevzaty z databaze orbitalnich

elementdl AstDyS (Knezevi¢ & Milani, 2003).




1. Pozorované asteroidy v rezonanci
2:1 s Jupiterem

1.1 Charakterizace rezonanc¢nich drah

Stfedni pohyb n libovolného télesa mtizeme definovat jeho vztahem ke stfedni

anomalii M jako:
n(t—ty) = M(t), (1.1)

kde t je ¢asova proménnd a t, je okamzik priichodu télesa pericentrem. Rezonanci
p : g sttedniho pohybu mezi jistymi dvéma télesy rozumime takovy stav, kdy jsou
sttedni pohyby obou téles pravé v poméru p : g, kde p a g jsou celd ¢isla. Pomér
obéznych period téles je pak presné opacny.

Kriticky tihel o rezonance 2:1 stredniho pohybu planetky s Jupiterem (znacime
J2/1) je definovan jako:

O=2A,—A—w, (1.2)

kde A; a A je stredni délka Jupiteru a planetky a @ je délka perihelia planetk.
Kriticky thel téles nachazejicich se v J2/1 libruje (kvaziperiodicky se méni na in-
tervalu < 27) s typickou periodou priblizné 420yr. Naopak télesa mimo rezonanci
se vyznacuji cirkulaci kritického tihlu. Na zakladé téchto vlastnosti lze jednoduse
identifikovat planetky nachazejici se v rezonanci.

Dynamika drah. Librace tihlu o je tézZ spojena s periodickymi zménami osku-
la¢ni hlavni poloosy a, excentricity e a sklonu I. Provazani elementt drahy lze ve

zjednoduseném modelu pohybu planetky v omezeném kruhovém problému Slunce—

1Uvedené veli¢iny jsou v jednoduchém vztahu s klasickymi Keplerovymi elementy drahy jako:
A=M+w =M+ w+Q, kde M je stredni anomadlie, «w je argument pericentra a 2 je délka
vystupného uzlu.



1. POZOROVANE ASTEROIDY V REZONANCI 2:1 S JUPITEREM

Jupiter—-planetka vystihnout adiabatickym invariantem:
Nzﬁ(Z—\/l—ezcosI) ) (1.3)

Pritomnost dalSich planet a nenulovd proménnd excentricita Jupiteru vyvolavaji
cetné perturbace v J2/1 a zabranuji analytické integrabilité rezonancnich drah.
Provazani oscilaci a, e a I je ovSem do jisté miry zachovano. Hlavni poloosa os-
ciluje kolem libra¢niho centra, které se nachazi blizko hodnoty presné rezonance
a,.s ~ 3,27 AU. Excentricita a sklon nabyvaji maximéalnich hodnot, kdyZz oscilace
hlavni poloosy dosahuje minima, a naopak.

Rezonan¢ni elementy. Dusledkem popsaného chovéni je, Ze standardni me-
ﬁgpro vypocet vlastnich elementt zaloZené na stredovani Kn.eiﬂu.c_&LM]lani

) vedou ke ztraté informace o amplitudé librace (t.j. vlastni hlavni poloosa

vSech drah v rezonanci odpovida priblizné hodnoté a,,). Proto je vhodné pouzit

res

pro popis drahovych vlastnosti alternativni sadu elementt. Roi ‘ ) na-
vrhli zaznamendvat oskula¢ni elementy ve chvili, kdy nabyvaji extremdlnich hodnot
v pribéhu libra¢niho cyklu. Tyto hodnoty, které budeme dale nazyvat rezonanéni
elementy, lze nalézt jako pruniky drah s vhodné definovanou plochou v prostoru
oskula¢nich elementti. Soubor podminek pro zavedeni této plochy muze mit napfi-

klad nasledujici tvar:
do
0':0/\E>0/\w—wJ:0/\Q—QJ:0, (1.4)

kde Q znaci délku vystupného uzlu a index J odpovidd velicindm pro planetu Jupi-
ter. Tyto podminky umoznuji zaznamenat oskula¢ni hlavni poloosu a v jejim mini-
mu, excentricitu e a sklon I v jejich maximu. Librujici planetky jsou tedy v prostoru
rezonan¢nich elementt vzdy zobrazeny ,nalevo“ (blize ke Slunci) od centra rezo-
nance.

Vzhledem k perturbacim a sekuldrnim efektGm vys$ich fadda jsou podminky

(I.4) jen zridkakdy splnény presné. Pfi numerickych vypoctech Ize vSak pouzit mé-
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1.1 Charakterizace rezonan¢nich drah
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Obrazek 2: Porovnani casového vyvoje oskulacnich (Seda krivka) a rezonancnich (Cervena
ktivka) elementt pro asteroid (13963) Euphrates v roviné hlavni poloosa vs excentricita.
V grafu jsou dale vyznaceny polohy separatrix a centra rezonance J2/1, sekuldrni rezonance
vs a V16, Kozaiova rezonance a systém sekunddrnich rezonanc1 (Henrard a kol), 1995). Hra-
nice rezonanci jsou pfevzaty z prace Moonse a kol. ( (1998). Rovnéz vyznacujeme pribliznou

polohu stabilnich ostrova A a B (Nesvorny & Ferraz- Mglld, |_922|).

né omezujici sadu podminek:

Ao
|a|<5°/\E>O/\|w—wJ|<5°. (1.5)

Zde namisto casové derivace pouzivame diferenci mezi naslednymi casovymi kroky
(znacime Ao apod.). Podminku na Q zde neklademe, pti vypoctu postacCuje ovéfit,
zda bylo zaznamendno maximum sklonu.

Na obrazku [2] je zobrazen ¢asovy vyvoj oskulac¢nich a rezonan¢nich elementt
asteroidu (13963) Euphrates po dobu 10Myr. Vypocet byl proveden integratorem

SWIFT MVS2 (Levison & Dun gaﬂ I_Q%I) se symplektickym schematem druhého ra-

du La.sl&aL&_B.o_li.tﬁ_d IZDQ]J) a s implementaci digitdlnich filtrG pro vypocet rezo-
nan¢nich elementt _B_rQZ_aJS_Ol.I, IZQQE]). Uvazili jsme pouze vliv ¢tyt obfich planet.
Vyvoj obou typt zaznamenanych drahovych elementtt odpovida popisu vyse.

11



1. POZOROVANE ASTEROIDY V REZONANCI 2:1 S JUPITEREM

V ptipadé rezonantnich elementt jesté poznamenejme, Ze jejich ¢asovy vyvoj
muze poslouzit jako jednoduchy indikator stability zkoumané drdhy. Stabilni orbity
totiz vykazuji ustdlenou libraci s malou variaci kolem jisté sttedni hodnoty. Pra-
niky s referen¢ni rovinou se v Case prili§ neposouvaji (to je i pripad asteroidu na
obrdzku [2]) a rezonanc¢ni elementy jsou, s jistou omezenou presnosti, konstantami
pohybu. Situace v pripadé nestabilnich drah je pfesné opa¢nd — priniky s refe-
rencni rovinou se v ¢ase pomalu posouvaji. Tato skute¢nost propaguje do numeric-
ky spoc¢tenych rezonan¢nich element(i; proto urcujeme i jejich standardni odchylku
jako chybu stredni hodnoty ze zdznamu pres dostatecné dlouhy casovy interval
(~ 100kyr).

1.2 Dynamické mapy

Dynamické mapy slouzi k posouzeni stability drah v riznych oblastech fazové-
ho prostoru. Umoznuji kvalitativné odhadnout, které drahy mohou byt regularni,
a které naopak chaotické. Existuje nékolik druhti dynamickych map: nékteré jsou
zalozeny na sledovani vyvoje casticové hustoty, jiné vyuzivaji vypocet ljapunovskych
¢asti, nebo podobné indikéatory.

Postup pfi konstrukei. V pripadé rezonance 2:1 uplatiiujeme za tcelem dy-
namického mapovani pfimo vlastnosti rezonan¢nich elementt. Jak jsme zminili
v predchozi kapitole [I.T] rezonan¢ni elementy se chaoticky méni v pripadé nestabil-
nich drah a v pripadé stabilnich drah osciluji s malou amplitudou. Stejné chovani
vykazuji akéni proménné dynamického systému, a proto jsou casové tfady jejich
extremalnich (nebo stfednich) hodnot ¢asto vyuzivany pro dynamické mapovani
(napt. M,. ; i , ; Tsigani , ).

Pti konstrukci dynamické mapy postupujme nasledovneé:

1. Rozdélme vySetfovanou cast fazového prostoru na buiiky stejné velikosti.

2. Necht souradnice (a,e,I) stredu kazdé bunky predstavuji soubor pocatecnich
rezonan¢nich elementd. To je dosaZeno nastavenim thlovych orbitdlnich ele-

mentu tak, aby platily podminky (1.4]).

12



1.2 Dynamické mapy

3. Integrujme takto vytvotrené drahy po nékolik miliont let a zaznamenejme

vyvoj rezonan¢nich elementt.

4. Oznacme da,, be, a 6 sinl, rozdil mezi po¢ate¢nim a kone¢nym (nebo posled-

nim zaznamenanym) rezonan¢nim elementem.

5. Spoctéme celkovy posun ve fdzovém prostoru pomoci metriky:

5a,\?

d= \/( 8 ) + (5e,)* + (6sinl,)?, (1.6)
ar

kde a, zna¢i aritmeticky priumér spoéteny z pocateéni a kone¢né rezonané¢ni

hlavni poloosy. Vzddlenost d reprezentuje miru dynamické stability poc¢ate¢ni

dréhy a pouzivame ji jako charakteristickou veli¢inu pro celou bunku. Pozna-

menejme, ze definice d je obdobou metriky uzivané v hierarchické shlukovaci
metodé ,Za.pp_al?a_a_kolj, [1225]).

Dynamickd mapa rezonance v soucasnosti. Za ucelem ovéteni vySe popsa-

né metody jsme zkonstruovali dynamickou mapu 2:1 rezonance v soucasné konfi-
guraci slunecni soustavy. Fazovy prostor jsme v intervalech a € (3,195;3,275) AU,
e € (0,1;0,5), I € (0°;,25°) rozdélili na sit 40 x 40 x 5 bunék. Abychom zlepsili
celkovou statistiku, vygenerovali jsme v blizkosti kazdé testovaci Castice dvé dal-
$i, a to ndhodné v okoli nepresahujicim 20% z prislusného rozméru bunky. Timto
zpusobem jsme vytvorili po¢ate¢ni podminky pro 24 000 testovacich ¢astic.

Nésledné jsme tyto syntetické drahy integrovali pro dobu t,, = 10Myr. Vy-
uzili jsme tentyz symplekticky integrator jako v kapitole [I.1] s ¢asovym krokem
At =91,3125d. Do vypoctu jsme zahrnuli gravitacni interakce se Sluncem a ¢tyfmi
obfimi planetami. Terestrické planety jsme zanedbali az na barycentrickou korekci,
kterou jsme aplikovali na pocatecni podminky. Pro zavedeni referen¢niho kartéz-
ského systému jsme pouzili Laplaceovu rovinu. Zadné negravitaéni zrychleni jsme
zde neuvazovali.

Po provedeni integrace jsme spocetli vzdalenost d podle rovnice pro vSech-
ny testovaci castice. Abychom vyjadrili dynamickou stabilitu v jednotlivych bun-

kach, spotetli jsme primérnou hodnotu d pro é4stice, které pochézely z téZe buiiky.
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1. POZOROVANE ASTEROIDY V REZONANCI 2:1 S JUPITEREM

Je nutno poznamenat, Ze v nasi metodé neni zadna casova mira, vysledna mapa
tudiz predstavuje celkovy posun v kazdé bunce béhem doby integrace ¢;,,, ale nelze
z ni urdit, jak rychle k tomuto posunu doslo.

Horni panel obrazku 3] pfedstavuje vyslednou dynamickou mapu jakozto zpri-

mérovanou projekci vSech ezl v sin I, do roviny (a,,e,). Porovnanim s vnittni struk-

turou 2:1 rezonance odvozenou v prdaci Moonse a kol. (1998) vidime, Ze dynamicka
mapa tuto strukturu piimo vystihuje: oblasti ovlivnéné prekryvem se sekuldrnimi
nebo sekundarnimi rezonancemi se vyznacuji vyssi mirou difuze ve fazovém pro-
storu.

Na dolnim panelu obrdzku [3] je zobrazena projekce mapy do roviny (a,,sinI,),
ovSsem Vv tomto pripadé jsme pro konstrukci mapy pouzili pouze testovaci Céstice
s malym rozmezim e, (naptiklad na obrdzku je e, ~ 0,25). Divodem je vyrazna
zavislost polohy separatrix a tvaru stabilnich ostrovlii na excentricité, v mapé pra-
meérované pres e, by tedy byly hledané struktury Spatné patrné. Na obrazku si lze
povSimnout, jak se tvar stabilnich ostrovii méni se sklonem: zatimco ostrov A se
s rostoucim sklonem rozevird, ostrov B se naopak zuzuje. S ptrihlédnutim k dyna-
mické mapé se zdd zvlastni, Ze je v ostrové B pozorovan nadbytek planetek, zatimco
v ostroveé A se jich nachazi velmi malo a navic pouze na vyssich sklonech. Pricinu je
patrné nutné hledat v dynamickych procesech zodpovédnych za vznik rezonan¢ni
populace.

Vyuziti dynamickych map. Dynamické mapovani s pouzitim rezonanc¢nich
elementt se tedy ukazuje jako vhodny ndstroj pro zkoumadni fazového prostoru
uvnitt J2/1. Nezdvisle se také potvrzuje, ze zavedeni rezonan¢nich elementt je
opodstatnéné a robustni, a rovnéz nam umoznuje jednoduse konstruovat portrét
rezonance i pro jina uspotradani planet, nez je to soucasné. MuzZeme takto urcit po-
lohu analogt stabilnich ostrovti A a B pro libovolnou konfiguraci planetarnich drah.
Mapa samoziejmé neumoznuje urcit, jaké rezonance jsou zodpovédné za vyvolani
chaosu, to vSak neni pro nasi aplikaci zdsadni, a navic lze prislusné rezonance casto

identifikovat v analogii se zndmou sekuldrni strukturou rezonance 2:1.
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Obrazek 3: Dynamicka mapa 2:1 rezonance stiedniho pohybu s Jupiterem spoctena v sou-
casné konfiguraci obtich planet. Nahote: portrét fazového prostoru v roviné (a,,e,) zkon-
struovany jako projekce primérovand pres pét zkoumanych fezi v rezonanc¢nich sklonech
sinI,. Barevna $kdla jednotlivych bunék odpovidd primérné vzdalenosti d, kterou za inte-
gracni Cas t;,, = 10Myr urazi Castice s pocatecni drahou nalezici dané buiice. Pfes mapu
je pro srovndni piekreslen systém rezonanci k¥izicich J2/1 (Moons a koll, 1998). Dole:
portrét fazového prostoru v roviné (a,,sinl,) spocteny pro testovaci cdstice s rezonanc¢ni
excentricitou e, ~ 0,25.
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1. POZOROVANE ASTEROIDY V REZONANCI 2:1 S JUPITEREM

1.3 Zivotni doby a stabilita drah

Vybér drah. Za ucelem aktualizace pozorované populace ve 2:1 rezonanci
jsme nejprve vybrali drahy ¢islovanych a multiopozi¢nich planetek v Sirokém okoli
J2/1. Vyuzili jsme databdzi oskula¢nich elementt AstOrb ( , ) k 15. pro-
sinci 2012, z niz jsme vybrali elementy omezené v roviné (a,e) primkami
e, = 0,45 ([aly — 3,24) /(3,1 —3,24) a e, = 0,5 ([a],y — 3,24) / (3,46 — 3,24). Tak-
to jsme ziskali 11479 drah. Tyto drahy jsme numericky integrovali po dobu 10kyr

se stejnym nastavenim jako v predchozich kapitolach. Planetarni efemeridy odpovi-

dajici prislusnému Julidnskému datu jsem vzali podle JPL DE405 ( ish, ).
Béhem integrace jsme pro kazdou planetku zaznamenévali ¢asovy vyvoj kritického
argumentu o (viz rovnice (I.2)). Takto jsme nalezli 374 librujicich asteroidd.

Zivotni doby. Abychom ur¢ili dynamické Zivotni doby planetek v J2/1, a iden-
tifikovali tak nestabilni a stabilni ¢ast populace, bylo nutné provést dlouhodobou
integraci jejich drah. V tomto pripadé je nutné si uvédomit, ze zkoumana rezonan-
ce je ovlivnéna vysokou mirou chaotické difuze. I mald zména pocéate¢nich podmi-
nek mize zcela zménit nasledny orbitdlni vyvoj. Protoze orbitdlni elementy vSech
pozorovanych planetek jsou zndmy pouze s omezenou presnosti, je v idedlnim pti-
padé nutné uvazit vicero hodnot v intervalu observacni neptresnosti jakozto mozné
pocatecni podminky, abychom pokryli co nejvice alternativ budouciho orbitalniho
vyvoje.

Abychom zohlednili vliv chaosu, pfipsali jsme nejprve nalezenym librujicim pla-
netkam ptislusné nejistoty z katalogu AstDyS (KneZevi¢ & Milani ;0_0_31). Ve ctytech
pripadech se nezdarilo data zparovat, tyto planetky jsme tudiz z populace vyradili.

Nasledné jsme pomoci pseudondahodného generatoru vytvorili v blizkosti nominal-
ni drahy kazdé planetky svazek 10 blizkych syntetickych orbit, takzvanych klond.
Elementy téchto orbit jsme vybrali z intervalu £30 (kde o nyni znaci standard-
ni odchylku) Gaussova rozdéleni v prostoru nesinguldrnich orbitdlnich elementd.
Timto zptisobem jsme ziskali 4070 drah (1 nomindlni a 10 syntetickych pro kazdy

asteroid), které jsme integrovali po dobu 1 Gyr.

Dle Roiga a kol. (2002) definujeme dynamickou zivotni dobu 7 jako ¢asovy usek,
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1.3 Zivotni doby a stabilita drah

ktery asteroid stravi v rezonanci. Planetky, které rezonanci opoustéji, jsou obvykle
z integrace vytrazeny diky vysoce excentrickym nebo sklonénym drahdm, které kiizi
drahy planet nebo vedou k padu do Slunce. Po skonceni integrace jsme spocetli
sttedni Zivotni dobu 7 jako medidn z Zivotnich dob pro kazdou skupinu klont.

Na zakladé 7 jsme rozdélili rezonancni populaci do nasledujicich skupin:

e T < 70Myr: tyto asteroidy jsou dynamicky nestabilni. Dle nejvétsi zndmé pla-
netky v této skupiné se téz oznacuji jako skupina Zulu. Pocet identifikovanych
téles: 140.

e T € (70;1000) Myr: tyto planetky jsou margindlné stabilni. Oznacuji se jako
skupina Griqua. Pocet identifikovanych téles: 106.

e T > 1Gyr: tyto planetky jsou dynamicky stabilni. Oznacuji se jako skupina
Zhongguo. Pocet identifikovanych téles: 124.

Pro srovnani uvadime pocet asteroidu z posledni studie Broze & Vokrouhlického
.M), ktef{ identifikovali 92 nestabilnich a 128 stabilnich planetek.

Orbitédlni rozdéleni. Na zdkladé dlouhodobé integrace jsme rovnéz sestroji-

li orbitalni rozdéleni asteroidil v rezonanci 2:1. Pro kazdou testovaci ¢astici jsme
nejprve spocetli prumérné hodnoty rezonan¢nich elementt za 1 Myr od zac¢atku in-
tegrace, nasledné jsme jesté zprumérovali vysledky pro kazdy asteroid a jeho klony.
Standardni odchylka je potom definovdna jako nejistota aritmetického prﬁmérLH.
Vysledné stiedni orbitalni elementy jsou vyneseny na obrazku [4 jako projekce
v rovindch (a,,e,) a (a,,sinI,). Skupina Zhongguo se nachdzi v samotném centru sta-
bilnich ostrovii, 11 planetek v ostrové A a 113 v ostrové B. Velka vét$ina planetek
Zhongguo ostrova B vykazuje velmi nizké sklony drah, zatimco v ostové A jsou je-
jich drahy mnohem vice sklonéné. Skupina Griqua se ¢astecné prekryva se skupinou
Zhongguo, ale setrvavd bud'to na drahdch s mensi hlavni poloosou, nebo s vy$$Sim
sklonem. Mezi drahami planetek Zhongguo a Griqua neni v orbitdlnim rozdéleni

jednoznacnd hranice. Je tedy otdzkou, zda rozdéleni stabilni populace na tyto dvé

2Timto postupem ziejmé dochézi k jistému nadhodnoceni chyby, protoZe po¢ate¢ni elementy klo-
nt byly voleny ndhodné, ¢imz ale vznikaji nekorelované veli¢iny. Orbitdlni elementy pfitom do jisté
miry korelované jsou, jak to popisuji napiiklad korela¢ni matice v databdzich orbitdlnich elementd.
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Obrazek 4: Orbitdlni rozdéleni asteroidu ve 2:1 rezonanci v rovindch (a,,e,) (nahofe)
a (a,,sinl,) (dole). Symboly odpovidaji dynamickym zivotnim dobdm: plné modré kruhy
znaci dynamicky stabilni skupinu Zhongguo, prazdné cervené kruhy predstavuji marginal-
né stabilni skupinu Griqua, oranzové kiizky odpovidaji nestabilni skupiné Zulu. Chybové
usecky znadi standardni odchylku spoé¢tenych drahovych elementt.

podskupiny ma jesté jiny fyzikalni vyznam nez z hlediska zivotnich dob. Pozice pla-
netek skupiny Griqua spiSe naznacuje, ze jednd o ¢dst asteroidi Zhongguo, které

nahodné vstoupily do okrajovych ¢asti stabilnich ostrovt a byly rozptyleny chaotic-
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1.4 Rozdéleni velikosti, albeda a barevnych indexti

kou difuzi; jejich ptivod by tedy mél byt spole¢ny.
Jelikoz se zaméfujeme na studium stabilni populace, na obrazku F] chybi vel-
ka cast nestabilnich planetek. Zobrazené nestabilni asteroidy povétsinou chaoticky

driftuji smerem k drahdm, které jsou nasledné ovlivnény Kozaiovym mechanismem

zai,1062).

1.4 Rozdéleni velikosti, albeda a barevnych indext

Rozdéleni albeda. Za tcelem odvozeni zékladnich fyzikalnich vlastnosti po-
pulace ve 2:1 rezonanci jsme nejprve prohledali databdzi WISE (Masiero a koll,
). Pro 44 planetek z 370 jsme nalezli geometrické albedo ve viditelném oboru

py a efektivni prumér D odvozené z termélnich modeld NEATM.

Na zakladé téchto dat jsme zkonstruovali neﬂplné rozdéleni albeda planetek
0,002), zatimco nejvyssi nabyva hodnoty (0,24+0,03). Toto relativné vysoké albedo
nalezi planetce 2001 RN2. Jedn4d se zfejmé o taxonomicky typ S. VétSina asteroid
ma vsak albedo nizsi nebo rovno hodnoté (0,136 +0,004). Tvar rozdéleni albeda je
typicky pro populaci vnéjsiho hlavniho pédsu, kde dominuji planetky typu C.

Rozdéleni velikosti. Vysetfili jsme rovnéz velikosti planetek. Pro 44 ptipadu
identifikovanych v databazi WISE pouzivame nalezenou hodnotu D a jeji nejistotu

plynouci z termélniho modelu. Pro zbytek asteroid jsme spocitali jejich ptiblizny

primér pomoci vztahu @ )

1329 "
D= 1075, (1.7)
v/ DPv

kde za veli¢inu H dosazujeme absolutni magnitudu z katalogu AstOrb a za p, do-
sazujeme stfedni albedo p, = (0,08 £0,03). Standardni odchylka D je nasledné
urcena prenosem chyby velicin H a p,.

Sestrojili jsme kumulativni rozdéleni velikosti rezonanc¢ni populace a jednotli-
vych podskupin, jak ukazuje obrazek [6l Strmou ¢ast rozdéleni velikosti aproximu-

jeme mocninnou zavislosti N (> D) « D”, abychom odhadli index sklonu y pro dalsi
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Obrazek 5: Histogram rozdéleni albeda v populaci planetek v rezonanci 2:1. Na vodorovné
ose vyna$ime viditelné geometrické albedo py, na svislé ose potom pocet planetek N. Sfika
jednotlivych bint je Apy = 0,01. Data pro 44 rezonanc¢nich planetek jsme ptevzali z préace
Masiera a kol. ).

skupina nomindlni y  variace y

nestabilni -3,2 (—2,5;-3,7)
stabilni —4,3 (-3,7;-5,1)
Griqua -3,0 (=3,0;-3,3)
Zhongguo —5,1 (—3,9;—5,1)

Tabulka 1: Indexy sklonu y ur¢ené metodou nejmensich ¢tverct, kterou jsme pouzili pro
aproximaci strmych ¢asti kumulativnich rozdéleni velikosti podskupin v rezonanci 2:1 moc-
ninnou zavislosti N (> D) o D”. Prosttedni sloupec je vysledkem fitu v nominalnim intervalu
pramért D € (7,5;18) km. Tteti sloupec vystihuje variaci indexu sklonu pfi ndhodné zméné
fitovaného intervalu.

porovnani. Hodnota y samoziejmeé zavisi na zvoleném intervalu velikosti, ve kterém
rozdéleni velikosti fitujeme. Tento interval je vhodné zvolit tak, aby v jeho rozsa-
hu nedochazelo k vyraznému ohybu rozdéleni velikosti. Jako nomindlni interval
jsme zvolili D € (7,5;18)km. Vétsina sestrojenych rozdéleni velikosti se totiz zaci-
na zplostovat na dolni hranici tohoto intervalu, az na rozdéleni velikosti skupiny

Griqua, které ztstava priblizné stejné strmé az k D ~ 4km. Abychom prozkoumali,
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1.4 Rozdéleni velikosti, albeda a barevnych indexti
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Obrazek 6: Kumulativni rozdéleni velikosti jednotlivych dynamickych podskupin popula-
ce v J2/1: nestabilni populace (nahote vlevo), stabilni populace (nahote vpravo), ktera je
déle rozdélena na skupinu Griqua (dole vlevo) a Zhongguo (dole vpravo). Na vodorovné
ose je vynesen priumér D, na svislé ose pocet N (> D) asteroida vétsich nez D. V grafu je
pouzita logaritmickd skdla. Strmé ¢dsti rozdéleni jsou aproximovany mocninnou zavislosti
N (> D) « D”. Vertikdlni linie vyznacuji nomindlni interval (D = 7,5 az 18 km), ve kterém
jsme aplikovali metodu nejmensich ¢tverci pro ziskani fitu. Vyslednd hodnota indexu sklo-
nu y je vyznacena v kazdém panelu. Pro srovnani téz vynasime rovnovazné Dohnanyiho

rozdéleni se sklonem y = —2,5 (Dthan;d, 11969).

jak zavisi parametr y na volbé rozsahu fitovanych velikosti, ndhodné jsme ménili
hranice intervalu v rozmezi D = 6 az 21 km. Variace sklonu y jsou souhrnné uvedeny
v tabulce [l

Dulezitym novym vysledkem ve srovndni s praci BroZe a kol. ‘M) je, Ze rozdeé-

leni velikosti aktualizované skupiny Griqua jiz neni plo$s$i nez rovnovdzné Dohna-
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1. POZOROVANE ASTEROIDY V REZONANCI 2:1 S JUPITEREM

nyiho rozdélenis y = —2,5 ,Dthanyi Il%d). Navic si 1ze povSimnout, ze rozdéleni
velikosti skupiny Zhongguo, Griqua a celé stabilni populace maji podobny celkovy
tvar (ackoliv jejich strmost se 1isi). Povazujeme to za dalsi ndznak toho, ze déleni
na skupiny Griqua a Zhongguo je z hlediska studia jejich pivodu nevhodné.
Barevné indexy. Nakonec jsme prohledali katalog SDSS MOC ,@,
). Nalezli jsme fotometrickd a astrometricka data pro 81 rezonancnich astero-

idd, pro které jsme nasledné sestrojili diagram barev (viz obrazek [7). Hlavni kom-
ponenta oznacend jako a* je definovana na zdkladé méteni ve filtrech r, i a g jako
a"=0,89(g—r)+0,45(r —i) — 0,57 a pouzivd se pro odlieni planetek typu C
(a* <0) atypu S (a* > 0). Rozdéleni v diagramu opét odpovidd C-typum vnéjsiho
hlavniho pésu, ale pfitomno je i nékolik ptimisenych typtu S. Mezi rozlozenim barev

a orbitdlnim rozdélenim jsme nenasli zddnou dtlezitou souvislost.

