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Abstract. Internal stresses dissipate energy in a rotating body, unless it spins about one of its principal axes. If the body is
rotating around a non-principal axis, its major-inertia axis and its angular velocity will be nutating about the constant vector of
angular momentum. In the course of time, the half-angles of the appropriate precession cones will be slowly shrinking due to
dissipative effects. In this way, the body will be approaching the state of minimal kinetic energy. We establish here expressions
for the components of the stress tensor in the case of a symmetric ellipsoid continuum body, which is a more suitable shape
than the rectangular prism studied in earlier works. Using classical expressions of linear elasticity, we obtain the strain energy
per unit volume and the temporal average of the total strain energy. In our model, the relative contribution from the double-
frequency mode to the inelastic-dissipation effect is larger than the contribution established by Lazarian & Efroimsky (1999),
Efroimsky & Lazarian (2000), and Efroimsky (2001) for a prism. We come up with an expression for the relaxation time and
compare it with similar expressions previously derived in the literature. In terms of the overall intensity of the effect, our result
is in between the result derived in Lazarian & Efroimsky (1999), Efroimsky & Lazarian (2000), and Efroimsky (2002) and that
in Burns & Safronov (1973). We apply our model to the comet P/Halley. Following the model proposed by Belton et al. (1991)
for the rotation of Halley’s comet, we estimate a relaxation time of 10? to 10* million years depending on the quality factor

assumed.
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1. Introduction

Rotation is a common feature of unsupported objects. In par-
ticular, comets exhibit rotation which, in many cases, is com-
plex (i.e. about axes different from principal). Observation and
theoretical analysis of cometary rotation is an important area
of astronomical research, because it enables us to establish a
connection between the dynamical parameters of the comets
with their physical properties. In order to explain the obser-
vational fact that asteroids have singly-periodic light curves,
Prendergast (1958) presented a theory whereby the internal
friction dissipates kinetic energy, thus the asteroids, maintain-
ing constant the angular momentum, will ultimately reach the
minimum energy state, i.e. when the axis of rotation has the
same direction as the principal axis of inertia. In fact, the the-
ory of Prendergast is based in the classical theory of linear
elasticity and its main conclusion is that the asteroids with
single period light curves have not suffered important colli-
sions during the time of the alignment of the mentioned above
axis, which was calculated to be less than a few million years.
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Burns & Safronov (1973) also derived approximate expressions
for the alignment time and their results showed that the internal
energy dissipation is a relatively rapid mechanism. Independent
of those early attempts, Purcell (1979) addressed the prob-
lem of nutation dissipation in the context of interstellar-dust
research. He studied suprathermal (with energies exceeding
(3/2)kTgss) complex rotation of the granules, and came to the
conclusion that their relaxation rate is an important parameter
regulating the process of dust alignment relative to the inter-
stellar magnetic field. This resulted in the necessity of estimat-
ing the relaxation rate. Purcell considered two mechanisms of
kinetic-energy dissipation. One was the so-called Barnett dis-
sipation (dissipation resulting from nutation-caused periodic
remagnetisation of a paramagnetic granule). Another was in-
elastic dissipation, i.e., inner friction caused by nutation-caused
alternating stresses and strains. Similarly to Burns & Safronov
(1973), Purcell (1979) missed the generation of harmonics. He
also miscalculated the distribution of stresses. As a result, he
badly underestimated the relevance of inelastic-dissipation ef-
fects. A more accurate theory for prism-shaped oblate gran-
ules was developed by Lazarian & Efroimsky (1999), hereafter
L&E. Later, those authors extended their approach to wobbling
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asteroids and comets (Efroimsky & Lazarian 2000; Efroimsky
2000, 2001, 2002). On the one hand, the theory of Lazarian &
Efroimsky was developed for prism-shaped bodies solely. On
the other hand, even for that shape, they provided only approx-
imate expressions for the stress and strain within the body. Our
intention is to consider a more realistic shape, that of an oblate
symmetric ellipsoid and to offer an improved solution for the
stress in this model.

Although many studies on various precessing bodies have
been made, only a few small bodies show a complex rotational
state, and undoubtedly, concerning comets, Comet Halley,
which is a well studied comet, is clearest example of a comet
showing precession in its rotation.

In Sect. 2 we establish the basis for a dynamical study of a
rotating body assuming a non-rigid behavior. Once having ob-
tained new expressions for the components of the stress tensor
of a symmetric ellipsoid with the appropriate boundary condi-
tions, we use linear elasticity theory to get the equation for the
average time value of the elastic potential in Sect. 3, as well as
the rate of alignment, Sect. 4. In Sect. 5, we present the dis-
cussion of our results and a comparison with those reported by
other authors. The conclusions appear in Sect. 6. The details
of the determination of the pertinent equations are given in the
Appendix.

