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Wc pr.csc¡t 1rr oxprcssion 1ìrr thc ticl¿¡l tirllo clclay of thc D¿rrth, th¿rt takcs iltto accoullt
palc<irrl¡ologic¿rl obsclvatiorrs. A scrni-crtipilical rtiodcl ol'tho dYltartlics ol'thc lirtrth-Moon system

is otrtai¡cd 
-6rrsiclcri¡g 

lhat thc cncrgv dissipatiorl artd thc tirne dclaY arc not collslallt in tirne. In

¡ ¡rrcyior-rs ¡,ork. ryc cstablishocl a siniil¿rr modcl b1, takirtg inttl accoutrt orlly thc dYnamics of a

cii:ular.6r.[>it r¡dius lìrl thc Moou. ln thc prcsortt plpcr, tht'cc clillcrclltial cqutttiotts describe the

cly¡¿¡¡ics ul'lhlcc ya¡iablcs. narncly, fhc Mootl's orbilal lllcalt radius, the ccr.:crltlicity of the orbit,

ailcl thc i¡clirr¿rtis¡ ol'1hc Moorr's ortrital planc u,ith rcspcct to thc illcdial plarrc rvhich is orthogonal

to tho t¡lal ¡¡gul1r' r¡onlcntrnlr,of'tho llarth-Mootl s\¡stot'ì.t. l¡l this scttsc. tho llarth-Moon system

is t:o¡siilcrccl iiolutcrl. Wc contplrc oul piclulc \\,ilh th¿tt oltc u,hich co¡lsiclcrs thc tidal tirne delay

as constant in tirno and shorv lhal our apprcach is r.:ortsistcttt t'ith thc tlttldcr¡t thcot'ios concerning

lllc Iiur'{h-Motìrì }.ilstcrìì lìlllll¿rtiott.

Kc¡' 11'¡¡¡'ds 'l'icl¿rl tirnc clcla\': lj¿rltli-Mootl s1'stottt l)1'¡r,,"'t 
" 

systcl'ns.

SOBRE O ATRASO DE RESPOSTA DE MARES DA TERRA - Åpre:.setttumrt,s unra axpressã(t

poru () ulnt.so dc r(tsposlu do,s nturé.s tlo'l'crru, u qttul levu cnt ct¡ttsidcroç[ío ohservações

ptrlcortlológictt:;. IJttt t¡t¡xlel¡¡,scnri-cnrpírico ¡turo tt dittrîtnict tlo sislen¡u'l'crnt'Ltto ú oþtidrt, consi'
'tlaxt¡clo 

quc u li.s.sipução de etrergio L: o ulrd,t() da resltosla ttãrt särt cutslutlcs ctn relação act

It:ttr¡to. lirit unt trdb(rllto uttlerirtr u.slabclacctno,s ttttt tnolelo sinilur cottsiclaronclrt u¡tenus o diniìnti-

c,t r!r, rr,¡rt rlt: ¡tnu ¡'tt.bilu c'irc'ttlut'du Luu. No prtr,s<:ttlc ortigo três cquoçõ<t't tli.feratciuis descrevent

tt dittân¡ic.tt dt: lrû.t t,uriút,ai,s, tt,utbt:r, o ntio tnlilio lu órbilo lnttur, u e"tc'ctttrici¿lqcle ¿la órbilo e a

ittclittttçiio tlo pltttto orhilul lo l.uu etn rttlrtçiío tro plutto itterciol orloÍ:ottQl ilo ntontetrlo angular

totttl do,sislt:ttt6'l't:rnt-l,ttu. Nestc sct¡litlo, còn,sidttrontos r.t si:tl<:nta'l'erru-l.tttt isrtludo, Crtntpara-

t¡05 zoss(, ¿(:.tct.¡ção c,,tttt ttt¡ttclu qtte c'ottsidertt o ulruso clc resltosltt ¿la ntorti cot,slortle en relaçãct
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4 On thc lidal lirnc dclay olthe Earth.

INTRODUCTION

Since ancient observations of cclipses, ¿tstronomers
concluded tlìat there was a scculâr acceleration of the
Moon. E. Halley ( 1695) tricd to s.\plain this phenomenon

relating it to tlre gravitational perturbatiou of other plancts.

In 1787, P.S. Laplace annouuced that he had an
explanation in terms of the actioll of the Sun on the lunar
orbit. Nevertheless, in 1853, J. Adams showed that
Laplace's model was nol in agreement rvith the
observations (Mignard, l gtl{)). Thc philosopher E. Kant,
in1754, was the first one to suggest tlìât the tides should
be the cause of the lengthening of the day and of the sc-

cular acceleration of tlìe Moon. It is interesting to rernark

that Kant's rnodel appeared belbre Laplacc's explanalion
for the acceler¿¡tion of the Moon.

Several authors lrave givcn a global treatnlcnt to tlìe
effects of the tides on thÒ Moon's orbit and on the Earth's
rotation. Some of them arc P. Goldreich (1966), W. M.
Kaula (1964), G. MacDonald (1964), and F. Mignard
(te7e).

We combine G. Darrvin's formalism of a tidal time

delay (Goldreich & Sotcr, 1966) with a differential equation

that allows us to estimate the dynamics of the rotation of
our planet. The time dclay corresponds to a time interval
Ål between the perturbation in the Earth due to the Moon
and the instant when the tide is formed as an effect of the
perturbation. In the calcul¿¡tions ofthe perturbation cansed

on the Earth-Moon systcm by tides, we use also the Love
numbers fonnalism (Love. 1944). One of the differential
equations that we h¿¡ve used is empirically obtained from
paleonthological observations. The intervals of time that
regulate the Earth's life are the tropical ye¿ìr, the synodical
month, and the solar day. Hence. paleonthology ¿ìppears

as an independent key to estimate these time intervals.

J.W. Wells (1963) suggested that sourevit¿rl cycles of corals

ofthe Middle Devonian rnay be idcntified. So, it is possible

to estimate that, e.g., a tropical year h¿ìd 400 solar days.

370 million years ago. With these data, it is possible to

estimate the duration of the day and even the distance
between the Earth and the Moon. hundreds of millions of
years ago (Afonso. 1977).

We show the cornpatibiliW between our model ¿lnd

modern techniques with l¿¡ser to measure the lunar notion.
And we make a comparison, also. between our model and
recent theories about the planetary system formation in or¡r

solar system.