04 1
0.2 4340646 L 358448 4
—_ U g 46951
o) [
o T
E 9 |
N il L
1
-0.2 r 1
04 r 272090 1
! ! 7“‘% @‘795 !
-04 -0.2 0 0.2 0.4
a* [mag]

Obrazek 7: Diagram barev planetek v rezonanci 2:1 podle dat z katalogu SDSS MOC (Par-
ker a kol., 2008). Na vodorovnou osu vynads$ime optimalizovanou barvu a* a na svislou
osu barevny index i — z. Chybové usec¢ky odpovidaji standardnim odchylkdm zobrazenych
velicin. Planetky, které maji pro vnéjsi hlavni pas atypické hodnoty barev, jsou oznaceny
prislusnym katalogovym cislem.
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1.5 Vliv terestrickych planet a Jarkovského jevu

1.5 Vliv terestrickych planet a Jarkovského jevu

JelikoZ se pozorovand rezonanc¢ni populace ziejmé vyvijela na skdldch fadu mi-
liard let, je vhodné fadné prostudovat jeji dynamickou stabilitu na srovnatelném ca-

sovém useku. Tento problém byl neddvno studovan v préci[S_k_o_uli.dQJ,l_a_k_ol.I ‘ZD_MI).

Zde vyvodime disledky této studie pro nasi praci.

Perturbace vyss$ich fadu. Pii studiu vnéjsiho hlavniho pédsu se obvykle zane-

dbavaji perturbace od terestrickych planet (jako jsme to provedli v kapitole [1.3)),

protoZze toto zjednoduseni vyrazné zkracuje vypocetni cas. ' ( )
vsak ukazali, Ze v ptipadé rezonance 2:1 je tfeba terestrické planety zohlednit, je-
likoz dochdzi k fadé interakei s Marsem, které zptisobuji lokalni chaotické variace.
Jejich efekt se pomalu kumuluje s ¢asem a nakonec prispéje k naruseni protekéniho
mechanismu, ktery jinak zabranuje stredné excentrickym draham priblizit se k Ju-
piteru. Zahrnuti terestrickych planet ve vysledku vede k rychlejSimu dynamickému
rozpadu stabilni populace.

Je-li navic zapocten i Jarkovského efekt, difuze se stane jesté efektivnéjsi pro

planetky s velikostmi D < 20km. Tento efekt byl jiz popsan v praci Broze & Vo-

krouhlického _M). Kombinace rezonan¢ni dynamiky a pomalého driftu v hlavni

poloose totiz diky adiabatické invarianci zptisobuje ptechod drahy na vys$s$i nebo

nizsi excentricitu. Vypocty provedené v praci |Skoulidou a kQLI ;ZJMII) ukazuji, ze
stabilni populace v rezonanci 2:1 se pfi zohlednéni terestrickych planet a Jarkov-
ského jevu dynamicky rozpadé priblizné podle exponencidlniho zakona s charakte-
ristickou ¢asovou skdlou radovée 1 Gyr.

Dynamicky model. Na obrazku [§ je ukazan vysledek obdobné simulace se
sedmi planetami (od VenuSe po Neptun), kterd pokryva obdobi 3 Gyr. Ddle byl
implementovan zjednoduseny model Jarkovského zrychleni, ve kterém do pohy-
bovych rovnic priddvame dodate¢né zrychleni odpovidajici konstantnimu driftu

v hlavni poloose o velikosti da/dt = 2,7 x 107*D"' AUMyr~!. Simulace, které vy-

chazeji z prace ), vyuZzivaji starsi katalog stabilni populace

planetek BIQZ_&ALO_kr_OJ,lh]J_ng IZQO_EJ) Jejich velikost D je odhadnuta na zakladé

absolutni magnitudy H a za ptredpokladu albeda v intervalu 0,06 az 0,08. Planetkdm
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1. POZOROVANE ASTEROIDY V REZONANCI 2:1 S JUPITEREM

je taktéz ndhodné ptipsdna extrémni hodnota Sikmosti y = 0° nebo 180°.

Z dynamické simulace vyplyva, ze mira difuze planetek v kvazistabilnich ostro-
vech neni stejnd. Obrazek [8 ukazuje dvé sady ktivek (pro jednotlivé ostrovy): je
zfejmé, ze populace v ostrové A ubyva rychleji nez v ostrové B. Pokud aproximuje-

me casovou zdvislost poctu téles N(t) pomoci exponencidlniho zédkona:
t
N(t)=N(0)exp (——) , (1.8)
T

ziskdme metodou nejmensich ¢tverct charakteristickou ékélLEI 7, =(0,57+£0,02) Gyr
pro ostrov A a 7 = (0,94 + 0,02) Gyr pro ostrov B. Toto nové objevené nerovnomer-
né vyprazdnovani je dilezitou dynamickou vlastnosti rezonance 2:1 a je ziejmé

jednim z divodu pro pozorovanou asymetrii A/B.

08 r 8

0.6 §

island B
0.4 .

island A

normalized number of asteroids N(t)/N,

time t [Gyr]

Obrazek 8: Casovy vyvoj poétu stabilnich planetek N (t)/N, normalizovaného na poca-
te¢ni hodnotu. Jedna se o vysledek simulace s integracni dobou 3 Gyr se zahrnutim pla-
net od Venuse po Neptun a s Jarkovského driftem v hlavni poloose. Datové body od-
povidaji populacim v ostrovech stability (A — prazdné trojuhelniky, B — plné kruhy). Pfi-
slusné ktivky jsou fitované exponenciely, s charakteristickymi ¢asy 7, = (0,57 +0,02) Gyr
a 7y = (0,94 £0,02) Gyr.

3Poznamenejme, Ze standardni odchylky, které jsou zde uvedeny, jsou ¢isté formdalni nejistotou
metody nejmensich ¢tverct. Nijak nezohlediiuji systematiky pouzitého dynamického modelu. V ka-
pitole Bl budeme nejistotu charakteristickych ¢ast znovu diskutovat.
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2. Simulace s predepsanou migraci

V této kapitole podavame prehled numerickych metod, které slouzi k simulacim
migrace planet podle predepsanych scénaiti. Jedna se o kapitolu technického razu,
v ramci které pripravujeme a testujeme vhodné postupy pro dynamickou studii
planetek v rezonanci 2:1 s Jupiterem béhem migrace planet. Ackoliv v odbornych
¢lancich nebyva na podobné rozbory prostor, jejich duleZitost je nespornd — je
nutné spravné posoudit, jakych aproximaci se lze dopustit a jak co nejlépe simulovat
faze vyvoje slunecni soustavy, o kterych mame pouze ptiblizné informace plynouci
z teorii nebeské mechaniky.

Scénare migrace planet, které hodlame v praci pouzivat, jsou zalozeny na N-Cas-
ticovych simulacich. Tyto simulace vétSinou zahrnuji systém obrich planet, pas
transneptunickych planetesimdl, a nékdy téz skupiny planetesimdl v meziplanetar-
nim prostoru, naptiklad v oblasti dnesniho hlavniho pasu. Simulace potom museji
spravné zohlednit nejen dalekodosahovou gravitacni interakci, ale rovnéz dvoucas-
ticova blizka priblizeni a gravitacni rozptyl. Diky velkému poctu hmotnych téles je
integrace ¢asové naro¢na a znac¢né ovlivnénd chaosem N-Casticového systému.

Mezi hlavni nezndmé v simulacich migrace patfi: pocet a poc¢ate¢ni konfigura-
ce obrich planet, thrnnd hmotnost pasu planetesimal a pozadovana casova skala
migrace (ackoliv z nedavnych praci vyplyva, Ze casova skdla musela byt pomérné
krétkéd; Morbidelli a ko] (2010).

Chceme-li efektivné zkoumat, jak ptisobi migrujici planety na nékterou z popu-

laci asteroidi v hlavnim pdsu, je vhodné pouzit simulace s migraci predepsanou.
Jinymi slovy, nebudeme konstruovat scénar od zdkladu, protoze bychom museli
testovat velky pocet pocatecnich podminek, provadét numericky ndro¢né simulace
a az po jejich vyhodnoceni studovat vliv migrace planet na mala télesa. Namisto
toho vyuzijeme existujici tispésné scéndre, u nichz bylo prokdzano, ze spliiuji né-
kterd dulezitd omezeni a dobfe reprodukuji nékteré charakteristiky dnesni slune¢ni
soustavy.

V simulacich s predepsanou migraci neni vyvoj hmotnych téles pocitdn obvyk-

lymi integra¢nimi metodami. Namisto toho je na vstupu predlozen soubor, v némz
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2. SIMULACE S PREDEPSANOU MIGRACT

jsou s urcitym vzorkovanim zaneseny orbitdlni elementy planet. Prace se vstupnim

souborem muze byt dvojiho typu:
e nacteni celého souboru do paméti pred spusténim vypoctu;
e prubézné nacitani potfebnych informaci béhem vypoctu.

Druhd moznost vétSinou umoznuje podrobnéjsi vzorkovani na vstupu, avsak ani
v jednom pripadé neni vzdy mozné spoléhat na to, Ze vzorkovani vstupu bude od-
povidat ¢asovému kroku integratoru. Proto je nutné do integratoru implementovat
metodu, kterd umozni interpolaci v datech na vstupu, pomoci které aproximujeme
vyvoj planet v ¢asovém useku mezi predepsanymi datovymi body. S ptislusnym ca-
sovym krokem je zdroven integrovan vyvoj drah testovacich ¢astic. Casti programu,
které pocitaji evoluci testovacich ¢astic, obvykle neni tfeba ménit.

Existuji dva zakladni principy interpolace ve vstupnich datech:
e interpolace v orbitdlnich elementech;

e interpolace pfimo v kartézskych soutadnicich, ovSem podél keplerovskych

elips.

Prvni princip jiz byl implementovdn do symplektického integratoru SWIFT_RMVS3
(Rozehnal, 2()13]), pod nazvem SWIFT_RMVS3 JJ (zkrdcené budeme psat JJ-inte-
grator). Tato verze vyuziva nacteni vstupniho souboru do paméti. Implementaci

druhého algoritmu, spolu s modifikaci pro pribézné nacitdni vstupniho souboru,
provadime v této praci, abychom obé metody porovnali a ptipadné méli k dispozici
dva nezavislé nastroje pro reseni uloh s predepsanou migraci. Integrator s inter-
polaci v kartézskych souradnicich nazyvame SWIFT RMVS3 XYZINTERP (zkracené
budeme psat Xyz-integrator).

Ackoliv jsou simulace s predepsanou migraci zjednodusujici v tom smyslu, Ze
spoléhaji na jiz spoCtené migracni scénare a zanedbavaji vliv jinych téles néz Slunce

a planet, maji i nasledujici vyhody:

e Do integrace zahrnujeme pouze télesa, kterd vyvolavaji nejsilnéjsi perturbace.

Pro hlavni pds je rozumné predpokladat, ze jeho vyvoj bude ovlivnén prede-
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2.1 Diskuze postupu pfi konstrukei dynamickych modela

vsim pohyby obftich planet a vliv planetesimal bude az druhorady. Zanedbani

planetesimal je sice zjednoduSenim, nicméné vyrazné zkracuje vypocetni cas.

e Predepsana migrace umoznuje opakované reprodukovat dany scénar. Vysled-
ky jednotlivych simulaci 1ze pak snadno porovndvat mezi sebou. To je dilezita
vyhoda oproti simulacim uplnym, v nichz blizké pocate¢ni podminky mohou

¢asto vést ke znac¢né rozdilnym prubéhtim migrace.

2.1 Diskuze postupu pri konstrukci dynamickych

modelu

V bakaléiské praci Chrenka 2()1§) jsme provedli fadu simulaci s predepsanou
migraci podle scéndre ,skdkajiciho Jupiteru“ (Morbidelli a kol., 2(!1d) pomoci JJ-in-
tegratoru. Ackoliv jsme ziskali nékolik vysledkd, které poslouZily jako motivace

pro dalsi prdaci, chovani testovacich ¢dstic v mnoha simulacich vykazovalo nékte-
ré zvlastnosti, které naznacovaly moznou ptitomnost systematické chyby v nasem
pristupu.

Nejprve na prikladu stru¢né popiSeme, jak jsme postupovali v simulacich s pri-
mordidlni rezonan¢ni populaci (viz obrazek [9) a jaké anomalie ve vysledcich jsme

pozorovali.

1. Za testovaci ¢dastice jsme vzali pozorovanou stabilni populaci v rezonanci 2:1.
Pro zvySeni efektivity simulaci jsme tato télesa klonovali, abychom ziskali vzo-

rek o velikosti nékolika tisicti asteroidd.

2. Provedli jsme hladky drift planet pomoci JJ-integratoru, kdy vstupni soubor
s predepsanym vyvojem drah obsahoval pouze dvé konfigurace obtich planet:
dnesni konfiguraci a po¢ate¢n{ uspotddan{ studovaného scénate migrace. Ca-
sova Skala tohoto driftu byla v = 0,1 Myr. Zamérem tohoto kroku bylo prenést
dnesni stabilni rezonancni drahy tak, abychom vytvortili primordialni stabilni

populaci.
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2. SIMULACE S PREDEPSANOU MIGRACT

3.

Nasledovala samotnd simulace predepsaného migra¢niho scéndte. Vstupni
soubory se zaznamenanyﬁmjem obtich planet jsme ptevzali jednak z pra-
ce Morbidelliho a kol. (

ho _E), priemz vzorkovani vstupnich dat bylo At,, = 100yr. Casova

) a rovnéz z prace Nesvorného & Morbidelli-

skdla byla v prvnim ptipadé v = 5Myr, v druhém 7 = 10 Myr.

Abychom porovnali orbitalni rozdéleni testovacich ¢astic s dnesnim pozorova-
nym stavem, zaradili jsme na zavér dalsi hladky drift, tentokrat ze zavérecné
konfigurace planetdrnich drah v migra¢nim scéndfi do konfigurace dnesni,

pozorované.

. Preskalovali jsme casticovou hustotu v poc¢ate¢ni populaci testovacich ¢dstic,

aby 1épe reflektovala stav hlavniho pdsu pred 4 Gyr, a pro tuto hustotu jsme

odvodili pocet ptezivsich primordidlnich planetek.

Simulace zachycovani asteroidti probihaly obdobné s tim rozdilem, Ze jsme inicidln{

populaci testovacich ¢dstic rozmistili rovnomérné v prostoru orbitdlnich elementd,

ktery je pfi migraci prochazen rezonanci 2:1 (kroky 1 a 2 jsme tedy mohli presko-
Cit).

Veskeré simulace s primordidlni populaci, které jsme provedli, vykazovaly ihned

na zacatku migrace znacny pokles pocetnosti testovacich ¢astic a velka ¢dst popula-

ce byla vyrazena jesté pred skokem Jupiteru (viz obrazek[9). To je ovSem v rozporu

s na$im zdmérem studovat dynamiku stabilnich primordidlnich asteroidi — takovy-

to nahly pokles muze vykazovat jediné populace nestabilni.
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Existuje né€kolik moznych vysvétleni:

Simulace byla provedena spravné, ale stabilni rezonan¢ni ostrovy v kompakt-

né€jsi konfiguraci obtich planet neexistuji.

Planetky mohou byt destabilizovany béhem hladkého driftu jesté pred samot-

nou migraci. Divodem mize byt napiiklad rezonance mezi periodou librace

a periodou velké nerovnosti Jupiteru a Saturnu (Ferraz-Mello a kol., ILQQQ).

Destabilizace mize byt zptisobena pfili§ fidkym vzorkovanim vstupniho sou-

boru.



2.1 Diskuze postupu pfi konstrukei dynamickych modela

e Metoda interpolace v orbitdlnich elementech pozméni dynamiku rezonance

tak, ze stabilni drahy pfrestanou existovat.

Abychom zjistili, o kterou z uvedenych moznosti se jednd, bylo nejprve tteba vyvi-
nout nezavisly numericky nastroj, kterym bychom mohli provadét simulace s pre-
depsanou migraci.
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Obrazek 9: Priklad dynamické simulace z bakaldrské prace Chrenka (2013). Jednd se o vy-
voj syntetické primordidlni populace 12400 testovacich ¢astic béhem migrace obrich planet
podle scéndre Morbidelliho a kol. (2010). Vypocet byl proveden pomoci JJ-integrdtoru s in-
terpolaci predepsaného scénare v orbitdlnich elementech. Nahofte: ¢asovy vyvoj oskulacni
hlavni poloosy a, pericentra g a apocentra Q Jupiteru, dale vyvoj oskulac¢ni hlavni poloosy
Neptunu, vyvoj priblizné polohy a,., centra rezonance 2:1 a prislusny vyvoj poctu testova-
cich castic N(t). Na zacatku a na konci simulace je patrné zarazeni hladkého driftu planet.
Zretelny je téz znacny nahly pokles poctu testovacich ¢dstic na zacatku samotné migrace.
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2. SIMULACE S PREDEPSANOU MIGRACT

2.2 Uprava integratoru SWIFT

V této Casti popiSeme princip Xyz-integratoru, ktery umoznuje interpolaci pre-
depsaného vstupniho souboru s migra¢nim scénarem v kartézskych souradnicich.
Podrobnéjsi popis jednotlivych podprogramu spolu se zdrojovym kédem obsahuje
priloha

Integrator nejprve nacte do pameéti orbitdlni elementy planet ve dvou po sobé
jdoucich casech t, a t,. Tyto casy musi vzhledem k integra¢nimu casu t splnovat ne-
rovnost t; < t < t,. Pokud neni tato nerovnost splnéna, integrator prochazi vstupni
soubor dokud nenalezne prvni dva vhodné datové segmenty.

Po nacteni orbitdlnich elementt dojde k jejich pfevodu na kartézské soutradnice
a rychlosti. Nasledny krok zdvisi na tom, jakd je hodnota Casu t.,, pro ktery chce-
me odvodit polohy a rychlosti planet. Je-li t;.,, velmi blizky ¢asu t, nebo t,, pfipise
se planetam poloha a rychlost ptimo v ptislusSném case. Neni-li tomu tak, probéhne
interpolace v kartézskych souradnicich.

Interpolace probiha tak, Ze je s planetou vykondn drift podél keplerovské osku-
la¢ni elipsy v dopfedném smyslu z ¢asu t; do t;,.,, a ve smyslu zpétném z Casu t,
do tiperp- Rychlosti a soufadnice ziskané z obou driftl jsou nasledné kombinovany
uzitim vazeného pruméru, ve kterém vaha zavisi na délce driftu (kratsi drift je uva-
zen s vetdi vahou). Tato procedura se opakuje dokud t,.,, < t,. Pokud nerovnost
neplati, posouva se datovy segment s ¢asem t, na pozici t; a pro cas t, je nacten
novy segment ze vstupniho souboru.

Zvolena metoda interpolace by samoziejmeé prestala byt presnd, pokud bychom
zvolili ptilis fidké vzorkovani vstupniho souboru. Pribézné nacitdni vstupu ovSem
umoznuje zvolit vzorkovani podrobné, jelikoz soubor nemusi byt cely nahran do
paméti. Ve vSech simulacich s Xyz-integratorem pouzivdme At,, = 1yr, coZ je as
kratsi nez charakteristickd obézna doba obtich planet.

Protoze vyuzivame scénare s patou obfi planetou, ktera je po blizkych priblize-
nich k Saturnu a Jupiteru rozptylena ven ze slune¢ni soustavy, je tieba v prubéhu
¢teni vstupniho souboru kontrolovat, zda se nezménil pocet hmotnych téles. V pti-

padé, Ze se jejich pocet méni, je totiz nutné spravné omezit cykly, ve kterych jako
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2.3 Porovnani integratoru s predepsanou migraci

kontrolni index slouzi identifika¢ni ¢isla jednotlivych hmotnych castic. Je také nut-
né po celou dobu integrace udrzet spravnou indexaci hmotnych téles v pripade, ze
se jedno ¢i vice z nich prestane ve vstupnim souboru vyskytovat.

Na obrazku [10l je uveden priklad vyvoje drah obtich planet podle scénére s pa-
tou obfi planetou, kterd je pti skoku Jupiteru vymrsténa pry¢ ze slunec¢ni soustavy
(Nesvorny & Morbidelli, IAM). Obrazek jsme zkonstruovali na zakladé simulace

provedené xyz-integratorem. Tento predepsany scéndr migrace budeme pouzivat

v nasledujicich kapitolach.
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Obrazek 10: Orbitalni vyvoj obfich planet ve scéndfi s patou obii planetou (Nesvorny
& Morbidelli, 2012) béhem nestability ,skékajiciho Jupiteru“ tak, jak byl reprodukovéan
upravenym integratorem s interpolaci v kartézskych soutradnicich. Na vodorovné ose je vy-
kreslen cas t, na svislé pak hlavni poloosy a, pericentra q a apocentra Q obfich planet,
jejichz vyvojové linie jsou oznaceny ndzvem ptislusné planety.

2.3 Porovnani integratoru s piredepsanou migraci

Popiseme nyni test, ktery slouzi jako porovnédni obou integratori s predepsanym
vyvojem obfich planet a s jehoZ pomoci lze jednoznac¢né urcit, ktery integrator je

rv o7

pro nas ucel vhodnéjsi. Zamérili jsme se na vyvoj drah planetek v dnesni slunec¢ni

31



2. SIMULACE S PREDEPSANOU MIGRACT

soustave, protoze v této konfiguraci je pro nas snazsi vyhodnotit, zda se testovaci
Castice vyvijeji spravné — z kapitoly [I.3] mame totiz informaci o Zivotnich dobach
pozorovanych planetek.

V prvnim kroku jsme pomoci stejného integratoru, ktery jsme pouzili v kapito-
le [[.1] provedli tplnou simulaci vyvoje obfich planet v jejich soucasné konfiguraci
a jako testovaci castice jsme zvolili tfi planetky: (1362) Griqua a (13963) Euphrates
spadajici do kategorie margindlné stabilnich téles, a (14871) Pyramus predstavujici
téleso s dynamickou zivotni dobou vétsi nez 1 Gyr. Integrac¢ni doba této simulace
byla T = 10Myr a zaznamendvali jsme béhem ni oskula¢ni elementy vSech téles
s krokem 1yr, v pripadé testovacich Castic jsme téZ zaznamenavali rezonancni ele-
menty. Podrobny vystup ndm v piipadé testovacich ¢dstic umoznuje prozkoumat
vyvoj kritického argumentu o. V ptipadé hmotnych téles ndm téz poskytuje soubor,
ktery jsme ndasledné pouzili jako vstup s predepsanym vyvojem pro JJ-integrator
a XYz-integrator.

Pro JJ-integrétor jsme vzorkovani vstupu zfedili na At,, = 100yr, aby odpo-

vidalo simulacim z prace Chrenka ( ). Pro xyz-integrdtor jsme ponechali co

nejpodrobnéjsi vzorkovani At,,, = 1yr. Do obou integratorti jsme rovnéz doplnili

vstup
digitalni filtry pro vypocet rezonan¢nich elementi a nasledné jsme simulovali vyvoj
tychz planetek jako v simulaci uplné.

Na obrazcich [I1] a 12| je vynesen vyvoj oskula¢nich a rezonan¢nich hlavnich
poloos asteroidl ziskany pomoci pouzitych integrator(; v pripadé JJ-integratoru
je navic vynesen vyvoj kritického rezonanc¢niho argumentu o. Pokud porovname
orbitalni vyvoj spocteny neupravenym integratorem SWIFT a XYZ-integratorem, lze
fici, ze evoluce je kvalitativné stejna. Mira oscilace oskula¢ni hlavni poloosy nabyva
stejné amplitudy, rezonan¢ni hlavni poloosa ziistava v ¢ase téméf konstantni.

Naproti tomu vyvoj spo¢teny JJ-integratorem se vyrazné lisi. Radové za 0,1 Myr
jsou vSechny studované planetky poprvé vyrazeny z rezonance. V nékterych pripa-
dech se planetka do rezonance znovu dostane, avSak pouze docasné. To je ovSem
v rozporu s dynamickymi vlastnostmi, které jsme pro pozorovanou populaci odvo-

dili v kapitole [I.3}; stabilni populace se chova jako vysoce nestabilni!
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2.3 Porovnani integratoru s predepsanou migraci

(1362) Grigua semimajor axis evolution
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(13963) Euphrates semimajor axis evolution

3.35 " swift integrator !

S bl

3.35 xyz integrator 4

i

semimajor axis a [AU]

crit. arg. o [°]
o

time t [Myr]

Obrazek 11: Porovnani vyvoje margindlné stabilnich rezonancnich planetek na zakladé vy-
poctl pomoci ptivodniho symplektického integratoru SWIFT (jedna se o verzi SWIFT _MVS2),
integratoru s interpolaci predepsaného vyvoje planet v kartézskych soutradnicich (oznacu-
jeme jako Xyz-integrator) a integratoru s interpolaci v orbitdlnich elementech (oznacujeme
jako JJ-integrator). Ve vSech integratorech byly doplnény digitalni filtry pro vypocet rezo-
nan¢nich elementt. Horni panel odpovidd planetce (1362) Griqua a spodni panel planetce
(13963) Euphrates. Pro vypocet provedeny JJ-integratorem vykreslujeme navic vyvoj kri-
tického rezonanc¢niho argumentu o.
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2. SIMULACE S PREDEPSANOU MIGRACT

(14871) Pyramus semimajor axis evolution
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Obrazek 12: Totéz jako na obrazku [I1] nyni pro stabilni planetku (14871) Pyramus.

Ddle jsme studovali, jak se situace zméni, pokud pro JJ-integrator pouZzijeme
vstupni soubor se vzorkovadnim t.,, = 2yr namisto t,, = 100yr. Ukdzalo se, Ze
se prodlouzi doba, po kterou planetky vykazuji librace kritického argumentu, a to
v ptipadé asteroida (1362) Griqua a (13963) Euphrates ptiblizné na 1 Myr, v piipa-
dé planetky (13871) Pyramus asi na 3 Myr. Avsak Zivotni doba stéle neni slucitelna
se stabilnim charakterem drah, ktery bychom ocekavali.

Rychlé vytrazeni planetek z rezonance pti pouziti JJ-integratoru naznacuje, ze
vyvoj obrich planet je pti linedrni interpolaci v orbitalnich elementech aproximovan
tak, Ze je naruSen protek¢éni mechanismus, ktery davé vzniknout stabilnim ostrovim
ve 2:1 rezonanci. Divody jsme stanovili nasledujici:

e Linedrni interpolace zfejmé vyhlazuje kratkoperiodické oscilace orbitdlnich
elementt obfich planet (viz obrazek [I3). Tim mohou byt ovlivnény zakladni

frekvence planetarniho systému.

e Integrator pocitd sttedni anomadlii M takovym zptisobem, Ze na zdkladé prede-
psanych po sobé jdoucich datovych bodu spocte efektivni stredni pohyb télesa

n, pri némz stredni anomalie roste presné tak, aby v predepsanych datovych
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2.3 Porovnani integratoru s predepsanou migraci

bodech byl jeji vyvoj spojity. Dtisledkem toho je, Ze béhem interpolace stfed-
ni pohyb presné neodpovida aktudlni oskula¢ni hlavni poloose a, nebot je
v kazdém interpolovaném tseku konstantni, ovS§em poloosa se linedrné mé-
ni. Planeta tedy v riznych ¢astech interpolovaného tseku ,zrychluje“ nebo
»Zpomaluje“ oproti predpoklddanému vyvoji v drdze, aby na konci hodnota
jeji stredni anomalie odpovidala hodnoté predepsané. Na tento nesoulad me-
zi dréhou a postupem planety musi planetky v jakékoliv rezonanci stredniho
pohybu reagovat.

e Metoda jako takova je ziejmé prili§ hrubou aproximaci; interpolace v orbital-
nich elementech nezarucuje, Ze se priblizime redlnému vyvoji, ktery se ode-

hrava v kartézském prostoru.
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Obrazek 13: Detail vyvoje oskula¢ni hlavni poloosy Jupiteru béhem nestability jeho drahy
pti migraci planet. Cerna kiivka predstavuje ptivodni vyvoj spoéteny v praci Nesvorného
& Morbidelliho (2012), ktery slouZzi jako predepsany scénat. Zbylé dvé ktivky predstavuji
vyvoj reprodukovany integratory s predepsanou migraci: zluta kiivka odpovida xyz-inte-
gratoru, modra JJ-integratoru. V pripadé interpolace v kartézskych souradnicich je pouzito
vzorkovani pfedepsaného scéndte At,q,, = 1yr, v pfipadé interpolace v orbitdlnich ele-
mentech je Atyg,, = 100yr.
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2. SIMULACE S PREDEPSANOU MIGRACT

Z provedeného testu je patrné, Ze JJ-integrator neni vhodnym nastrojem pro
zamyslené simulace, protoze nedokdze reprodukovat ani vyvoj rezonance v dnesni
konfiguraci planet, kterd je ve srovnani s obdobim migrace vyrazné méné promeénli-
va. Implementace Xyz-integratoru se tedy ukdzala jako velmi podstatna pro zlepseni
presnosti nasich simulaci.