2. Basic ideas and notation

Rotation of a rigid body can be studied by the Euler equations
(see any Classical Mechanics book: for instance, Marion 1970),
and if the body is assumed to be an isolated system, the angular
momentum, L, is constant.

Briefly, two reference systems are considered: an inertial
frame (X, Y, Z rectangular coordinates) that has the Z axis in
the L (constant) direction, and a body system (x, y, z rectan-
gular coordinates). The body is assumed to be a symmetric el-
lipsoid (semi-axes a = b # c¢) whose principal moments of
inertia are denoted by I (that refer to semi-axes a and b) and
by I3 (that refer to semi-axis c¢), and it is rotating with an angu-
lar velocity . The angle between this angular velocity vector
and the z-axis (of the body system) is denoted by «, and 8 de-
notes the angle between the z-axis and L. The body will be
precessing (around the body symmetry axis for an observer in
the body system and around the Z-axis, or L, for an observer
in the inertial system) with a constant angular velocity given by
w = (h—1)Q3, where h = 1% Thus, the projection of © over the
x—y plane, Q,, describes a circumference over that plane. As
the body is torque- free, the kinetic rotational energy is constant
unless a dissipative process is present. We assume that small
deformations occur in the interior of the body, the dissipative
mechanism being what transforms part of the kinetic energy of
rotation in to elastic energy potential. Then, © tends to have
the same direction as the symmetry axis of the maximum mo-
ment of inertia, and when this occurs the system has reached
its state of minimum energy (the most stable state). What is the
cause of those small strains? As is known, strains are a con-
sequence of stresses and these appear because particles of the
body suffer an acceleration in the inertial frame, consisting of
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two terms: that known as centrifugal force and that due to the
time variation of € (see appendix).

Our treatment of the problem will be based on the adiabatic
approximation. This approach, used previously by Efroimsky
& Lazarian (2000) and Efroimsky (2001, 2002), rests on the
presence of two separate time scales in this problem: typically
(though not always), the rotation and nutation are much faster
processes than nutation relaxation. We shall dwell on this in the
end of Sect. 4. Beside adiabaticity, we shall introduce one more
physically reasonable assumption (which, too, was tacitly used
in the aforementioned papers). On the one hand, when consid-
ering the interior stresses and strains, we shall assume that the
body is deformable. On the other hand, when imposing bound-
ary conditions on the stresses, we shall assume that the bound-
aries’ shape are stiff, as if the body were absolutely rigid. This
treatment seems acceptable for two reasons. First, the wobble
is extremely slow, and the frequencies involved are much lower
than the acoustic eigenfrequencies of the body. Second, mod-
elling a comet or asteroid by a homogeneous ellipsoid is by
itself quite a rough approximation, and the deviation of realis-
tic shapes from an ideal ellipsoid will much exceed the small
variations of the free boundary.

3. Elastic potential

Although there are excellent books on continuum mechanics
(for example, Sedov 1971), we think it opportune to provide
here a very brief introduction to the strain theory before consid-
ering the elastic potential. Two tensors play a fundamental role:
the strain tensor, €, and the stress tensor, 7. The former gives
information on the deformation produced in a non-rigid body
(the effect) when a stress is applied to it, which is expressed
by the stress tensor (the cause). Because tensors are abstract
mathematical entities, we are going to apply them to the case
in which they can be expressed by simple scalar concepts. Let
ds be the modulus of the dr (r is the radius vector at time 1),
and ds’ the same at time ¢, we define the coeflicient of relative
elongation, denoted by /, as [ = ‘h;—fs/. It depends on the point
of the body and of the considered direction. When the consid-

ered directions are those of the principal components of the €;;,
then/; = (1+ %)% -1 (g?j are the components of the metric ten-

sor an instant 0) If the deformations are small, then the ¢; are
small, and expanding the previous expression in a power series,
one finds /; ~ <. Besides, if one selects a Cartesian coordinate
system, gg = 0 and, consequently, /; = €;. Thus, a very simple
example is a rod subjected to a tensile force (in the rod direc-
tion), the strain is the change in length over the original length
(assuming the increase in length is small) which, evidently, is
dimensionless. On the other hand, the stress tensor is here the
applied force per unit cross-sectional area of the rod, with the
dimension of pressure. Evidently, both quantities are connected
by physical parameters which depend on the material consid-
ered. In the simple case shown above, we can apply the well-
known Hooke’s law: “ut tensio sic vis”, which can be translated
freely as “the extension is proportional to the force”. In the ex-
ample shown, the strain and the stress are related by the known
Young modulus. Lastly in this introduction, we show the



A. Molina et al.: Energy dissipation by internal stresses in comets

concept of the displacement vector, u;, asu; = r; — r?, r;and r;°
being the radius vector of the i particle in the instant ¢ and °,
respectively. When a Euclidean space is used (which occurs in
the practical cases) this displacement function is useful because
its spatial derivative plays the role of the strain.