In a previous lvork rvc established ¿r similar model by
taking inlo account only thc dynamics of the Moon's orbit
radius (thc orbit rvas considered as circular) (Afonso &
SAnt'Auna, 1989; Sant'Anna, 1989). In the present paper,

thrce differential equatious are used to describe the
dynamics of three variables, namely, the Moon's orbital
mean radius, the cccentricity of the orbit, and the inclination
of the Moon's orbital plane with respect to the inertial pla-
ne which is orthogonal to the total angular momentum of
the Earth-Moon system. In this sense the Earth-Moon
systeur is considered as isolated.

Our picture may be extended for any planet-satellite

system where the interaction with other celestial bodies may
be ignored.

This papcr lras four Scctions. In Section 2 lve present

the dynamic equations for the Earth-Moon system as F.

Mignard (l9tl0) docs it, i.c., by considering the tirne delay
as ¿¡ conslant rvith rcspect to time. In Section 3 we develop
a seuri-empirical model based on paleonthological
observations. By cornparing the two models we obtain a
non-trivial expression for the time delay as a fi.¡nction of
tilne. Finally, in the last Section, we present some
conclusions and rcmarks.

DYNAMIC EQUATIONS WITH A CONSTANT
TIME DELAY

The perturbative potential caused by tides on the Earth,
considering an inst¿¡ntaneous response (time delay Â/ is
zero), as a first approach, is given, according to Mignard
(1979), bv

u(r)=tr,ffi#r[;f] (l)

where i;, denotes the Love ¡rumber of order /, G is the
gravitational constant, r¡' is the mass of the Moon, ll, is
the equatorial radius ofthe Earth, r* is the position vector
of the gravitation¿ll center of the Moon with respect to the
gravitational center ofour planet, r* is the absolute value
of r*, and P, is the Legendre polynomial of order /.

In order to take into account the time delay À/ in our
calculations, lve have to perform a variable transformation
on r ¿¡nd r*, considering the Moon's translation and the
Earth's rotation. Hence, our new variables are:
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rr=r Q)

and

f*,= f*lt-Lt+Ll@x r* - r*-t,*A/+roxr*A/,(3)

where v* is the vclocit), o1'llìe translalion of thc Moon and

øcorresponds to thc angular \/clocil)/ of lhe Earth. So, the

nerv expression for thc potential is:

æ

U (r¡, ri¡ =lurlrr , ri,) (4)
2

where

u ¡ ¡r1, ri ) = ktGttt* Rl-!*' e, Q\, ri¡ li 1r¡, (5)

In the Taylor series, the tenn which does not depend
on Âr is neglected because we are interested on the
dissipative effects. The terms of superior order with
rcspect to A/ âre ignored because we consider Âl
sufficiently small.

Now, lve perform the calculation of the perturbative

force:

rvhere

,ì = * ,,at

.- - rl 'rlr - -------
(1,)tl ri

çt Qt, ri) I=- t+l +/{ I

rl t1

If we expand [./, as a Taylor serics, thc term of first
order with respect lo 

^/ 
is

ri = ¡*
(r¡* - ¡*¡, (8)

where the first factor of the expression gi'r,en above may

be written as

F = IN,, (t2)
1

rvhere

F, = rn.V,V,. (13)

Since rve are interested on the secular perturbations

exerted orr tlre Moon itself, we consider 1* - r ànd nt* : m.

Hence

*

6

(l l)

(14)

and

(1)

Ft = - ktGnlnn2|*r r(r' v)

t.2

I
2l +2

t'
4Q)

rx(o v

-!-

)')t' t' )l

(W v.oL'io)).
.t

+

UVr¡
Recalling that P/'(l) : / (l+lY2

Y,i u,lr=". = tr¡c;ttt * nlt il 
lti tt's o', r*) { +

()

- 

(Dt

0r* "

Ft = -Gn,2kt^tl2;+t ?|ol*"y(r.v)r +

.'j} ,2 1v +" " ,)]
+ e¡ Q, r\ * P,Ø(

CIX \

r' (.' ' ¡'*/ ¡ *

,r. - ,,r-t-

So, each term of'the expanded potential rnay be

written as

(t s)

The expression for the perturbative torque is obtained
as follows:

r=I1, (16)

(e)

vt = ktGnf NÊ*r r*. v*)

*r'(øxt-v*) çt pi G)rr*

(ç'r*¡ ç¡ 4 çx¡

[---;r- - 4@)
r* A,'* *).a

I

where
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(.)

-12a+rxr,)

()rr thc titk¡l lirrrc tlcllv ol'tllo llullr

Hcncc:

ri = (inf ti¡ 
^ttÌ:;!+t ¡# [l(+ ((r.r,) r

u'hcrc a is thc orbit's rnc¿rn radius, c is thc ccccntricity of
thc orbit. H,,, is lhc irugullr nìolncl.ttutì.t ol thc Moon and
11,, is thc nornt ol'tlìc vcctor H^, Eq. (27) corrcsponds to

Kcplcr's Tlrird Larv.

Corrsidcr. notr'. lllc f-ollolving rclatious:

(H,,,:.: r) =lr (r'. lil x r') x r) =lr ((r x r,). (r x v))

( | rJ)

(20)

(2t)

(22)

(2:ì )

(21)

(2-5)

(26)

s = I^s¡.

sincc r x (r x rr-r) (r . ru)r - (r'. r)ar.

Norv. in orclcr lo obt¿tirr thc ch'n¡unic cqualiorrs ol-lhc
Earllt-Moon sYSlcrì.I. \\/c trsc thc GaLrssiun lollnulisru l'or

perturbatious. Ncvcrlltclcss. to do th¿rt. u.c ncccl lo colrsiclci:

11, S, and l,l/as Ihrcc colnl)oltcn{s (ntrrIrraIlv pcrpcndicuIar)

of thc pcrturbalivc irccclcr¿rlion F/7r. u'hcrc 7r is thc rcdtrcccl

llrass of tltc Pltl,sicitl systcrìt lltat ¡,c ltrc co¡sidcri¡g. T¡csc
tltree conrponcrìts ltrc givcrr by

¡¿ = In¿. ( le)

Ï

rvlriclr nrc¿rrrs thirt

r" (H,,, >: t') = 1,,,r:,,t ( l - r').
(11.1¡x r'). (r>r o)- ttr ((rx r,) x r). (r x o) :
= nr (ot. (((r':: r') :'r r) x r)).

