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Tasks and objectives

Approaches of asteroids to planets

e More than a million asteroids are currently known.

e A number of asteroids experience close approaches to planets.
Possible events: collision with a planet, destruction of an asteroid.

e Close approaches affect further orbital and rotational dynamics of the
asteroid.

Main goals
e To investigate in detail the rotational dynamics of an asteroid during its close
approach to the Earth.

e Determine the characteristic values of perturbations in the rotational
dynamics of an asteroid due to its close approach to the Earth.

e To estimate the influence of the problem parameters on estimations the
magnitude of disturbances in the rotational dynamics of asteroid during its
close approach to the Earth.
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Distribution of the rotation period measurements of NEAs
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Distribution of the rotation period of Near-Earth Asteroids (NEAs), together with
the rotational disruption limit of 2.2 h and the dependence of P(D) on the diameter
(figure from Fenucci et al., 2024).

P(D)=5.6h, D> 200 m.

P(D)=5.6h(55-)% D <200 m.
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Two groups of Near-Earth Asteroids

e Slowly rotating asteroids (D = 100-1000 m, P = 10-100 h).
e Small asteroids with fast rotation (D < 100 m, P < 1 h).

Near-Earth Asteroids Discovered
Total per Size Bin (as of 2024-Aug-19)

15 000

12 500 — 11983

10 000 —

7500 —

Total Discovered

5000 —

2500 —

0-30 30-100 100-300 300-1000 1000+
Estimated Diameter (M) .. ..o rin (pL/Caltech)

https://cneos.jpl.nasa.gov/stats/
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Basic assumptions. Formulation of the problem

The asteroid is an absolutely rigid body, having the shape of a triaxial ellipsoid with
the main central moments of inertia A < B < C. When modeling the rotational
dynamics of an asteroid, we considered its motion along a fixed hyperbolic orbit
relative to the Earth with the parameters: d = a(e — 1), e (based on ephemeris
NASA JPLY).

The orientation of the asteroid and its rotation speed at the initial moment of time
were specified by the Euler angles 0, ¢, and the angular velocity vector &. Using
the DOP8532 integrator, dynamic and kinematic Euler equations were integrated.
The following values were determined

|AP:Pﬁnal_P07 AWZ’Yﬁnal_'VOv

where Py = 27 /w. is the period of rotation of the asteroid at the initial point;
Panal = 27/|d| is the period of rotation of the asteroid at the final point; v is
the angle between the rotational axis and the normal to the orbital plane; & =
(wa, wp,we) is angular velocity vector in the coordinate system rigidly connected to
the asteroid body; wq = wp = 0 and 8 = = 0, ¢ = o at the initial time.

Lhttps://ssd.jpl.nasa.gov/horizons/
2E. Hairer et al., Solving Ordinary Differential Equations I: Nonstiff Problems, 1993
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Near-Earth asteroids: Apophis, 2012 TC4, Duende and 2023 BU

(99942) Apophis
e Discovered: June 19, 2004 (R.A. Tucker et al., Kitt Peak, Arizona).
e Diameter: ~ 340 m.
e Next close approach to Earth: April 13, 2029.
e Minimum expected distance: 38200 km (= 6Rg).
e Period of rotation: 30.6 h.

2012TC4
e Discovered: October 2012 (Pan-STARRSI).
e Diameter: ~ 10 m.
e Close approach to the Earth: October 2012 and October 2017.
e Distance: 95000 km (~ 15Rg) u 50000 km (= 8Rg).