The elastic potential, also called volume density of strain
energy, 3, plays an important role in our study. (From the point
of view of thermodynamics it really exists only if the strain
process occurs very fast or very slowly.) As 5 = 1g;;7"/, be-
ing ¢;; the components of the strain tensor and 7"/ the compo-
nents of the stress tensor (see e.g., Sedov 1971; Sokolnikoff
1956) and considering the relation between both components'
Tij = A&mm0;j + 2ue;j, which assumes an isotropic linear elas-
tic behavior, > can be expressed in terms of &;; (4 and u are

the Lamé constants, and they are related to the known Young’s
o o
0x; ox;
considered as a function of the components u; of the displace-
ment vector. The Navier equation of the Linear Elasticity (in

the equilibrium) is:

modulus and Poisson ratio). As g;; = %( ), 2 can be

(A + pygrad divu + puAu + pF = 0, @))]
which is written in Cartesian coordinates as:

0 auk azuk
A+ W—\7—|+u— +pFi =0, 2
( ”)axi (8xk) K 8xi P @

F; being the component i of the body forces per unit mass. If
only centrifugal forces are present, pF; = p(Q%x;—Q; ). Thus,
solving the Navier equation and taking into account the bound-
ary conditions, the components u; are obtained. Knowing u;,
&;j is immediately derived, and then, > is finally obtained. This
way to get the strain energy per unit volume is elegant but not
easy. Prendergast (1958) used a similar way to obtain > and
the volume integral of the time dependent part of the elastic
potential, which he called the energy of vibration, but in what
concerns his statement “the solution of this equation and the
computation of the strain energy function will be given else-
where”, as he wrote, it is unfortunately unknown to us where
this information was published.

Here we have preferred to obtain > in the way employed by
L&E. Thus, our purpose is to get the stress tensor components.

The equilibrium equation (from the continuum equation of

;i . . .
—L. Then, we can write, in matrix form

motion) is pF; = —7-
J

PR Txx Tay Txz
(s dy 7 | Tr Ty Tz
Tox sz T

3

=p (a, ay a;)

e

a; being the components of the acceleration due to the centrifu-
gal force in the rotation. We need only six components as the
stress tensor is a symmetric tensor, and all of them must vanish
on the boundaries of the symmetric paraboloid, 2—§ + Z—z + f—z =1.
Thus, we establish the following expressions:

2

a
’%Qi[xz - (a2 - c—2z2 - yz)] cos 2wt

I Because Cartesian coordinates are used, distinction between con-
travariant and covariant components will not be made.

“)

Txx =

811
P2l 2 2 a’ 2 2|

Ty = ZQl y —(a —C—Zz — x%)|sin 2wt 5)
0 o2

Ty = =Q,Os3h|7? - (@* - x> — )= |coswr 6)
2 a?

2

S PRI O
2

Ty = ’QQLQ3h[zz —(a®-x* - yz)c— sin wt ®)
L 2 a2

o2
Ty = leQ3(2 - h; - h)(x cos wt + y sin wt)
s, .l 3
X z—[(a — X —y);} . 9

It is easy to show that all of them vanish on the ellipsoid bound-
ary, as well as getting the components of the acceleration by
simple derivation (see appendix):

1 1
a, = EQixcoswt+ EQiy sin wt + zQ, Q3h cos wt (10)
1 1
ay = EQixsinZwt— EQiycoswt+z§2LQ3hsinwt (11)
a;, = Q032 — h)(xcoswt + y sin wt). (12)

In fact, we only consider the temporal part of the acceleration
and of the stress tensor, because only those terms influence the
rate of energy dissipation.

As is well known from the theory of elasticity, Eq. (3) is
a necessary condition for determining the picture of stresses.
Another condition which the stress tensor must obey is that of
symmetry: 7;; = 7. Finally, the tensor should satisfy the stan-
dard boundary conditions:

13)

n being the unit vector normal to the surface. All these neces-
sary conditions, however, are not yet sufficient for determining
the stress distribution over the volume. The remaining freedom
is removed by the so-called supplimentary conditions imposed
on 7;;. These conditions (explained, for example, in Durelli
etal. 1958) are used for elastic media. They makes our problem
very mathematically involved. To avoid excessive complica-
tions, we substitute these supplimentary conditions by another
one: we assume that the tangential components of the stress
vanish over the boundary. (Along with the standard bound-
ary condition (13), this supplimentary condition leads to the
assumption that the stresses completely vanish on the bound-
ary.) Since our supplimentary condition is different from the
right one, our expressions (4)—(9) furnish not a rigorous solu-
tion but another approximation thereto. We believe that this ap-
proximation is better than that used by Lazarian & Efroimsky
(1999) and (Efroimsky & Lazarian 2000), because our solution
obeys (13) exactly, while the solution offered in the said papers
obeyed (13) only approximately.