(2rÌ)

ttlticlr nrc;rns tlr;rl

(1i.,, x r) . (r:.: rr) = 1ttr2no2(l - er)r,t @Ços I, (Zg)

lrnrl

H,,r. (r >:. ro) : nt (l'x \'). (r x r¿) = rrtr'. (rox (r x v)):
'tttr lro:',. (r :.: r')l cos ( ø 1 1,) sin 1

u'lriclr rrrc¿rns Ilritt

H.r/. (r' >:. ro): ,,,ru,,t ¡l - rt)t't racos (@ + v) sin 1. (30)

u'llcrc ./ is (lrc irnglc bclrvccn lhc Moon's orbital planc and
llrc cqrrirtorial plirrrc ol'tltc E¿rrlh. õ is thc longitudc of thc
pcrigcc nrclrsurccl lì'onr tlrc ¿¡sccndcnt nodc and n is lhc tnrc
¿¡rtonraly ol' lhc sittcllilc.

Nou'. u c urav clcvclo¡t thc c.rprcssious for ,/1, . S) a nd l(:

r) _ r;trr2li¡Lrltf.ttt I [1/+l) (/+2)
1\ / - Itr ,'2(t+i I 

t-t -- (r'r')r'r +

2

2

1

tv =>r4.

r'vllcre

n/=Llfpr
F7 .(H,17 ;.: r)

.Sr =
p H,t, ": rl

and

ttt, =ß 
'-\tt

' lt I'l ,tt

rvhcrc

Hn, = rrrr x ì, .

and

[[n, : ntna2 (l -¿:¡tr:

lvitlr

Itl+lt ' 
-l

* , r'-(r.rtl
'l

th¿rt is.

Itt = - t ittrz ti¡ultl.!+l
(r.r,) (/ + l)2 (3 t)pr

But r=rÊ . ¿¡ndr': r,l +rá ô. rvhcrcthc dotdcnotcs

{ltc dcrivalivc rvilh rcs¡tcct to tintc. Thc vcrsor i. is pcrpcn-

clicular to lhc vcrsor ô . rvhcrc this last onc is parallcl to

thc orbil¿¡t ¡llanc. d corrcsponds to thc angular r,clocity o[
lltc Moon (lr¿trìslalion tlotion). Hcncc

2l +5

( G^t \t'2,,=l ¡ I\¿, /

llet,isto lJru.tilairtt t.lt: (ìt:rtfi.sittt. |1)l I()( t ). Ig9,g

(21)
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tì.¡ = -ç; lt t,t,rt t<i.!' I (/+l rr "' ("\
It "' 

,,tl ' t(l ,,l ll r l lJ

sincc

. t¡uarsi]n t,
I' ì'=/'/'= r I )(l-,")''

Thc cxprcssion lbr ,t is obtairrcd ls lbllorvs:

_ (ìttr2k¡ Lt ttl,!+'l
f 
ltl-+ll 

r.2 1r,. (H,1' x r; +
rl 2 'r'|/

Wc st¡'css thc lirct lhal l,c arc considcring no extcrnal for-
cc rvitlt rcspccl lo llris sl'slcur.

Norv. f'ollotving lhc l'ornralism of thc cocfficients of
Hansen. rvc cxpand Eqs. (3tt). (39), and (40) as a finite
scrics of llo\vcrs of'c. For {his purposc, consider the
lollorvi ug liluc ¿tvcr¿rgcs:

2(l t 2)

s/
,r2(t+t) lHu, ,,

+ (r x ar) . (H¡., >r r))

s'¡ =
- Gttt2 li¡ tlr nl!' | /(/-nt)

2¡r

t .. \ t int: l;t \t ttll + l¡:,,:fii/ ' 
I

(i(¡,:ririt')=-
' tttt:t ' t 1l trl ¡l 

/ l

rvltcrc thc lollorving rcl¿rtion is valid:

1 tl ,,2\
tt (i.2) = tt (.i.0) -:-ll---:--¿ tt (i+t,t).

c (/-l)
So, rvc can rvrilc thc rclations gir,en below:

(32)

(3 3)

(:i1)

([;)"'.",i"'")=

((:)".'*','"¡;'= " ;iu,;i ::s,1,+#¿[([;)".' 
)

(l;t) = ( 0,

(t;; '"' ") = tt ( i t)

((;)' *' (2")) = Lt (i.2)

4l)

L\
1,,'i' 

. (l "2)r''l',")
2l tS

(42)

(43)

(44)

(4s)

(46)

(47)

.2/+.ì Iocosl Iu\ |--7¡h l;) l
(3-5)

(:ì9)

Finally, lhc cxprcssion lbr ll; is givcrt b\,:

r/t =
-Gnt2 k¡ t\t tl,ìt 't I

ItY"rr,,,'{' " ")]'
(36)

¡¡.2(l 
t l) ,,,,,,,2 1l ,t: ¡l 1

ll/r =
2p,,:t ' '

cus(õ+¡,)sirt/

(3 7)

Thc dynamic cquitliotts. uccording lo lhc Gaussiau

formalisnr, arc:

-(inÎ li¡lrÀi/ | t ¡t + l¡ a .. ,ti,ì

l;il
H (.i.0) =

(l - ¿2Yi 3tz'

l)¡

.t,

(l - c2¡i trzil (.1.0 =

da

rlt n1l,.c2¡t'2
2 /icsinr.'+(l c2¡1,5 (3 rÌ) Thc coclf icicnts .,1 . ¿¡nd 1J. for sourc vah¡es of.i, arc

givcn by thc ncxt tablcJ: 
r

(48)

da (l - r2)t'2 |
-=-ldt ttl t

/lsinr' + ,\'
lt' +cosv
( c(l

6
and

d¡

,ft

rcos (õ+ì,)
= 

-=--.---- 

yy

no2 ql - tz¡t"2
(+o)

rvhere j corrcsponds lo lhc inclinatiou ol'thc Moort's orbilal
planervith rcspccl lo lhc incrli¿l planc rvhich is orthogonal

to the tol¿l angular lìrorìrcnlunì ol'lltc E¿rrlh-Moorr svstcrn.

