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The Moon



Реализация современных долгосрочных программ
исследования Луны в рамках проектов:

ЛЛЛ, 
SELENE, ILOM (JAXA, Japan), 
LRO (NASA), 
Chang’e (China), 
Chandrayaаn (India), 
Луна Глоб (РКА, Россия)

направлена как на создание долговременных лунных баз, 
так и на получение широкого спектра информации
о лунном гравитационном поле, о точном положении
Луны в инерциальной системе координат, динамической
и геометрической фигуре Луны и ее внутреннем строении.

Lunar projects







Теория вращения Луны и ее внутренняя
динамика

Приливные и неприливные вариации Луны
Приливные вариации селенопотенциала

Вариации сейсмической активности Луны и ее
механизмы

Луна



W  http://en.wikipedia.org/wiki/Internal_
structure_of_the_Moon

Geology of the Moon
From Wikipedia, the free encyclopedia
Jump to: navigation, search

Exploring Shorty crater during the Apollo 17 mission to the Moon. This was the only Apollo 
mission to include a geologist. NASA photo.





Impacts by meteorites and comets are the only abrupt geologic force acting on the 
Moon today, though the variation of Earth tides on the scale of the Lunar 
anomalistic month causes small variations in stresses. (Yu. V. Barkin, J. M. 
Ferrándiz and Juan F. Navarro, 'Terrestrial tidal variations in the selenopotential 
coefficients,' Astronomical and Astrophysical Transactions, Volume 24, Number 3 / 
June 2005, pp. 215 - 236.) [1] Some of the most important craters used in lunar 
stratigraphy formed in this recent epoch. For example, the Copernicus crater, 
which has a depth of 3.76 km and a radius of 93 km, is believed to have formed 
about 900 million years ago (though this is debatable). The Apollo 17 mission 
landed in an area in which the material coming from the Tycho crater might have 
been sampled. 
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1. The tidal periodic variations of selenopotential coefficients are bigger then corresponding
variations of the geopotential coefficients (in 10 times) (Getino, Ferrandiz, 1993). 
 
2. The main tidal variations are clearly are allocated from general list and are determined by 
formulas: 
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2 MδJ = 1.534×10 cos(l ) , 

-8
22 MδC = 0.7715×10 cos(l ) ,  

-8
22 MδS = 1.0389×10 sin(l ) ,  
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21δC = -2.221×10 cos(F) ,  
 

-8 -8
21 M MδS = 0.1204×10 cos(l + F) - 0.1227×10 sin(l - F) . 

3. Due to terrestrial tides the period of the Moon rotation tests variation (with anomalistic 
period)  
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MδT = T×0.6521×10 cos(l ) =15.3316 ms. 

The Earth   (Cheng, Taplay, 2004)

The Moon

-10
2δJ = -(2.80 ± 0.22)×10 cos(V - 30 ±19)

The Earth









( ) -6
2J = 203.428 ± 0.09 ×10

( ) -6
22C = 22.395 ± 0.015 ×10
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2 MδJ = 1.534×10 cos(l )

-8 -8 -8
2 MJ = 20342.8×10 +1.534×10 cos(l ) ± 9×10

Основные коэффициенты селенопотенциала

-8 -8 -8
22 MC = 2239.5×10 + 0.77×10 cos(l ) ±1.5×10



36th Annual Lunar and Planetary Science Conference,  2005, 

Texas, abstract no. 1076. 

 
EARTH, MOON, MERCURY AND TITAN SEISMICITY: 

OBSERVED AND EXPECTED PHENOMENA 
 

1Yu.V. Barkin,  2J.M. Ferrandiz,  2M. Garcia Ferrandez,  
1Sternberg Astronomical Institute, Moscow, Russia,2Alicante University, Spain 

 
 

Celestial-mechanical cyclicities of the Moon seismicity 
 

27.4, 13.6, 9, 6.7, 206 days 
 

      Lammlein (1977)  
      Oleinic, Galkin, & Gamburtsev (2000),  
      Avsujk, Oleinic (2001), Oleinic (2002), 
      Nakamura Y. (2003) Base data on moonquakes.   
      Private communication. 

Celestial-mechanical nature of the Moon seismicity







Table 1. Correlation of orbital periods with periods of variation of the Moon 
seismic activity. Predicted periods of seismic activity of Titan and Mercury.