Zaroven je zfejmé, Ze pri uziti Xyz-integratoru musime zmeénit origindlni postup
pri konstrukci dynamickych modela (viz kapitola 2.1). Neni totizZ mozné aplikovat
hladky drift planet pfed a po migraci, protoze pro Xyz-integrator mame s dosta-
te¢nym vzorkovanim k dispozici pouze samotny migra¢ni scénafr. Abychom viibec
mohli diskutovat, jak se vyvijeji stabilni planetky béhem migrace, je tfeba znat po-
zici stabilnich ostrovil ve fazovém prostoru na za¢atku i na konci migrace. Pro tuto
ulohu uzivame metodu dynamického mapovani, kterou jsme predstavili v kapito-
le

Novy postup pii konstrukei dynamickych modeld, ktery uzivame v dal$ich dvou

kapitoldch, je tedy ndsledujici:
1. Definujeme syntetickou pocatecni populaci testovacich ¢astic.

e Primordidlni populace: Pomoci dynamické mapy nalezneme analogy sta-
bilnich ostrovii v konfiguraci planet na zac¢atku migrace. Testovaci ¢astice

umistime pouze do nich.
e Zachycovanad populace: Testovaci ¢astice umistime v oblasti vnéjsiho hlav-
niho pasu, ptes kterou se pohybuje migrujici rezonance 2:1. Zadna tes-

tovaci castice na zacatku simulace nelezi pfimo v rezonanci.

2. Simulujeme migraci planet s nestabilitou ,skdkajiciho Jupiteru“ pomoci xyz-in-

tegratoru. Vyuzivame vyhradné novejsi scéndr s péti obiimi planetami z prace

Nesvorného & Morbidelliho ( .) Zduraznujeme, Ze simulujeme pouze ob-

dobi nestability, pozdni hladké migraci je vénovana zvlastni kapitola [5l.

3. Po skonceni migrace lokalizujeme testovaci Castice, které se nachazeji na sta-
bilnich drahach. Uzivame k tomu dynamickou mapu spoctenou pro konfigu-

raci planet na konci migrace, kterd je mirné odlisnd od konfigurace soucasné
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2.3 Porovnani integratoru s predepsanou migraci

slunec¢ni soustavy.

. Preskalujeme pocty testovacich ¢astic podle predpokldadanych poctit planetek

v obdobi pred skokem Jupiteru.

. Zohlednime dynamicky rozpad stabilni populace v rezonanci 2:1 od konce
migrace do soucasnosti aplikaci exponencialniho zakona (I.8) odvozeného
v kapitole

. Nezavisle je treba ovéfit, jakou chybu predstavuje zanedbdni pozdni hladké
migrace, béhem které muze je$té nastat rezonance mezi periodou Pg; velké

nerovnosti Jupiteru a Saturnu a periody P, librace planetek v J2/1.
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3. Zachycovani planetek z hlavniho
pasu pri skoku Jupiteru

V této kapitole zkoumdme moznost zachyceni asteroidt z vnéjsiho hlavniho pa-
su do rezonance 2:1 stfedniho pohybu s Jupiterem. Na zdkladé vysledka nékoli-
ka desitek pomocnych dynamickych modelt jsme dale testovali spravnou funkci
XYZ-integratoru a odvodili jsme pocate¢ni podminky pro simulaci zachycovani. Jeji

pribéh a nase hlavni zdvéry nyni budeme diskutovat.

3.1 Pocatecni podminky a vyvoj testovacich castic

Pro vytvoreni pocate¢ni populace jsme umistili 5000 testovacich ¢dstic do ob-
lasti fazového prostoru, kterou béhem migrace prochazi rezonance 2:1. Protoze do-
predu zname vyvoj hlavni poloosy Jupiteru, Ize vhodné rozmezi jednoduse odhad-
nout pouzitim tretiho Keplerova zdkona. Zvolili jsme proto interval hlavnich poloos
pocate¢ni populace jako a € (3,06;3,32) AU, pricemz kazdé testovaci cdstici jsme
z néj pripsali ndhodnou hodnotu. Rozdéleni excentricit a sklont jsme taktéZ zvo-
lili rovhomeérné, odpovidajici stredné excitovanému hlavnimu pasu: e € (0;0,35),
I €(0°15°).

Béhem samotné integrace jsme zaznamenali casové fady rezonanc¢nich elementt
testovacich ¢astic a ndsledné jsme je zpracovali pomoci Savitzky—Golayova vyhla-
zovactho filtru s polynomem druhého stupné a s Sitkou klouzavého okna Atg; =
0,1 Myr.

Vysledek simulace ukazuje obrazek[I4l Zdturaznujeme, Ze pro jednoduchost jsou
pouzity rezonancni elementy pro vSechny testovaci Castice, tedy i pro Castice lezi-
ci mimo rezonanc. Ve stavu krdtce po zacatku migrace se testovaci Castice prilis
nevzdaluji od poc¢ate¢niho rovhomérného rozdéleni, ve kterém si lze vSimnout né-

kolika rezonanci stifedniho pohybu vyss$ich fad. Mezera, kterd se nachdzi mezi

! Rezonanéni elementy nemaji pro planetky leZici mimo rezonanci zvla$tni fyzikdlni vyznam,
nicméné odpovidaji extrému sekuldrni variace oskula¢nich elementt, jak jej udava rovnice (I.5).
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3. ZACHYCOVANI PLANETEK Z HLAVNIHO PASU PRI SKOKU JUPITERU
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Obrazek 14: Simulace rezonan¢niho zachyceni z vnéjsitho hlavniho pasu ve scénati s pé-
ti obfimi planetami (Nesvorny & Morbidelli, 2012). Zobrazen je vyvoj testovacich &stic
v roviné (a,,e,). Vertikalni linie vyznacuje ptibliznou polohu centra rezonance 2:1, které
migruje dovniti spole¢né s Jupiterem. Integracni cas je uveden ve trech panelech (¢t = 0,
2, 6,26 a 10Myr) a odpovida ¢asové ose v obrazku [I0l Carkované $ipky respektive ¢ary na-
znacuji rozsah libra¢ni zény v pripadé migrujici, respektive ustdlené rezonance. Jednotlivé
panely ukazuji (shora dola a zleva doprava): pocdte¢ni podminky, relaxovanou populaci
testovacich castic pred skokem, stav béhem nestability ,skakajiciho Jupiteru“ a kone¢ny
stav. Poznamenejme, Ze vSechny testovaci ¢astice (i lezici mimo rezonanci) jsou pro jedno-
duchost zobrazeny v prostoru rezonan¢nich elementd.

testovacimi Casticemi a rezonanci 2:1 je dasledkem volby poc¢ate¢nich podminek —
chceme simulovat zachycovani do rezonance z vnéjsku.

Po 2Myr se na populaci ve vnéjsim hlavnim pasu zacinaji projevovat relaxa¢ni
procesy. Rezonance 2:1 méni svou polohu vzhledem k pocatecnimu stavu a zacina
perturbovat nékteré excentrické drahy na okraji syntetické populace. Vétsina téchto

drah prejde do nestabilni Casti rezonance 2:1 (diskutované v praci Broze a kol.

2005)). Rezonance stiedniho pohybu vyssich fada zacdinaji zvySovat excentricitu

v 7

¢asticim, které v nich setrvavaji.
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3.2 Zachycené planetky a porovnani s pozorovanim

V case 6,26 Myr dochdzi k diskontinuité sekuldrniho vyvoje, zndmé jako ,skok
Jupiteru“. Rezonance pohybujici se se skakajicim Jupiterem velmi ndhle a vyrazné
zméni svou polohu a v disledku pronikd zna¢né mnozstvi testovacich ¢astic do
libra¢ni zony, zatimco zbylé jsou excitovany a vyrazeny, pripadné preziji migraci ve
vynotujici se oblasti Cybele.

Nakonec po 10 Myr je mezi levou separatrix a libra¢cnim centrem stabilizovana
pocetna skupina testovacich ¢astic jakozto vysledek rezonan¢niho zachyceni. Télesa
vné levé separatrix jsou prosté zbytkem pocatecni populace ve vnéjsim hlavnim

pasu.

3.2 Zachycené planetky a porovnani s pozorovanim

Identifikace stabilnich planetek. Abychom urcili stabilitu téles ze zachycené
populace, konstruujeme dynamickou mapu pro konfiguraci planet na konci migra-
ce. Ta ndm umoznuje identifikovat analogy stabilnich ostrovli A a B ve fazovém
prostoru. Nasledné lze za planetky, které by mély vykazovat dlouhodobou stabilitu,
oznacit ty testovaci ¢dstice, které spadaji do rozmezi nékterého z ostrovu.

Prislusna dynamickd mapa je soucdsti obrazku Pokryva fazovy prostor v in-
tervalech a, € (3,115;3,195)AU, e, € (0,1;0,5) a I, € (0°;25°), které byly rozdéleny
na sit’ 40 x 40 x 5 bunék (a vysledna mapa je vysledkem primérovani pres véechny
rezy ve sklonech). Pro konstrukci mapy jsme do kazdé bunky umistili tti testovaci
c¢astice a sledovali jejich vyvoj po dobu 10 Myr.

Porovname-li mapu s obrazkem [3] okamzité rozpozndvame obdobné struktury.
Stabilni ostrovy A a B jsou pritomny a jsou oddéleny sekularni rezonanci v,,. Sepa-
ratrix Kozaiovy rezonance je také mozno rozeznat. Hlavnim rozdilem je tvar a veli-
kost ostrova A — sekuladrni rezonance v neni pritomna v zobrazené ¢asti fizového
prostoru, coz ostrov A efektivné zvétsuje vzhledem k jeho dnesni pozorované veli-
kosti. Tato skutecnost ovSem vysledek pftiliS neovliviiuje, protoze jen malo téles je
v ostrové A zachyceno na vysoce excentrickych drahach, jak je patrno z obrazku [15]
kde jsou zdroven vyznaceny stabilni drahy zachycené populace. Uzitim dynamické

mapy jsme nalezli N™ = 69 stabilnich planetek v ostrové A a NJ™™" = 254 stabil-
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3. ZACHYCOVANI PLANETEK Z HLAVNIHO PASU PRI SKOKU JUPITERU
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Obrazek 15: Vysledek zachyceni planetek z vnéjstho hlavniho pdsu do rezonance 2:1 v mi-
gracnim scénafi péti obrich planet. Nahore: orbitdlni rozdéleni v roviné (a,, e,) po skonceni
simulace nestability. Pozadi obrazku tvoii dynamickd mapa rezonance 2:1 spoctend pro
zavérecnou konfiguraci obtich planet. Bilé symboly reprezentuji drahy zachycenych testo-
vacich ¢astic (odpovidaji zdvére¢nému stavu na obrazku [T4} ale zde vykreslujeme pouze
omezenou cast fazového prostoru, kterd obsahuje stabilni ostrovy). Testovaci ¢astice vno-
fené v tmavych izolovanych oblastech dynamické mapy povazujeme za dynamicky stabil-
ni a odliSujeme je krouzky. Ostatni testovaci Cdstice jsou oznaceny krizky. Dole: orbitalni
rozdéleni v roviné (a,, sinI,). Vykreslujeme pouze Castice, které jsme v hornim panelu iden-
tifikovali jako stabilni. Cerné krouzky odpovidaji ¢4sticim zachycenym v ostrové B, $edé
prazdné Ctverce odpovidaji casticim v ostrové A. Horizontalni carkovanad ¢dra je pouze ori-
entacni — naznacuje, Ze vétSina pozorovanych stabilnich planetek v ostrové B setrvava na
sklonech sinI, < 0,1, zatimco planetky pozorované v ostrové A maji sklony sinI, > 0,1.
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3.2 Zachycené planetky a porovnani s pozorovanim

nich planetek v ostrové B. Z toho vyplyvd, Ze nerovnhomérnost populace v ostrovech
vznika castecné samotnym procesem zachycovani.

Pocet zachycenych planetek. Dalsim krokem bylo preskdlovani pocatecni po-
pulace testovacich Castic tak, aby jeji ¢asticova hustota dosahovala realistickych
hodnot. Vysli jsme z ¢asticové hustoty v pozorovaném hlavnim pdsu, pfiCemz jsme
se omezili pouze na télesa s velikostmi D > 5km. To je nutné proto, abychom ne-
srovnavali vysledek simulaci s pozorovanou populaci v intervalu ovlivnéném ob-
servacni nedostate¢nosti. Samozrejmé nelze ocekdvat, Ze pozorovand populace bu-
de tplna pro D > 5km (divodem je poloha rezonance ve vnéjsim hlavnim pésu,
vyskyt prevazné tmavych C-typu, apod.), nicméné silnéjsi omezeni volit nelze, pro-
toze pak by naptiklad v ostrové A nezbyly zadné planetky pro porovnani.

Césticovou hustotu ve vnéj$im hlavnim pasu jsme spocetli pro oblast a, € (2,95;
3,21)AU, e, € (0;0,35) a I, € (0°;15°). Intervaly e a I odpovidaji intervaltim, ve
kterych jsme rozmistili pocatec¢ni populaci testovacich castic. Interval hlavnich po-
loos bylo ovSsem nutné posunut do oblasti, ktera neni v soucasné slunecni sousta-
vé vyprazdnéna diky pritomnosti 2:1 rezonance. Urcenou Casticovou hustotu jsme

dale zvysili faktorem tfi (Minton & Malhgtral, 2£)1d), abychom zohlednili dynamic-

ky rozpad vnéjsiho hlavniho pasu béhem poslednich ~ 3,85 Gyr od rekonfigurace

planet. Pfi navysSeni Casticové hustoty v pocatecni populaci stoupne odpovidajicim
zplsobem pocet zachycenych stabilnich planetek vét$ich nez 5km na N = 1552
a Ni“led = 5857 v ostrové A respektive B.

Dlouhodoby dynamicky rozpad. Nakonec jsme uvazili, Ze mira dynamického
rozpadu vlivem chaotické difuze je pro nalezené stabilni ostrovy stejna jako v ptipa-
dé pozorované konfigurace slunecni soustavy. Pocet zachycenych planetek urceny
v predchozim kroku jsme proto ddle opravili uzitim exponencidlniho rozpadového
zakona (I.8)), abychom odhadli, kolik ze zachycenych téles bychom méli v jed-
notlivych ostrovech pozorovat v soucasnosti. Jako charakteristické casy pouzivame
hodnoty 7, = (0,57+0,05) Gyr a 7 = (0,94 £0,05) Gyr. Tyto hodnoty jsme odvodili
v kapitole[I.5] avSak zde pouzivame vyssi standardni odchylku (0,05 namisto 0,02).
Duvodt je hned nékolik. Odchylka 0,02 byla ziskdna jako chyba metody nejmensich

¢tverct a nijak v ni neni zohlednéna skute¢nost, ze jsme vychazeli z jediného dyna-
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3. ZACHYCOVANI PLANETEK Z HLAVNIHO PASU PRI SKOKU JUPITERU

mického modelu s relativné nizkym poctem testovacich Castic, zejména v pripadé
ostrova A. Dale je treba uvazit, ze jsme v tomtéz modelu uvazili Jarkovského jev
plisobici na télesa vsech velikosti, jenZe v této kapitole se omezujeme na planetky
vétsi nez 5km.

Jakozto ¢asovou skdlu dynamického rozpadu jsme vzali t = (3,9+0,1) Gyr. S vy-
uzitim extremalnich hodnot urcenych nejistotou uzitych velicin nas model zachyco-
véni pfedpovidd, Ze bychom v soucasnosti méli pozorovat Ny =1 az 3 planetky
vét$i nez 5km v ostrové A a N = 62 a7 121 v ostrové B. Porovnejme tyto hodno-
ty s pozorovanym poétem planetek: N> = 2 a N = 71. Vysledky naseho modelu
jsou v ramci nejistot v dobré shodé s pozorovanim; proces rezonancniho zachyceni
umoznuje vysvétlit pocet téles v obou ostrovech stability.

Rozdéleni sklonti. Zamérme se nyni na dolni panel obrazku[I5 a diskutujme,
zda rozdéleni sklonti zachycenych testovacich ¢dstic muze dlouhodobym vyvojem
prejit v rozdéleni pozorované. V ostrové A je patrné, ze mnozstvi planetek s nizkym
sklonem je nizs$i nez mnozstvi planetek s vysokym sklonem. Predpoklddejme rovno-
meérny dynamicky rozpad populace ostrova A, ktery vede k preziti pouze 1 az 3 téles
vétsich nez D = 5km do soucasnosti. Potom je statisticky pravdépodobné;jsi, ze pre-
ziji télesa na vyssich sklonech, jelikoz jejich pocet je po skonceni migrace vyssi. To
je v dobré shodé s pozorovanim, protoze pozorované planetky ostrova A setrvavaji
prevazné na sklonénych drahdch.

Zachycend populace v ostrové B je naproti tomu pfiblizné rovnomérné rozlo-
Zena pres Siroky interval sklont, coz je ziejmé dusledek naseho zjednodu$eného
rovnomérného pocatecniho rozlozeni testovacich ¢dstic ve vnéjsim hlavnim pasu.
Uvazime-li tvar pozorovaného ostrova B ve fazovém prostoru (viz obrazek[3)), ktery
se zmensuje s rostoucim sklonem, je pravdépodobné, ze dlouhodoba difuze ¢astec-
né odstrani télesa zachycend na vysokych sklonech. Nicméné je zfejmé, ze abychom
spravné reprodukovali pozorovanou vysokou koncentraci drah s nizkym sklonem
v ostrové B, musi i zdrojova populace, ze které zachyceni probihd, obsahovat znac-

né mnozstvi planetek s nizkym sklonem (sinI, < 0,1).
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4. Stabilita primordialni populace
béhem migrace planet

V této kapitole se zabyvdme moznosti, Ze se v rezonanci 2:1 nachdzely stabilni
planetky od jejiho vzniku spojeného se vznikem Jupiteru, a ¢dst z nich se udrze-
la v ostrovech stability i v pribéhu planetarni migrace. Nase metoda je podobna
pristupu z prechazejici kapitoly, hlavni rozdil je v sestaveni poc¢atec¢nich podminek.
Zde je nasSim cilem studovat télesa, ktera setrvavaji v rezonanci 2:1 jiz na zacatku
simulace nestability planetadrniho systému. Dals$i dulezitou vlastnosti, kterou musi
testovaci ¢astice spliiovat, je dlouhodobad stabilita jejich drah — jinak bychom mohli

nechténé simulovat jiné efekty, napriklad prezivani nestabilni populace, apod.

4.1 Pocatecni podminky a vyvoj testovacich castic

Jak vytvotit soubor testovacich ¢dstic na stabilnich drahdch pred zapocetim mi-
grace? Elegantnim moznym feSenim je znovu vyuzit dynamické mapovani. Pro ten-
to ptipad musime mirné obménit standardni postup popsany v kapitole Integra-
ce pro sestrojeni dynamické mapy neni provedena v neménné konfiguraci planet,
namisto toho simulujeme prvnich 5Myr migra¢niho scénare, béhem kterych planety
z pocatecni konfigurace prejdou do stavu, ktery predchazi skoku Jupiteru.

Déle je pri konstrukci mapy nutné pouzit pouze zdznam zmén rezonancniho
sklonu 6 sinI, (zanedbavame tedy zmény 6a, a de, pti vypoctu metriky dané rov-
nici [1.6). Duvodem je, Ze pti migraci Jupiteru dovniti slune¢ni soustavy stejnym
zpusobem migruje i rezonance 2:1 a rezonan¢ni hlavni poloosy planetek v ni syste-
maticky klesaji. To vyvold zmény rezonan¢ni excentricity e, kvuli adiabatické inva-
rianci drah (viz rovnice [I.3)). Tyto systematické zmény vSak maji rizné amplitudy
v zdvislosti na charakteru librace jednotlivych drah. Z toho dtivodu je neni mozné
zahrnout do vypoctu vzdalenosti d, protoze by to vedlo ke znehodnoceni dyna-
mické mapy. Nicméné nase numerické testy naznacuji, ze rezonan¢ni sklon I, pod

vlivem migrujicich obfich planet neprodélava podstatné systematické zmény. Pokud

45



4. STABILITA PRIMORDIALNI POPULACE BEHEM MIGRACE PLANET

je pro nékterou testovaci ¢dstici zaznamendna vyraznd zmeéna sklonu, pak to vétsi-
nou znamend, Ze jeji drdhu ovlivnila nékterd sekuldrni nebo sekundarni rezonance.
Dynamicka mapa vystavénd pouze na zméndach rezonancniho sklonu I, by tedy mé-
la obsahovat pozici oblasti, kde dochazi ve fadzovém prostoru ke kfizeni rezonanci,
a rovnéz pozici stabilnich ostrovii odpovidajici ¢asovému obdobi pred skokem Ju-

piteru.
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Obrazek 16: Dynamickd mapa rezonance 2:1 stfedniho pohybu s Jupiterem odpovidajici
obdobi pred nestabilitou ,skédkajicitho Jupiteru“. Mapa je zobrazena v roviné (a,,e,) a od-
povida sklonu I, = 2,5°. Poznamenejme, Ze dynamicka stabilita v raznych ¢dstech fazového
prostoru je v tomto pripadé reprezentovdna pouze zménou rezonancniho sklonu 61..

Mapu jsme zkonstruovali v roviné (a, e) v intervalech a, € (3,32;3,45)AU a e, €
(0;0,06), které jsme rozdélili siti 40 x 40. Do kazdé vzniklé bunky jsme umistili Sest
testovacich castic, kterym jsme pripsali pevnou velikost sklonu I, = 2,5°. Jak jiz bylo
zminéno, planetdrni migrace prili§ neméni sklony drah planetek, proto mapujeme
oblast nizkych sklonti, v niZ se nachdazi vétS§ina pozorované populace a nabizi se
predpoklad, ze tutéz vlastnost vykazovala i populace primordidlni. Vysledna mapa
odpovidajici obdobi pred nestabilitou je na obrazku

Pro ucel simulace prezivani primordidlnich asteroidu jsme do ostrovi naleze-

nych pomoci dynamické mapy umistili 2000 testovacich castic (viz obrazek [17)
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4.1 Pocdate¢ni podminky a vyvoj testovacich ¢astic

T
migrating 1
2:1centre..| 4 |

b

o
a1
T
1
T
1

o
N
T

o
w
T

primordia
islands’

o
N
T

t=6.1 Myr - g

o
[N
T
—
1
N
<
<
=

1
T

resonant eccentricity e,
e o
& a1
T T

o
w
T

o
N
T

t=6.2 Myr S 1t R ST t=10Myr
1 1 1 M| I P A : 0o

3.1 3.2 33 3.4 31 3.2 3.3 34
resonant semimajor axis a, [AU]

©
[EY
T

Obrazek 17: Simulace vyvoje primordialni populace v migracnim scénari péti obtich planet
(Nesvorny & Morbidelli, 2012). Obrézky predstavuji vyvoj orbitalntho rozd&leni v roviné
(a,,e,). Svisla ¢ara vyznacuje pribliznou polohu migrujici rezonance 2:1. Pocatec¢ni populace
byla umisténa v ostrovech nalezenych pomoci obrazku Horni levy panel predstavuje
stav po 2 Myr od zacatku simulace. Nasledujici panely ukazuji situaci béhem skoku Jupiteru
a rovné€z konecny stav.

s nizkymi sklony I, < 5°. Uhlové oskula¢ni elementy jsme volili tak, aby platila pod-
minka (T.4), a aby tedy generované oskulacni elementy byly identické s elementy
rezonancnimi v ¢ase t = 0.

Obrazek [I7] predstavuje vyvoj primordialni populace béhem migrace s nesta-
bilitou ,,skakajictho Jupiteru“. Dva miliony let po zapoceti migrace nejsou drahy
vyrazné rozptyleny, coz je v souladu s nasim cilem studovat dynamicky stabilni
rezonan¢ni planetky. Po 6,1 Myr zacinaji probihat tésnd priblizeni obtich planet,
vedouci k perturbacim narusujicim ostrovy uvnitf rezonance 2:1. Béhem skoku Ju-
piteru jsou ostrovy ¢aste¢né destabilizovany, coZz umoznuje zna¢né ¢asti puvodné
stabilnich planetek uniknout do jinych ¢asti rezonance 2:1 nebo mimo ni. Na konci

simulace je 85% ptvodni populace ztraceno a zbytek je rozptylen po celé rezo-
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4. STABILITA PRIMORDIALNI POPULACE BEHEM MIGRACE PLANET

nan¢ni oblasti s vyjimkou oblasti nizkych excentricit. Z toho vyplyvd, Ze prakticky
jedinou moznou zménou v rezonancni excentricité pti migraci Jupiteru je jeji na-

rust.

4.2 Primordidlni planetky prezivajici migraci

V ndvaznosti na nas postup z kapitoly[3]jsme pouzili dynamickou mapu pro kon-
figuraci planet na konci migrace pro nalezeni ptezivsich stabilnich planetek (viz
obréazek [18), preskalovali jsme pocate¢ni primordidlni populaci a zohlednili jsme
dlouhodoby dynamicky rozpad. Protoze ¢dsticova hustota v hypotetické primordi-
alni populaci neni zndmd, ménili jsme jednoduse pocatec¢ni pocet stabilnich testo-
vacich ¢dstic a odvodili jsme oc¢ekdvany pocet primordidlnich planetek prezivajicich
do dnesni doby.

Vybrané vysledky jsou shrnuty v tabulce [2] a porovndni je provedeno pro pla-
netky vét$i nez Skm (pfipomerime, Ze v pozorované populaci je N°* = 2 a N =

71 planetek). Pokud se budeme drzet predpokladu casticové hustoty dle Mintona

& Malhotry _m), ktery jsme pouzili v kapitole [B] pak prispévek primordidlnich
planetek k pozorované populaci je po dlouhodobém orbitalnim vyvoji zanedbatel-
ny.

Aby byl prispévek podstatny, ¢asticova hustota v rezonanci 2:1 by musela byt
znacné veétsi nez v prilehlém hlavnim pasu, a to nejméné faktorem deset. To by
vsak vyzadovalo gradient ¢asticové hustoty, ktery se nezdd velmi pravdépodobny,
protoze rezonance by musela byt dynamicky chranéna proti perturbacim vzeslym
naptiklad od planetarnich embryi ,M&OLJ, I&lQZI) nebo od kompaktni primor-
dialni konfigurace planetarnich drah ( , ; Roi J

).

Zkoumali jsme rovnéz, zda mohou drahy z ostrova A prejit béhem migrace pla-

b

net do ostrova B a naopak. Zjistili jsme, ze < 1% asteroid ptivodné umisténych
v ostrové A tam setrva a 1% driftuje do ostrova B. Naproti tomu v ostroveé B pre-
7iji 2% z ptvodni primordidlni populace a 2% drah piejdou do ostrova A. Protoze

primordidlni ostrov B je vét$i nez A, nachdzi se v ném pavodné vice asteroidi, za
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4.2 Primordiélni planetky prezivajici migraci
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Obrazek 18: Nahote: stejnd dynamicka mapa jako na obrazku Primordidlni testovaci
Castice, které v rezonanci preckaly simulaci nestability, jsou vykresleny pies mapu. Krouzky
predstavuji stabilni drahy, kiizky ostatni drahy. Dole: rozdéleni ptezivsich testovacich ¢éstic
v roviné (a,,sinl,). Vykreslujeme pouze castice, které jsme v hornim panelu oznacili jako
stabiln{. Cerné krouzky odpovidaji télesiim ostrova B, $edé prazdné ¢tverce vyznaéuji drahy

spadajici do ostrova A.

predpokladu homogenni casticové hustoty. Prispévek ostrova B k prezivajici popu-
laci tedy prevlada. Déle je tieba zminit, Ze pomér poctu téles v obou ostrovech je

na konci migrace N, /N ~ 1, tedy destabilizace primordidlni populace nevede k vy-
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4. STABILITA PRIMORDIALNI POPULACE BEHEM MIGRACE PLANET

tvoreni asymetrické populace — k tomu je nutny dalsi orbitdlni vyvoj, pti kterém
rychleji unikaji planetky z ostrova A.