e Period of rotation: 12 min.
(367943) Duende (D ~ 30 m, P ~ 8 h), 2023BU (D ~ 10 m, P &~ 2 min).
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Changes in the rotation period
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Changes in the rotation period of an asteroid as it approaches the Earth for different
parameter values: d (left) and Py (right). The thick red curve corresponds to the
approximate value of d (or Py), at which AP = 0. The dotted red curve corresponds
to the value of parameter for Apophis (Pravec et al., 2014). Moment of time ¢t = 0
corresponds to the asteroid passing the approach point.
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Influence of the orbit (Apophis)
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Dependences of AP and A~ for Apophis due to its approach to the Earth in 2029 on
the orbital parameters d = a(e — 1) (within Earth’s radii) and e. The cross indicates
current position of Apophis (d = 5.96, e = 4.26).
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Influence of the orbit (Duende)
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Dependences of AP for Duende due to its approach to the Earth in 2013 on the
orbital parameters d = a(e — 1) (within Earth’s radii) and e; (d = 5.34, e = 4.22).
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Influence of the orbit (2012 TC4)
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Dependences of AP and A~ for 2012 TC4 due to its approach to the Earth in 2017
on the orbital parameters d = a(e — 1) (within Earth’s radii) and e. The cross
indicates current position of 2012 TC4 (d = 7.86, e = 6.36).
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Influence of the initial rotational state (Apophis)
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Dependences of AP and A~ for Apophis due to its approach to the Earth in 2029
on the possible initial (before the moment of approach) values of Py and ~o. The
cross indicates current position of Apophis (Pravec et al., 2014).

Most probable: |[AP| = 10-15 h, |Ay| ~ 10°.
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Influence of the initial rotational state (2012TC4)

AP, min
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Dependences of AP and A~ for 2012 TC4 due to its approach to the Earth in 2017
on the possible initial (before the moment of approach) values of Py and ~o. The
triangles indicates current position of 2012 TC4 (Lee et al., 2021).

Most probable: |AP| ~ 10~° min, |Ay| ~ 0.01°.



Influence of the figure on AP and Avy

The figure of small asteroids is usually unknown or poorly defined. We studied the
influence of the asteroid’s figure (which may be described through its moments of
inertia A < B < C) on AP and A~.

For the case of a triaxial ellipsoid (a > b > ¢) of uniform density we have:

A_b2-|—c2 B_aQ—I—c2

C a2+b2’ C a2+b2’

c_ [-1+A/C+B/C b  [1+A/C-B/C
b \ 1+44A/C-B/C " o \1-A4/C+B/C’

By varying ¢/b and b/a, we consider all possible values of A/C and B/C.
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Influence of the figure (Apophis)
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Dependences of AP change in rotational period and A~ change in angle characterizing
the deviation of the rotational axis from the normal to the orbital plane, for the
asteroid Apophis due to its approach to the Earth in 2029, from the parameters
¢/b and b/a, characterizing the figure of the asteroid. The cross indicates possible
position of the asteroid (Pravec et al., 2014).
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Influence of the figure (2012 TC4)

AP, min
1.0(€=636, d=786R;. Py = 12.05 min, 3, = 160°) o oe=6.36. d=T56%,. pﬂ 1225 min, y, = 160°)

0.0 . :
30-10°
- 25.10°
- -5.0-10 -
X . 20-10*
. . 4
10107 15-10
! ! 10-10°
’ -15-107 ’ 50107
0. 0.

0.0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

70.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
clb

Dependences of AP change in rotational period and A~ change in angle characterizing
the deviation of the rotational axis from the normal to the orbital plane, for the
asteroid 2012 T'C4 due to its approach to the Earth in 2017, from the parameters
¢/b and b/a, characterizing the figure of the asteroid. The cross indicates possible
position of the asteroid (Lee et al., 2021).



Yarkovsky effect: qualitative description

Schematic representation of the diurnal (a) and seasonal (b) Yarkovsky effect (figure
from Bottke et al., 2006). The cause of the Yarkovsky effect is the non-zero thermal
inertia of the body.
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Influence of perturbations on the Yarkovsky effect
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Left: Dependence of the parameter AAs = Ag‘nal — Ag, which characterizes the
change in the magnitude of the Yarkovsky effect, on the possible initial (before the
moment of approach) values of Py and ~o for Apophis during its approach to the
Earth in 2029. The cross indicates possible position of the asteroid (Pravec et al.,
2014). Right: The same for asteroid 2012 TC4 during its approach to the Earth in
2017. The triangles indicate possible positions of asteroids (Lee et al., 2021).