 
Orbit periods 
       (days) 

Observed 
seismic 
periods 

Predicted 
seismic 
periods 

Conditional 
amplitudes 

Titan 
seismicity 

Mercury 
seismicity 

Tdrac/2=   13.611    13.608  13.8   2371      7.9722 --- 
Tanom=     27.54      27.570 27.4   1214 15.9455 87.969 
Tsyn/2=    14.766    14.765 --- 1042 7.9846 --- 
Tdrac/4=     6.805    6.804 6.76   815 3.9861 --- 
Tdrac=      27.22      27.18 27.4   680 15.9444     --- 
Tsyn=       29.53       29.56 --- 495 15.9661 --- 
Tsyn /3=     9.844     9.840 --- 373 5.3230 --- 
Tdrac /6=    4.537     4.535 --- 4.535 2.6574 --- 
Tsyn /4=     7.383     7.380 7.24   348 3.9923 --- 
Tdrac/3=     9.074    9.071 9.02   314 5.3148 --- 
Tanom /4=  6.884    6.871 6.76   289 3.9864       21.992 
Tdrac/8=    3.403    3.395 --- 285 1.9961 --- 
Tanom  /5 = 5.508   5.500 --- 261 3.1891       17.594 
Tsyn/11=    2.685    2.685 --- 253 1.4517 --- 
Tdrac/5=     5.444    5.455 --- 249 3.1889 --- 
Tanom /8=  3.442    3.470 --- 249 1.9932       10.996 
Tsynod/8=    3.692    3.735 --- 236 1.9961 --- 
Tsynod /7=   4.219    4.205 --- 234 2.2813 --- 

 



Mercury



Mercury resonant motion 3:2

Sun Mercury



Plane unperturbed Mercury rotation

• The libration is closely related to the planet’s equatorial bulge
• Mercury’s 3:2 spin-orbit resonance
• Gravitational torques tend to align this deformation in the 

Sun-Mercury direction
• Mercury is close to the Sun & large C22 ⇒ large libration



Messenger and Bepi Colombo



Topographical map of the South Pole-Aitken basin based on Clementine
data. Red represents high elevation, purple represents low elevation.

The Moon Mercury



Expected results from Messenger

• They expect a global precision on X-band of 0.1 to 0.2 mm/s@60seconds;
equivalent to 0.2 to 0.5mm/s@10sec.

• They will be there at high solar activity;
• They will reject data at elongation <5o;
• Problem of power consumption, so no regular tracking;
• NH: gravity up to 30-40 possible but unrealistic, depending on the 

coverage;
• Global field up to 8, meaning a S/N ratio =1 at degree 8; this doesn't 

mean they will obtain a precise field up to that degree; most probably 
precise up to 4-6;

• Line-of-sight measurement success depends on the coverage, which 
depends on the mission design;

• Degree 2 improvement expected: simulations have shown a precision of 
0.5% on C20 and 0.2% on C22;

• Libration precision expected: 7%.



( ) -5
2J = 4.23 ± 0.06 ×10

( ) -5
22C = 0.85 ± 0.05 ×10

Mercury

lT = 426 ± 25 yr

Barkin Yu.V., Ferrandiz J.M. (2007) Dynamic role of the liquid core of Mercury in its 
motion  on Cassini’s laws and in resonant librations. Abstracts of European Planetary 
Science Congress (Potsdam, Germany, 19 – 24 August 2007) Vol.2, EPSC 2007-A-00259.

gT = 12.2 ± 0.3 yr

hT = 1462 ± 69 yr

cl
T = 58.6252 days

( ) -5
2J = 6.0 ± 2.0 ×10

( ) -5
22C = 1.0 ± 0.5 ×10

2.5 %

0.5 %

(Barkin et al., 2007) MESSENGER

Mariner-10
33%

50%

5.9%

0.2 %

1.4%

5.9%

4.7%

---

---

---



BepiColombo Mercury ESA cornerstone mission

Detailed Scientific objectives:



Bepi-Colombo dual spacecrafts



Giuseppe Colombo (Bepi Colombo)





1. Tides
2. Gravity analysis
3. Libration
4. Moment of inertia
5. Interior modeling



Cassini´s laws from XVII century 
to our days







Трактат Кассини, 1740



Angular momentums of Mercury 
and its core

Axial Cassini´s rotation



Движение Меркурия по Кассини-Коломбо

Рис. Восходящий узел экватора Меркурия на плоскости орбиты и восходящий
узел орбиты на плоскости Лапласа совпадают. Угол между нормалью к плоскости
орбиты и осью вращения Меркурия составляет 2 минуты дуги. Плоскость орбиты
прецессирует относительно нормали к плоскости Лапласа с периодом 283527 лет.

Пилл, 2006



MEAN INCLINATION OF THE AXIS OF MERCURY ROTATION IN 
ORBITAL REFERENCE SYSTEM

Beletskii equation (1971) 
 

                                 1cosi + ε sinictgρ + βcosρ +α = 0                  (B) 
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    (here ,A C are equatorial moments of inertia). 