Orbitalni rozdéleni v roviné (a,,I,) na konci planetdrni migrace odpovida na-
$i volbé pocate¢nich podminek. V obou ostrovech prevazuji nizké sklony. Abychom
obdrzeli vyssi sklony drah, které jsou pozorovany v ostrovée A, bylo by treba ptredpo-
kladat piitomnost sklonénych drah v ostrovech jiz pfed samotnou migraci. Re$eni
tohoto problému je ovSem nadbytecné, protoze, jak jsme diskutovali vySe, primor-

dialni planetky zfejmé nepfispivaji k pozorované populaci.

Ninit(D > Skm) N[;nodel Nénodel
2000 0 0az1
5000 0 1az2
10000 0 2az4
100000 1az3 18az35

Tabulka 2: Pocet N"°%! a Nodel planetek piezivajicich v ostrovech A a B do soudasnosti
podle naseho modelu primordialni populace. Tabulka ukazuje, jak se vysledna populace mé-
ni s rostoucim pocetnosti N;;; primordidlni populace. Uvazujeme pouze télesa s D > 5km.
Prvni fadek ptiblizné odpovida primordidlni populaci s ¢asticovou hustotou dnesniho hlav-
niho pasu, dalsi dva radky priblizné odpovidaji ¢asticové hustoté navrzené v praci Mintona
& Malhotry (2010). v poslednim tadku uvazujeme ¢asticovou hustotu primordidlniho hlav-
nfho pésu tésné po jeho vzniku, jak popisuje Morbidelli a kol! (2009); poznamenejme, Ze
tento posledni ptipad je velmi nepravdépodobny pro obdobi pozdni nestability, kterou stu-
dujeme.
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5. Vliv velké nerovnosti Jupiteru
a Saturnu

V predeslych dvou kapitolach jsme zkoumali vyvoj populace v rezonanci 2:1

béhem nestability planetdrniho systému zndmé jako skok Juiiteru. Vychdzeli jsme

pfitom z migrac¢nich scénaiti Nesvorného & Morbidelliho (2012), av$ak simulovali
jsme pouze casovy usek nejprudsiho vyvoje v okoli nestability a zanedbavali jsme
zbytkovou hladkou migraci planet na dnes$ni dréh. Toto zjednoduseni v principu
nesnizuje nasi schopnost detekovat stabilni planetky (protoze mame k dispozici dy-
namické mapy) a odhadnout jejich zivotni doby (protoze mame k dispozici model
dlouhodobého orbitalniho vyvoje). Vyvstava ovSem prirozena otazka, zda béhem
pozdni fdze migrace mohou vznikat perturbace, které by ovlivnily celkovou stabi-
litu rezonance 2:1 a zménily by naptiklad pocet testovacich Castic, ktery v nasem
dosavadnim modelu vstupuje do vypoétu veli¢in N9 a Nmodel,

Chceme zejména ovétit, zda perioda P, librace rezonan¢nich planetek miiZe byt
v urcité fazi migrace srovnatelna s periodou P, velké nerovnosti Jupiteru a Saturnu

(coz je perioda cirkulace dhlu 2A; — 5A5) a jak by tim byla ovlivnénd rezonancni

populace (Ferraz-Mello a leJ, M).

5.1 Simulace hladké migrace

Abychom simulovali pozdni hladkou migraci a uvedli obfi planety na dnesni

drahy, pouZili jsme upravenou verzi integratoru SWIFT RMVS3, kterd byla vyvinuta

v rdmci prace Broze a kol. ( ). Do integratoru je zahrnut ad hoc disipacni ¢len,

ktery modifikuje vektory rychlosti v jednotlivych planet v kazdém casovém kroku

1Jeliko? v 4dném migraénim scénati neskonéi obif planety pfesné na dne$nich orbitach, pova-
Zuje se obvykle za uspokojivy konecny stav takova konfigurace, ve které jsou poméry obéznych dob
planet a ptirozené frekvence systému blizké pozorovanym hodnotam.
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At podle nasledujiciho vztahu:

Av At t—ty
v(t+At)=v(t) |:1+7—_exp (— )} s (5.1)

mig mig

kde Av = \/ GM/a;,; — \/ GM /ag, je celkova disipace ur¢end rozdilem mezi po-
catecni a pozadovanou konecnou stfedni rychlosti, 7, je casovd Skala migrace,
t je Casova proménna a t, je volitelny pocatecni Cas. V integratoru je téz imple-

mentovano tlumeni excentricit a 1ze ho stanovit pro kazdou planetu zvlast udanim

parametru oznacovaného ey,,,, (Morbidelli a kol., ).

Pro sestaveni dynamického modelu jsme vysli z kone¢né konfigurace v simulaci
rezonancniho zachyceniH, ale pouzili jsme pouze testovaci Castice, které se nacha-
zely ve stabilnich ostrovech urcenych dynamickou mapou a jejich SirSim okoli. Tim
jsme z modelu vyloucili podstatnou ¢ast nestabilni populace. Ndsledné jsme spustili
sadu integraci s rliznymi hodnotami parametru ey, a riznymi ¢asovymi $kdlami

migrace, které jsme volili fddové srovnatelné se $kélou 7, ~ 30Myr plivodnich

migrac¢nich experiment Nesvorného & Morbidelliho ( ). Po skonceni integraci
jsme pro dalsi zpracovani vybrali pouze simulace, ve kterych obti planety skonci-
ly s orbitdlnimi parametry blizkymi pozorovanému stavu a vysetftili jsme vysledky
v Case tg,, kdy je P;; = 880yr a pomér obéznych period Saturnu a Jupiteru priblizné
Py/P, ~ 2,49.

5.2 Mira difuze stabilni populace

V dalsim budeme diskutovat vysledky dvou simulaci s ¢asy ts, ~ 27 Myr a tg, ~
58 Myr, kdy perioda Pg; velké nerovnosti dosahla dnesni hodnoty. Vyvoj obrich pla-
net v téchto simulacich je uveden na obrazku Obrazek 20 ukazuje odpovidajici
¢asovy vyvoj poctu N testovacich ¢dstic, vyvoj periody Pg; velké nerovnosti a peri-
ody P, librace dvou typickych rezonanc¢nich planetek. Zatimco P, osciluje kolem

hodnoty ~ 420 yr, kterd je téméft konstantni, Py, ze zacatku lezi pod touto hodnotou

2yiysledek simulace s primordidlnimi asteroidy zde viibec neuvaZujeme, jelikoZ tyto planetky
ziejmé neprispivaji k pozorované populaci.
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Obrazek 19: Vyvoj obtich planet ve dvou vybranych simulacich hladké pozdni migrace.
Obrazky ukazuji, jak se v ¢ase t méni oskula¢ni hlavni poloosy a, pericentra q a apocentra Q.
Vypocty navazuji na konec simulace nestability ,skakajictho Jupiteru“, jejiz posledni 3 Myr
jsou pro srovnani vykresleny v oblasti zdpornych ¢ast t. Nahote: pfipad s tg, ~ 27 Myr.
Dole: pripad s tg, ~ 58 Myr.
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a hladce nartista s tim, jak Jupiter a Saturn migruji od sebe a dochdazi k tlumeni
jejich excentricit. V okamziku, kdy se P;; zacina shodovat s oscilujici P, je rezo-
nancni populace destabilizovana, coz se projevuje zvySenym poklesem kiivek N(t).
Mira ubytku téles je opét snizena, kdyz P, vzroste nad hodnoty P,.

Abychom charakterizovali, jak rychly je rozpad populace v jednotlivych tsecich
simulace, definujeme miru rozpadu AN jako relativni zménu pocatecniho poctu
planetek N(0) za jednotku ¢asu. Odvodili jsme AN = 0,004 Myr ', kdyZz Pg; < P,
AN = 0,011Myr !, kdyZ P;; ~ P, a AN = 0,005Myr™!, kdyZ P, > P, v modelu
S tp, ~ 27Myr. Hodnoty v modelu s t;, ~ 58 Myr jsou AN = 0,006 Myr~!, kdyZ
Py < P,, AN = 0,014Myr !, kdy% Py, ~ P, a AN = 0,005Myr*, kdy% P, > P,. Je
zifejmé, ze pocet stabilnich planetek ptezivajicich pozdni hladkou migraci zavisi na
délce casového intervalu, béhem néhoz je P ~ P,; stabilni ostrovy jsou vyraznéji
vyprdzdnény v simulaci s tg, ~ 58 Myr.

Pro vyhodnoceni simulaci hladké pozdni migrace jsme nejprve identifikovali tes-
tovaci Castice, které se v Case tg, nachazeji ve stabilnich ostrovech. Jelikoz v tomto
Case je konfigurace obrich planet jiz velmi podobna té dnesni, Ize pro identifika-
ci stabilnich planetek pouzit dynamickou mapu spoctenou v soucasné konfiguraci
slunec¢ni soustavy. Nasledné jsme provedli preskalovani pocatecni populace i apli-
kaci dlouhodobého dynamického rozpadu (viz kapitola ), abychom odhadli pocet
planetek vétsich nez 5km, které bychom v ostrovech A a B méli pozorovat.

Spocetli jsme nésledujici hodnoty: N =0 az 1 a NI = 40 aZ 78 v ptipadé
modelu s tg, ~ 27Myr, a Ny*% = 0 az 1 a N9 = 22 a7 42 pro model s tg, ~ 58 Myr
(zatimco pozorované hodnoty jsou N = 2 a N3 = 71). Z vysledkt lze vyvodit,
ze hypotéza rezonanc¢niho zachyceni je stdle platna a vysvétluje existencH stabil-
ni populace, pokud pozdni hladkd migrace obtich planet probéhla na ¢asové skdla
srovnatelné s 7., ~ 30 Myr. Delsi casova Skala by vedla k pomalejsimu piechodu
periody Pg; velké nerovnosti pres hodnoty libra¢ni periody v J2/1, a to by v dtsled-

ku zptisobilo pfiliéné vyprazdnéni stabilnich ostrovu. I v takovém ptipadé by vsak

3 Alkoliv hodnoty, které jsme zde odvodili, pfesné nesouhlasi s pozorovdnim v pifpadé ostrova A,
rozdil je pouze v jediném asteroidu. Médme za to, Ze tento nesouhlas neni dulezity, jelikoZ porovné-
vame jen mald cela ¢isla a vyvoj populace je zna¢né stochasticky.
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nezanedbatelnd ¢ast pozorované populace pochdzela z rezonanc¢niho zachyceni.
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Obrazek 20: Vysledek dvou simulaci hladké pozdni migrace a jeji plisobeni na rezonan¢ni
populaci. Cervené a ¢erné kiivky a $ipky odpovidaji simulaci s t, ~ 27 Myr, zatimco modré
a $edé ktivky a Sipky odpovidaji simulaci s tg, ~ 58 Myr (ptvodné jsme volili casové skaly
migrace jako T, = 30Myr a T, = 60Myr, ale integrace vyhodnocujeme pouze po oka-
mzik, kdy perioda velké nerovnosti dosahne hodnoty P; = 880yr). Nahote: ¢asovy vyvoj
poctu testovacich ¢astic N. Dole: ¢asové vyvoje periody Pg; velké nerovnosti a libracni peri-
ody P, ktera je vykreslena pro dva reprezentativni ptipady. Pruchod Pg; pies P, zpusobuje
rychlejsi pokles zavislosti N(t), coz je vyznaceno Sipkami v hornim panelu. Poznamenejme,
ze ,redlny“ vyvoj Pg; je oscilujici s malou amplitudou; zde pro prehlednost vykreslujeme
polynomialni fit vyvoje Pg;.
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6. Kolizni vyvoj stabilni populace
v rezonanci 2:1

Nase vysledky dynamickych modelti naznacuji, Ze stabilni populace v J2/1 vznik-
la zachycenim z vnéjsiho hlavniho pdsu pfi migraci planet. V této kapitole dale
rozvijime tuto hypotézu. Studujeme kolizni vyvoj 2:1 rezonance s cilem zjistit, zda
rozdéleni velikosti stabilni populace planetek mohlo v nestaciondrnim stavu pre-
zit 4 Gyr kolizniho vyvoje. Musime tudiZ zohlednit taktéZ obdobi velkého pozdni-

ho bombardovéni ‘Q_om_es_a_kolj, IZOQi h..ﬂd.sgu_a_koﬂ, IZQQd), béhem néhoz byl

destabilizovan transneptunicky disk a podstatné vzrostl tok komet, tedy moznych

projektilt, skrze slune¢ni soustavu.

V nasich koliznich modelech uvazujeme tii populace malych téles slunecni sou-
stavy: planetky hlavniho pdsu, transneptunické komety a skupinu Zhongguo; tedy
studujeme pouze podskupinu celé stabilni populace. Diivodem pro toto zjednodu-
Seni je, Ze pozorovand rozdéleni velikosti stabilni populace a jejich dynamickych
podskupin vykazuji obdobné rysy (viz obrazek [6)), ale skupina Zhongguo ma nej-
vyssi sklon y = —5,1. Nasim cilem je fesit inverzni problém, tedy vznik pocate¢niho
rozdéleni velikosti s jesté vySSim sklonem, které prejde na rozdéleni pozorované
vlivem srdzek po dobu 4 Gyr. Diky jisté parametrické volnosti v koliznim modelo-
vani by stejny proces vzniku mél byt aplikovatelny i na skupinu Griqua, ktera ma

pozorované rozdéleni velikosti s niz§im sklonem nez skupina Zhongguo.

6.1 Vlastni pravdépodobnosti a rychlosti srazek

Jako prvni krok pfi sestrojovani kolizntho modelu jsme spocetli vlastni prav-

dépodobnost P, a stiedni rychlost dopadu V; pti srdzkach asteroid@t hlavniho pasu
@ )

zaloZenou na geometrickém formalismu zavedeném Greenbergem ‘@). Pro vy-

a rezonancnich planetek. Aplikovali jsme metodu z prace Bottkeho a kol. (

pocet jsme pouzili véechny stabilni drahy v J2/1 a rovnéz prvnich 50000 objekti

hlavniho pdsu z katalogu AstOrb, aby vzorky drah byly dostate¢né pocetné.
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6. KOLIZNI VYVOJ STABILNI POPULACE V REZONANCI 2:1

Rozdélili jsme stabilni populaci na skupiny Zhongguo, Griqua se sklony I < 8°
a Griqua se sklony I > 8° a spocetli jsme pro né oddélené vlastni pravdépodobnost
P; a stfedni vazenou rychlost dopadu V;. Tim chceme ovéfit, zda se mohou kolizni
parametry lisit pro jednotlivé podskupiny, coz by mohlo vysvétlit rozdily ve sklonu
jejich rozdéleni velikosti.

Vysledky jsou shrnuty v tabulce Bl Pro srovnani, IQ@gLegI ‘lQQé) odvodil P, =
3,1 x 107 ¥ km?yr ! a V, = 5,28 kms ! pro vzdjemné srazky asteroid@ hlavniho pa-

su. Skupiny Zhongguo a Griqua na nizkych sklonech maji P, a V; mirné vyssi nez
uvedené referen¢ni hodnoty. To je zptisobeno tim, Ze v populaci J2/1 prevazuji mir-
né excentrické drahy. Ty se pak pravdépodobnéji kiizi s orbitami v hlavnim pasu.
Vyssi rychlost srazky odpovida tomu, ze porovnavame populaci vnéjstho hlavniho
pasu s jeho zbytkem, coz efektivné zvysuje vzajemné relativni rychlosti.

Planetky skupiny Griqua s I > 8° diky vy$$im orbitdlnim sklontim neprotinaji né-
které drahy hlavniho pdsu, diky cemuz je jejich vlastni pravdépodobnost ptiblizné
dvakrat mensi ve srovnani s referen¢ni hodnotou. Na zakladé diskutovanych hod-
not l1ze prohlasit, ze rozdily ve sklonu pozorovanych rozdéleni velikosti (kdyz jsou
skupiny Griqua a Zhongguo separovany) nemohou byt vysvétleny rozdilnymi hod-
notami P; a V;, protoze plossi rozdéleni skupiny Griqua by vyzadovalo vyssi vlastni

pravdépodobnost P, aby ke srazkam dochazelo castéji.

populace 2 Vi
[107®¥km ?yr '] [kms™']
skupina Zhongguo vs hlavni pas 3,82 5,36
skupina Griqua (I < 8°) vs hlavni pas 3,65 5,52
skupina Griqua (I > 8°) vs hlavni pas 1,81 7,57
prameér 3,09 6,15

Tabulka 3: Vlastni pravdépodobnosti P; a sttedni rychlosti dopadu V; pro kolize mezi pla-
netkami hlavniho pasu a télesy v rezonanci 2:1.
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6.2 Asteroidy zachycené z pozad’ové populace

hlavniho pasu

Polozme si otdzku, zda mtze rozdéleni velikosti v rezonanci 2:1 pochézet z roz-
déleni velikosti hlavniho pdsu. Predpokladejme, Ze rezonanc¢ni zachyceni neni za-
vislé na velikosti planetek, zachycené rozdéleni velikosti tedy bude odpovidat roz-
déleni hlavniho pasu Skdlovanému dolt jistym numerickym faktorem. Nase volba
tohoto faktoru bude takova, aby byl pocet nejvétsich zachycenych téles priblizné
stejny, jako pozorovany pocet rezonancnich planetek téze velikosti. To ndm umozni
ihned porovnat zachycené a pozorované rozdéleni velikosti skupiny Zhongguo.

Hlavni pas byl pred 4 Gyr zfejmé pocetnéjsi nez dnes (faktorem tfi podle prace

Mintona & Malhotry (2010Q)), ale od skonceni migrace planet setrvaval ve kvazista-

ciondrnim koliznim rezimu ( , ), jak doklddaji pozorované kratery
na télesech slune¢ni soustavy. Jedind moznd vyvojova faze, béhem niz mohl docas-
né vzrist sklon rozdéleni velikosti v hlavnim pésu, bylo velké pozdni bombardovani.
Budeme tedy studovat toto rané obdobi kolizi mezi hlavnim pasem a transneptunic-
kymi kometami. Zamétujeme se na velikosti D < 25km, abychom se presvedcili,
zda miiZe byt sklon rozdéleni v tomto intervalu néhle zvySen. Pokud ano, populace
vznikla zachycenim z tohoto rozdéleni by prevzala jeho sklon.

Modelovani kolizniho vyvoje. Pouzivame kolizni kod BOULDER (Morbidelli

a kol., [2009), abychom zkonstruovali odpovidajici model. Po¢ate¢ni rozdéleni veli-
kosti definujeme kombinovanou mocninnou funkci, ktera je charakterizovana tremi
diferencidlnimi indexy sklonu q,, q; a q. na intervalech velikosti D > D;, (D,,D,)
a D < D,. Rozdéleni je normalizovano volbou poctu N, téles vétsich nez D,. Na-
sledujici hodnoty jsme pouzili pro poc¢atecni rozdéleni hlavniho pasu: D; = 100km,
D, = 14km, q, = —5,0, ¢, = —2,3, q. = —3,5, Npo;m = 1110. Navic jsme ptida-
li nékolik planetek s rozmérem dosahujicim D = 500 az 1000km, aby rozdéleni

lépe reprodukovalo pozorovany stav. S pouzitim stejnych predpokladu jako Broz

a kol. (2013) charakterizujeme kometdrni disk parametry: D, = 100km, q, = —5,0,
qy =q.=—3,0, Nyyyy = 5 X 107.
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Jelikoz je vyvoj transneptunického disku dominovan jeho rychlym dynamickym
rozpadem, jsou vlastni pravdépodobnosti P,(t) a stredni rychlosti V;(t) srazek s ko-

metami ¢asové zavislé veli¢iny. Casovy vyvoj P(t) a Vi(t), ktery byl odvozen v praci

Broze a kol. _ﬂ), je uveden na obrazku 21l Tamtéz autofii diskutovali, Ze je nut-
né ddle modifikovat tyto ¢asové zavislosti, aby byl zohlednén efekt spontdannich
rozpadu jader komet vlivem rtznych fyzikdlnich procest. S ptihlédnutim k témto
jeviim odvodili hodnoty P,(t) = P,(t)/3 a Vi(t) = Vi(t)/1,5 jako vhodnou modifikaci
zavislosti z obrazku 211

mean P; / 1078 km™ yrt
o
o
o
=
T

0 20 40 60 80 100
t/ Myr

Obrazek 21: Casovy vyvoj vlastni pravdépodobnosti P;(t) (dolni ktivka) a stfedni rychlosti
dopadu Vi(t) (horni kiivka) pro srazky mezi transneptunickymi kometami a hlavnim pasem.
Prevzato z prace Broze a kol. ). Zdaraznujeme, Ze uvedené zavislosti jsme déle modi-
fikovali numerickymi faktory, abychom zohlednili realistické zZivotni doby komet. Hodnoty
P,/3 a V;/1,5 slouzi jako vstupni parametry pro nase modely.

Specifickou energii Q;, ktera pfedstavuje energii potfebnou k rozbiti a rozpty-
leni 50% hmotnosti terce, popisujeme polynomidlnim Skdlovacim zdkonem (Benz
& Asphaug, 1999):

1

Qp () =— (Qor+Bpr?), (6.1)

fact

kde r znaci polomér cile v cm. Materidlové parametry p, Q,, a, B, b a g, pro
bazalt (pouzivany v pripadé planetek) a vodni led (pouzivany v ptripadé komet)
jsou shrnuty v tabulce (4l

Simulovali jsme kolizni vyvoj po dobu 10 Myr, béhem nichz P, (t) dosdhne svého
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materidl P Qo a B b Gpe
[gem ™3]  [ergg '] [ergg™']
bazalt 3,0 7%x 10" —0,45 2,1 1,19 1,0

vodniled 1,0 1,6x107 —-0,39 1,2 1,26 3,0

Tabulka 4: Materidlové parametry p, Qo, a, B, b a gg,« polynomiélniho skdlovaciho zdkona
(viz rovnice (6.1)) prevzatého z prace Benze & Asphauga ). Prvni fddek parametra
pouzivame v pripadé planetek hlavniho pasu nebo 2:1 rezonance, druhy radek pouzivame
pro komety.

10°

\‘x\ t =10 Myr

AN
N\ A

10° ¢ initial comet:\
evolved comets —»— E \\
100 k initial MB ——
evolved MB —— \ \
10 L observed MB ——

number of asteroids N(>D)

synthetic Zhongguos
[ observed Zhongguos

0.1 1 10 100 1000
diameter D / km

Obrazek 22: Vysledek kolizniho modelu vytvoreného pomoci kédu BOULDER (Morbidelli
a kol.,12009) ve formé ¢asového vyvoje rozdéleni velikosti. Popisky jednotlivych kiivek jsou
uvedeny v legendé. Krivky, které se vyvijeji, jsou vykresleny v Case simulace t = 10 Myr.
Tento model by odpovidal vzniku syntetické skupiny Zhongguo zachycenim z pozadové
populace hlavniho pasu postizeného kolizemi s transneptunickymi kometami.

maxima (viz obrazek 2I]a22]). Tok kometdrnich projektilti vyvolany probihajici pla-
netarni migraci vrcholi a znatelné ovliviiuje rozdéleni velikosti hlavniho pasu. Pro-
vedli jsme 100 numerickych realizaci modelu s riiznym nastavenim implementova-
ného generatoru nahodnych ¢isel, abychom zohlednili stochasticitu vyvoje a malo
pravdépodobné rozpady velkych planetek. Na konci simulace predpokladame, ze

probéhne rezonané¢ni zachyceni s faktorem efektivity 10™*. Strmou ¢ést zachycené-
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ho rozdéleni velikosti je mozno charakterizovat indexem sklonu y = —3,0. Ackoliv
oblast kilometrovych téles je strméjsi nez pocatecni stav rozdéleni velikosti hlavniho
pasu, neni dostatecné strmd na to, aby dosahla sklonu rozdéleni velikosti pozoro-

vané skupiny Zhongguo. Tento scénat tedy povazujeme za nepravdépodobny.

6.3 Katastroficky rozpad zachyceného materského

télesa

Z vysledki predchézejiciho kolizniho modelu je patrné, Ze pro vysvétleni strmé-
ho pocatecniho rozdéleni velikosti je tfeba jiného vysvétleni. Zde zkoumame moz-
nost, Zze bylo do rezonance nahodné zachyceno jedno velké mateiské téleso, doslo
k jeho naslednému rozpadu a fragmenty po srazce utvorily asteroidalni rodinu.

Minimalni velikost mateiského télesa. Pouzili jsme nejdiive jednoduchy sta-
cionarni model, abychom odhadli pravdépodobnost takového katastrofického roz-
padu. Bylo samoziejmé nutné urcit spodni limit velikosti matetského télesa Dpp.
Za timto ucelem jsme prohledali vysledky hydrodynamickych simulaci fragmentace

materskych téles ‘MLd.a_a_lml.I, IZQ_O_ZI; [B_Qn.ayi_d_ez_a_kol.l, IZQ_lj), ze kterych jsme vy-

brali vysledky s rozdélenim velikosti, které ma priblizné stejny sklon jako rozdéleni

pozorované skupiny Zhongguo. Preskalovali jsme velikosti syntetickych materskych
téles v nalezenych hydrodynamickych simulacich tak, aby velikost nejvétsiho zbytku
po rozpadu priblizné odpovidala velikosti nejvétsi stabilni planetky (3789) Zhong-
guo. Na zdkladé preskédlovanych vysledkd jsme odvodili rozsah moznych velikosti
matetského télesa Dy € (50,120) km, piitemZ medidn byl Dy = 70km.

Stacionarni model. Ndasledné jsme aplikovali vztah, ktery vyjadiuje pocet N,
katastrofickych rozpada matetského télesa o velikosti Dy v disledku srazek s po-
pulaci projektilt:

2

DPB
Ncol = PiNPBNprojectTAt p (62)
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6.3 Katastroficky rozpad zachyceného matetského télesa

D PB ddisrupt N, project N, col

[km] [km]
50 6 25821 0,18
70 9 7837 0,10

100 15 2589 0,07
120 19 1777 0,07

Tabulka 5: Vysledek staciondrniho kolizniho modelu: pocet N, katastrofickych rozpada
matetského télesa s velikosti Dpg za dobu 4 Gyr. Uvddime téZ miniméalni nutnou velikost
dgisrupt Projektilt.

kde P; znaci vlastni pravdépodobnost, Ny je pocet mateiskych téles, N, ... je pocet
projektilti schopnych rozbit mateiské téleso a At je uvazovany ¢asovy interval.
Jelikoz v pozorované rezonanc¢ni populaci nejsou Zddné velké asteroidy, pred-

poklddame Nyz = 1. Abychom ziskali spodni limit na potfebnou velikost projektilc

dgisrupt; POUZIvdame model Bottkeho a kol. ( ):
1
2Q%\3
ddisrupt = (V_ZD) DPB > (63)

kde V; je stiedni rychlost dopadu a kritickou hodnotu specifické energie Qj, urcuje-

me pomoci Skalovaciho zdkona (6.1]) ( , l&%d). Nasledné stanovuje-
me Nyt PYo rtizné hodnoty dyi,, jako pocet planetek hlavniho pasu s velikostmi
D > d iy N€Kkolik vyslednych hodnot poctu katastrofickych rozpadi N, za ¢aso-
vy interval At = 4 Gyr uvadime v tabulce [Bl Jak vychazi najevo, pravdépodobnost
katastrofického rozpadu ptimo v rezonanci je < 18 %, pokud uvazujeme jediny terc.
Poznamenejme, Ze v tomto staciondrnim modelu neni zohlednén kolizni ani orbi-
talni vyvoj vzniklé rodiny.

Je treba si uvédomit, Ze pro sestaveni realisti¢téjStho modelu bychom museli

uvazit, ze v rezonanci neni pozorovatelny shluk fragmenta, tudiz hypoteticky roz-

pad matefského télesa by musel nastat vice nez pred 1Gyr (Broz , ).
Dosud jsme také nevzali v ivahu vliv komet béhem velkého pozdniho bombardo-
vani, které mohlo docasné zvysit frekvenci srazek, ale také urychlit vyvoj rozdéleni
velikosti fragmentdi.
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6. KOLIZNI VYVOJ STABILNI POPULACE V REZONANCI 2:1

Kolizni model. Hypotézu katastrofického rozpadu jsme tedy znovu testovali
v sofistikovanéjsim modelu pomoci kédu BOULDER a zohlednili jsme i vliv komet.
Pocatecni podminky pro asteroidy hlavniho pasu a komety jsou tytéz jako v kapitole
[6.2] stejné jako rozdéleni velikosti syntetické populace Zhongguo, které jsme pou-
ze modifikovali pfiddnim jediného asteroidu s D ~ 100km — matetského télesa.
Vlastni pravdépodobnost a stfedni rychlost srazky pro kolize hlavniho pasu a skupi-
ny Zhongguo jsme vzali jako primérné hodnoty z tabulky Bl Simulovali jsme 4 Gyr
kolizniho vyvoje.

