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Abstract Celestial mechanics has been a classical field of astrononly.a few astronomers were in this
field and not so many papers on this subject had been publdilmany the first half of the 20 century.
However, as the beauty of classical dynamics and celeséiehanics attracted me very much, | decided to
take celestial mechanics as my research subject and enterasity, where a very famous professor of
celestial mechanics was a member of the faculty. Then dgcaitisatellites were launched starting from
October 1958, new topics were investigated in the field ofstedl mechanics. Moreover, planetary rings,
asteroids with moderate values of eccentricity, inclimatnd so on have become new fields of celestial
mechanics. In fact | have tried to solve such problems in alyéinal way. Finally, to understand what
gravitation is | joined the TAMA300 gravitational wave detier group.

Key words:. celestial mechanics — occultation — minor planets — astistogeneral — planets and
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1 SCHOOL DAYS Forces, the high school resumed its operation as an educa-
_ . tional organization.
| was born in 1928 and was educated in the Japanese old However, another important condition that reduced our

system, which was continued until roughly 1952. In factstydy hours occurred. In fact, we could not obtain enough
the schools we attended were a primary school of six yeargpod to survive, particularly, for some students including
which was the only one obligatory school at that time, ame, as my father passed away in June 1945 after he had
middle school of five years, a high school of three yearstayed in bed for 10 years. Namely, my family lost all in-
and a university of three years. At our primary school a toxome during the period of severe inflation after the war.
at the middle school 50 boys were in one of five classesperefore, the school was only open in the morning. | my-

and at the high school one class consisted of 40 boys. Theg|f had to work as a private home teacher in the afternoon
were five science oriented classes and five non-sciencgng at night.

oriented classes. Even though | was studying at high school, | could not

Since there were many pupils in one class and not sgecide which field | would choose at a university. However,
good experimental facilities were available, | do not haveg ngjf year before the end of high school | found a book
a good memory of being trained in science education.  jyst published on celestial mechanics by Yusuke Hagihara,

In December 1941, when | was a second year midwho was a professor at the University of Tokyo (Hagihara
dle school boy, the Japanese navy attacked Pearl HarbdQ47). This book mainly described fundamental principles
Nearly all middle schools including ours practically of analytical dynamics, and the author intended to address
stopped their educational activities from May 1944 tomany problems of celestial mechanics in later volumes.
August 1945. We were obliged to work at military facto- This book attracted me very much and | decided to study
ries for 11 hours a day by a two shift system till June 1945astronomy, particularly celestial mechanics.

Still I took the entrance examination for a hlgh school and The entrance examination permitted me to become a
received permiSSion in March 1945 to enter the hlgh SChO(gtudent at the Department of Astronomy, University of
which is now the first two year course at the UniverSity OfTokyO and during the second year | could attend lectures
Tokyo. In fact I could not enter the high school by July on celestial mechanics by Prof. Hagihara. During the same
1945 after having worked at the factory. period | read the four volumes of books by Tisserand

Actually, even after | entered the high school, | had to(Tisserand 1889-1896) at my house. In these books the
continue to work at the factory. Finally a few weeks afterauthor described how to solve many problems in celestial
August 15, when Japan declared its surrender to the Alliedhechanics.
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due to the fact that geodetic coordinates in Japan were
shifted systematically with respect to most coordinate sys
tems used in other countries. In fact it had been known
already that there was some other evidence for such differ-
ences. Then Dr. Hirose proposed to connect the Japanese
geodetic system to the US one across the Pacific Ocean by
timing a lunar occultation very accurately.

For this purpose we had made test observations that
could be used to relate measurements recorded at any re-
mote location with those by the site of the 65 cm telescope
at Tokyo Astronomical Observatory. This study was con-
ducted by timing the same occultation of a star with an ac-
curacy of 0.001 second by using a photomultiplier device.
In addition, through analyzing such data we could relate
any two sites inside of Japan with an accuracy of 20 m.

Later, an organization to relate Japanese and US data
by observing a lunar occultation was set up. However, as
the first Sputnik satellite was launched in October 1957,
everybody believed it was better to use artificial satedlite
for this purpose, and the lunar occultation campaign was
discontinued.