,1 t

l+3"2 +f"4
l(

7

f,i

I + 5"2 +E-o4
l{

45
+ ---c

t(
t +D"2

2

4 *!n6
t6

9
105+c

fr
t *2-Lu2

2

3 5c
c

4*
6

1+14c2 *?! 
"a 

+ 1516 + 35 
st{84t28
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6 2n + 1o3
2

5 t5
-e + .--24

r5ia +- ¿
l6

7

8 3r a l-llut * 15 
rs

4 li

9
7 105 1 l(,5 i .ì5 z_c+ __-c" ¡ _1t" + __('
2 t4 16 l2t{

l0 4u+ztå +11o5
7

35
+ --c

l6
7

8 Orr thc f iclal tilnc dclav ol'thc li¿rrth

v2
['=2n Rl

(iA,l (56)

we havc

(4e) tx, _ 24n2krnt2 ùt . 3lr 255l+_e- +_211 "4+It I,l y, l'2.\'7 Q -a2¡tsrz

Hence

(nr, *in u) =
- Cnt2 Lt rt(l+l)2e2 A r¡

2ltn {311-r:¡l/2

that is,

(&,'in v) =
- Gttt) 'r.\11/+ l¡2 11,-,,2¡tt2 

"n
¡.t(21 + 3)u2t ''3

Analogonsly:

(s7)

To obtain the second dyn¿ìlnic equation that gives tlìe
tiure cvolution of tlìc ccccntricity, lve need to e.\pand tlìe
ternrs.ll,sin r, ¿tnd E(e-r - rl(ea) + cos v) as follows:

(rq *in r,) =
,,cirttIk,Rl,!'''t ar (t + t)2 1l - e2¡t/2 n It (21+5, t).

(s8)
¡t(21 +3¡uzt*3

Thc second cxpansion is:

* 1!i.,n * fr.-). ñï; (,.1r *#"n * *"0)l

(r (: å*""'"))=

_ -Gnt2k, tv Rî,t 
t't t (t+l)tt

2ctra¡21'r'3

+ ct-t (21 +5.f)) - 9 
"u*/ 

(l-I Qt +3, 0) - I-I et +2, O) + eI-I et-,, D].

By using thc follorving recurrence forrnula 
(59)

H (.Ì,0)=#lH (.¡-t,0)+eH (.i-1, l)1, (60)

we lìave, analogotrsly. tor I = 2'.

:!! = n,, h, ;fut-r* þ" 
.+r* Ilr,, *

(ll(2t +4.rÐ -H (21 +4.2)),

(50)

ot, _ _GnÎ tc,tt t\2l,tt(t+t)n 
fr, 

_ ,r¡r,, t\(21 + 6,0) _
21tr,2l*3r

l'I (21 + 5.1).

(st)

(52)
tî{ Ít Qt + 4'o)

(R2esûrv)=

lgrr\ = -tc;nÎ r'.!t?, ¡t, I\r I pu' L

.35 e 35 xl (o
+-e +-c | __

4 l2tt)n

[r -,,]¡r/2 (ÍI(2t+5,0) - It(2t+4,0) +

The most imporlant ternr in tlrc disturbing potential is

the term of the second dcgrcc (Lor,c, 1944, pp. 261). So,

for I :2:

-r)Onf l¡" Rso Lt,tn2

z¡rtt1 1l -e2¡7
r + lìu2 *Dno * lno4864

(53)

and

¡-T I +l4e2 * lo5ro *
4

45t+_c
64 ).

o cos/
--tt 11 - e¿¡t

ll 33 r ll {_c+_e" +_e¿2 4 16

. #- [' 
.ï" *ii" *;')]

(54)

(6 l)

In order to obtain the third and last differential equation
tlut describes thc dynalnical system in question we need to
observe tlnt

Hence, considering

c,

RE'

and

TI
Slll 1 = _ SÛt I,

that is

Revisla Brosileiru de (-ier¿físictt, I/ol. llí(l), t99S
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sin / = 
T (GMmz Rs)t/2 sin ¡

Cø
(63) P=oL

m (7 t)

where C is the main inertial moment of the Earth, or inertial
polar moment, which is given by C = H,./at, So,

Thus

?"cosi-Xllz 1-n2 U2
cos/=

(T2 -2T x (72)
di
dt

-6n2 *2 LtT ,in i
(r * s"' .1r), '{t-r'¡t'' cosi + X (l- ))t/2

M2 P2ax (t - "2)s
(64)

where

Deriving Eq. (70) with respect to r (time), we have the
following:

T : H (G M m2 R,,) ,12, (65) n (GM)tt2 [-ri,in,- x(l -:l)''' r, ,r'''
eèXtt2

ç - 'zjtn

@-
M a Rl!2 cosl

and

C ffi fr rco, n * -''-!- !l'' f,,.", ,,], (73)
a,

(66)M RzE

where

THE SEMIEMPIRICAL MODEL !,rc*,t=t(
-r2 .t ( - e2¡tt2 sinz i

.rtrz
272 .Ytl2 eè sinz ¡* 

{'- o;;'n 
+

(72 - 2T .yttz ç - e2¡tt2 cosi

,,;
Consider the following equation + 2iT2 sin i 1.ytt2 1l - e2)tt2 cos i - T\

+ x 1l - e2¡¡3/2 .

H=Hnn+H,, (67)

where H is the total moment of the Earth-Moon system,

and H, and H,,are, respectively, the moment of the Moon
and the moment of the Earth. If we perform, in Eq. (67),a
dot product by Hn, we have the following relation:

John W. Wells (1963) was the first one to observe
that paleontology allows to determine the number of days
in the year for different geological periods, from
Cenozoic to Cambrian. Some corals that lived hundreds
of millions of years ago had annual growth increments

on their upper surface, ascribed to seasonal temperature
changes. Assuming that the period of the Earth's
revolution around the Sun has been constant, and that
its period of rotation on its polar axis is changing by
tidal forces, it is possible to estimate the number of days
per year at the time when those corals lived. Hence, it is
possible to estimate that the length of the day has been

increasing throughout geological time and that the
number of days in the year has been decreasing. Wells
calculates, for example, that the number of days of the

Cambrian year (600 x 106 years ago) was of the order of
420.

ln Fig. I it follows the graphic which appears in Wells'

paper (op. cit.).

É/cosi - H,,cosl:Hrn (68)

which is equivalent to

9 cos I = ! ¡7 y3/z cost - x2 (t - "2)t/21,n B' (6e)

or

( cu\
taJ

l/2
(Ð=- [?'cosi - xtt2 (_ t2)tt2], (70)Bcosl

where
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t0

where:

2412 k. ,r2 |

-l

ll4 ¡r I'r.\'t I

On thc ticlal tinrc dclay ol'thc ljarth

41

Figure I - This graphic corresponds to the data obtained

from paleonthological observations, according to Wells,
The horizontal axis is the geological time (millions of
years). The veftical axis is the number of days in a year.

Figuru I - Este gráfico corresponde aos dados obtidos de

observações paleonlológic¿ts, de acordo cottt l(ells, O eixo
ht¡rizontql represenÍa o lempo geolrigico em ntilhões de

unt¡,s. O eixo vertical é o número de <Jias em Lrm eno.