Obrazek 23] pfedstavuje sadu sta realizaci naseho modelu. Na zacatku simula-
ce je syntetickd skupina Zhongguo silné postizena tokem komet, ktery nejcastéji
zpusobuje kraterovani velkého rezonan¢niho asteroidu a kromé toho vznikne v né-
kolika simulacich asteroiddlni rodina. Zaroven vsak pritomnost komet urychluje
kolizni vyvoj rozdéleni velikosti v oblasti sttedné velkych asteroidt. Veskeré vzniklé
rodiny jsou pfili§ postizeny kolizemi a strmost jejich rozdéleni velikosti klesa pod

pozorovanou hodnotu pro skupinu Zhongguo.

10% g T T T
| t=4Gyr

initial comets
evolved MB
100 ¢ initial MB
observed MB
10 b synthetic Zhongguos
initial Zhongguos ----
observed Zhongguos

number of asteroids N(>D)

0.1

diameter D / km

Obrazek 23: TotéZ jako na obrazku [22] nyni je vSak do syntetické populace Zhongguo
pridan jeden asteroid s D ~ 100km a studujeme moznost jeho katastrofického rozpadu za
dobu 4 Gyr.
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6.4 Vznik strmého rozdéleni velikosti zachycenim z rodiny

Zaméime se tedy na vznik rodin po velkém pozdnim bombardovani. Vyber-
me pouze pripady, kdy velikost nejvétsiho fragmentu (nebo zbytku po matetském
télese, je-li ptitomen) je D,z > 10km, abychom vzdy obdrzeli téleso srovnatelné
s (3789) Zhongguo. Tti takové pripady nastaly v ¢ase simulace t = 2,1, 2,8 a 3,1 Gyr.
Mateiské téleso velikosti Dy ~ 85km bylo roztristéno na rodinu s nejvétSim frag-
mentem o velikosti D;z ~ 18 km a nejvét$im zbytkem majicim primér D,z ~ 60 km.
Odpovidajici rozdéleni velikosti se shodujﬂ S pozorovanym, az na pritomnost nej-
vétsiho zbytku.

Mtzeme prohlésit, Ze vznik rodiny uvniti rezonance 2:1 je nepravdépodobny
proces, protoze by musel byt najednou splnén nasledujici komplexni soubor podmi-
nek: musel by nastat katastroficky rozpad navzdory jeho nizké pravdépodobnosti,
ktera je typicky 10 % podle stacionarniho modelu, nebo 3 % podle sofistikovanéjsiho
kolizniho modelu. Vzniklé rozdéleni velikosti by muselo byt zna¢né strmé a pokud
mozno bez pritomnosti zbytku po matetském télese. Pokud by byl zbytek ptitomen,
museli bychom se ,spolehnout” na jeho nasledné odstranéni vlivem dynamického
rozpadu, nebot v rezonanci zadny velky asteroid neni pozorovan. Rozpad by se za-
rovenl musel odehrat po velkém pozdnim bombardovéni ale dost brzy na to, aby

mohlo dojit k rozptyleni shluku fragmentt v orbitdlnim rozdéleni.

6.4 Vznik strmého rozdeéleni velikosti zachycenim

z rodiny

Na zdkladé koliznich modeld popsanych v ptredchozich dvou podkapitolach jsme
ukazali, ze je obtizné vysvétlit strmé rozdéleni velikosti skupiny Zhongguo ,béznymi“
procesy (jako jsou primé zachyceni z pozad'ové populace hlavniho pasu nebo vznik
asteroiddlni rodiny), které mohly probéhnout béhem rezonan¢niho zachyceni ne-
bo pozdéji. V této ¢asti jsme se tedy rozhodli nejprve nalézt pocatecni parametry,

které by rozdéleni velikosti muselo mit, aby koliznim vyvojem po dobu 4 Gyr preslo

!Abychom byli ptesnéjsi, rozdéleni velikosti ziskand v nasich simulacich leZi mirné pod trov-
ni pozorovaného rozdéleni, tato neshoda muze byt ovem snadno odstranéna, pokud bychom do
inicidlni populace zatadili o trochu vétsi materské téleso.
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6. KOLIZNI VYVOJ STABILNI POPULACE V REZONANCI 2:1

v rozdéleni pozorované. Nasledné budeme diskutovat proces, pri kterém se takové
rozdéleni mohlo utvorit.

Pocatecni parametry. Uzitim pristupu pokusu a omylu jsme dospéli k vhod-
nému pocatecnimu rozdéleni velikosti s nasledujicimi parametry: D, = 10km, D, =
5km, q, = —6,6, q, = —6,6, q. = —3,5, N,;,, = 12. Zména sklonu v misté D, je nut-
nd z toho dtvodu, aby thrnnd hmota obsaZzend v populaci nabyvala realistickych
hodnot. Rozdéleni velikosti hlavniho pasu a disku komet jsou stejna jako v pred-
chazejicich modelech.

Vysledek 100 béhi kolizniho kédu je uveden na obrazku 24l Vyvinuté rozdé-
leni velikosti rezonancni populace velmi dobte reprodukuje rozdéleni pozorované.
Strmé ¢asti maji stejny sklon, jedinym rozdilem je nadbytek malych asteroidt v roz-
déleni syntetické populace. Je vSak tfeba si uvédomit, Ze pozorované rozdéleni je
zfejmé s klesajicim D zatiZzeno observacni nedostatec¢nosti, proto neni nalezeni do-

konalé shody v oblasti malych asteroidti nas$im zdmérem.

109 '[ N MR | T | T N |

8

10

initil come;s
evolved MB
100 F initial MB
observed MB
10 b synthetic Zhongguos
initial Zhongguos
observed Zhongguos

number of asteroids N(>D)

0.1 1000

diameter D / km

Obrazek 24: Obdoba obrazki [22] a 23] nyni vSak pfimo hleddme pocate¢ni parametry pro
syntetickou skupinu Zhongguo, které jsou potiebné k tomu, aby se jeji rozdéleni velikosti
vyvinulo vlivem kolizi v rozdéleni pozorované.
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6.4 Vznik strmého rozdéleni velikosti zachycenim z rodiny

Zachyceni z rodiny. Mechanismus, jez by mohl byt zodpovédny za vznik vyso-

kého pocatecniho sklonu, by mohl byt nasledujici (a je tzce spjat s efektem popsa-

nym Carrubou a kol. (2014)). Predpokladejme, Ze rezonanc¢ni zachyceni probéhlo

z hypotetické asteroiddlni rodiny lezici ve vnéjsim hlavnim pasu, namisto zachyce-
ni z pozad’'ové populace. Do stabilnich ostrovli se miiZze zachytit pouze ¢ast rodiny,
protoze skok 2:1 rezonance je nahly (nejedna se o sweeping), efektivita zachyceni
je omezend (viz kapitola B) a $ifka ostrovi v hlavni poloose je relativné mala (viz
napiiklad obrazek [3). Pokud ¢ast shluku fragmentd, kterd je do rezonance zachy-
cena, lezi pivodné dél od pocateéni pozice matetského télesa, bude jeji rozdéleni
velikosti velmi strmé. Divodem je vy$si rychlost vyhozu malych fragmenti — ty

se pak mohou dostdvat na drahy, které jsou matefskému télesu vzdalené, zatimco

velké fragmenty setrvavaji pobliz matetského télesa ( icky , ZD_O_d).
Pro otestovani popsané hypotézy jsme pouzili jednoduchy test Monte—Carlo. Vy-
generovali jsme rovnomérné rozdéleni 10000 testovacich ¢éstic omezené nerov-
nostmi 2,52 < a < 2,70AU a log,, (|a —a/2- 10—4) /0,2 < H < 16 mag v roviné
(a,H), kde a, ~ 2,64 AU je centrdlni hodnota hlavni poloosy a H je absolutni hvézd-

na velikost (timto postupem jsme vytvorili syntetickou rodinu s typickym rozdéle-
nim v roviné (a, H), které ve srovnani s pozorovanymi rodinami pfipomina napfi-
klad rodinu Eunomia). Nakonec jsme testovacim c¢ésticim ptitadili velikosti D na
zékladé jejich absolutnich hvézdnych velikosti H, za predpokladu jediné hodnoty
vizudlniho geometrického albeda p, = 0,05. Ndsledné jsme ze syntetického shlu-
ku fragment ndhodné vybirali podskupiny spadajici do intervalu hlavnich poloos
o Sifce Aa = 0,02 AU. V takto vybranych podskupinach jsme monitorovali rozdéleni
velikosti a porovndvali ho s rozdélenim celé syntetické rodiny.

Priklad takového srovnani je vidét na obrazku Je zfejmé, ze pti zachyce-
ni ¢dsti rodiny mohou vznikat velice strma rozdéleni velikosti. Vysledny sklon je
dokonce jesté vyssi, nez je potrebny pocatecni sklon rozdéleni velikosti skupiny
Zhongguo. Poznamenejme, ze popsany mechanismus nevyzaduje, aby strmé rozdé-
leni méla rodina jako takova. Vysokého sklonu je dosazeno pozdéji — selektivnim

zachycenim z vhodné oblasti.
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6. KOLIZNI VYVOJ STABILNI POPULACE V REZONANCI 2:1

16

14 Pk

12

10

syntheticv =, *. +
family -

absolute magnitude H [mag]
selected part
a, = 2.54 10 2.56 AU

2.52 2.56 2.6 2.64 2.68
proper semimajor axis ap [AU]

1000

synthetic
-, family

100 selected part
a, = 2.54 10 2.56 AU

10 ¢

number of asteroids N (>D)

diameter D [km]

Obrazek 25: Zdvislost absolutni hvézdné velikosti H na vlastni hlavni poloose a;, pro synte-
tickou rodinu planetek (horni panel). Rodinu pouzivdme pro jednoduchy test Monte—Carlo,
ve kterém studujeme, jak se méni tvar a sklon rozdéleni velikosti, pokud vybereme pouze
¢dst rodiny. Priklad porovnani rozdéleni velikosti, pro ¢ast vymezenou v hornim panelu
svislymi carami, ukazuje spodni panel. Porovhdvame kumulativni rozdéleni velikosti ce-
1é syntetické rodiny (Carkovana Cara) a jeji casti (plna cdra). Strmé casti rozdéleni jsou
posléze aproximovany mocninnou funkci, jejiz exponent je uveden vedle ptislu$nych fitd.
V tomto konkrétnim ptipadé je pro vybranou cast rodiny dosazeno vysoké hodnoty indexu
sklonu y = —11.
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6.4 Vznik strmého rozdéleni velikosti zachycenim z rodiny

Provazani s dynamickymi modely. Mezi koliznim modelem, ktery ptredpo-
klada zachyceni z rodiny, a dynamickym modelem, ktery jsme popsali v kapitole [3]
lze nalézt zajimavou vazbu. V zdvéru kapitoly 3] jsme diskutovali, Ze by zdrojova
populace pro rezonan¢ni zachyceni méla obsahovat nadbytek asteroidi s nizkym
sklonem, aby bylo mozné vysvétlit vysokou koncentraci planetek na mdlo skloné-
nych drahach (I, < 0,1) v ostrové B. Takovou vhodnou zdrojovou populaci by mohla
byt praveé asteroidalni rodina. A naopak lze samoztejmé tvrdit, Ze pokud rezonan¢ni
zachyceni skutecné probéhlo z hypotetické rodiny ve vnéjsim hlavnim pdsu, musela

se tato rodina ptivodné nachdazet na nizkych sklonech.
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Zavér a budouci prace

Aktualizace populace. V této praci jsme provedli revizi populace asteroid,
které se nachdzeji v rezonanci 2:1 stfedniho pohybu s Jupiterem, a to na zakla-
dé nejnovéjsich observacnich dat. Aktualizovand populace nyni obsahuje 370 pla-
netek, které mohou byt rozdéleny do skupiny 140 dynamicky nestabilnich a sku-

piny 230 stabilnich asteroidii. Odvozené fyzikalni vlastnosti jsou v dobré shodé

s predchdzejicimi pracemi, které se rezonanc¢ni populaci zabyvaly (Roi koll,

v

; ickyl, IZD_O_é). Noveé bylo mozné ziskat odhad stredniho albeda
py = (0,08 £0,03), zalozeny na datech z databaze WISE ‘Ma.sjﬂp_a_kolj, IZQL’IJ).

Studovali jsme dlouhodobou dynamiku dvou kvazistabilnich ostrovii A a B, s po-

uzitim vysledkt prace Skoulidou a kol. (v pfipravé), kde byl sestaven dynamicky
model zohlednujici téz perturbace pochdazejici od terestrickych planet a Jarkovské-
ho drift v hlavni poloose. Populace v ostrovech se dynamicky rozpada ptiblizné
podle exponencidlniho zdkona, ale mira difuze je vyssi v ostrové A. Charakteris-
tické casy exponencidlniho poklesu jsou 0,57 Gyr v pripadé ostrova A a 0,94 Gyr
v pripadé ostrova B. Dynamicky vyvoj na Skalach miliard let tedy vede k diferen-
cidlni difuzi planetek z ostrovi, coZ je jeden z divodu pro pozorovanou asymetrii
v poméru populaci A/B.

Numerické metody. Revidovali jsme dynamické simulace s predepsanou mi-

graci obrich planet, které byly pouzity v bakalarské praci Chrenka ( ). Ukazali
jsme, Ze ptvodni pfistup s vyuzitim integratoru, ktery predepsany migrac¢ni scé-
nar linedrné interpoluje v orbitdlnich elementech, neni pro studium 2:1 rezonance
vhodny, nebot neumoznuje presné reprodukovat orbitdlni vyvoj v rezonanci v sou-
casné slunecni soustave. Vyvinuli jsme proto integrator, ktery vyuziva algoritmus
interpolace v kartézskych soutadnicich a rychlostech, a provedli jsme jeho verifi-
kaci. Rovnéz jsme ptehodnotili jednotlivé kroky, podle nichZz jsme ddle postupo-
vali pti poc¢itani dynamickych modeld ve scéndii péti obtich planet s nestabilitou

,skédkajictho Jupiteru“ N_QSJLOII];L&LMQEJH, IZDJ_j).

Testované hypotézy. Hlavnim cilem prdce bylo vysvétlit vznik dynamicky sta-

bilni populace, samoziejmé s ptihlédnutim k observa¢nim omezenim (zejména k a-
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symetrii v poctu asteroid@ v ostrovech A/B, k rozdiltim v jejich orbitalnich sklonech,

a ke strmému rozdéleni velikosti). Testovali jsme pritom dvé hypotézy:
1. zachyceni planetek z vnéjsitho hlavniho pasu a

2. preziti primordidlnich stabilnich planetek; oboji béhem migrace planet se sko-

kem Jupiteru.

Vysledky dynamickych modeld. NaSe simulace nestability planetdrniho sys-
tému naznacuji, Ze v principu jsou oba procesy mozné. Zachyceni samotné, spolu
s naslednou difuzi béhem dlouhodobého dynamického vyvoje, umoznuje vysvétlit
pozorovanou populaci v obou ostrovech, pokud predpokldddame, Ze pocet planetek

v hlavnim pasu byl pred 4 Gyr trikrat vys$i nez v soucasnosti, jak navrhli Minton

& Malhotra (2010). Nas model predpovida, ze bychom v soucasnosti méli v ostrove

A pozorovat N =1 az 3 planetky vét$i nez D = 5km. V ostrové B by se mélo
nachdzet N = 62 az 121 téles s D > 5km. Pro srovndni uvedme pozorované
hodnoty N2 = 2 a N = 71. Model a pozorovdni se v rdmci nejistot velmi dobte
shoduji.

Modelovali jsme téz pozdni hladkou fazi planetarni migrace, abychom prozkou-
mali moznost rezonance mezi libra¢ni periodou P, téles v J2/1 a rostouci perio-
dou P, velké nerovnosti Jupiteru a Saturnu. Vliv tohoto efektu na stabilni populaci

zavisi na casové skale pozdni migrace. Pokud probéhla za 7 ~ 30 Myr (coz odpovi-

da scénartim z prace Nesvorného & Morbidelliho ‘E)), destabilizace ostrovi by
nebyla podstatna a umoznila by zachycené populaci prezit ve stavu, ktery je srovna-
telny s pozorovdnim. Model se zohlednénou pozdni migraci pfedpovidd N %! =0
az 1 a NP9 = 40 az 78. Pokud vSak byla ¢asovd $kédla pozdni migrace © ~ 60 Myr,
chaos ve stabilnich ostrovech by byl zesilen po dobu dostatecné dlouhou na to,
aby potetnost stabilni populace zna¢éné poklesla, a to na hodnoty N™%! = 0 aZ 1
a Nedel = 22 a7 42, coz by neodpovidalo pozorovanim.

V ptipadé primordidlnich planetek jsme z naSich simulaci vyvodili, ze priblizné
1% téles z ostrova A a 4% téles z ostrova B mohou prezit migraci na stabilnich
drahdch. Nicméné jsme diskutovali, zZe prispévek primordidlnich planetek k pozo-

rované populaci je patrné zanedbatelny. Aby totiz primordialni populace preckala
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i 4Gyr orbitdlniho vyvoje po skonceni migrace, musela by na pocatku vykazovat
casticovou hustotu vétsi, nez navrhli Minton & Malhgtré ‘2£21d), alespon faktorem

deset. AvSak pro tak vyraznou odliSnost ¢asticovych hustot hlavniho pdsu a rezo-

nanc¢ni populace zfejmé neexistuje rozumny davod.

Vysledky koliznich modelti. Zkonstruovali jsme nékolik koliznich modeld,
pomoci nichz jsme ukazali, Ze pozorované strmé rozdéleni velikosti stabilnich pla-
netek nemuze byt vysvétleno pomoci zachyceni z pozad'ové populace hlavniho pdsu
postizeného velkym pozdnim bombardovanim. Ukdzali jsme rovnéz, Ze vznik aste-
roiddlni rodiny katastrofickym rozpadem uvnitf rezonance 2:1 je nepravdépodob-
ny.

Zaveér a vystupy prace. NaSim hlavnim zavérem je, Ze stabilni populace vznik-
la zachycenim ¢dsti hypotetické rodiny, ktera se ptivodné, pted skokem Jupiteru, na-
chdzela ve vnéjsim hlavnim pdsu. Je-li nase hypotéza spravnd, pak stabilni asteroi-
dy v rezonanci 2:1 predstavuji patrné nejstarsi identifikovatelné zbytky asteroidalni
rodiny v hlavnim pasu.

Re$eni diplomové prace a ziskané vysledky poslouzily jako podklad pro dalsi
védecky hodnotné vystupy. Predevsim se jednd o odborny ¢lanek s ndzvem The ori-
gin of long-lived asteroids in the 2:1 mean-motion resonance with Jupiter, ktery byl
podan do ¢asopisu Monthly Notices of the Royal Astronomical Society. Clanek byl
pripravovan v mezinarodni spoluprdci s dalSimi védci z oboru — Davidem Nesvor-
nym a Kleomenisem Tsiganisem. Ddle jsme vysledky prezentovali formou prednas-
ky na vrcholné konferenci oboru planetarnich véd AAS DPS 2014 v Tucsonu (Ari-
zona, USA). Vyzkum jsme zaroven provadeéli v ramci grantového projektu GA UK
¢. 1062214.

Budouci prace. Jako budouci prdci, o kterou by $lo stavajici studii rozsirit,
navrhujeme zkonstruovat provazany model dynamického i kolizniho vyvoje stabil-
ni populace, nebot dosud jsme orbitalni vyvoj a srazky simulovali oddélené. Da-
le by bylo vhodné prostudovat hypotetickou primordidlni populaci v obdobi pted
samotnou nestabilitou ,skdkajiciho Jupiteru®, abychom posoudili, zda se ¢asticova

hustota uvnitf ostrovi stability mohla lisit od ptilehlého hlavniho pasu. To by ov§em

vyzadovalo hydrodynamické simulace protoplanetarniho plynného disku ( ,
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), ktery ovliviioval pohyby obftich planet, pficemz aerodynamické treni o plyn
bezpochyby piisobilo i na télesa nachazejici se v rezonanci 2:1 (viz obrazek [26]).

density log;, p

-15 -1 -05 0 05 1 15

X

Obrazek 26: Ukdzka 2D hydrodynamické simulace vyvoje plynného protoplanetdrniho dis-
ku s vnofenou obii planetou, kterou jsme spocetli pomoci kédu FARGO M, 2000).

Planeta o hmotnosti Jupiteru je umisténa na fixni kruhové draze. Disk je parametrizovan
kinematickou viskozitou v = 107> a spad4 do limity tenkych disktt (H/r = 0,05, kde H
je tloustka disku a r je radidlni soutfadnice). Vypocetni sit rozdéluje disk na 128 tseku
v radidlnim a 384 tseki v azimutdlnim sméru. Na obrdzku se systém nachdzi ve stavu po
500 obézich planety. Zobrazovanou velicinou je plosna hustota, resp. jeji logaritmus. Bila
kruznice vyznacuje pribliznou polohu rezonance 2:1 stredniho pohybu s planetou.
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pfi jeho podani do Casopisu Monthly Notices of the Royal Astronomical Society ke
dni 4. 4. 2015 (¢lanek v dobé vydani diplomové prace teprve prochdzel recenznim
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1 INTRODUCTION

ABSTRACT

The 2:1 mean-motion resonance with Jupiter harbours two distinct groups of
asteroids. The short-lived population is known to be a transient group sustained in
steady state by the Yarkovsky semimajor axis drift. The long-lived asteroids, which
can exhibit dynamical lifetimes comparable to 4 Gyr, reside near two similar isolated
stable islands denoted A and B, with an uneven population ratio B/A ~ 10. Moreover,
the inclinations of B-island asteroids are mostly low, unlike those of A-island asteroids.
Finally, their size-frequency distribution is steep but the orbital distribution lacks any
evidence of a collisional cluster. These observational constraints are somehow puzzling
and therefore the origin of the long-lived asteroids has not been explained so far.

We use new observational data and also recent advances on the theories of plan-
etary migration to provide a viable explanation. First, we update the resonant pop-
ulation and revisit its physical properties. Using an N-body model with complete
planetary system and the Yarkovsky effect included, we demonstrate that the dynam-
ical depletion of island A is faster, in comparison with island B. Then we investigate (i)
the survivability of primordial resonant asteroids and (ii) capture of the population
during planetary migration, following a recently described scenario with an escap-
ing fifth giant planet and a jumping-Jupiter instability. We also model the collisional
evolution of the resonant population over past 4 Gyr. Our simulations and dynamical
maps imply that 5 per cent of the primordial population can survive the migration and
resonant capture occurs with 6.5 per cent efficiency, but we also suggest that primor-
dial asteroids were not numerous enough to substantially contribute to the observed
population. We conclude that the long-lived group was probably created by resonant
capture from a hypothetical outer main-belt family during planetary migration.

Key words: minor planets, asteroids: general — methods: numerical.

as it was realised by observations in the 20th century (the
first resonant asteroid (1362) Griqua was recognized in 1943

The 2:1 mean-motion resonance with Jupiter, hereinafter
denoted as J2/1, is one of the major first-order Jovian res-
onances intersecting the main asteroid belt. It is associated
with the Kirkwood gap known as the Hecuba gap (Kirkwood
1867; Schweizer 1969), which is commonly considered to be
the borderline separating the outer main belt and the Cy-
bele region. Its name is derived from (108) Hecuba which is
an outer main-belt asteroid but technically does not exhibit
the exact 2:1 commensurability (Schubart 1964).

The 2:1 resonance, which was originally believed to be
depleted of asteroids, harbours several small-sized bodies

* E-mail: chrenko@sirrah.troja.mff.cuni.cz
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(Rabe 1959)). The follow-up studies based on analytical and
semi-analytical methods (e.g. Murray 1986; Moons, Mor-
bidelli & Migliorini 1998), symplectic mapping (e.g. Roig
& Ferraz-Mello 1999) and frequency analysis (e.g. Nesvorny
& Ferraz-Mello 1997) helped to get insight to the internal
structure of the resonance and to investigate the character
of various resonant orbits affected by a complicated inter-
play between the J2/1 and overlapping secular (Morbidelli
& Moons 1993) and secondary resonances (Wisdom 1987;
Henrard, Watanabe & Moons 1995). In particular, it was
discovered that while the regions of the overlap give rise to
a strongly chaotic behaviour of the asteroidal orbits, there
are two separate regions of quasi-regular motion located in-
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side the resonant part of the phase space (Franklin 1994;
Michtchenko & Ferraz-Mello 1997). These regions were des-
ignated as stable islands A and B (Nesvorny & Ferraz-Mello
1997, see e.g. Fig. 1).

However, it was also suggested by Ferraz-Mello,
Michtchenko & Roig (1998) that the stability of the islands
could have been weakened in the past. The mechanism re-
sponsible for this increase of chaos was introduced as 1:1
resonance of the J2/1 libration period with the period of
Jupiter-Saturn great inequality (GI). Although the present
value of the GI period is 880yr, it was probably smaller
when configuration of planetary orbits was more compact
and it slowly increased during Jupiter’s and Saturn’s diver-
gent migration. If the value of the GI period was temporarily
comparable with the libration period of the J2/1 asteroids
(which is typically ~ 420 yr), the aforementioned resonance
would have occurred.

With ongoing improvements of the observation tech-
niques and sky surveys, it was discovered that there is a
population of asteroids inside the J2/1 which is numerous
enough to be analyzed statistically with numerical methods.
Long-term integrations in the simplified model with four gi-
ant planets were performed by Roig, Nesvorny & Ferraz-
Mello (2002) who identified both short-lived and long-lived
asteroids within the observed population, which consisted of
53 bodies by then. Investigating resident lifetimes of the res-
onant asteroids, Roig et al. (2002) demonstrated that part
of the population escapes from the resonance on time-scales
~10 Myr, while other asteroids may have dynamical lifetimes
comparable to the age of the Solar System. The orbits of
these long-lived asteroids were embodied in island B and
part of them was also present in its surroundings, being af-
fected by chaotic diffusion. Surprisingly, the stable island A
was empty.

In a series of papers focused on the 2:1 mean-motion res-
onance, Broz et al. (2005) and Broz & Vokrouhlicky (2008)
identified significantly more bodies as resonant. The latter
catalogue contained 92 short-lived and 182 long-lived aster-
oids. They also realised that nine of the long-lived asteroids
were located in island A, while the rest was residing in the
island B and its vicinity. They successfully explained the
origin of the short-lived asteroids by a numerical steady-
state model, in which the resonant population was replen-
ished by an inflow of outer main-belt asteroids driven by the
Yarkovsky semimajor axis drift. However, this model fails in
the case of the long-lived population which was thought to
be created by Yarkovsky induced injection of the nearby
Themis family asteroids that exhibit similar inclinations as
the B-island asteroids. Broz et al. (2005) showed that the ob-
jects transported from Themis are usually perturbed shortly
after entering the resonance and rarely reach the islands.

Roig et al. (2002) argued that the steep size-frequency
distribution (SFD) of the long-lived asteroids, which was far
from a steady-state situation (Dohnanyi 1969), could imply
recent collisional origin. On the contrary, there was no col-
lisional cluster identified in the orbital distribution by Broz
& Vokrouhlicky (2008), thus a collisional family would have
to be older than 1 Gyr. Moreover, the presence of the high
inclined A-island asteroids would require unrealistic ejection
velocities, assuming that the disruption occurred in the more
populated island B.

As there is no self-consistent explanation, the main goal

of this paper is to provide a reasonable model for the forma-
tion and evolution of the long-lived population, taking into
account the paucity of bodies in island A, the differences in
the inclination and the non-equilibrium size distribution.

The long dynamical lifetimes of the dynamically sta-
ble asteroids, together with the failure of the aforemen-
tioned hypotheses, strongly indicates that their origin may
be traced back to the epoch of planetary migration. Recent
advances in migration theories suggest that a primordial
compact configuration of planetary orbits and subsequent
violent planetary migration might have led to a destabiliza-
tion of several regions that are otherwise stable under the
current planetary configuration. The populations of Trojans
and Hildas (Nesvorny, Vokrouhlicky & Morbidelli 2013; Roig
& Nesvorny 2014) may serve as examples of such a process:
the primordial populations in the 1:1 and 3:2 resonances
with Jupiter were totally dispersed and the observed popu-
lations were formed by resonant capture of bodies, originat-
ing either in the outer main belt or in the transneptunian
disc of comets. It seems inevitable that the 2:1 resonance
with Jupiter also undergoes significant changes of its loca-
tion, inner secular structure and asteroid population, during
the planetary migration.