3 SATURNIAN SATELLITES

Also | spent time for my own research on celestial mechan-

ics. In 1953, Hall et al. (1953) published astrometric obser

] vations of the inner satellites of Saturn during 1927-1947.

E:J@tle% (TiTgT; CZLI’EZ?;tO‘:)e”‘T%résg:;)zieicé""crfgra‘ftgrsaa{‘zg djg{omThe orbital elements of the satellites used at that time were

the computer say that this is property of Tokyo Astronomicalpub“Shed. by G. Struve in 1930 (S_truve 1930). Therefore,
| tried to improve them by analyzing data by Hall et al.

Observatory. The photo was taken in around 1955. ’ A h
and derived their orbital elements almost every year be-

As the third year started, Prof. Hagihara suggested &veen 1927-1947 (Kozai 1957a,b). For this purpose | also
problem for the thesis | needed to graduate the universitjimproved the theory of motion of some of the satellites
That was on the motion of the asteroid (279) Thule, forand determined the mass of the satellites as well as the dy-
which the mean motion is 40@er day, being at the ratio namical figure parameters of Saturn by using the secular
of 4:3 with respect to that of Jupiter. According to this rela motions of inner satellites. It should be mentioned that for
tion, the two bodies do not approach each other and | inveghe mean longitude of Mimas a secular acceleration term,
tigated why this is so. For this work | spent many hours to2-8° (per century}, was detected.
compute some coefficients in the disturbing functionby us- ~ These papers were submitted for a doctor’s degree to
ing a hand computer (see Fig. 1). | subsequently submittefe University of Tokyo and the degree was awarded to me
the paper to Prof. Hagihara and published it (Kozai 1952)in 1958.

Also, | read the three volumes of books by Poincaré, Les
Méthodes Nouvelles de la Mécanique Céleste, which de4 MOTIONSOF ARTIFICIAL SATELLITES

scribe many fundamental ideas related to the three bod_¥ ) ) o

problem (Poincaré 1892). he Inter_natlonal _Geophyswal Orgam;atlon proposed
to organize an international campaign called the

2 OCCULTATION OBSERVATIONS “International Geophysical Year (IGY)” in 1957-

1958 and the US declared that during the IGY atrtificial
In April 1951 | started to work in the group lead by Prof. satellites would be launched. Then Dr. F. L. Whipple at
H. Hirose at Tokyo Astronomical Observatory, a researctihe Smithsonian Astrophysical Observatory (SAO) agreed
institute at the University of Tokyo. Dr. Hirose’'s main in- to be responsible for optical tracking of satellites by
terest had been in astrometric observations and motions distributing 12 Baker-Nunn cameras worldwide. Among
comets and asteroids. He had also been interested in usther things, he wanted to publicize the predicted position
ing a lunar occultation to determine positions and the moef satellites. The cameras were of Schmidt type with a
tion of the Moon. As he analyzed occultation observatiorb0 cm aperture angl = 1. To follow motions of satellites,
data obtained in Japan and compared them with worldwidthe alt-azimuth mountings had a third axis and the field
data, he found that there were some systematic difference$ view was particularly wide in the direction of satellite
between the results. He thought that the differences wenaotion.
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In October 1957 the USSR launched the first artificial
satellite to obit Earth and in January 1958 the US starte .« ‘ , , atoc 385
to launch artificial satellites. Then Dr. Whipple wanted to
have researchers on celestial mechanics and | was invite
to work at SAO’s satellite tracking program. | joined the o
group late in October 1958.

As soon as | arrived at SAO, | was told that the
Minitrack radio-interferometer system detected strange
variations in the orbital elements, particularly eccenitlyi

Later it was made clear that they were due to odd orde

harmonics (north-south asymmetry) of the geopotential. ~ °* \ oo w08
For close artificial satellites, the periods of one revo- \

lution of the perigee and the ascending node of the orbite § : ————
plane are generally of the order of 100 days. One mustin o e
clude second-order perturbation terms to derive the theor,

of motion that is valid for a 100 day time interval. As for Fig.2 The diagram expressing the solution for the asteroid (2)
artificial satellites one cannot assume that the eccetytrici Pallas witha = 2.77 AU and® = 0.80.