Based on Wells' paper, we note a linear dependence

between co and rb, where r¿ is the angular velocity of the
Earth's rotation. ln Mignard's thesis such a relation is also
presented. Hence:

rb: K ro (7s)

where K=-0.00019( l0r' years).

If we corrrpare Eq. (75) with Eq. (73), which gives the

expression for rb, we can stâte an expression for the tidal
tirne delay A/ as a function of X, e, i and coas follows:

-l (, ltt 255a
(t -;tt?t lr 

+ -c- + -- t'' +

, rdc()st(,,152 45+ S nll- , ¡;¡ l'* 7' * T" . *" ,J]'

,\.

t85 o 25 rl
" 16" " *u )

c = l2tr2 *. ,,,2 [ -l lu,, * 135.,, 135 sL - tLlr "z ¡, ,u,1¡ L¡ -7tln lvc 
+ 

-c- 
+ 

-c' 
+

.45 7) ro cos/ (tt 33 ¡ It s\-l+_¿'l+__l- M" )'7 u - ¡¡ [t" * T" * -'' )l (7e)

(78)

(80)l= -612 k2,rr2 T rin i
Mz p2 ¡1 ut3/2 (-"2)s (t *:"'- ;r),

and

D=!(2[
-T2 x (-e2 | / 2 ,i,r 2 i 2T'2 .yt/2 e¿ sin2 i

+
(l-e2',t/z

+
,Y

. Kr¿

^/-----./'- (-\', c. i)' (76)

+ 2 i 7'2sin I (.Y I t 2 
1t - 12 ¡t 

/ 2 

"n, 
i - L')(r'?-zr .\: 

| / 2 
1 I - c 

2 
¡ 

I / 2 
cos i +

+ x (l-¿2ù-3/2. (sl)

Note that Eq. (76) is only a fìrst attempt to give an

expression fbr Â¡. lf we consider A/ as a function defined
on a time interval, then Eqs. (41),(52),(58), and (59) should
be rewritten, as well as all the remaining equations derived
from them.

Due to the high non-linearity of the dynamical system
that we are analysing, the nunrerical integration is very
difficult to be performed in a personal computer, if we are
interested in an integration that gives information about a

remote past like one billion years ago. One manner.to
facilitate the numerical integration is to rewrite the dyharnic
equations (57), (61), and (64) as

/" (.\', c. i ) =

_ T cos i D n .\'l'l (l- ":)l'l /)-l.ctts/ cos/ l

where:

(. 3l r 255 t ttts

[t 
+,c'z n'ar" ,o + '.1'or' *

(,.Tr* {oo * *u)] [' + 3e2 +*,,)'',

(82)

n (Gll'l )tt2

Itl tt t1,,1!2 cos t

d.Y -4Ma
a = ,¡¡vtr*

r¿ cos/+=-

eeXtl?

(l * ,')t''

(17)

-l
o-7f'Ìr

* ë¡ì
(¡4 )

llavi.tltt llra.yilcìro tle (ìao/ísit'u, l'ol. t6(t), t99B
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(83)

ll

tle .2tvu I r / t.ì5 , t-ì5 .

,tt= iTilrr s:nu La;¡- l',,'r 
+ r-':' 'r 

11111) ç

r''¡c.s/lll ìì ' l],,rlll,+.ì.,r ¡],,,1'* , lt"* {'"*lr, /l\ x )

å"').

(r,r4)

and

dt

,l¡
- 

^1 

2 I'2 ¿¿\' 
l3 /2 

(l -"2)-t
6n2 k2ttt2 Lt'l' sil ¡

l+3a2 *i"'
I

-1

cttcos I

is givcn bv Eq. (69)

ll is inlcrestirrg to obscrvc lì-orrr Eqs. (ti2). (tt3). lnd
(ti4) that lhc triplcs (.\'.c.l) do not clc¡rcrrcl on thc r,¿rltrcs ol'
A/. Tltc tinlc dclirv lr¿rs lrrr i¡rlluclrcc oltly olt llrc lintc scalc
of our problcur.

To perlonn llrc nurrrclical inlcgrllion ryc consiclcr.thc

tollorving dala: z = .ì. 1+ l -59. i,', = 0.2[i. nt = 7 .3(>xl 0r: /,g.

ArI = 5.98x102a/w. trt = 1.27xl0rr /,'r:. n,, = 3.91x l0r0 (106

),c¿rrs)-|, (i : (¡ (>1>: l0¡u //¡3l((10,' ,,'s¡¡¡5¡: l;Ð. t, = 1.60x

l0'r0xl06 .Vears. 11.,.= 6.371x10('¡¡r. ¿¡: ¡.-l(X). ¿¡rd (.':
tt.0-t3x I0r'/,g rrr:,

Wc t¡sc lhc fbr¡rtlt orclcr Rrrrrgc-l(ullir nrctlrocl to solvc
our syslcrìt ol'clif'lbrcnti¿rl cqrralions gilcn bv Eqs. (tt2)"
(tt3), and (tì4). Wc irrtcgraf c Eqs. (ti2). und (ti.ì) iu orclcr to
oblain thc lriplcs (.\'.c.r). Tlrcrr rvc substittrtc lhcsc valucs

in Eq. (tÌ4) to obl¿rirr tirnc scalcs. To fìtcilitatc thc
calculations wc âssunìc as lillrc rrnit 10,' l,cars.

DISCUSSIONS AN D CONCLUSIONS

lf tvc consiclcr A/ ¿rs ir corìstatìl rvith t'cs¡tcct lo tirnc /. ¿ts

Mignard does ( 1979: I 9fi0). urrcl ¿ìssurììc lhc initi¿rl couclilions
ol'ürc prescnt ccccntricitv r:0.0-5 ol'lhc Moorr's orbit. clistancc

.\":60.25 front llrc Ealth to thc Moon. ¡rncl incliualiou I =
0.01¡95, rvc havcas a poinl of 'nraxinlurrr lrp¡tro.rinraf iorr'/= -

2.042 billion ycars. ¡tcrlbrnring an intcgrltiou rvi{h positivc
stcp for I cqual to l0-,'(lhat is. an irìtcgt'ittion to thc pasl). Thc
tneaning of 'uraxintrrnr approxirnalion cun bc trnderslood if,
rve scc thc graphics givcn in Figs. 2. -t. i¡nd 6. lltvc considcr

Figurc 2 - This gnrplrrc corrcspouds to thc dynaurics ol the
Ear{h-Moon syslclt't rvilh ¿¡ conslant tidal timc delay. Only
sornc poin{s of'lhc nuulerical intcgratiou werc plotted. The
horizontal axis is lhc gcological lime (millions of years).
Thc vcrtical axis is thc distancc betrvcen the Earth and the
Moon (thc quotienl bclrvccn lhc selni-major axis of the
Moon's orbit ¡nd thc Earth's cquatorial radius).