The structure of the paper is as follows. We first use the
latest observational data from the databases AstOrb, Ast-
DyS, WISE and SDSS to update the observed population
in Section 2. We also briefly review the characterization of
resonant orbits and describe a method of dynamical map-
ping. In Section 3, we study whether the planetary migra-
tion may cause depletion or repopulation of the long-lived
J2/1 asteroids. The dynamical models we create are based
on simulations with prescribed evolution of planets in con-
text of the modern migration scenario with five giant plan-
ets and jumping-Jupiter instability (Nesvorny & Morbidelli
2012). Section 4 is focused on dynamical simulations cover-
ing the late stage of planetary migration during which the
GI period evolution might have influenced the stability of
the long-lived asteroids. In Section 5, we examine the effects
of collisions on the long-lived population. Finally, Section 6
is devoted to conclusions.

2 OBSERVED RESONANT POPULATION

In this section, we first describe methods we use for identi-
fication and description of resonant orbits as well as for dy-
namical mapping of the resonance. Our approach is similar
to the one used by Roig et al. (2002). We identify resonant
orbits in a recent catalogue of osculating orbital elements
and we study their dynamical lifetimes on the basis of long-
term numerical integrations in a simplified model with four
giant planets only. Our goal is also to survey available data
for physical properties of the population, namely the abso-
lute magnitudes, sizes and albedos. In the last subsection,
we revisit results of Skoulidou et al. (in preparation) in or-
der to compare the simplified four-giant-planet model with
a more sophisticated framework including terrestrial planets
and the Yarkovsky effect. Especially, we look for the differ-
ences in the dynamical decay rates in the stable islands A
and B.
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2.1 Characterization of resonant orbits
The 2:1 resonance critical angle is defined as:
c=2\1—-A—w, (1)

where Ay and A are the mean longitudes of Jupiter and of
an asteroid, respectively, w is the asteroid’s longitude of
perihelion. The critical argument of any body trapped inside
the J2/1 resonance librates (quasi-periodically changes on
an interval < 27) with a typical period of about 420 yr. On
the other hand, the critical argument of the asteroids outside
the resonance circulates. This provides us a useful tool for
the identification of the resonant asteroids.

The libration of o is linked to periodic changes of the
osculating semimajor axis a, the eccentricity e and the incli-
nation I. These changes are coupled together as described
by the adiabatic invariant N of the asteroid’s motion in the
circular and planar restricted Sun—Jupiter—asteroid system

N:ﬁ(?—\/l—ezcosl). (2)

The presence of other planets and variable eccentricity of
Jupiter’s orbit give rise to multiple perturbations in the J2/1
and prevent integrability of the orbits.

None the less, the a, e, I coupling is preserved to a cer-
tain degree. Semimajor axis oscillates around the libration
centre, which is positioned approximately at the exact res-
onance ares =~ 3.27 AU. The eccentricity and inclination at-
tain their maximal values when the oscillation of a is at its
minimum and vice versa.

An inconvenient consequence of this behaviour is that
the standard averaging methods for the computation of
proper elements (Knezevié & Milani 2003) do not retain any
information about the libration amplitude (i.e. the proper
semimajor axes of all resonant asteroids approach the value
of ares). Therefore the proper elements are not the appro-
priate choice when studying resonant orbits.

In order to properly characterize the libration ampli-
tude, we use an alternative set of resonant (or pseudo-
proper) elements (Roig et al. 2002). The idea is to record
the osculating orbital elements at the moment when they
reach their extremal values during the libration cycle. These
values can be found as the intersections with a suitably de-
fined reference plane in the osculating elements space. A set
of conditions determining this plane can be written as

a:O/\dd—:>O/\w7‘w;;:O/\Q*QJ=07 (3)
where €2 denotes the longitude of node and subscript J is
used for Jupiter, and it enables the resonant elements to
be recorded when the osculating semimajor axis a reaches
its minimum, the eccentricity e and the inclination I attain
maxima. Note that as a consequence, the J2/1 asteroids are
always depicted on the left-hand side (closer to the Sun) of
the libration centre in the resonant elements space (see e.g.
Fig. 2).

Moreover, temporal evolution of resonant elements may
serve as the first indicator of the stability. The reason is that
stable orbits exhibit stable libration with only a small vari-
ation around the mean value. Therefore, successive intersec-
tions with the reference plane do not considerably move and
the recorded resonant elements are nearly exact constants
of motion. The situation for the unstable orbits is just the
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opposite and the intersections slowly disperse in time. This
fact propagates numerically to the resulting resonant ele-
ments, if we compute their standard deviation as an error
of the mean value obtained over a significant period of time
(~100 kyr).

Nevertheless, due to higher order perturbations and sec-
ular effects, the above conditions are seldom satisfied exactly
and one has to use less confined criteria in the following form
when numerically integrating the orbits:

o A o
lo] <5 /\ﬁ>0/\|w7w;r|<5. (4)

We use the difference between successive numerical time
steps (denoted as Ac) rather then the time derivative. Note
that we completely omit the condition for Q2. This simplifi-
cation can be compensated by verifying that the maximal
value of the inclination is reached when recording the reso-
nant elements.

2.2 Dynamical maps

In this section, we summarize our approach to dynamical
mapping of the 2:1 resonance and its secular structure. Our
method is verified by comparing the map computed for the
present configuration of planets with the separatrices and lo-
cations of secular resonances derived by Moons et al. (1998).
An important outcome is our ability to record global changes
inside the resonance when the planetary orbits are recon-
figured and also to examine dynamical stability in various
regions of the resonant phase space.

Our method employs the definition of the resonant el-
ements. The respective values should change systematically
in the case of unstable resonant orbits and on contrary, they
should only oscillate with small variations in the case of sta-
ble orbits. The same behaviour is exhibited by actions of
a dynamical system; time series of their extremal or mean
values are therefore often used for dynamical mapping (e.g
Laskar 1994; Morbidelli 1997; Tsiganis, Knezevi¢ & Var-
voglis 2007).

We proceed as follows. Divide an investigated part of
the phase space into the boxes of the same size. Let the cen-
tral coordinates (a, e, I') of each box represent a set of initial
resonant elements (this is accomplished by setting the os-
culating angular elements so that condition (3) is fulfilled).
Integrate the initial orbits over several millions of years and
track the evolution of the resonant elements. Determine the
differences da,, de, and § sin I; between the initial and final
(or the last recorded) resonant elements. These values rep-
resent the dynamical stability of the initial orbit and we use
them as a characteristics of the entire box.

For the purpose of expressing the total displacement in
the phase space, we define the distance

d= \/(M>2 + (der)? + (§sinIy)?, (5)

Ay

where a, denotes the arithmetic mean of the initial and final
resonant semimajor axis. The distance d is similar to the
metric used in the Hierarchical Clustering Method (Zappala
et al. 1995) for family identification.

In order to verify our method, we constructed a dynam-
ical map of the 2:1 resonance in the present configuration
of planets. We investigated the phase space in the intervals
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a € (3.195,3.275) AU, e € (0.1,0.5), I € (0°,25°) and split
them into a grid of 40 x 40 x 5 boxes. With the aim to im-
prove our statistics, we randomly generated two more test
particles in the vicinity of each central particle (the disper-
sion of particles is not exceeding 20 per cent of the box size).
In this way we created the initial conditions for 24,000 test
particles.

In the next step, we integrated the orbits for tspan =
10 Myr. For all these simulations, we use the symplectic in-
tegrator SWIFT (Levison & Duncan 1994) with a built-in
second-order symplectic scheme (Laskar & Robutel 2001)
and with an implementation of digital filters for the compu-
tation of the resonant elements based on criterion (4) (Broz
et al. 2005). This symplectic integrator enables us to use a
time-step At = 91.3125d. The simulations we perform are
simplified: as we study the outer main-belt we take into ac-
count only the gravitational interactions with the Sun and
the four giant planets. The terrestrial planets are neglected,
except for a barycentric correction applied to the initial con-
ditions. We use the Laplace plane to define our initial frame
of reference. We do not consider any non-gravitational ac-
celeration at this point.

The final step was to calculate the distance d for each
test particle. The average value d for the particles initially
placed in the same box was taken as a measure of the dy-
namical instability in the box. Note that there is no temporal
measure in this method, i.e. the map reflects the maximal
displacement in each box during the integration timespan
tspan but it does not say how fast did this displacement oc-
cur.

We plot the mean values d in the top panel of Fig-
ure 1. The map is an average projection of all sections in
sin I; to the (ar,er) plane. It can be compared with several
separatrices derived by Moons et al. (1998). It is clear the
map reflects the inner secular structure of the 2:1 resonance
very well: we can locate both the stable islands A and B,
separated by the vig secular resonance. The borderline at
higher values of e, is formed by the Kozai and vs separatri-
ces. The low-eccentricity region near the libration centre is
affected by presence of multiple secondary resonances (Roig
& Ferraz-Mello 1999).

The bottom panel of Fig. 1 displays the projection of
our map to the (ar,sinl;) plane but this time for a small
interval of e, because the shape of the separatrices and stable
islands strongly depends on e,. The map demonstrates how
the shape of the stable islands changes with the resonant
inclination I,.

Let us conclude that the suitability of the resonant ele-
ments for the dynamical mapping serves as an independent
confirmation that they indeed reflect the regularity of res-
onant orbits and they retain important properties of the
proper elements at the same time.

2.3 Lifetimes of asteroids in the 2:1 resonance

Let us now discuss our approach to the identification and
classification of the resonant asteroids. We numerically prop-
agated the orbits of known numbered and multi-opposition
asteroids in the broad surroundings of the J2/1 to identify
those trapped inside, using a time series of the critical argu-
ment o. We extracted the osculating elements of the main-
belt objects from the AstOrb database (Bowell 2012) as of
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Figure 1. A dynamical map of the 2:1 mean-motion resonance
with Jupiter computed in the present configuration of giant plan-
ets. Top panel: the map is plotted in the resonant semimajor axis
a, vs resonant eccentricity e, plane and it is averaged over five sec-
tions in the resonant inclination sin Ir. The color coding of boxes
represents the average distance in the phase space travelled by a
test particle with initial orbital elements placed within the box.
Additionally, separatrices and borders of the secular resonances,
which were computed by Moons et al. (1998), are plotted over the
map. The left solid line corresponds to the separatrix of the J2/1.
The near-vertical solid line is the libration centre of the J2/1. The
dotted lines indicate the v16 and vs resonance, and the dashed
line represents the Kozai resonance. We mark the stable islands
denoted A and B and also the region of overlapping secondary
resonances (Roig & Ferraz-Mello 1999). Bottom panel: the map
plotted in the resonant semimajor axis ar vs sine of resonant in-
clination sin I, plane. It was computed for test particles with the
resonant eccentricity e, = 0.25.

2012 November 15 to set-up the initial conditions for the first
short-term integration. Our choice of the borders in the os-
culating (a,e) plane was ey = 0.45(a — 3.24) / (3.1 — 3.24)
and ez = 0.5 (a —3.24) / (3.46 — 3.24). We ended up with
11,469 orbits. The corresponding planetary ephemeris were
taken from JPL DE405 (Standish 2004) for the given Julian
date. We numerically integrated the orbits for 10kyr and
we recorded the critical argument o for each asteroid during
the simulation. We have found 374 librating asteroids.

The following long-term integration requires a different
approach. Our goal is to determine the future orbital evolu-
tion of the resonant asteroids and estimate their dynamical
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lifetime. However, we are limited by strong chaotic diffu-
sion in the J2/1. In other words, even a slight change of the
initial conditions can significantly alter the orbital evolu-
tion. Because the orbital elements of each observed asteroid
are only known with a finite accuracy, one should consider
all values within the observational uncertainty as possible
initial conditions to cover all alternatives of future orbital
evolution.

To account for this chaotic behaviour, we first matched
the AstOrb data for librating asteroids with corresponding
AstDyS uncertainties (Knezevi¢ & Milani 2003). The match-
ing failed in four cases' only and hence we discarded these
bodies from the J2/1 population. We then used a pseudo-
random generator to create a bundle of 10 synthetic orbits
for each asteroid which are close to its nominal orbit. The
generated orbital elements fall within the Gaussian distri-
bution (over £3c interval) in the nonsingular osculating el-
ement space. These synthetic test particles are called close
clones. In this manner, we obtained 4,070 orbits (1 nom-
inal and 10 synthetic for each body) which we integrated
over 1 Gyr. By this procedure, we can study several possible
realisations of future orbital motion.

Following again Roig et al. (2002), we define the dy-
namical lifetime 7 as the asteroid’s timespan of residence
inside the resonance. Test particles leaving the resonance
are usually discarded due to highly eccentric or inclined or-
bits, which lead to planetary crossing or fall into the Sun. We
calculated the median dynamical lifetime 7 as the median
value of the residence lifetimes of close clones.

We divided the J2/1 asteroids into three groups by
virtue of their median dynamical lifetime 7 as follows:

e 7 < 70 Myr: short-lived/unstable/Zulus. Number of
identified bodies: 140.

e 7 € (70,1000) Mpyr: long-lived/marginally sta-
ble/Griquas. Number of identified bodies: 106.

e 7 > 1 Gyr: long-lived/stable/Zhongguos. Number of
identified bodies: 124.

For reference, the numbers of resonant asteroids identified
in the previous paper Broz & Vokrouhlicky (2008) were 92
short-lived and 182 long-lived asteroids.

We used the same long-term integration of the resonant
orbits to construct orbital distribution of asteroids in the
J2/1. We calculated average values of the resonant elements
for each asteroid and each close clone over the time interval
of 1 Myr; then we computed the arithmetic mean for the
asteroid and its close clones together. We define the standard
deviation of the resonant elements as the uncertainty of the
arithmetic mean?.

We depict the resulting mean resonant elements as pro-

I These particular bodies have the following designations:
2003 EO31, 2003 HH4, 2006 SE403 and 2006 UF152. The rea-
son for the databases mismatch might be in different methods
used for orbit identification.

2 Let us note that the standard deviations of the mean resonant
elements will be slightly overestimated. The reason for this arises
from our approach to the generation of initial conditions because
the initial elements of the close clones are generated randomly
thus resulting in uncorrelated sets of quantities even though they
should be correlated, as described by the correlation matrices
available in orbital elements databases.
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Figure 2. Orbital distribution of the J2/1 asteroids in the reso-
nant semimajor axis a, vs the resonant eccentricity e, plane (top)
and in a, vs sine of the resonant inclination sin I, plane (bottom).
The symbols correspond to the dynamical lifetime of each body:
filled circles denote dynamically stable Zhongguos, empty circles
marginally stable Griquas, crosses unstable Zulus. The error bars
indicate standard deviations of the computed orbits. We show the
same borders and structures as in Fig. 1. Only a relatively small
part of the unstable population is depicted.

jections to the (ar,er) and (ar,sin I;) planes in Fig. 2. The
orbital distribution exhibits similar properties as in the pre-
vious studies. Zhongguos reside at the very centre of the
stable islands, 11 Zhongguos in island A and 113 in island
B. The majority of B-island Zhongguos have low resonant in-
clinations while A-island Zhongguos are more inclined. Gri-
quas partially overlap with the Zhongguo group, but they
either reside on orbits with lower semimajor axis or higher
inclination than Zhongguos. There is no clear separation be-
tween the orbits of Griquas and Zhongguos. It is therefore
questionable whether the division of the long-lived popula-
tion into these two groups has a solid physical foundation,
apart from the dynamical lifetime. The orbital position of
Griquas with respect to Zhongguos indicates that Griquas
might be chaotically diffusing part of Zhongguos which have
haphazardly entered the periphery regions of the stable is-
lands.

Since we focus on the long-lived population, a great part
of the short-lived bodies is not displayed in Fig. 2 (they are
located outside the range of the plot). The depicted short-
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Figure 3. A histogram of the albedo distribution among the
J2/1 asteroids: the visual geometric albedo py vs the number of
asteroids N. The data for 44 asteroids were available in Masiero
et al. (2011).

lived asteroids are chaotically drifting towards the Kozai
separatrix.

2.4 Albedo, colour and size-frequency
distributions

In order to study the basic physical properties of the J2/1
population, we first searched the WISE database. We were
able to extract the visual geometric albedos py and the ef-
fective diameters D, inferred from NEATM thermal models
by Masiero et al. (2011), for 44 asteroids inside the J2/1
(out of 370).

The data obtained allow us to examine the albedo dis-
tribution in the resonance (Fig. 3). The lowest albedo is
(0.034 & 0.002) while the largest value is (0.24 & 0.03). This
relatively large albedo belongs to 2001 RN2 and indicates
that this particular asteroid is likely the taxonomic type
S. The majority of the asteroids (98 per cent) have albedo
lower or equal to (0.136 £ 0.004). The shape of the albedo
distribution is typical for the outer main-belt region where
C-types dominate.

As the next step, we investigated the diameters of as-
teroids. For the 44 cases we simply use the value D and its
uncertainty. For the rest of the asteroids we calculate their
approximate diameter using the following relation (Harris
1998):

p =124 (6)
VPV

where we insert the absolute magnitude H from the AstOrb

catalogue and we use the mean albedo py = (0.08 £ 0.03).

The standard deviation of D is then computed as the prop-

agated uncertainty of both H and pv.

We construct the cumulative size-frequency distribu-
tions (SFDs) of the resonant population and individual
groups, as shown in Fig. 4. We fit the steep part of the
distribution with a power-law function N (> D) « D” to
estimate the slope parameter « for further comparison. The
value of 7 clearly depends on the chosen interval of diam-
eters over which we approximate the SFDs with the power
law. We set the nominal fitted interval as D € (7.5,18) km.
The SFDs start to bend at the lower limit of this nominal

group nominal v  variation of
short-lived —3.2 (—2.5,-3.7)
long-lived —4.3 (—3.7,-5.1)
Griquas -3.0 (—3.0,-3.3)
Zhongguos —5.1 (—3.9,-5.1)

Table 1. The slopes v resulting from the method of least squares
which we applied to fit the SFDs of dynamical groups with a
power law function N (> D) o« D7. The middle column shows
the result of the fit in the nominal interval of diameters D €
(7.5,18) km, the third column reflects the variation of ~ if the
limits of the interval are shifted.
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Figure 4. Size-frequency distributions (SFDs) of individual dy-
namical groups residing inside the J2/1: the diameter D vs the
cumulative number N (> D) of asteroids larger than D. A loga-
rithmic scaling is used in the plot. The distributions correspond
to the short-lived population (top left) and long-lived popula-
tion (top right), which is then divided to marginally stable Gri-
quas (bottom left) and stable Zhongguos (bottom right). The
steep part of each distribution is approximated with a power-law
N (> D) < D7. The nominal borders of the fitted regions (rang-
ing from 7.5km to 18 km) are shown by vertical lines. The value
of the slope = is also given. We also plot stationary Dohnanyi-like
slope (y = —2.5) for comparison.

interval except for SFD of Griquas which remains steep up
to D ~ 4km. We also record the variation of the slope v by
slightly changing the fitted range of diameters. The results
are summarized in Table 1.

Unlike results of Broz et al. (2005), the SFD of updated
Griquas is not shallower than a Dohnanyi-like SFD with
v = —2.5 (Dohnanyi 1969). Moreover, one can notice that
SEDs of Griquas, Zhongguos and the undivided long-lived
population have similar overall shape (although the slopes
are different). We consider it another argument for common
origin of the entire long-lived population. In Section 5, we
shall use these observed SFDs for comparison with the out-
comes of our collisional models.

© 2015 RAS, MNRAS
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Figure 5. The optimized colour a* vs the i — z colour diagram
of the J2/1 resonant asteroids found in the SDSS MOC cata-
logue. Error bars represent the standard deviations of the dis-
played quantities. The outliers with a* > 0 are labeled with cor-
responding catalogue numbers.

Finally, we also searched the SDSS MOC catalogue
(Parker et al. 2008). We found astrometric and photomet-
ric data for 81 resonant bodies for which we constructed
a colour-colour diagram (see Fig. 5). The principal compo-
nent denoted as a* is defined on the basis of measurements
in filters 7, i and g as a* = 0.89 (g — r) + 0.45(r — i) — 0.57
and it can be used to distinguish C-complex (a* < 0) and
S-complex (a* > 0) asteroids. The distribution in the dia-
gram is typical for outer main-belt C-type asteroids, but one
can also see several outliers with a* > 0. We did not found
any significant relation between the colours and the orbital
distribution.

2.5 The long-term stability of the islands A and B

The observed resonant population has likely evolved over
Gyr-long time-scales. Hence, it is important to assess its dy-
namical stability over similarly long time-spans. This prob-
lem was recently revisited by Skoulidou, Tsiganis & Var-
voglis (2014). Here we will use the main results of this study
that are relevant for our work; a complete dynamical study
will be presented in a different paper (Skoulidou et al. in
preparation).

When studying the outer asteroid belt, we typically ig-
nore the weak perturbative effects of the terrestrial plan-
ets, as this speeds-up the numerical propagation. Skoulidou
et al. (2014) showed that this is not a safe option, when
studying the 2:1 resonant population for time-spans longer
than 1Gyr, as numerous weak encounters with Mars actu-
ally induce small-scale chaotic variations. These variations
build-up slowly with time and eventually assist in breaking
the phase-protection mechanism that would otherwise pre-
vent asteroids on moderately eccentric orbits (e ~ 0.4) from
encountering Jupiter on this time-span. Moreover, when the
Yarkovsky effect is added, asteroids with D < 20km can
escape from the resonance more efficiently. This is because,
as also shown in Broz & Vokrouhlicky (2008), the combined
action of resonance and slow Yarkovsky drift forces the aster-
oid orbits to slowly develop higher eccentricities as a conse-
quence of adiabatic invariance. The computations presented
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Figure 6. Time evolution of the number of resonant objects,
(N (t) /No), normalized to the initial value. This is the result of
a 3 Gyr-long simulation, within the framework of the 7-planets
model and including Yarkovsky-induced drift in a. The two
curves refer to the two islands (A=open triangles and B=solid
circles). Overimposed are the least-square fitted exponentials,
yielding e-folding times of 7o = (0.57 £0.02) Gyr and 78 =
(0.94 £+ 0.02) Gyr, respectively.

in Skoulidou et al. (2014) show that, in a physical model
that takes into account the aforementioned phenomena, the
2:1 population would decay roughly exponentially in time,
with an e-folding time of order 1 Gyr.

In Fig. 6 we present the results of a similar simulation
that spanned 3 Gyr, in a model that contained the seven
major planets (Venus to Neptune; ‘7pl’ model). This sim-
ulation treated the 2:1 population, as was defined by Broz
& Vokrouhlicky (2008). Also, an approximate treatment of
the Yarkovsky acceleration was included in the equations of
motion, assuming a constant drift rate in semimajor axis
equal to 2.7 x 107*D~1 AUMyr~!. For each object its di-
ameter D was estimated, using its catalogued H value and
assuming an albedo of 0.06-0.08, and a value of either 0° or
180° obliquity was randomly assigned. The population was
found to decay exponentially in time, according to what was
described in the previous paragraph.

However, what is more interesting here is that the two
sub-populations that are contained in the two quasi-stable
resonant islands are not diffusing out at the same rate. Fig. 6
shows two sets of curves (one for each island): clearly island
A is depleted faster than island B. Fitting exponentials on
the data, we get the corresponding e-folding times: 7o =
(0.57 +0.02) Gyr for island A and 78 = (0.94 & 0.02) Gyr
for island B. This uneven depletion is an important dynami-
cal property of the resonance and is likely one of the reasons
behind the observed A/B asymmetry. The importance of
this observation will become more evident in the following
sections.

3 EFFECTS OF THE JUMPING-JUPITER
INSTABILITY

We investigate the role of the jumping-Jupiter instability
on the depletion and eventual repopulation of the J2/1 in
this section. We study survival of a hypothetical primor-
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dial population, and resonant capture from the outer main
belt, both in the fifth giant planet scenario (Nesvorny &
Morbidelli 2012). Our simulations cover only the instability
phase itself, demonstrating at first which process is plausi-
ble.

3.1 Simulations with prescribed migration

We adopt the technique suggested by Nesvorny et al. (2013)
for simulating the jumping-Jupiter instability. We modified
the SWIFT_RMVS3 integrator (Levison & Duncan 1994), so
that the evolution of massive bodies is given by a prescribed
input file and the evolution of test particles is computed by
the standard symplectic algorithm. This method allows us
to exclude the transneptunian disc of planetesimals from our
integrations, because its damping and scattering effects are
no longer needed; planets evolve ‘the way they are told’ by
the input file. Moreover, the exact progress of the migration
scenario is then repeatedly reproducible.

The evolution of migrating planets is prescribed by the
fifth giant planet scenario, developed in Nesvorny & Mor-
bidelli (2012) (see Fig. 7). This scenario has already been
proved reliable in terms of reproducing the orbital archi-
tecture of planetary orbits, the period ratios and secular
frequencies, and several distributions of minor solar-system
bodies. The prescribed input file is the result of a com-
plete self-consistent simulation with five giant planets and
a massive transneptunian disc of planetesimals (Maise =
20 MEartn). We use only a 10 Myr portion of the simula-
tion, containing the jumping-Jupiter phase. The input data
sampling is Atinput = 1 yr which is sufficient for our purpose.

Our integrator transforms the input data to the Carte-
sian coordinates (i.e. orbital elements to positions and ve-
locities) and interpolates them according to the integration
time step At = 0.25yr. The interpolation is done by a for-
ward/backward drift along Keplerian ellipses, starting at
input data point preceding/forthcoming to required time
value. The results of both drifts are averaged using the
weighted mean, where the weight depends on temporal dis-
tance between the data points and the required time value.

3.2 Capture from the outer main belt

We investigated a possibility that the resonant asteroids
were captured from outer main-belt orbits near the J2/1
during Jupiter’s jump. We present a simulation of the cap-
ture in this section.

Initial conditions. Initially, we placed 5,000 test particles
uniformly over the region which is about to be covered by
the moving 2:1 resonance. This can be estimated easily by
the third Kepler law since we know the evolution of Jupiter’s
semimajor axis a priori. Our choice of the semimajor axes
distribution was a € (3.06,3.32) AU. The distribution of ec-
centricities and inclinations was also chosen as uniform and
corresponds to the extent of a moderately excited main belt:
e € (0,0.35), I € (0°,15°). The angular elements were ran-
domly distributed over (0°,360°) interval.

Evolution of test particles. We recorded the time series
of resonant elements of the test particles during the inte-
gration and processed them off-line using Savitzky—Golay
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Figure 7. Orbital evolution of giant planets in the fifth giant
planet scenario, adopted from Nesvorny & Morbidelli (2012), dur-
ing the jumping-Jupiter instability, as it was reproduced by our
modified integrator. We plot the time ¢ vs the semimajor axis a,
the pericentre g and the apocentre Q. Each evolutionary track is
labeled with the name of the corresponding giant planet.

smoothing filter with 0.1 Myr range of the running window
and a second order smoothing polynomial.

The result of our simulation is shown in Fig. 8. Note
that for the sake of simplicity, we use the resonant elements
for all particles, even for those not trapped inside the J2/13.
Shortly after the onset of migration, the test particles still
retain the uniform character of the initial distribution. A
few minor mean-motion resonances can be identified. The
apparent gap between the resonance centre and the synthetic
population is intentional, because we do not want any of the
test particles to be initially placed inside the resonance.

After 2 Myr, the relaxation processes start to take place.
The 2:1 resonance changes its position with respect to the
initial one and starts to perturb several eccentric orbits at
the outskirts of the synthetic population. All of the per-
turbed asteroids fall into the short-lived unstable zone (dis-
cussed in Broz et al. 2005). The minor mean-motion reso-
nances begin to pump the eccentricity of the test particles
residing inside them.

At 6.26 Myr, an instantaneous discontinuity, known as
Jupiter’s jump, occurs. The 2:1 resonance, co-moving with
jumping Jupiter, changes its location suddenly and a large
number of test particles flow through the libration zone,
while others are excited and ejected, or left behind in the
emerging inner Cybele region.

Finally at 10 Myr, a population between the left-hand
separatrix and the libration centre is stabilised, as the result
of the resonant capture. The bodies outside the left-hand
separatrix are simply remnants of the initial population of
test particles. A few bodies between the libration centre and
the right-hand separatrix are in fact outside the 2:1 reso-
nance, as well as the asteroids in the Cybele region.

3 The resonant elements of the non-resonant asteroids do not
have any special physical meaning, but they correspond to the
extremal secular variations of osculating elements as given by
equation (4).

© 2015 RAS, MNRAS
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Figure 8. A simulation of the resonant capture from the outer main belt in the fifth giant planet scenario (Nesvorny & Morbidelli 2012).
We plot the evolution of test particles in the resonant semimajor axis ar vs resonant eccentricity e, plane. The vertical line indicates an
approximate location of the 2:1 resonance centre which migrates inwards together with Jupiter. The integration time is shown in three
of panels (¢t = 0, 2, 6.26 and 10 Myr) and corresponds to the timeline in Fig. 7. The dashed arrows and lines indicate an approximate
extent of the libration zone in case of the migrating and stable resonance, respectively. From top to bottom and left to right, the plots
show: the initial conditions, the relaxed population of test particles prior to jump, the state during the jumping-Jupiter instability and
the final state. Note that all test particles are depicted in terms of resonant elements for simplicity (even the non-resonant orbits).