and the inclination have any small values, that is, we must
derive the theory of motion for satellites under these con-

ditions. Then as soon as | arrived at SAO, | started to forygtergids with arbitrary values of the eccentricity and in-
mulate such a theory and | was able to succeed in derivingjination. Still | had to assume that the disturbing planets

such a theory in three months (Kozai 1959b). move along circular orbits on the same plane, namely, the
| also noticed the importance of luni-solar perturba‘ecliptic plane.

tions and included them in the equations (Kozai 1959a). . . .
By using luni-solar perturbation theory, Whitney and | con- N Secular perturbation theory, as the mean longitude is
cluded that the lifetime of a satellite with a large eccentri €liminated, the semi-major axis, is constant. Moreover,

ity, 195942, for which NASA had announced the lifetime because_ in the present case for the disturbing function,
to be as long as 20 years, would be reduced to two yeaFQe longitude of the ascending node does not appear, so

due to the solar effect, which would reduce the perige® = V1 —e?cosi, which represents the-component
height very much (Kozai & Whitney 1959). of angular momentum of the asteroid, is constant. Then

For satellite motions | analyzed several effects like soWe have a dynamical 52ystem with one degree of free-
lar radiation pressure, which is very important for balloon dom- Here,X' = v1 —¢? and g, the argument of peri-

type satellites, effects by the deformed Earth and by |unihelion, are a set of canonical variables, with the constant
solar tides, effects caused by using a non-inertial coorditiamiltonian, /*, in which time does not appear explicitly.

nate system (namely referring to the moving equator of th& fact the Hamiltonian is the averaged disturbing func-
Earth) and so on. tion. Therefore, this system of equations can be solved by

Finally | derived the geopotential by using satellite duadrature (Kozai 1962), and as well asc andi are ex-
motions (Kozai 1961a,b). In fact | enjoyed staying at SAOPressed as periodic functions .
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as Dr. Whipple encouraged my work very much. In Figure 2, the diagram to express the solution is
shown for the asteroid (2) Pallas with= 2.77 AU and
5 SECULAR PERTURBATIONS OF ASTEROIDS © = 0.80. The vertical axis on the left side shows the value

. ] ] of X, the vertical axis on the right side showand:, while
As far as | know in textbooks for celestial mechanics pubtne horizontal axis showay. In the figure, the solution is

lished before 1960, the authors treated secular perturbgiong one of the equic-value curves and the present value
tions of asteroids under the assumption that both the gy (2) Pallas is denoted by. Notice that there are several
centricity, e, and the inclinations, are small enough that her asteroids denoted bywith similar values ofa and
the solutions could be derived by solving linear differen-g This shows that there is a family containing (2) Pallas,

tial equations. Therefore, the idea for proper eccenyricit 5though this family cannot be detected by the linear the-
and proper inclination could be introduced. orv.

K. Hirayama computed the proper eccentricities and . . .
inclinations for asteroids, when about 800 asteroids had__NOte that there is a stationary point wheéfeand2g =
been discovered, and found that there were some grou ,0 9'0 not change. Around the stationary point the.re 1S
in which the semi-major axes, proper eccentricities and in région whereg cannot make any complete revolution.

clinations have similar values. Later he named such groupd fact. if © is less than roughly 0.8, a so-called libration
families of asteroids (Hirayama 1918, 1922). region appears whety changes within a limited region.

However, now we know that there are many aster-  After | submitted this paper to the Astronomical
oids with not so small eccentricities and/or inclinations.Journal, | came back to Tokyo Astronomical Observatory
Therefore, | tried to derive secular perturbation theory fo in October 1962.



1334 Y. Kozai

Even after | came back to Japan, | tried to derive more
geodetic data by using SAO’s observations. In fact | de-
rived Love’s number, the ratio of the actual tides on the
Earth with respect to the theoretical ones (Kozai 1967). |
also tried to determine temporal variations of the geopo-
tential by satellite motions, but the accuracy was not good
(Kozai 1971). | understand that such data have been very
accurately determined by using Lageos as well as other
satellites used for laser ranging data.