Itiguru 2 - listc gr"o./ico cttrra;;portdc à clintîi:ttticq clo ,siste-
ttto'l'arra-l,t.to (:onì !un olroxt de rcsposta con,,;tante. Ape-
r r o :; o l u t t n :; ¡to n t t ¡.s d o i n t c gr a çã o rr t.r t t t ér i ca.fìt r an r p l o ta cl os.
O cixt¡ hr¡rizt¡nlol c o !cntpo uaológico cut tttilhõeo- cle ano:¡.
O aixo t,crtical t o tli.stdncia cnlrc e'l.erra c a Lua (a razão
anlra o,sctt¡i-cixt¡ ntoit¡r rla órhila tla Luq e o raio equato-
rittl rla'l'at'ra).

tì

rvhcrc lhe cxprcssiorr

n

-1

Figurc 3 -'Ihis graphic corrcsponds to the dynamics of thc
E¿rrtlr-Moon s),stcln u,ilh a varying tidal timc delay. Only
sornc poinls ol'lltc uurncrical intcgration were plotted. The
horizontal axis is thc gcologicitl tiure (millions of years).
Thc vcrtical a.ris is lhc clistancc betrveen the E¿rth and the
Moon (tlrc quoticnl bcltvccn (hc scmi-rnajor axis of the
Moon's orbil alrd thc Earth's cquatorial radius).

Figuru 3 - lì,stc grit/ìø corrc:;poncle à clittâtuica do sistenta
'l'arra-l,ua cortt t.un alrox¡ tle resposla varitn,el. Apettas algttno-

poltlo.t tlo intcgração nuutérica.fitraru plotados. O eixo hori-
x¡nlal ú o lcttt¡xt eaoltigico cm nùlhões cle attos. O eixo verticol
Ú o rli:;ltittcia cnlrc d'l'erro e o Lua (a rozão enlre o senti-eixo

tttaior rla órhila tla [,ua a o roio equaktrial cla 1'erra).
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t2 Orr thc ticl¿rl tirno tlcllv ol'thc llirlth.

0

r_ì.

0.

0.1

IJ¡

rlt

IJ

.1 oDt

Figurc 4 - Cousl¿urt ticlirl linrc clclar'. Thc horizont¿l a.ris is .

the geological tiurc (nrillious ol'1'cars). Thc vcrtical axis is
tlte cccentricity of'tlìc Moon's orbil.

Figura 4 - ,tltrol;t¡ de rcspo,slo t:t¡n:¡lonlc. O cixt¡ hr¡rixtnlal
é o lempo get¡lórlict¡ cttt tt¡ilhõc,t rlc ono,s. O aixo verlicul ú

a excentricitlarlc tla órbito tlo Ltta.

Figure 5 - Van ing tid¿¡l tiure delar,. Tlrc horiz-onlal axis is
the geological timc (tnillious of vcurs). Thc r¡crtical axis is
llte cccentricity ol'thc Moon's orbit.

Fìgura 5 -.4lra,u¡ de respon'lo t,arioval. O eixt¡ horizonlol ë

o teû,po geol(tgico cnt tnilhî¡es tlc ont¡,t. O eixo verlical a u

excentricidode do órbito cla Lua

tlte tid¿l time dclay 
^/ 

colìstânl. thc Eartl¡Moon systelu coulcl

llot be lnore than 2.()-12 billion years old. Nevcrtheless, it is

tvell known thal lhc Moon fonned 4.,52 to 4.-50 billion ycars

ago (Lee et al.. 1997). Thc rcader could question the r¡alidity
of our choicc for I hc stcp of i utcgral i on I ( 16. Notr,vithstandi ng.

\ve h¿ìve perfonncd llre samc nr¡mcrical integration for othcr
steps å, whcrc û < < l0<'. rvith no signilìcant changes in our
final results. Hence. our choice for thc value of the step of
integration sounds very reasonable.

On the othcr hand, if we pcrforur the nulnerical
integratiou by considering an expression for A/, giveu by Eq.

Figurc 6 - Consl¿rut tidal tintc dclay. Thc horizonlal axis is

tlrc gcological lirnc (ruilliorrs of ycars). The vertical axis is
thc inclination I of thc Moon's orbit.

Fíguru 6 - ,,ltro,st¡ rle resytsla constanle. O eixo horizontal
ú o lerrrpo gcolóuictt cttt tttilh(¡e,s cle onoo-. O eixo vertical é

tt inclinaçcio i rla t¡rhita da l,uo.

0.1

u.1

0.11

0.1

Figurc 7 - Van,ing tidal tiutc delay. Thc horizontal axis is
thc geologicll lirnc (rnillions of ì,ears). The vcrtical axis is
llrc inclination I ol- tllc Moon's orbit.

Figuru 7 - Alra:so tlc respo:;la ,variavel. O eixo horizontal é

() tentpo geológico em ntilhões tle ano.-. O eixo vertical é a
inclinaçdo i da órhito do [,tlo.

(76), lhe rcsultiug graphics arc thosc presented in Figs. 3, 5,

and 7, rvhich shotv lhat a nunrerical integration to the distant
past of 4.5 billioll I'ears is possible. This occurs because the
linrc dela.y dccrcases lo llrc past and incrçrses to thc future.
Or¡r calculations rvilh ¿¡ van¡ing tid¿rl time delay are morc
rcalistic llran Mignard's rnodel, if lve compare them with the
nrodcnl thcorics ¿rbout the origin of the Eafh-Moon systen
(Lce ct al. op. cit.: Bcnz et al, 1986, 1987; Pafterson, l9S7).
In othcr u'ords, our semi-ernpirical model derived from Eq.
(75) says that-\'and ¿ dccrease and j incre¿¡ses to the distant
past, but not so lhst as il occurs in Mignard's model. The
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reâson for that is tlrc lbllorving,: Eq. (75) pl'ovidcs us \\,itlì rr//

perturbations in thc E¡rltlr'Mootr svslcln. Mignard's modcl

accounts only for lhc pcrlurbatio¡rs ci¡rrsccl bv thc E¿rth's tidcs.

ignoring other cfìbcls likc thosc câuscd b),thc Sun.