Captured population. Instead of another long-term in-
tegration, we use rather efficient dynamical mapping (in-
troduced in Section 2.2) for checking the stability of the
captured population in the post-migration configuration of
planets. This allows us to identify analogues of the stable
islands A and B in the phase space for this planetary config-
uration. Hence, we can trace the long-lived candidates of our
captured bodies simply by selecting particles with resonant
elements falling within the range of the islands.

The dynamical map for the 2:1 resonance is shown in
the Fig. 9. It covers the phase space in the intervals a €
(3.115,3.195) AU, e € (0.1,0.5) and I € (0°,25°), which
were divided into a grid of 40 x 40 x 5 boxes (and we finally
took an average over all sections in the inclination). We set
up and followed three test particles per box for up to 10 Myr.

Comparing the map with Fig. 1, one can see very similar
structures. The stable islands A and B are there, separated
by the 116 secular resonance. The Kozai resonance separa-
trix can also be easily identified. A major difference is the
shape and size of the A island — the vs resonance is not
present in the depicted part of the phase space, which ef-
fectively enlarges the A island with respect to the present
state. The selected candidates for long-lived orbits are also
shown in Fig. 9. Note that there are very few A-island bodies
captured on highly eccentric orbits, therefore the aforemen-
tioned difference in shape of island A should not strongly
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affect the results. Using the dynamical mapping, we identi-
fied N™" = 69 candidates in island A and N&Y™ = 254
candidates in island B.

The next step is a rescaling of the initial population so
its particle density would reach realistic values. We used
the observed particle density in the main belt for bod-
ies with diameters D > 5km within the following region:
a € (2.95,3.21) AU, e € (0,0.35), I € (0°,15°). The intervals
of e and I correspond to those of our synthetic initial pop-
ulation. On the other hand, the interval of semimajor axes
was shifted into the region which is currently not depleted
by the presence of the J2/1. We further increased this parti-
cle density by a factor of three (Minton & Malhotra 2010) to
account for the dynamical depletion of the main belt after
the reconfiguration of planets during the last ~ 3.85 Gyr. If
we increase the particle density throughout the initial popu-
lation, the number of captured long-lived bodies larger than
5km would be N34 = 1552 and Nic2l°d = 5857 in island
A and B, respectively.

Finally, we assume that the dynamical depletion rate
due to chaotic diffusion is the same for the post-migration
islands as for the islands in the observed configuration.
Knowing the approximate number of captured long-lived as-
teroids, we employ an exponential decay law and the ex-
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tremal values! of the e-folding times in island A and B
7a = (0.57£0.05) Gyr and 78 = (0.94 £ 0.05) Gyr. We
use t = (3.9+0.1) Gyr as a value of the decay time pe-
riod. Combining the results together and identifying the
limit values, our model predicts that we should observe
Nyedel — 1.3 Jong-lived bodies larger than 5km in island
A and Ng°d! = 62-121 asteroids in island B. The observed
values are N3 = 2 and NP = 71. The results of our model
and the observed values are in good agreement, which sup-
ports the resonant capture scenario.

Turning our attention to the bottom panel in Fig. 9, we
can discuss whether the inclination distribution of captured
synthetic bodies can evolve towards the observed one. It can
be clearly seen that the number of low-I asteroids in island
A is lower than the number of high-I asteroids. Assuming
strong depletion of the whole island and considering that
only 1-3 objects larger than 5km may survive up to the
present according to our model, the low-I asteroids are more
likely to be depleted completely. That is in agreement with
the observations because the observed asteroids in island A
reside exclusively on highly inclined orbits.

On the other hand, the population captured in island B
stretches almost uniformly over a relatively large interval of
inclinations. Considering the shape of the real island shown
in Fig. 1, which shrinks with increasing inclination, the long-
term diffusion in the high-I region will partially deplete this
part of the captured population. But in order to reproduce
the observed state in island B, it is necessary for the source
population to contain low-I asteroids predominantly.

3.3 Survival of the primordial population

Let us study hypothetical long-lived primordial orbits and
their survival during the planetary migration. The proce-
dure is similar to that in the previous section, the major
difference is of course in the initial conditions setup. Here
we aim to study only the bodies which reside inside the J2/1
when the instability simulation begins. Another important
property that should be satisfied is the long-term stability
of the initial orbits — otherwise one could unintentionally
simulate different effects such as survival of the short-lived
population, etc.

Initial conditions. How to create a set of test particles
on the long-lived orbits at the beginning of the migration
scenario? The only viable solution is to use the dynamical
mapping once again. To this point, we slightly modify the
standard procedure described in Section 2.2. First, the in-
tegration is not done in a stable unvarying configuration of
planets. Is is instead carried out during the first 5 Myr of the
prescribed migration scenario, starting in the pre-migration
configuration of planets and evolving into a configuration
closely preceding the instability.

4 These values were derived in Section 2.5 but we use a slightly
higher standard deviation (0.05 instead of 0.02). The reason is
that the e-folding times were obtained from a model with seven
planets and the Yarkovsky drift included, with long-lived aster-
oids of all sizes. In this section, however, we focus on asteroids
larger than 5km and consequently, the e-folding times are rather
upper limits for us. We thus artificially increase the original de-
viation to account for this difference.
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Figure 9. A final result of resonant capture from the outer main
belt in the fifth giant planet scenario. Top: the resonant semi-
major axis ar vs the resonant eccentricity er. The background of
the plot is the dynamical map of the 2:1 mean-motion resonance
with Jupiter computed for the post-migration configuration of the
giant planets. All white symbols indicate orbits of test particles
captured during the simulation (they correspond to the final state
in Fig. 8, but only a part of the phase space containing the stable
islands is plotted). Test particles embedded in the dark regions
of the dynamical map are candidates for a long-term stability
and we distinguish them by circles. Other particles are marked
by crosses. Bottom: the resonant semimajor axis ar vs sine of the
resonant inclination sin I,. We plot only the particles captured
inside the stable islands. Black circles indicate test particles cap-
tured in island B and gray open squares indicate those captured
in A island. The horizontal dashed line is plotted for reference,
because vast majority of the observed B-island Zhongguos reside
on low inclinations sinI; < 0.1 and all of the observed A-island
Zhongguos have high inclinations sin I; > 0.1.

Second, we use only the recorded changes of the res-
onant inclination §sinl, when constructing the map (i.e.
we omit da, and de; when evaluating the metric given by
equation (5)). This is necessary because as Jupiter migrates
inwards, the resonance follows and the resonant semima-
jor axis a, of bodies residing inside decreases. This in turn
changes the resonant eccentricity e. because of the adiabatic
invariance of resonant orbits. These changes are systematic
and have different amplitudes for different orbits. Conse-
quently, they should not be incorporated when calculating
the distance d. On the other hand, our numerical runs sug-

© 2015 RAS, MNRAS
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Figure 10. A dynamical map of the 2:1 mean-motion resonance
with Jupiter computed during the pre-instability evolution of gi-
ant planets. The map is displayed in the resonant (ar,er) plane
corresponding to Ir = 2.5°. Note that only the displacement in
the resonant inclination ¢I; is used to represent the dynamical
stability.

gest that the resonant inclination I of test particles does
not undergo substantial systematic changes under the influ-
ence of migrating giant planets. If a large change in inclina-
tion is registered, it usually means that a secular resonance
affected the orbit. The resulting dynamical map thus rep-
resents what we need — the location of regions crossed by
secular resonances and the stable islands laying in between
for the time period before Jupiter’s jump.

Our choice of boundaries in the phase space to construct
the dynamical map was a € (3.32,3.45) AU and e € (0,0.6).
We created 40 x 40 grid in the (a,e) plane and covered it
uniformly with six particles per each cell, assigning a fixed
value of I = 2.5° to all of them. As already mentioned,
the planetary migration is not able to strongly change the
inclinations, that is why we map the region of low inclina-
tions where the observed long-lived population dominates.
The resulting pre-instability dynamical map is displayed in
Fig. 10.

We randomly distributed a group of 2,000 test particles
over the identified stable islands (see Fig. 11) with low incli-
nations I < 5° to set up a synthetic primordial population
for our simulation. The angular osculating elements were
chosen in a way that condition (3) holds and the osculating
elements are therefore identical to the resonant elements at
t=0.

Evolution of test particles. 2Myr after the onset of the
migration, the orbits are not significantly dispersed which
is in agreement with our aim to study only the dynamically
stable resonant bodies. After 6.1 Myr, the close encounters
of giant planets begin to occur and start to perturb the
islands inside the J2/1. Progression of Jupiter’s jump par-
tially destabilizes the islands and enables significant number
of bodies to leak out and also to populate other regions of
the 2:1 resonance. At the end of migration, 85 per cent of
the initial population is lost and the rest is dispersed all over
the resonant region, except for the low eccentricity region.
This indicates that the only possible change in resonant ec-
centricity during the migration of Jupiter is to increase.
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Ninit (D >5 km) N/r{)odel N}rgnodel
2000 0 0-1
5000 0 1-2
10000 0 2-4
100000 1-3 18 — 35

Table 2. The numbers NK‘Odel and Nﬁ""del of the asteroids sur-
viving in the islands A and B up to the present as predicted
by our model of the primordial population survival. The table
represents how the resulting population changes with increas-
ing number Njyj¢ of initial primordial asteroids. The bodies with
D > 5km are considered. First line roughly corresponds to the
primordial population with particle density of the present outer
main belt, the next two cases approximately consider the particle
density proposed in Minton & Malhotra (2010). In the last line,
we assume particle density of primordial main belt shortly after
its creation, as suggested by Morbidelli et al. (2009); we note that
this case is not very probable.

Surviving population. Following our procedure from Sec-
tion 3.2, we used the same dynamical map to identify the
long-lived asteroids (see Fig. 12) and we applied the rescal-
ing and the long-term dynamical decay. Because the parti-
cle density in a hypothetical primordial population is not
known, we varied the number of initial synthetic long-lived
particles and calculated the expected number of asteroids in
islands A and B surviving up to the present.

The selected results are listed in Table 2 and the com-
parison is made for asteroids with D > 5km (we remind the
reader that there are N§P® = 2 and N3 = 71 larger than
5km in the observed population). If we assume the parti-
cle density from Minton & Malhotra (2010), which we also
used in Section 3.2, the contribution of the primordial aster-
oids to the observed population is negligible after long-term
dynamical evolution.

In order to observe a substantial contribution, the par-
ticle density in the J2/1 would have to be considerably
larger than in the neighbouring main belt (at least ten times
larger). Such particle density gradient is not very probable,
because the 2:1 resonance would have to be dynamically
protected against depleting mechanisms and perturbations,
arising e.g. from planetary embryos (O’Brien, Morbidelli &
Bottke 2007) or due to the compact primordial configura-
tion of planetary orbits (Masset & Snellgrove 2001; Roig &
Nesvorny 2014).

We also investigated if A-island orbits can become B-
island and vice versa. We found that < 1 per cent of the
asteroids initially placed inside island A survive there and
1 per cent drift into B island during the migration. On the
other hand, the primordial population of island B preserves
2 per cent of the original bodies and 2 per cent of them
populate island A. Because the primordial B island is larger
than the A island, it harbours more primordial asteroids
under the assumption of homogeneous particle density. The
contribution of island B to the surviving long-lived popula-
tion therefore dominates. Also note that after the migration
the ratio Na/Ng =~ 1, thus the migration itself is not able to
create an asymmetric population out of surviving primordial
asteroids. Further orbital evolution is needed in this case.

The orbital distribution in the (ar, I+) plane at the end
of the planetary migration indeed resembles the initial in-
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Figure 11. A simulation of the primordial population survival in the fifth giant planet scenario (Nesvorny & Morbidelli 2012). The
evolution of primordial long-lived orbits in the (a,e:) plane is displayed. The vertical line indicates the migrating 2:1 resonance. The
initial population was placed inside the islands identified in Fig. 10, top left panel represents its orbital distribution 2 Myr after the onset
of the migration. The following panels show the situation during Jupiter’s jump and also the final state.

terval of inclinations, as both islands are populated by low-I
orbits. To obtain high-I orbits, which are observed in island
A, we would have to assume the presence of their analogues
in the pre-migration islands. But this problem is redundant
since the primordial population probably do not survive up
to the present, as we argued above.

4 EFFECTS OF JUPITER-SATURN GREAT
INEQUALITY

In Section 3, we investigated evolution of the resonant pop-
ulation during a major instability of the planetary system
known as Jupiter’s jump. In the original migration experi-
ments performed in Nesvorny & Morbidelli (2012), the vio-
lent evolution of planetary orbits was usually followed by a
residual smooth migration during which giant planets slowly
approached their current orbits. We are in a similar situa-
tion, the planetary configuration at the end of our insta-
bility simulations slightly differs from the observed one. In
principle, this fact does not affect our ability to locate and
describe the long-lived resonant population of test particles
because we employed fast and efficient method of dynami-
cal mapping. But natural question arises, whether the late
migration stages can invoke perturbations that would affect
the overall stability of the 2:1 resonance significantly.

In particular, we want to check whether the period P,
of libration of the resonant asteroids can be comparable with
the Jupiter—Saturn great inequality period Pgr (which is the

period of circulation of the 2)\; — 5Ag angle) and what effect
would it have on the resonant population (Ferraz-Mello et al.
1998, see also Section 1).

In order to mimic the smooth late planetary migration
and lead giant planets towards their current orbits, we used
a modified version of the SWIFT_RMVS3 integrator developed
in Broz et al. (2011). The integrator introduces an ad hoc
dissipation term which modifies planetary velocity vectors
v in each time step At according to the following relation:

v(t+ A = o) 1+ 20 AL (—titD)] : (7)

UV Tmig Tmig

where Av = \/GM/ain;t - \/GM/(lﬁn is the total dissipation
determined as the difference of the initial and final mean ve-
locity, Tmig is the migration time-scale, ¢ is the time variable
and tp is an arbitrary initial time. The eccentricity damp-
ing is also included and can be set independently for each
planet by choosing the damping parameter denoted as eqamp
(Morbidelli et al. 2010).

To set up the model, we used the final configuration of
giant planets and test particles from our simulations of res-
onant capture®, but we only selected test particles located
in broader surroundings of the stable islands to discard ma-
jor part of short-lived asteroids. After this procedure, we
launched a set of integrations with different values of eqamp

5 The results of simulations with primordial asteroids are not
considered here, as these asteroids probably do not significantly
contribute to the observed population.

© 2015 RAS, MNRAS
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Figure 12. Top: The same post-migration dynamical map as
in Fig. 9. The primordial test particles surviving the jumping-
Jupiter instability are plotted over the map. Circles represent
candidates for long-lived orbits and crosses are the surrounding
orbits. Bottom: the resonant semimajor axis a, vs sine of the
resonant inclination sin I;. We plot only the particles identified
above as long-lived. Black circles indicate those residing in the
island B and gray open squares indicate those residing in the A
island.

and different migration time-scales, bearing in mind that the
time-scale of the original experiments in Nesvorny & Mor-
bidelli (2012) was Tmig ~ 30 Myr. When the integrations
finished, we selected only the runs in which giant planets
ended up with orbital parameters similar to the observed
ones and we investigated the results at the time ts, when
Par = 880yr and the ratio of the Saturn’s and Jupiter’s
orbital periods is approximately Ps/Py ~ 2.49.

In the following, we will discuss results of two runs with
thn =~ 27 Myr and tgn, =~ 58 Myr. Fig. 13 shows the tempo-
ral evolution of the number N of test particles in these two
runs, the GI period Pgr and the libration period P, of two
typical resonant asteroids. While P, oscillates around nearly
constant value ~ 420yr, Pqr initially lies below this value
and raises smoothly as Jupiter and Saturn undergo diver-
gent migration, and their eccentricities are damped. At the
moment when Pgr approaches minimum values of P, the
resonant population is being destabilized which corresponds
to an intensified drop of the N (¢) curves. On contrary, the
depletion rate is reduced when Pgr raises above values cov-
ered by oscillating P,.
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Figure 13. Results of two simulations of smooth late migra-
tion and its effects on the resonant population. Two runs with
tan ~ 27 Myr (red and black curves and arrows) and tg,, ~ 58 Myr
(blue and gray curves and arrows) are presented (migration time-
scales Tmig = 30Myr and Tmyig = 60 Myr were initially chosen
but the integration is evaluated only until the GI period reaches
880yr). Top: temporal evolution of the number N of test parti-
cles. Bottom: temporal evolution of the GI period Pgr and the
libration period P,. The latter is plotted for two representative
cases. The passage of Pg over P, values induces a drop in the
N (t) curves which is marked with arrows in the top panel. We
note that ‘real’ Pgr evolves in an oscillatory manner but only
with a small amplitude; a polynomial fit of the real Pgr evolution
is plotted here for clarity.

In order to characterize how the population decays, we
define the decay rate AN as the fractional change of the ini-
tial number of asteroids N (0) per unit of time. We obtained
AN = 0.004Myr~' when Pgr < P,, AN = 0.011 Myr~!
when Pg1 ~ P, and AN = 0.005 Myr71 when Pg1 > P,
in the model with tg, ~ 27 Myr. Similarly, the values for
the model with tg, ~ 58 Myr are AN = 0.006 Myr71
when Pgr < P,, AN = 0.014Myr~! when Pgr ~ P, and
AN = 0.005Myr~! when Pgr > P,. Clearly, the number
of asteroids surviving the smooth late migration depends
mainly on the length of the time interval during which
Pg1 ~ P; the population is more depleted in the run with
tan =~ 58 Myr.

With aim to evaluate the result of the models with
residual migration included, we first identified test particles
which were localized inside the stable islands at the time tgy,.
At this time, the orbital architecture of giant planets approx-
imately corresponds to the observed one and therefore the
identification of long-lived asteroids can be achieved using
the current dynamical map. Finally, we derived expected
numbers NT°4°! and N34l of asteroids that should be ob-
servable in the stable islands after 4 Gyr of orbital evolution.
For this purpose, we rescaled the initial population of test
particles and we applied simple exponential dynamical decay
law, exactly as in Section 3.2.
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We calculated following values for asteroids larger
than 5km: NPodel = 0-1 and NZ°°! = 40-78 in case of
ten =~ 27 Myr and N/r\“Odel =0-1and ng“‘)del = 22-42 in case
of tan =~ 58 Myr (while the observed values are Nao = 2 and
Np = 71). We can conclude that the hypothesis of resonant
capture is still valid and explains the existence® of the long-
lived population, if the giant planets finished their late stage
migration on a time-scale comparable to Tmig ~ 30 Myr.
Larger time-scales lead to a slower passage of the GI period
over the values of the J2/1 libration period and this in turn
causes an enhanced depletion of the stable islands. Even in
such a case, a significant part of the observed population
should originate from the resonant capture.

5 COLLISIONAL MODELS

Our results of Section 3 and 4 imply that the long-lived
J2/1 population was created by resonant capture during
planetary migration. In this section, we further develop the
framework of this hypothesis. We study collisional evolution
of the J2/1 in order to confirm whether the size-frequency
distribution of the long-lived resonant asteroids can survive
a time period of 4 Gyr in a non-stationary state. We thus
have to also account for the epoch of the late heavy bom-
bardment (LHB) (Gomes et al. 2005; Levison et al. 2009)
during which the transneptunian disc was destabilized and
the flux of cometary projectiles through the solar system
increased substantially.

In the following collisional models, three populations
of minor solar-system bodies are included: main-belt aster-
oids, transneptunian comets and Zhongguos, i.e. we consider
only a subset of the long-lived population. The reason for
this simplification is that the observed SFDs of long-lived
population and its dynamical subgroups share similar fea-
tures (see Fig. 4), but Zhongguos have the steepest slope
v = —5.1. Solving an inverse problem, we aim to explain
the formation of an initial SFD with an even steeper slope,
which would evolve towards the observed one due to colli-
sions over the 4 Gyr timespan. Because of certain level of
parametric freedom in collisional models, the same process
of formation should also apply to Griquas with shallower
observed SFD.

5.1 Intrinsic probabilities and impact velocities

As the first step in the construction of a collisional model, we
compute the intrinsic probability P, and the mean impact
velocity V; of colliding main-belt and long-lived resonant
asteroids. We adopt the method of Bottke et al. (1994) based
on a geometrical formalism of orbital encounters introduced
by Greenberg (1982). To make our samples of orbits large
enough, we input all long-lived orbits and the first 50,000
main-belt objects from the AstOrb catalogue.

We split the long-lived population into Zhongguos, Gri-
quas with inclination I < 8° and Griquas with inclina-
tion I > 8° and calculate the intrinsic probability P and

6 Although the values derived here do not overlap the observa-
tions in case of island A, the difference is only one asteroid. We
think that this discrepancy is not significant as we are comparing
small numbers and the evolution is definitely stochastic.

colliding P Vi
populations [10~®¥km~2yr~1] [kms~!]
Zhongguos vs MB 3.82 5.36
Griquas (I < 8°) vs MB 3.65 5.52
Griquas (I > 8°) vs MB 1.81 7.57
average 3.09 6.15

Table 3. The intrinsic probability P, and the mean impact ve-
locity V; for collisions of main-belt and long-lived J2/1 asteroids.
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Figure 14. Temporal evolution of the intrinsic probability P;(t)
(bottom curve) and the mean impact velocity V;(t) (top curve)
for collisions between transneptunian comets and main-belt as-
teroids, as it was calculated in Broz et al. (2013). We emphasize
that we modify these dependences by numerical factors to allow
for realistic lifetimes of comets. The values P;/3 and V;/1.5 serve
as an input for our models.

weighted mean impact velocity V; for them, separately. Us-
ing this separation, we want to check if the intrinsic proba-
bilities for Griquas may differ from Zhongguos significantly.

The results are summarized in the Table 3. For refer-
ence, Dahlgren (1998) computed P, = 3.1 x 10~ km~?yr~!
and Vi = 5.28kms™! for collisions between main-belt as-
teroids. We can see that both Zhongguos and low-inclined
Griquas have P, and V; only slightly higher than these refer-
ence values. This is caused by the moderate values of eccen-
tricities in the J2/1 population. The orbits then more likely
intersect with those in the main belt. The higher collisional
velocity is also plausible because we are comparing an outer
main-belt population with the rest of the main belt.

On the other hand, Griquas with high inclinations can
avoid intersecting some of main-belt orbits, thus their intrin-
sic probability is about twice lower. Even at this point, we
can conclude that the observed difference in slopes of SFDs
(when Griquas and Zhongguos are separated) cannot be ex-
plained by the differences in P and V; because the shallower
SFD of Griquas would require higher P; in order to collide
more often.

5.2 Capture from the main-belt population

Let us ask a question whether the J2/1 SFD can originate
from the main-belt SFD. We assume that the capture of
the resonant population is not size dependent and thus the
captured SFD resembles that of the main belt at the time
of planetary migration, scaled down by a numerical factor.
Our arbitrary choice of this factor is such that the number
of the largest captured bodies is approximately the same as

© 2015 RAS, MNRAS
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Figure 15. Results of collisional models created with the BouL-
DER code, plotted as temporal evolution of the SFDs. Description
of individual curves is given in the legend of each plot. The evolv-
ing curves are displayed in the time of the simulation ¢, which is
also shown. Top: synthetic Zhongguos are created by capture from
the main-belt background population affected by collisions with
transneptunian comets (see also Section 5.2). Middle: the situa-
tion from top left panel is reproduced, but a single D ~ 100 km
asteroid is added to Zhongguos and we study the possibility of its
catastrophic breakup over 4 Gyr (see also Section 5.3). Bottom:
we demonstrate what parameters of the initial SFD of Zhongguos
are needed in order to evolve it towards the observed one due to
collisions (see Section 5.4 for discussion).
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p Qo a B b act
[gem™3]  [ergg™!] [ergg™]
Basalt:

3.0 7 % 107 —0.45 2.1 1.19 1.0
Water ice:

1.0 1.6 x 107 —0.39 1.2 126 3.0

Table 4. Material parameters p, Qo, a, B, b and gfact of the
polynomial scaling law (see equation (8)) adopted from Benz &
Asphaug (1999). The first line is used in case of main-belt or
resonant asteroids and the second line is used for comets.

we observe in the J2/1 population. This allows us to imme-
diately compare the slope of captured and observed SFD of
Zhongguos.

The main belt itself was likely more populous 4 Gyr ago
(by a factor of three according to Minton & Malhotra (2010))
but has remained in a near-stationary collisional regime ever
since (Bottke et al. 2005a). The only possible stage of evo-
lution, which could have temporarily increase the slope of
the main belt SFD, was the late heavy bombardment. We
therefore investigate this early period of collisions between
the main belt and transneptunian comets. We focus on di-
ameters D < 25km to see whether the steepness in this in-
terval can be instantaneously increased — if so, a population
captured from such SFD would adopt that slope.

We use the BOULDER code (Morbidelli et al. 2009) to
construct a suitable collisional model. We setup initial SFDs
by a piecewise power law function which is characterized by
three differential slope indices ¢a, g» and ¢ in the intervals
of diameters D > D1, (D2, D1) and D < Da, respectively.
The SFD is normalized by setting the number Nyporm of bod-
ies larger than D;. The following values are used in case of
the main-belt SFD: D1 = 100km, Dy = 14km, g, = —5.0,
qp = —2.3, ¢c = —3.5, Nnorm = 1110. A few D ~ 1000 km as-
teroids are added in order to properly reproduce the present
state. Using the same assumptions as Broz et al. (2013), the
cometary disc is characterized as: D = 100km, g, = —5.0,
@ = ge = —3.0, Nnorm = 5 x 10".

Because the evolution of the transneptunian disc is
dominated by its fast dynamical dispersion, the intrinsic
probability Pi(t) and mean impact velocity Vi(t) of colli-
sions with comets are time-dependent quantities. The tem-
poral evolution of P;(t) and V;i(¢), which was derived in Broz
et al. (2013), is shown in Fig. 14. Broz et al. (2013) also ar-
gued that it is necessary to modify this dependence in order
to mimic the effects of spontaneous cometary breakups due
to various physical processes. Regarding these effects, they
derived quantities P;(t) = Pi(t)/3 and Vi(t) = Vi(t)/1.5 as a
feasible modification.

The specific energy Qp required to disperse 50 per cent
of the shattered target is described by the polynomial scaling
law (Benz & Asphaug 1999)

Qb (r) =

Qfact

(Qora + Bprb> , (8)

where r denotes the target’s radius in cm. Material param-
eters p, Qo, a, B, b and gsct for basaltic rock (used for
asteroids) and water ice (used for comets) are listed in Ta-
ble 4.

We simulated the collisional evolution for a time period
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of 10 Myr in which P; (¢) reaches its maximum (see Fig. 14
and top panel of Fig. 15). The flux of cometary projectiles in-
duced by ongoing planetary migration reaches its climax and
strongly affects the main-belt SFD. We performed 100 nu-
merical realisations of the model with different seeds of the
built-in random-number generator to account for stochastic-
ity of the evolution and possible low-probability breakups.
At the end of the simulation, we assume the resonant cap-
ture takes place with the efficiency factor 10™*. The steep
part of the captured SFD can be characterized by the slope
v = —3.0. Although the region of the km-sized bodies is
steeper with respect to the initial state of the main-belt
SFD, it is not steep enough to reach the slope of the SED of
observed Zhongguos. We thus consider this scenario unlikely.

5.3 Catastrophic disruption of a captured parent
body

From the result of the previous section, it is obvious that
a different explanation of the steep initial SFD is needed.
Here we test the possibility that a large parent body was
captured inside the 2:1 resonance by chance, it was subse-
quently disrupted and its fragments formed a family.

We first use a stationary model to investigate the prob-
ability of such a catastrophic breakup event. As a prerequi-
site, we estimated a lower limit of the parent body size Dpg.
To achieve that, we searched the outcomes of hydrodynamic
disruption models Durda et al. (2007) and Benavidez et al.
(2012) for SFDs which have approximately the same slope
as the observed SFD of Zhongguos. We rescaled the sizes of
synthetic asteroids in these datasets so that the diameter of
the largest remnant would correspond approximately to the
size of (3789) Zhongguo. We selected all reasonable fits and
derived range of admissible values Dpp € (50, 120) km with
the median value DPB = 70 km.

We then use the following relation expressing the num-
ber N.o of catastrophic disruptions of parent bodies with
the diameter Dpp due to collisions with a population of
projectiles:

Dty
4
where P, denotes the intrinsic probability, Npg is the num-
ber of parent bodies, Nproject is the number of projectiles
capable of disrupting the parent body and At is the consid-

ered timespan.