Apophis: Ay = —2.9-10"*au/d®> — —2.4- 10~ au/d? or —3.2- 10~ * au/d?.
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Conclusion

e Our numerical modeling of small asteroids approaching the Earth has shown
that significant perturbations in the rotational dynamics of an asteroid take
place only when it approaches the planet at a distance of less than 10 Earth
radii.

e In case of asteroids with the rotational period P > 5 h encounters with the
Earth may lead to noticeable changes in the rotational speed and the orientation
of the rotational axis. In addition, precise knowledge of the asteroid figure is
needed for the accurate estimation of the perturbation value.

e On the contrary, for the asteroids with fast rotation (P < 1 h) perturbations
in the rotational motion are negligible, and the figure of an asteroid has little
influence on their value.

Perturbations in rotation arising due to the approach to the Earth will affect
the magnitude of the Yarkovsky effect for asteroids with slow rotation and will
be unnoticeable in the case of asteroids with very fast rotation.

Acknowledgements: The study was funded by a grant Russian Science Foundation Ne23-22-00306,
https://rscf.ru/project/23-22-00306/
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[Ipunoxkenmne

JluHaMuYecKue ypaBHeHUs Jiinepa:

dwa GM
—wpwe(B-0C) = _37‘7357(3_0)7
M
B _pwnc—ay = —3SM - a,
dt r3
dwe GM
O wawp(A—B) = —32af(A-B), (1)
dt r3

rge G — rpaBuTauoHHAs nOCTOsHHAs; M — Macca 3eMin; wq, Wp, We — MPOCKITHHE
BEKTOpPa YIJIOBOH CKOPOCTH BPAIEHHsI acTepons1a & Ha ocu a, b, ¢; 7 = a(e2 —1) /(14
ecos f) — paccrosHue “acrepons — 3emisa’, rae a — GOJBIIAS HOIYOCh OPOUTEL,
e > 1 — skcnenrpucurer, f — HCTHHHAS AHOMAJHS; ¢, (3, Y — HAIPABISIOIINAE
KOCHHYCHI TJIABHBIX OCEil MHEPIINHA OTHOCHUTEJHLHO HAIIPABJIECHUS HA 3eMJIIO.



[Ipunoxkenmne

Kunemarnaeckue ypaBHeHus Diyiepa U BBIPAXKEHUST [JIsI HAIPABJISIOMIAX

KOCHHYCOB:
% _ WcCoSY — wesiny
dt cos ¢ ’
i—‘f = Wq COSY 4 wesin,
ccll_zi) = wp — (Wecosy — wq siny) tg ¢, (2)
a = cos(f— f)cost —sin(f — f)sinpsinp,
B8 = —sin(@ — f)cos ¢,
v = cos(f — f)siney + sin(f — f) sin ¢ cos . (3)
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[Ipunoxkenmne

[Ipu DpoCTPaHCTBEHHOM BPAIEHHH aCTEPOUIA B KHHEMATHIECKUX YPABHEHUAX M-
JIepa MPUCYTCTBYET CHHIYJISPHOCTH mpu ¢ = +7/2. Ur0o0bl n36aBUTHCS OT CHHTY-
JISIDHOCTH, [IPU IHUCJIEHHOM HHTEIDHPOBAHUHN MBI BMECTO yIJIOB DUJepa HCIOIH30Ba-
i nepemensbie Pogpura—TamusibroHa Ao, A1, A2, A3, CBsI3aHHBIE C yIylaMu D#jepa
CIIEYIOIAMY COOTHOIIEHUSIMH:

v = oo eos ®eos ¥ —ain? gin @ sin ¥
0 = C€OS—cos— cos— —sin —sin = sin —,
2 2 2 2 2 2
e lan ol b Y
1 = cos—sin = cos — — sin — cos — sin —,
2 2 2 2 2 2
= e P eos Cain ¥t gin @ in @ os ¥
2 = C€O0s—cos—sin — 4 sin — sin — cos —,
2 2 2 2 2 2
6 6
A3 = cosfsin?sing-l—sinfcos?cosg. (4)
2 2 2 2 2 2
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[Ipunoxkenmne