Our ntodel docs uol allorv lo tnakc nurncrical intcgralion

to tlrc distanL ft¡lurc. siucc Al iltcrcascs lo thc hrlurc and.

Itencc, Eq. (10) nnrst bc rcr,ictvcd. Such an cqrration ignorcs

the terurs of supcrior ordcr rvilh tcspcct lo A/ in thc Tirylor

series that describes thc pcrturbali\/c potcnliitl, bccause lhc

tintc delay is considcrccl sulìicicnth, srnall l'or thlt purposc.

Ncvcrtltelcss lltc nurncrical intcgrlliotr to lhc distant ft¡turc

is possiblc if rvc considcr Â/ coltslanl.

Tlte rcadcr corrlcl ¿lsk il ¿ sccoucl orclcr scrics f'or

eccentricity rvould bc cnough. Ycs. it rrould bc. Brrl tvc

discovered tlìat only ¿rlìcr thc ltuntcrici¡l intcgration. u,hcn

we noticed that ccccntricity dccrclses lo lhc past. according

to tlte grapltics in Fig. -t urd Fig. -5. So. Eqs. (tl2). (tt:ì). ancl

(84) can be rovrillcn ¿rs:

l3
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di ¡rT .\'3/2 sin i
+

çl - ,,2 ¡3/2 2tt

and

dt

,tl

_ArÍ2 l'2 q.\.t.t'2 (l_12)5
(l + ic2) l. (u7)

6n2 k2nt2 Lt'l'sin i

Another inlcrcsting point is an opcn problcm related

to a possible extension ol'our rcsulls lo a s.\,slctìì of lhrcc
bodies such as thc Earth-Moon-Sulì svstctìt. although thc

contribution of thc Moon to thc lidal pcrturbation is

considerably grcatcr than thc onc duc to lhc Sun.

As a final rerni¡rk. rvc'rvould likc to point out that rve

mâY apply our lnodcl lo olltcr plirnct-salcllilc sl,slenrs if rvc

get the time delay and tlrc Lovc nunlbcrs ol'thosc syslcrìts.
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l4 ()rr llrc litl¿rl lilltr: tlcl¿¡,ol'tlrc l:¿rlllt

SOBRE O ATRASO DE RESPOSTA DE MARÉS DA TBRRA

l)cstlc lntigas ol)scl1'¿tça)cs tlc ccli¡rscs. ¿rstt ilionros tcìnr

obscn,atkl quc c\lstc unia lcclclrrçiìo sccrrl¿rr rl¿r LLr¿r. liisi-
cos ¡: ttratctniitrcos coltto Lrrllllcc. I I¿rllcy. Arl¿¡nis c ltìcsnlo o

likisolìl K¿utt. cstrrrl¿u ¿rrn ir lcs¡rcito rlc ¡xlssír'cis rrrorlclos t¡trc
c\plic¿rsscnl tll ¡rclttrllllçao n¿r tilltit¿¡ lult¿¡r. I irrr llossrl sócu-
lir" artturcs corno (ìolrllcich. K¿rrrl¿r. M¿rcl)otralrl c Mignutrl
têni csttrrl¿rclo sobrc os clcitos tlc lìl¿lrús occânic¿rs c tcrrcstr-cs
sobrc os lìtovin'tcntos rlc ltlt¿rciro rl¿¡ 'l'ctll c tlc tt lltslitçao rlir

I-tta. I Jstralrncntc. o cl'cito l)ot'tufl)¿lti\() rl¿rs trr¿rrús sobt.e ¿r rli-
nâlnic¿l rlc sistenr¿rs ltliurcta-sirtólitc ú calcul¿rtkr Lrtiliz¿uirkr-sc
o lìrnttalisrno tkrs nú¡tncros rlc l,ovc. No c¿rsrr tkr lìrrnt¿rlisnlo
cle l)ars'in. r.utì iltr¿tso tlc rcsltosta ¡\/ t¿rrnllónr ó lcr,¿ulo eln
couta llarit o sistcln¿r'lclr¿r-l,tr¿r. l¿¡l ¿rtraso con.cs¡totttlc lo
intcrvakr tlc tctnpo neccss¿irio ¡tarir l nraró sc lìx.nl¿rr n¿r 

'l 
cl.r.¿r

a ¡tatlir clo rnott'tcrtto cln (ìuc oc()rto ¿t ¡tcrtLtrltaçiìo clìì ltoss()
planetl llrovocirtltr pclu Lrur. ( ) lstrôltonio liancôs Migrrtrtrl
clcscnr,olvcrr tln tn<ltlclo l)¿lf¿l cst¿l rlinâlnic¿r (luc lcl)l.cscrnt¿l

t¡ttt tnisto rlo lirlllr¿rlisulo tlc l)¿n'ri'in conl o tlos liúrutcnrs rlc
l.tlvc. Iint cortllir¡xrrlitltr. cnt l()(¡.i Wclls ¡rtrblrcrrvit rrrn irrtigo
tto quul clc tlclL'¡ltli¿r ir itlói¿r rlc (luo o c\¿unc rlc lìjsscls possi-
bilit¿r ¿¡ tlctcrrnin¿rc¿ìo rlc ciclos vit¿ris tlc corais r¡trc vivcr¿rnr

h¿i rnilltercs dc ¿rnos. l Jrn¿r \1cz (luc cstcs ciclos vttais siìo r-cgtr-

laikrs por pcríotlos ¿rstr<lltt)lnicos coÌ'no o lrto tlo¡ticirl" o tnôs
sinridico c o rli¿t sol¿u. lìcl ltossivcl t¿rntl¡ótrr clctcrurin¿rr. ¿r

clttração tlcstcs intcrr,¿rkrs rlc tcnt¡xr nl ó¡roca cnì (luc cstcs
oorais vivcr¿urt. No ¡trcscntu ¿r¡ligo ¿¡lllcsclttllìttls ulìl¿r c\-
prcssÍio ¡rarl o atlaso rlc rcs¡tostir tl¿rs rn¿rr'ús rla'l crrir. l tlrrll
lcva cnl consirlclirçiro ls oltsclr,¿rçrics palcontoltlgic¿rs clc