 
      Peale equation (Peale, 1968, 1988, Wu et al., 1997) 
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MEAN INCLINATION OF MERCURY AXIS OF ROTATION

     Approximate analytical solution (Barkin, 1985) 
 

     ⎡ ⎤⎣ ⎦

1
0

-3.0 -3.2
20 0 22 3 2

Ω

-ε siniρ = ncosi + -C X (e) + 2C X (e)ε
In  

 1 0cosh 1ε = = ± ,    2 0 0 0cos 2( ) 1g hε ω= + − = ±  
 

Barkin Yu.V. (1985)                    ′ρ = 1 24 ; ′ρ = 1 39 ; 
 
Rambaux N., Bois E. (2004)      ′ρ = 1 60 ; 
                                                          ′ ′∈ρ (1 33 - 2 65) . 

 
Rambaux N., Bois E. (2004) Theory of the Mercury’s spin-orbit motion 
and analysis of its main librations. Astronomy &Astrophysics.413, pp. 381-
393. 



CASSINI’S LAWS FOR CORE-MANTLE SYSTEM

    θ = 0 , cθ = π  
     p = q = 0 , c cp = q = 0  

      λ Fn = n = r = Ω   ( F 0λ = n t + λ = F ),             
      0 0λ = F ,          
      0h = π ,         

     Bcos2ρ + Esin2ρ + Pcosρ + Isinρ = 0 ,  
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Vol.23, December 2004, 533-554





Data of radar observations







Периодическая либрация Меркурия с периодом 88 суток.
“Кулачки” угловой скорости вращения Меркурия (Баркин, 1979).

“Cams” of angular velocity of Mercury



м





Equations of plane Mercury motion with the liquid core



( )
m

3 B - Aφ = f(e)sin M
2 C

Peale, 1976; 2003
Dehant et al., 2004

Barkin (1976, 1979)

Mercury resonant librations



Analytical formulae of Mercury librations

(Peale, 1988)

(Barkin, 1979)



Phenomenon of Mercury non-perturbation

Period of non-perturbation
of Mercury rotation

Barkin (1979, 2003)
Barkin, Ferrandiz, 2005

T=58.6462 days



Earth-based libration observing strategy

• Illuminate Mercury with monochromatic radio 
signal from Goldstone radar (l=3.5 cm) during ~10 
minutes round-trip light time.

• Record echoes at Goldstone and at the Green 
Bank Telescopes for ~10 minutes.

• Perform cross-correlations between amplitude 
fluctuations recorded at both telescopes.



Wisdom, Margot



(2’27   Баркин, 1978-2007)



Stan Peale and his wife, Namur, 2005



Barkin – Ward, Cannes, 2004



Modeled and observed variations of the angular velocity of Mercury

(Margot, Peale, Jurgens, Slade, Holin, 2007)
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−0 0δg = (34"9 ± 2"9)sin(M) + (4"5 ± 1"1)sin(2M +13 4) (1"3 ± 0"6)cos(3M - 43 8)

0+(413"6 ±117.1)cos(L - 9 1)

0254 1M M ∗= − 0254 1L L∗= −

gA = 6'9 ± 2'0

.

Амплитуда резонансной либрации в долготе

Вариации угла вращения Меркурия



Solar tides and variations of gravitational potential 
of Mercury



Tidal variations of coefficients 
of gravitational potential of Mercury

2k = 0.37Love number
(Dehant et al., 2004)

Barkin, Yu.V. 2004. Comparative rotational dynamics of the Moon, Mercury and Titan.
Astr.& Astroph. Transact., v. 23, Issue 5, pp.481-492.



-10
2δJ = -(2.80 ± 0.22)×10 cos(V - 30 ± 19)

The Earth   (Cheng, Taplay, 2004)

Tidal variations of coefficients of second harmonic of 
gravitational potential of Mercury (Barkin, 2004)
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Barkin Yu.V., Ferrandiz J.M. (2007) Dynamic role of the liquid core of Mercury in its 
motion  on Cassini’s laws and in resonant librations. Abstracts of European Planetary 
Science Congress (Potsdam, Germany, 19 – 24 August 2007) Vol.2, EPSC 2007-A-00259.
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hT = 1462 ± 69 yr

cl
T = 58.6252 days

( ) -5
2J = 6.0 ± 2.0 ×10

( ) -5
22C = 1.0 ± 0.5 ×10

2.5 %
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-5
22δC = 0.005×10 cosM 0.6 %



Выводы

Приливные деформации Луны являются значительными.
Основные вариации коэффициентов селенопотенциала
будут доступны спутниковым наблюдениям
в современных японских миссиях.

Годовая вариация коэффициента С22 гравитационного
потенциала Меркурия в принципе доступна наблюдениям
по программе MESSENGER  в ближайшие годы.

Важнейшей задачей небесной механики и астрометрии
является развитие и построение аналитических теорий
вращения Луны и Меркурия, рассматриваемых как системы
оболочек (упругая мантия, жидкое ядро, твердое ядро).