A 4

0 \@ 7 ORBIT OF GEOSTATIONARY SATELLITE
After the 1960s, use of high-speed computers became
very popular and | myself learned a computer language,
FORTRAN, in 1959. However, | never tried to use such a
method to solve any differential equation. | think that ana-
lytical methods are useful to have some idea of how to find
any adequate orbit, even though the solutions derived are

Fig.3 A schematic diagram illustrating how the inclinatiband not SO exact. In fact | believe that they give us some !dea
the longitude of the ascending nofeof a geostationary satel- Of their dynamical property. Here | would like to describe
lite with respect to the equator change with time. The dédinit one example of this kind of research (Kozai 1979a).

of variables isp = sinicosQ andq = sinisin{. As men- As geostationary satellites are usually used for radio
tioned in the main text, there is a stationary point appratély  communication, weather forecast and so on, they should
at (p, q) = (0.128, 0). The initial condition that | mentioned in - phe kept at 37000 km above a fixed point on the equator.
the main text,(€2,4) = (270°,1°), is approximately located at ., yever, as the geopotential is not symmetrical with re-
(p,q) = (0, ~0.01745) in this figure. spect to the rotation axis of the Earth, the longitude of any
synchronous satellite changes between two fixed points
with a period of 820 days as the semi-major axis changes
on the order of 0.001. However, if the longitude of the
satellite is 70 or 250 it does not move in the east-west
Soon after | returned to Tokyo Astronomical Observatory,direCtion' The luni-solar perturbation does not change the

o . eccentricity by more than 0.0005.
| assumed the position of Dr. H. Hirose, who was also Still the inclination of the orbital plane and its longi-

responsible for the observational side of the observatory. de of th di de with t 1o th torial
In fact there was one of the 12 Baker-Nunn cameras. The o€ 0! th€ ascending node with respect to the equatoria
lane (2, change widely due to the luni-solar perturbation.

Baker-Nunn camera had been a good satellite tracking de- tact th lution i i dwh h
vice. However it had a disadvantage in precisely determin; | 'act the Solution IS easily expressed when we use the po-

ing orbital elements of satellites, as the observed data caJ‘f’]lr coordinate system witéin 7 as the radius anf? as the

not be well distributed along any orbit, since observationé"mgle (Fig. 3). Moreover, it can be shown that the point cor-

can only be made when any satellite is sunlit whereas thgeSPONding taini = 0.128 and$2 = 0° is the stationary
camera is on the night side of Earth. point. Other solutions move along nearly circular curves

, , _around the stationary point in the clockwise direction with
As far as radio observations were concerned, the radiog period of 54 years. Among them there is a solution pass-

transmitters onboard satellites before 1960 were not stqﬁg through the origin of the coordinate system, however it
ble enough to be used to determine the orbits of satelliteg, o |eaves the origin. In order to increase the time length,
However, as soon as the stability of the transmitters hag,rinqg which the inclination stays in the region with small
been improved, radio Doppler observations became an imcjination as long as possible, say, the initial value of
portant technique to determine the Earth rotation paramey should be near 270andi is nearly equal to L For me
ters including polar motions. it is a good initial orbit for any geostationary satellite.

Later, the laser ranging technique was introduced and
the ranging accuracy had been much increased after the pyNAMICAL PROPERTY OF ASTEROIDS,
Lageos 1 and Lageos 2 satellites, which had retro-reflectors comMETS, AND PLANETARY RINGS
covering their surface, were launched, respectively, if619
and 1992. In fact they have greatly increased the accu-continued to work on secular perturbations of asteroids
racy of determining geodetic parameters. It is also noand comets based on the paper Kozai (1979b) by plotting
table that the Apollo 11 spacecraft, launched in July 196%he values for observed asteroids and short-period comets
brought a laser retroreflector to the surface of the Moonin figures similar to Figure 2. Generally speaking if the
We then tried to install laser ranging instruments at Tokyovalue of© = /1 — e2 cosi is nearly equal to 1, both the
Astronomical Observatory without much success. eccentricitye, and the inclination;, are small enough and

6 IMPROVEMENT IN SATELLITE TRACKING
METHOD
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also applied to the problem of merging black holes, as any
black-hole pairs with highly eccentric orbits merge easily
since more intense gravitational waves are emitted near the
area with short mutual distance. A post-Newtonian version
of the paper was published (e.g. Hinder et al. 2010).