Wells. t.lnt rnorlclo scuri-crn¡rír'ico plla a rlinârnic¿r rlo sistc-
tn¿r 'l'crra-l,rr¿r ó obtirlo. cr¡nsirlcl'antlo-sc (ptc ¿t rlissr¡ràciìo tlc
cllcrgi¿l c o ¿tttils() tlc tcs¡tostl ll¿ìo s¿io const¿uttcs cltt tcl¿rciro

ao tcl'nl)o. litn tutt tt¿rtralllo ¿uitct trlr ltosso cstirltclccculo:,ì unl
tnoclolo sirnilal col.rslclcl'¿ultkr ¿rl)cl.t¿ls ¿¡ tlinâtriica rlo r.¿rio tlc:

urna rir'lrit¿t circrrl¿rr rl¿r l,rr¿r. Ilrrúnt. llo l)r.cscntc ¿rrtigo trûs

ct¡rrlcircs dil.;tcllci¿ris tlcscrcvcrn a tlinânlica dc trôs vari¿i-
tcis. ¿r s¿¡llcr. o r'¿rio lnórlio tll tirbita lunar., a cxcentriciclaclc
tl¿r rirbit¿r c a inclill¿rc¿ìo tkr ltllno orttital cla Lua crn rclaçiro ao

¡rlano tncrcial oltogonll ¿to ltìon.tcltto anglrlar trfal clo sisto-
ruu 'l'crll-l 

.u¿r. Ncstc scntttltl. ct¡nsiclctulros o sistcnia'lbrra-
l .u¿r isol¿rrlo. M igniu tl.jii hlvi¿¡ cotrsidcrackl quc unt atr¿rso dc
lcsl)osl¿t r'¿u i¿ivcl rlcvclt¿r scr nl¿ris rcalist¿¡ qrrc a hipr'ltcsc dc
trtr ,,\/ const¿nltc. lirn rnu cstu(lo ¿ll)cll¿ls hcut.ístir:o" Migr-rarcl
coltclrritt r¡trc o atllso tlc tcsposta dci,c tcr sido Incltor tto

¡lrrssatlo tlist¿lttc tlc llrjlltircs rlc ¿utos atr¿is. Vcrilio¿utìos, lto
l)roccsso tlc rntcgllçiìo nrulrér'ica clc nossas cquaçõcs clilò-
lcnci¿ris- tlLrc Mignurtl cstar'¿r ccl'to. Corn¡rararìros nossa des-
cliçiìo conr lqrrclir t¡Lrc ct¡llsitlcr¿r o ¿rtr¿¡so dc fesl)os(¿l clo n-raró

const¿ultc crrt rcl¿rciro ¿to (crìllx) t: lnostr¿llllos (luc ltosso Ino-
tle lo ó tnais consistcntc collr ¿rs tìlorlcnlas tcori¿rs sobrc a lìx.
tttirçiro rlo sistctn¿r 'l crr'¿r-l.rr¿r. Isso polcprc no rn<ldclo clo

Migniurl. o srstcrrr¿r 'l clllr-l,rr¿t niìo ¡rotlcria tcr niais ckr qr-rc

2.0-12 bilhtics rlc ¿ulos. ¿lo l)¿rsso (¡¡c llosso rnoclcl<l scnii-
crnpír'ico ú corn¡trrtír,cl corn ¿¡s ¿rtu¿ris tcolias scgunckr us qruris
ir l,ttir srugirr ll¿i cctc¿r rlc.l.50 bilhircs clc ¿uros. No lìnal do
tt¿tb¿rllto l)rolxnn()s irlgLnrrls t¡rrcstõcs ctn abcrto qttc dcrrcnt
scl rcsponrlitlus crn tlirtralltos lirttrtos, tais corn<l ¿t cxtcltsão
tlcstc ltrtlrlclo palir sistcrrrls tlc trôs coqtos c a aplicação clc

noss¿rs rtlói¿rs crn orrtros sistcnias plancla-satélitc. Outra qucs-
t¿ìo crn ¿rtlcrto l clL'r'c-sc.¿r cx¡l cssi-ìo ltara o atras<l do rcs¡nsta.
Nosso lrrorlclo ltlcssrr¡ltìc r¡rrc r\/ dct,c scr suljoicntenicnte

l)e(lucno tlc rnotlo ir ¡xlclcrrnos tlcsprczar parcclas dc urclcnr

igtral orr srrpcriol tr 31:\tr ) nl cxl.lrcssão clo ltotcncial
¡rcrttttllatkrr. lsso siguilìcl (¡ro nosso rnodclo tlc atraso cle

les¡rostl vlli¿ivcl niìo ¡lclrnitc intcgraçõcs nunrórioas para o

lìrtttro tlist¿urtc. pois .:\t ¿tulncnt¿l cot.lsirlcr¿rvclrncntc no lr"rttt-
nr. No cnt¿tnto. srrgcnrrros clc tlLrc lìrrrna pcxlcntos ntclhorar
noss¿r tcoli¿r clc lltorlo a ¡rclrrritir intcgraçõcs ltar.a o lirturo
tl i stalltc.

NOTES ABOTIT THE AT]THORS
IVOTAS SOBRE OS AUTORES

Adonai S. Sant'Anna

Profcssor Acljtrnto clo Dc¡rlrrluntctìlo clc Mt¡tcnriilic¿r

da Univcrsidaclc Fcclcral do Ptrr¿rn¿i. obtcvc scu Doulorit(lo
clìr Filosolì¿¡ rì¿t Utìivcrsiclaclc clc Sao P¿rrrlo c l-oi rcccltc-
nrerrtc vl,rl/l/?g ,u:ltt¡lttr n¿t Ultivcrsicl:¡dc dc Sl¿rnf-ord. Srr¿rs

iircas dc atuaçiìo lônr siclo ¿t llsica-nt¿ìtcnì¿itica c a fìrncllr-
nÌcnlaçâo lnalcnì¿ilic¿t dc lcori¿¡s l'ísicas. conìo ¿t tììccâlìic¿t

clltssica c â {cori¿t qrrântica dc carupos.

Gernt¿rno B. Af'onso

Prol'cssol TitulaI clo Dcparl¿¡utcuto dc Física, Univer-
sicl¿tclc Fcclcr'¿rl clo Plrllru¿i. obtcvc scu Dor¡lorado cnt As-
{ronorni¿r c Mccânicl Cclcstc pcl¿t Ultivcrsidadc dc paris.

Rcaliz.ou Pós-Doutor¿ìdo no Obscn/¿¡loirc dc la Côtc d'Azur.
Sul¡s ¿irc¿s dc alLraçâo lônl sido it lnccânicâ cclcstc, pcrtur-
bltçocs niìo gravilucionitis crn corpos cclcslcs c

iì rquco¿tsl ro¡tonti¿ì.
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