ITepemenusie Poxpura—Tamunsrona (PI') aBnsiorcs perynspHbIME BO Beei obiacTu
saganms \; € [—1,1], ¢ = 0,...,3. Ilpu ucnonp3osanun nepemenusix PI' BmecTo
KHHEMAaTUIeCKUX ypaBHeHuil Ditnepa (2), upeacrapisiomux coboil cucteMy u3 Tpex
yPaBHEHH, MBI IMEeM CHCTEMY H3 UeTbIpex nuddepeHnraIbHbIX yDABHEHA]:

% = —%(A]wa + Aowy + Azwe),

% = %()\Owa — Aswp + Aawe),

% = %(Agwa + Xowp — A1we),

% - _%(Awﬂ ~ Awp — Aowe). (5)

Hanpasasiromue kocurycel B napamerpax Pogpura-l'amuibroHa nuMeT BUJ

a = A+ =23 -2 cosf+2(MoA3 4+ Ar1)a)sin f,
B = 2(A\1d2 —XoAz)cosf+ (A2 =22+ 22— \2)sinf,
voo= 2(()\0)\2 -+ )\1)\3) cos f -+ ()\2)\3 - )\0)\1) sin f) (6)
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Dddekr Apkrosckoro (I4): amanuTHIECKOE OnHECAHUE

J171s1 BBIYIHCIIEHUST CKOPOCTH H3MEHEHUSI BEJIMINHEL OOJIBINOI OIYyOCH aCTEPOU 1A IO,
BausinneM D¢ HeoOxoamMa KacarejbHasi KOMIOHEHTA BO3MyInaromei cuisl fy . B
IIPeJIoJIOKeHNH 00 OKOJIOKPYTOBOU opbute obmias dopMmysia Ajs CpegHeil CKOpOCTH
uMeeT BHUJ

da 2fy )
dt n’
rge n — cpefgHee apmkeHme acrepounga. CyMmMmapHas BeamdnHa D CKIIaabIBaeTCsS
U3 CYTOYHOU M Ce30HHOII KOMIOHeHT. B oboux ciydasax Mbl OymeM HMeTb Jeso C

Bblpa.)KEHI/IeM BI/I,E[a
2 eoT* AT, -
= = , 8
bR ¢ T f(v) (8)

rge p — IJIOTHOCTH acTepoujaa, R — paguyc OJHOPOSHOrO IIapa C 00bEMOM, paB-
HBIM 00bEMY ACTEPOHUA, € — HU3JIyIATEJbHASI CIIOCOOHOCTH IIOBEPXHOCTH aCTEPOUIA,
o — nocroguuas Credana—BonbiMana, ¢ — cKopocThb cBera, AT — pa3HOCTh TEM-
nepaTyp Mexay Haunbosiee M HaMMeHee HarpeToil 9acTsSMH MOBEPXHOCTH aCTEPOHIA,
f(v) — mekoropasi dbyHKIUsS yria y MeXJy OCbI0 BPAIEHUSI aCTePOUAa U Iep-
MEHUKYJISIPOM K IIJIOCKOCTH ero opbutsl, 1T’ — CpegHss TeMIepaTrypa acTepPOHIa,
BbIYUCJIsiEMast 110 (popMmysie

fy

T4—ﬁ
" 4eo’

Bt ag 2
rae o — K03 MUIHEHT IOIJIONeHUs Ha [IOBEPXHOCTH acTepousa, S = 1370 — (—) —

M a
IIOTOK COJIHEYHO} SHEPruu Jyis acTepouaa ¢ OOJIbIIOl MOIyOChI0 a, ag — Oosibras
MOJIyOCh 3€MHO#M OpOUTHI.
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Cyrounstit acpdexr AproBCKOro

Jlna cyTounoro addexkra SpKOBCKOrO IOJIAratoT:

- AT, Ou

_ , = 0.667 ; 9
f(y) = cosy 142030, +2.0402 ©)

rje napamerp
pCKw

2necTs

XapaKTepPU3yeT OTHOIIEHIE BPEMEHH TEMIIEPATYPHOH DeIaKCAIUU K PACCMATPUBAE-
MOMy HEPHOAY BpeMeHH (B cirydae CyTOoIHOro D51 Gepercs mepuos BpAIIEHUs acTe-
pouna P); C — ynenbHas TemIOeMKOCTb acteponia, K — koaddumuenT renionpo-
BOJAHOCTH, p — CPeJHssd IJIOTHOCTH acTepouja, w — 27T/P — 4YaCcToTa BpalleHudA
acTepona.