In fact the paper Kozai (1962) on secular per-
turbations was selected as one of about 30 influen-
tial papers published in the Astronomical Journal and
the Astrophysical Journal in the 20century when the
American Astronomical Society celebrated its centennial
anniversary. According to SAO/NASA ADS, the number
of citations for this paper had reached 916 as of 2016
August 18.

| also studied the dynamics of Uranian ring particles
together with shepherding satellites. The rings of Uranus
were discovered in 1977 by observing a star being occulted
by Uranus. They are mostly narrow rings, however,dhe
ring has a unique structure (Elliot & Nicholson 1984). In
fact, all the particles have the same value of eccentricity
(e = 0.0079) with very small inclination and this ring re-
volves around Uranus like a solid plate. This means that
the major axes of all the particles in the ring move with
) ] ] ) the same angular velocity. This contradicts the idea that
Fig.4 The author’s photo during the time he was general dlrectorthe axes rotate due to the oblateness of Uranus. This inter-
of National Astronomical Observatory of Japan in 1988—-1994 .

ested me very much and | thought that undiscovered shep-
, ) herding satellites help maintain this structure, althotiggh
do not change very much. Howeverdfis small like 0.8,  roplem has not yet been solved (Kozai 1992, 1993).
e and: show large changes.generally takes its maximum
value at2g = 180°, where the major axis of the orbitis g srAVITATIONAL DETECTOR TAMA300
greatly inclined with respect to the reference plarakes
its minimum value akg = 0°, where the major axis is The idea of gravitational waves was proposed by Einstein
placed on the reference plane. in 1916 and several attempts have been made to detect this

As an example, | show variations of the orbital ele-phenomenon. Indirect evidence of them was identified by
ments for (1922) Zula having = 3.25 AU and© = 0.52.  observing the orbital variations of a neutron star binary
For this asteroidt changes between 0.36 and 0.66 and caused by emitting gravitational waves. Also in the 1980s,
changes between 1&nd 40. Therefore, the aphelion dis- a new method of using a Fabry-Pérot interferometer was
tance changes between 4.42 and 5.40 AU, which is larggiroposed. Then the US started to construct LIGO detec-
than 5.20 AU, the mean heliocentric distance of Jupitertors with 4 km baselines, one in Hanford, Washington and
However, when the aphelion distance takes the largesine in Livingston, Louisiana. France and Italy had the idea
value,2g is equal to 180. This means that the position of to construct one with 3 km baselines in Pisa, Italy, and the
the aphelion is far from the orbital plane of Jupiter wiken UK and Germany together proposed building GEOS600
takes the largest value. A similar situation occurs forraste with 600 m baselines in Hanover, Germany.
oids with small®. That is why any asteroid can avoid very | served as the general director of Tokyo Astronomical
close approaches to Jupiter. Observatory during 1981-1988. And, after Tokyo

On the other hand, generally speaking, for a shortAstronomical Observatory was reorganized into the
period cometg takes a large value whereais small. This  National Astronomical Observatory of Japan (NAOJ), one
means that positions of short-period comets are found inf the Inter-university Institutes, | served as its general
the lower part of figures corresponding to Figure 2. For thigdirector during 1988-1994 (see Fig. 4). Then officially |
case the eccentricity does not change so much with the aleft NAOJ and joined the group managing a gravitational
gument of perihelion. Therefore, comets have a relativelyvave detector.
large chance of closely approaching Jupiter. The group consisted of scientists in various fields and

Since there had been few papers treating the motion dfom various research and educational institutes. They de-
particles with eccentric orbits, the paper addressinglaecu cided to construct a gravitational wave detector with 300 m
perturbations with high eccentricity and inclination (kbz arms by making underground tunnels within the Mitaka
1962), which essentially analyzes the motion of a test pareampus of NAOJ. We named this instrument TAMA300.
ticle in a field with axial symmetry, had been applied toIln 1995 the five year budget for this project was approved
several problems. In fact, many exoplanets with highly ecand the project started. In this project, we intended to de-
centric orbits were found recently. The same method watect gravitational waves caused by the merging of neutron
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