Since there are no large bodies observed in the cur-
rent J2/1 population, we assume Npg = 1. To provide the
lower limit on the diameter of the projectiles dajsrupt, we use
the model of Bottke et al. (2005b) in combination with the
scaling law given by equation (8) (Benz & Asphaug 1999).
We then take Nproject for different values of daisrups as the
number of main-belt asteroids with diameters D > ddisrupt-
Several resulting values of N¢o over At = 4 Gyr timespan
are given in Table 5. It turns out that the probability of a
catastrophic disruption is < 18 per cent when considering a
single target only.

Note that a more realistic case should take into consid-
eration that there is no observable evidence of a collisional
cluster, thus the hypothetical breakup event must have oc-
curred more than 1 Gyr ago (Broz et al. 2005). Of course,
one should also account for the influence of cometary flux

Neol = PINPB Nproject

At 9)

Dpp ddisrupt Nproject Ncol

[km] [km]
50 6 25821 0.18
70 9 7837 0.10
100 15 2589 0.07
120 19 1777 0.07

Table 5. The results of a stationary collisional model: the number
N¢o1 of catastrophic breakups of a parent body with the diameter
Dpp over 4 Gyr timespan. We also list the minimal size dgjsrupt
and the number Ny oject of suitable projectiles.

during LHB which can temporarily increase the rate of col-
lisions but also tends to speed up the evolution of SFDs.

We therefore test the possibility of a catastrophic
breakup once again in the more sophisticated framework of
the BOULDER code and we also check the influence of comets.
The setup for main-belt asteroids and comets is the same as
in Section 5.2, as well as the SFD of synthetic Zhongguos,
which is only modified by adding a single D ~ 100 km aster-
oid. The intrinsic probability and the mean impact velocity
for MB vs. Zhongguos collisions are taken as the average
of values from Table 3. We simulated 4 Gyr of collisional
evolution.

Middle panel of Fig. 15 represents a set of 100 reali-
sations of our model. At the beginning of the simulations,
the synthetic population of Zhongguos is strongly affected
by the cometary flux, which mostly causes cratering of the
large resonant body and moreover, a family-forming event
takes place in a few runs. Simultaneously, the comets speed
up the collisional evolution in and below the region of mid
sized asteroids. As a result, families inside the J2/1 are com-
minutioned too fast and the steepness of their SFDs drops
below the observed one.

When studying the family-forming events after the
LHB, we focused only on cases with the size of the largest
fragment (or remnant) Dir > 10km to obtain a body simi-
lar to (3789) Zhongguo. In three such cases, which occurred
at the time of simulation ¢ = 2.1, 2.8 and 3.1 Gyr, a parent
body with the diameter Dpp ~ 85km was shattered into a
family with the largest fragment having Dpr ~ 18 km and
the largest remnant having Drr ~ 60km. Corresponding
evolved SFDs match” the observed one, except for the pres-
ence of the parent-body remnant.

We can conclude that a family-forming event inside the
2:1 resonance is a very unlikely process because a complex
set of constraints has to be satisfied: A major collision would
have to occur despite its low probability, which is typically
10 per cent, as given by the stationary model, or 3 per cent,
as derived from the more sophisticated model. The created
SEFD would have to be very steep, preferably without pres-
ence of a parent-body remnant. If the remnant was present,
one would have to rely on its subsequent elimination due to
dynamical depletion because there is no large asteroid ob-
served in the J2/1. Finally, the breakup would have to take

7 In fact, the SFDs resulting from our simulations lie slightly be-
low the observed case but this discrepancy can be easily removed
assuming a bit larger parent body.

© 2015 RAS, MNRAS
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Figure 16. Dependence of the absolute magnitude H on the
proper semi-major axis ap for a synthetic family (top panel). The
family is used in a simple Monte-Carlo test, in which we study
how the shape of the SFD changes if we select only a part of the
family. An example, for the part of the family bordered by the
vertical lines, is given in the bottom panel. We compare cumu-
lative size-frequency distributions of the entire synthetic family
(dashed curve) and of its part (solid curve). The steep segments
are approximated with a power law function and obtained slope
indices are shown for reference.

place after the LHB, but early enough to allow for dispersion
of the collisional cluster.

5.4 Capture from a family

Previous collisional models imply that it is difficult to ex-
plain the steep SFD of Zhongguos by standard processes
(such as direct capture from the background main-belt pop-
ulation or family-forming event) that could have occurred
during resonant capture or later on. We thus employ a sort
of ‘reversed’ method in this section. We first try to discover
what parameters of the initial SFD are needed in order to
obtain the observed one after 4 Gyr of collisional evolution.
Then we discuss possible process which could have led to
formation of such an SFD.

Using trial and error approach, we established following
initial SFD as an appropriate one: D1 = 10km, Dy = 5km,
¢a = —6.6, gp = —6.6, gc = —3.5, Nnorm = 12. The change
of slope at D> is necessary to reasonably satisfy the mass
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conservation law. The main-belt and cometary SFDs are the
same as in the previous models.

The result of 100 runs of the collisional code is displayed
in bottom panel of Fig. 15. The evolved SFD of the resonant
population corresponds to the observed one very well. The
steep parts have the same slope, the only difference can be
seen in the region of small bodies where the synthetic SFD
is abundant. But one has to realize that the observed SFD
is probably biased in this region.

The mechanism responsible for creation of the high ini-
tial slope may be the following (and it is related to the effect
described in Carruba, Aljbaae & Souami (2014)). Let us
assume resonant capture from a hypothetical outer main-
belt family instead of capture from the background main-
belt population. The stable islands are able to capture only
a fraction of this family because jump of the resonance is
thought to be fast (it is not resonant sweeping), the capture
efficiency is limited (see Section 3.2), and also the width
of the islands in semimajor axis is relatively small (see e.g.
Fig. 1). If the captured part of the family is located farther
away from the original position of the parent body, its SFD
will be very steep because smaller fragments have higher
ejection velocities and therefore land at orbits that are more
distant from the parent body.

We employed a simple Monte-Carlo test to investigate
the described possibility. We generated a uniform distribu-
tion of 10,000 test particles bounded by inequalities 2.52 <
a < 2.70AU and log (Ja — ac| /2 x 107%) /0.2 < H < 16 in
the (a, H) plane where ac ~ 2.64 AU is value of the central
semimajor axis and H is the absolute magnitude. Finally,
we assigned diameters D to the test particles on the basis
of the H distribution, assuming single value of the geomet-
ric albedo pv = 0.05 throughout our sample. This way we
created a synthetic family (similar e.g. to Eunomia family).
Then we randomly moved a Aa = 0.02 AU window in the
semimajor axis over the collisional cluster and we monitored
the SFDs in the successively selected regions.

An example is given in Fig. 16. Obviously, extremely
high slope can be reached by this process. The resulting
slope is well above the estimated lower limit which is needed
for the initial SED of Zhongguos. Note that this mechanism
does not require the family itself to have steep SFD. The
steepness is achieved afterwards by selective resonant cap-
ture from an appropriate region.

Finally, we remark that an interesting link can be found
between the hypothesis of capture from a family and our dy-
namical simulations. In Section 3.2, we argued that a source
population for resonant capture should contain greater num-
ber of asteroids with low inclination in order to explain the
observed high concentration of low-/ B-island bodies. Thus
we can conclude that if the hypothetical outer main-belt
family was indeed captured, it probably must have been lo-
cated on low inclinations.

6 CONCLUSIONS

Let us briefly review the content of this paper. We updated
the population of asteroids residing in the 2:1 mean-motion
resonance with Jupiter using recent observational data. The
new list of resonant objects now contains 370 bodies, which
can be divided on the basis of their mean dynamical lifetime
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to 140 short-lived and 230 long-lived asteroids. Our revision
of physical properties of the resonant population is generally
in agreement with the conclusions of previous studies; new
result is our estimate of the mean albedo pv = (0.08+0.03),
based on the data from the WISE database.

The long-term dynamics of the two quasi-stable islands
A and B was studied, using the results of Skoulidou et al. (in
preparation) who took into account also the perturbations
induced by the terrestrial planets and the semimajor axis
drift caused by the Yarkovsky effect. The population in the
islands decays exponentially, but the escape rate is signifi-
cantly faster in island A, the e-folding times being 0.57 Gyr
for island A and 0.94 Gyr for island B. Hence, the dynami-
cal evolution on Gyr-long time-scales results into differential
depletion of the islands, which is certainly one of the reasons
for the observed asymmetric A/B population ratio.

The primary goal of this paper was to explain the for-
mation of the long-lived population, satisfying the observa-
tional constraints. We tested two hypotheses:

(i) capture from the outer main belt,
(ii) survival of primordial long-lived resonant asteroids,

both in the framework of the five giant planets migration sce-
nario (Nesvorny & Morbidelli 2012) with a jumping-Jupiter
instability.

Our simulations of the instability imply that both pro-
cesses could have been at work. The capture itself, to-
gether with subsequent differential depletion due to long-
term dynamical evolution, can explain the observed pop-
ulation in both islands, if we assume that the number of
asteroids in the main belt 4 Gyr ago was three times larger
than the current one, as suggested by Minton & Malhotra
(2010). Namely, the numbers of asteroids with D > 5km,
which should survive to this day, are N¥°%! = 1-3 and
Nipodel — 69121, as predicted by our model. For compari-
son, the observed numbers are N§®® = 2 and Ng*® = 71.

We also modeled the late residual planetary migration
to check on the effect of possible resonance between the li-
bration period in the 2:1 commensurability and the raising
period of Jupiter—Saturn great inequality. The impact of this
effect on the long-lived population depends on the time-scale
of the late migration. If the time-scale was ~ 30 Myr (which
corresponds with the scenarios in Nesvorny & Morbidelli
(2012)), the destabilization of the islands would be weak
enough for the captured population to survive in a state
similar to the observations. More specifically, if we account
for the effect of great inequality in our model, the resulting
values are NP°d°! = 0-1 and N°d°! = 40-78. If the time-
scale was ~ 60 Myr, the chaos in the stable islands would
be intensified for longer period of time and the depletion of
the captured population would be more significant, leading
to Niedel — 0—1 and Ngode! = 29-49.

In case of primordial resonant objects, we discovered
that approximately 1 per cent of A-island and 4 per cent
of B-island asteroids survive Jupiter’s jump on long-lived
orbits. However, we argued that the primordial asteroids
probably do not contribute to the observed population at
all. The reason is that the primordial population would have
to exhibit particle density larger than the one proposed by
Minton & Malhotra (2010) by a factor of ten, in order to
survive 4 Gyr of post-migration dynamical evolution. Such

particle density would create a gradient with respect to the
neighbouring main belt which we assume dubious.

Finally, creating several collisional models, we demon-
strated that the observed steep SFD of the long-lived aster-
oids cannot be explained by capture from the background
main-belt SFD, affected by the late heavy bombardment.
We also proved that a family-forming catastrophic disrup-
tion inside the J2/1 is very unlikely.

Our main conclusion is that the long-lived J2/1 popu-
lation was probably formed by capture from a hypothetical
outer main-belt family during Jupiter’s jump. If this is the
case, then the long-lived asteroids in the 2:1 resonance with
Jupiter represent the oldest identifiable remnants of a main-
belt asteroidal family.

There are several improvements that are needed to ‘fin-
ish’ the debate on the long-lived population in the 2:1 reso-
nance and its origin. For example, it is appropriate to assess
the possibility of the Themis family formation event as a
contributor to the resonant population. Although we did
not study this hypothesis in detail, we summarized several
results of our preliminary tests in Appendix A. Our simu-
lations suggest that this possibility is not viable and this in
turn supports the hypothesis of resonant capture.

Other improvement of our work might be a development
of a self-consistent model of both dynamical and collisional
evolution of long-lived asteroids. Finally, we suggest to study
the hypothetical primordial population in the epoch before
the jumping-Jupiter instability in order to properly estimate
primordial particle density inside the stable islands.
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APPENDIX A: CONTRIBUTION OF THE
THEMIS FAMILY EJECTA TO THE
LONG-LIVED POPULATION

We shall briefly discuss a possible role of neighbouring
Themis family in creation of the long-lived resonant pop-
ulation. Although Broz et al. (2005) demonstrated that the
fragments from Themis family cannot be transported to the
stable islands by the Yarkovsky semimajor axis drift, a possi-
bility of direct injection during the Themis family formation
event is still an open question. During the formation, frag-
ments ejected at high velocities (vej ~ 400ms™?, or more)
may fall directly in the J2/1 resonance and thus contribute
somehow to the stable population. There are several caveats,
however.

(i) One has to assume that a substantial part of frag-
ments (~ 10 per cent) have very large ejection velocities
with respect to (24) Themis, or the respective parent body
with Dpg ~ 400km. We tried to use an ‘extreme’ size-
independent velocity field prescribed by Farinella, Gonezi &
Froeschle (1993) relation, with parameters vesc = 170ms™*
and a = 3.25. Then up to N(D > 5km) = 10-30 fragments
land within island B, according to our tests. This number
should be further decreased by a subsequent long-term or-
bital evolution, as Themis family is (2.54+1.0) Gyr old (Broz
et al. 2013). Let us also note that the collisional evolution of
resonant bodies was accounted for automatically, as we did
this simulation with the currently observed size-frequency
distribution of Themis family.

(ii) At the same time, it is required that the breakup
takes place when the true anomaly fimp ~ 0° for this ejection
scenario to work; otherwise, the number of objects landing
in the islands decreases as well. But this particular impact
geometry does not seem to be compatible with the observed
shape of Themis family, namely with a large eccentricity
dispersion of the family below the J11/5 resonance, at ap =
3.03 AU (see Fig. Al).

(iii) Starting with a more reasonable size-dependent
velocity field — as used in Broz & Morbidelli (2013) for
Fos family, which has a similar parent body size — makes
the contribution to the long-lived population as low as
N(D > 5km) = 2.

(iv) There is no way to explain the existence of aster-
oids in island A by the ejection, both the eccentricities and
inclinations of the observed A-island objects are too large.
Therefore, the ejection from Themis is not a viable hypoth-
esis in case of island A.

This paper has been typeset from a TEX/ WTEX file prepared
by the author.
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Figure Al. A simulation of a synthetic Themis-like family for-
mation event. The figure represents the state 100 Myr after the
breakup. The orbital distribution of observed Themis family is
displayed in the proper elements (black squares), while the orbital
distribution of the synthetic family is displayed in the resonant el-
ements (blue circles). This causes the mutual shift in eccentricity.
Note the differences in extent of both families and the eccentricity
dispersion beyond the 11:5 mean-motion resonance with Jupiter.
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B. Integrator swift rmvs3 xyzinterp

V této priloze stru¢né popiSeme nejdutlezitéjsi ¢asti zdrojového kodu integratoru
SWIFT _RMVS3_ XYZINTERP. Program jsme vytvoftili ipravou symplektického N-Cas-
ticového integratoru SWIFT _RMVS3, a to implementaci algoritmu pro vyvoj hmot-
nych téles podle predepsaného souboru s interpolaci v kartézskych souradnicich.
Uvedeme dva hlavni podprogramy, které zajist'uji prubézné nacitdni vstupnich dat
do paméti a jejich interpolaci.

Zmény v hlavnim programu. Hlavni program obsahuje nékolik novych pro-
meénnych, které slouzi pro praci s predepsanym bindrnim souborem, v némz jsou
ulozeny predepsané pozice planet a jejich vyvoj. Proménnd binfile obsahuje ndzev
souboru s predepsanym scénarem a v promenné ftype je ulozen typ binarniho sou-
boru (integer, real*4 nebo real*8). Redlna proménnd tunit uddva casové jednotky
predepsaného souboru vyjadrené ve dnech. Redlnd proménnd tbf predstavuje Cas
prvni sady nacitanych orbitdlnich elementt v jednotkach Myr. VSechny tyto promén-
né museji byt ,manudlné“ zaddny na vstupu pfi spusténi programu. Dalsi zménou
je zarazeni integracniho casu t do common blocku, coz umoziuje jeho jednoduché
pouziti v podprogramech. Pfed hlavni smyc¢kou a béhem ni dochdzi k volani pod-
programl READ NESVORNY a XYZ_INTERP (viz nize), pokud to vyZaduje aktualni
integracni cas.

Podprogram pro Cteni predepsaného souboru. Tomuto podprogramu musi
byt predlozen bindrni soubor, v némz jsou ulozeny predepsané pozice hmotnych

téles a jejich vyvoj. Primdrné je urCen pro prdci s vystupy simulaci Nesvorného

& Morbidelliho (2012), nicméné funguje pro libovolny vystup simulaci zapsany
v konvencich baliku SWIFT nebo SYMBA. Lze pracovat se souborem presnosti inte-
ger, real*4 nebo real*8. Podprogram md dvé ¢asti — prvni slouzi k inicializaci dat
pred spusténim hlavni vypocetni smycky, druhd k nacitdni novych dat.

V prvni ¢asti jsou do paméti nacteny prvni dva segmenty s orbitdlnimi elementy
planet, podle nac¢tenych excentricit je urcen typ odpovidajici kuzelosecky a nasledné
jsou orbitdlni elementy prevedeny na kartézské polohy a rychlosti. Je zaznamendn

¢as obou segmentt t;(1) a t;(2).
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Druhd ¢ast byva spusténa, pokud je t +dt > t;(2), kde t je integracni Cas a dt je
casovy krok. Datovy segment v Case t;(1) je prepsan segmentem s casem t;(2). Pro
cas t;(2) je nacten novy datovy segment.

V priibéhu podprogramu je kontrolovano, zda hlavni poloosy hmotnych téles
nedosahuji podezrele velkych hodnot (podminku na podezrelou velikost hlavni po-
loosy miiZe stanovit uZivatel; implicitné je a,,,, = 100 AU). Pokud kdykoliv pti dal-
$im nacitani klesne pocet hmotnych téles v predepsaném souboru, predpoklada se,
Ze bylo vyrazeno pravé téleso, pro néjz byla nalezena podeztele velka hlavni polo-
osa. To je dilezité pro zbylé ¢asti integratoru, ve kterych se nachézeji smycky, které

bézi pres vSechna hmotna télesa.

Zdrojovy kod:

subroutine read nesvorny(binfile ,iu,nbod, tbf 6 mass,
& ftype, tunit,dt)

include ’../swift.inc’

c———Inputs

character*80 binfile

integer iu, ftype

real*8 tbf,tunit,dt

real*x8 mass (NPLMAX)
c————integration time in common block!

real*8 t

common /times/ t

c———Inputs/Outputs
integer nbod

c————Internals
include ’xv_interp.inc
include ’distant pl.inc’
real+8 a,e,inc,capom,omega,capm
integer id,i,j,k,ialpha,nbodbf, nleftbf,ierr ,nread

’

c———Saving variables from include files
c———Saving & setting local variables
save /xv_interp/, /distant_pl/
save nread
data nread /0/
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C x % kok ok ok ok ok ok ok PARTT sk ok ok ok ok ok ok ok
¢ Fill planetary distance status array. Read the first
¢ times ti(l) and ti(2) and corresponding datasets
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¢ from binfile.

if (nread.eq.0) then

Set distance status of all planets to "normal"
do j=2, nbod
pl disstat(j) =0
enddo

open(unit=iu, file=binfile ,status="o0ld’,
& form="unformatted ’,iostat=ierr)
if (ierr.ne.0) then
write (x,*) ’'read nesvorny: Error opening
& "file ’,binfile
stop
endif

K
5

do 20 i=1, 2
nread = nread + 1
call io read hdr ftype (iu, ftype, ti(i),nbodbf,
& nleftbf)
transforms ti(i) to [day]
ti(i) = ti(i)*xtunit — tbfx365.25d6

I nbodbf (=actual number of massive bodies in binary
file) and nbod (=number of massive bodies set in the
initial conditions) should be the same here
do 30 j=2, nbod
call io_read line ftype (iu, ftype,
& id ,a,e,inc,capom,omega,capm)
determine ialpha parameter (type of a conic section)
if (e.1t.1.0d0) then

ialpha = -1

else if (e.eq.1.0d0) then
ialpha =0

else if (e.gt.1.0d0) then
ialpha =1

endif

angular orbital elements MUST be in radians for the
following subroutine
call orbel el2xv(mass(1)+mass(j),ialpha,
& a,e,inc,capom,omega,capm,
& xhi(j,i),yhi(j,i),zhi(j,i),
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30
20

& vxhi(j,i),vyhi(j,i),vzhi(j,i))

enddo
enddo
endif

C %k ko ok ok ok ok ok PARTZ sk sk sk sk sk sk sk sk ok sk

o o o o o oo

Executed if t + dt (i.e. the interpolation time in
step) is greater than time ti(2) of the second
currently loaded dataset: replace the first
dataset with the second dataset, read new dataset
from binfile as the second dataset. Check number
of massive bodies in binary file. If necessary,
skip the ejected planet.

do while ((t + dt).gt.ti(2))
nread = nread + 1

ti(1)=1ti(2)

do j=2, nbod
xhi(j,1) = xhi(j,2)
yhi(G,1) = yhi(j,2)
zhi(j,1) = zhi(j,2)
vxhi(j,1) = vxhi(j,2)
vyhi(j,1) = vyhi(j,2)
vzhi(j,1) = vzhi(j,2)

enddo

call io_read hdr ftype(iu, ftype, ti (2),nbodbf,
& nleftbf)

ti (2) = ti(2)*tunit — tbf%x365.25d6

do j=2, nbod
Set distance status of abnormaly distant planet
to ejected if number of massive bodies in binfile

does not match nbod
if ((nbodbf.ne.nbod) .and.

& (pl_disstat(j).eq.1)) then
pl disstat(j) = 2
endif

if (pl_disstat(j).ne.2) then
do usual reading and transformation of elements
call io_read line ftype (iu, ftype,
& id ,a,e,inc,capom,omega,capm)
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Set distance status of normaly distant planet

to abnormaly distant, if its semimajor axis 1is

larger than the value given in distant _pl.inc
if ((a.gt.a max).and.

& (pl _disstat(j).eq.0)) then
pl disstat(j) =1
endif

¢ Determine ialpha parameter (type of a conic section)
if (e.1lt.1.0d0) then

ialpha = -1
else if (e.eq.1.0d0) then
ialpha =0
else if (e.gt.1.0d0) then
ialpha =1
endif
call orbel el2xv(mass(1)+mass(j),ialpha,
& a,e,inc,capom,omega,capm,
& xhi(j,2),yhi(j,2),zhi(j,2),
& vxhi(j,2),vyhi(j,2),vzhi(j,2))
endif
enddo
enddo
return
end

Podprogram pro interpolaci v kartézskych souradnicich. Tato ¢dst progra-
mu slouzi k interpolaci vstupnich dat tak, abychom ziskali vyvoj hmotnych ¢éstic
se vzorkovanim, které odpovidd zvolenému ¢asovému kroku integratoru. Oznac-
me jako tj,.,, ¢as, ve kterém chceme nalézt polohy r a rychlosti v hmotnych téles

v kartézskych soutradnicich. Pokud je tinterp — ti(2)| <eg,lze

tinterp - t1(1)~ < ¢ nebo

pouzit pfimo r a v v Case t;(1) nebo t;(2). Parametr presnosti je implicitné ¢ = 1d
a je ho samoziejmé mozné manualné zmenit.

Pokud ¢as t;,,, neni dostate¢né blizky nac¢tenym datovym segmentdim, je prove-
dena interpolace. Predepsané polohy a rychlosti jsou prevedeny z heliocentrickych
soutadnic do Jacobiho, v nich je proveden drift podél keplerovské elipsy do poza-
dovaného casu t,,, a nakonec jsou vysledné polohy a rychlosti pfevedeny zpét do
heliocentrického systému. V piipadé driftu v ¢ase nazpét (z t;(2) do t;y,,) je nut-
né vzit zaporné komponenty rychlosti pred a po provedeni driftu, abychom ziskali

pozadovany vysledek. Vysledky doptfedného a zpétného driftu jsou primeérovany
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pomoci vaZeného priiméru, kde vahy urcujeme podle ¢asové odlehlosti ¢asu t;y e,

od t;(1) a t;(2).

Zdrojovy kod:

subroutine xyz interp (nbod,mass, tinterp ,
& xh,yh,zh,vxh,vyh,vzh)

include ’../swift.inc’

c———Inputs
real+8 mass(NPLMAX) , tinterp
integer nbod

c———Inputs/Outputs
real*8 xh (NPLMAX) ,yh (NPLMAX) , zh (NPLMAX)
real*8 vxh (NPLMAX) , vyh (NPLMAX) , vzh (NPLMAX)

c———Internals
real«8 xha(NPLMAX,2) ,yha(NPLMAX,2) ,zha (NPLMAX,2)
real*8 vxha (NPLMAX,2) ,vyha (NPLMAX,2) ,vzha (NPLMAX,2)
include ’xv_interp.inc’
include ’distant _pl.inc’
real*8 deltat ,wl,w2,wln,w2n
integer i,j

c———Small parameter eps
real*8 eps

c————~Constants
¢ Set value of eps (for example, 1 day is used as
¢ the default value)

parameter (eps = 1.d0)

c————Note that there is no SAVE statement in this place!
Crxxkkxxkrx Executable code sxssksx*kkx
¢ If tinterp is very close to ti(i)

use directly xhi(i,id),...,vxhi(i,id),...

Parameter eps is used as the required precision
if (abs(tinterp—ti(1)).le.eps) then

do j=2, nbod
xh(j) = xhi(j,1)
yh(j) = yhi(j,1)
zh(j) = zhi(j,1)

vxh(j) = vxhi(j,1)
vyh(j) = vyhi(j,1)
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vzh(j) = vzhi(j,1)

enddo
else if (abs(tinterp—ti(2)).le.eps) then
do j=2, nbod
xh(j) = xhi(j,2)
yh(j) = yhi(j,2)
zh(j) = zhi(j,2)
vxh(j) = vxhi(j,2)
vyh(j) = vyhi(j,2)
vzh(j) = vzhi(j,2)
enddo

else ti(1) < tinterp < ti(2)
else

Set temp variables
do i=1, 2
do j=2, nbod
xha(j,i) xhi(j,1i)
yha(j,i) = yhi(j,1)
zha(j,i) = zhi(j,i)
vxha(j,i) = vxhi(j,i)

vyha(j,i) = vyhi(j,i)
vzha(j,i) = vzhi(j,i)
enddo
enddo
doi=1, 2

Compute the time interval between ti(i) and tinterp
deltat = abs(ti(i)—tinterp)

To enable backward drift from ti(2) to t,
the velocities in ti(2) must be inverted
if (i.eq.2) then
do j=2, nbod
...skip ejected planets
if (pl_disstat(j).ne.2) then
vxha(j,i) = —vxha(j,i)
Vyha(.] :1) = _Vyha(J :1)
vzha(j,i) = —vzha(j,i)
endif
enddo
endif
perform a drift from ti(i) to tinterp
call h2j drift j2h (nbod,mass, deltat,
& xha(1,i),yha(1,i),zha(1,i),
& vxha(1,i),vyha(l,i),vzha(1,i))
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B. INTEGRATOR SWIFT RMVS3 XYZINTERP

o o

NOTE THAT ONLY A "POINTER" TO THE BEGGINING OF A
"MEMORY COLUMN" IS PASSED

¢ Invert the velocities obtained by backward drift

if (i.eq.2) then
do j=2, nbod

.skip ejected planets

if (pl_disstat(j).ne.2) then
vxha(j,i)=—vxha(j,i)
vyha(j,i)=—vyha(j,i)
vzha(j,i)=—vzha(j,i)
endif
enddo
endif

enddo

¢ The following part of the code computes weighted

arithmetic mean from both drifts.

Skips ejected planets.

do j
if

=2, nbod
(pl _disstat(j).ne.2) then

¢ Calculate weights
wl = abs(ti(2)—ti(1))/abs(tinterp—ti (1))
w2 = abs(ti(2)—ti(1))/abs(tinterp—ti(2))
¢ Normalize weigths

wln = wl/(wl+w2)
w2n = w2/ (wl+w2)

Calculate mean values of coordinates and velocities for

time tinterp
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xh (j)=wlnxxha(j,1)+w2nxxha(j,2)
vh (j)=wlnxyha(j,1)+w2nxyha(j,2)
zh(j)=wlnxzha(j,1)+w2nxzha(j,2)
vxh (j)=wlnxvxha(j,1)+w2nxvxha(j,2)
vyh (j)=wlnxvyha(j,1)+w2nxvyha(j,2)
vzh (j)=wlnxvzha(j,1)+w2nxvzha(j,2)

endif
enddo

endif

return
end
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