Ou = (10)

Cyrounstit 951 6yzmer npusogurs K da/dt > 0 s Haka0HOB ocu Bpamenus 0 < vy <
7/2 (HporpagHoe JBUYKEHHE: HAIPABJICHHS BPAIIECHUS U OPOUTAIBLHOIO JBHKEHUS
acrepornpga cosmagaior) u da/dt < 0 gns m/2 < v < 7 (perporpagHoe JBHKEHHE).

Jnst Gosbmux 3HaveHuit mapamerpa ©, >> 1 (Manbix 3HaueHuil P) copasemamBo
COOTHOIIIEHHE AT
w —
~0;t~ VP,
T

T. €. BOBMYIMamoIad ChUsa CTPEMUATCA K HYJIIO.
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Cezonnbrii 3pderT ApKoBcKOro

s cesommoro DS momarator: f(v) = —sin2~ u da/dt < 0 mpu moGom yrie Ha-
KJIOHA OCH BpAIleHHs aCTepOH/a. TeMIepaTypHBLIH MHOXKHTETh HMeeT BH
AT, 1 1

= ———A,sind,, (11)
T 31—71

Tls
rae T = SR On, napamerp O, BBIYUC/ISETCS AHAJIOTMIHO CyTOYHOMY CIydaro (CM.

(10)) ¢ 3ameHO 9aCTOTH W HA CPEAHEE ABHXKEHHE ACTEPOUJA M, & BEJUIHHA [s =
v/ K/pCn npeacrasisier coGoil XapaKTEPHYIO TJyOWHY HNPOHUKHOBEHHS TENJIOBOIT
BousiHbL. MHOXUTENb Apy Sin by (Ap — ammuTyna, 8, — dasa rapMOHHKH, COOTBET-
CTBYIOIIEH 9acTOTe ¥ = N) HAXOAUTCS M3 PEIIEHUs] yPABHEHUsI TEIJIOIPOBOJHOCTH.

CyMmMaprasi BesimauHa, D91 Beraucssiercss no opmyJie

% -2 ( () | f<>>) (12)

d "
rae fi(/) u f)(,s) BBIYHUCJISIOTCS [IPU IIOMOINM ypaBHeHus (8) C y9eToM BbIpasKeHUH
(9) m (11) mns TeMmepaTypHOr0 MHOXKHTEJNS B CJIy9asiX CyTOYHOIO U CE30HHOrO DI
COOTBETCTBEHHO.
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[Tapamerp Ao

ITepeiinem or Bemmumubl da/dt k mapamerpy As, cBa3b koToporo ¢ da/d¢ maerca

creayromeit popmytoi:
da  2av1-—¢?

dt i A2 g(r), (13)

rae g(r) — HekoTOpas (byHKIHs TeTHONEeHTPHYECKOro paccToauus r: g(r) = (ro/r)?,
rae rog = 1 a.e. — HOpMaJM3yIOMmMuUil HapaMerp, a 3HadeHue moKaszares d st 60JIb-
muHCcTBa AC3 3aKIII09EHO B Ipefenax oT 2 10 3 u cj1abo Biuser Ha Beanauny da/dt.
O06br9HO HpuHUMAIOT d = 2.

B ciaysae xpyrosoit opburst: e = 0 m 7 = a. Torga dopmyna (13) npuaEMaer Bux

da 2
— = A 14
dt n 2 9(7‘)7 ( )
a ¢ ygerom (8) mosmydaaem
Iy a 2
Ay = 2 = . . 15
2 g(r) fr (1 a.e.) (15)



	Приложение