The presence of only two frequencies in the components of
stress tensor (and hence in the elastic potential) results from the
dynamical oblate symmetry of the body: the two largest semi-
axes of the ellipsoid coincide, wherefrom the moments of iner-
tia obey relation I3 > I, = I;. Though this treatment cannot be

Tijh; = 0,



812

extended to the case of a dynamically prolate symmetrical rota-
tor, we intend to apply our results to an elongated body, comet
P/Halley, with the assumption that these results may serve at
least as an estimate. We shall say more on this topic in Sect. 5.

Once the stress tensor has been established, we can obtain
the strain energy per unit volume. The components of strain
tensor can be expressed in terms of the components of the stress
tensor by the known relation

A

€ij = —5 =7 50110+

20u(3 + 20) (14)

Tij»

2u

where I, (7) is the first invariant of the stress tensor. Then, after
substituting in 3 = %si jTij we have

A
32—7(5['1 it —TiiTij. 15
GG+ 20 0O T (15)
As I1(1T) = Y Tii = Tyx + Ty + Tz, 3 becomes
1 A
S5 = — —75,” it TiiTii 16
4#[ G+ 2p) JTkkTij T/T/] (16)
1 4 2, .2 2
+ sz + ZTiy + 27)%1 + Zsz] . a7

Finally, considering the relation between the Poisson ratio, o,

and the Lamé parameters, o = 2(++ﬂ), we establish that
E} L g —(Tox + Ty + T2)* + .+
= - Tox + Ty + T2 i ‘r
dul 140 ™%

+ sz + ZTiy + 27)%1 + Zsz] . (18)

The next step is the calculation of the temporal average of the
total strain energy, (W). The time average of the elastic poten-
tial is given by:

1 T
(W)=—f dthdv,
T Jo %

T being the precession period and V all the volume of the body.
After substituting > by the above expression, we have

b fl[ o S N
Tox + Ty + 7T 2
vaul 1+o0 W

2,2 2 2 2
+ Ty, + T + 27, + 270 + ZTW] dv} dr.

19)

(20)

Now, calling s;; the time-independent part (spatial part) of 7;;
and taking into account the following results:

w w w

2r b3 2
f sin® wrdr = f cos’® wrdt = f coswtsinwtdt =0 (21)
0 0 0

3 b
f cos® wt sin wtdt = f sin® wt cos witdt
0 0

_ f " cos 2wt sin widt = 0 (22)
0
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7 7
f cos 2wt cos wtdt = f cos 2wt sin 2wtdt
0 0

w

2n
= f cos 2wt sin wt cos wtdt = 0; (23)
0
2 2
f sin® wrdt = f cos® wrdt = = 24)
0 0
o 2 3
cos2wtcos” wrdt = ——; (25)
0 2 w
% .2 3 T
cos 2wt sin” wtdt = —= —, (26)
0 2w

we can write

1
Wy =2 | | {4 5,2
14

21 4n 1+0o w Yo
2 (2T o7 4l 2
+ s (x—+y—)+25-s — S —
od w w xx yyw Mcw
g s g g n
+52 (xz— + yz—) 22 X ho2 Ty 2s§-—] dv. (27)
“\ w w ) ‘w )
The last expression can be rewritten as

Wy = (W) + (W)

1 52 2 2
@ v(l +O_(x +y )+2sxz+2syZ dv
2
+i Sxx + Syy N -
8udv\ 1+0 1+0
where we have two separate terms, one, (W), indicating the
part due to the simple frequency and the other, (WZ“)), pro-
duced by double frequency. Next, we calculate both terms.

As the body is an ellipsoid, 2 — hg—f —h =0, and then 7, =
.. = 0. Therefore,

" 1
(W) = 5 fv (252, +25%)dv

20202 O2 27
e [Zz—(az—xz—yz);—Z] Q. (29
\%4

2SSy + 2s§y] dv, (28)

16u

To resolve the integration we make a change of variables:
X' =x/ayy’ =yla; 7 =z/c. Then,

h2 292 QZaZCS
<W(w)> - P33 f(x'2+y'2+zlz— 1)2dv,
16u v
and choosing spherical coordinates:

Wp* Q3 Qla*c® m !
(we) = f © f sin 6d6 f (= 1)*Fdr, (31)
16u 0 0

which gives

(30)

(W) = 2’ Q) e’ 32)
105u ’
Finally, as Q3 = Qqcosf, Q, = Qyhsinf, and h = I’ we
establish that
@\ _ 3210’0 sin®@cos? 6 10¢5
() - el &

105u
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The other contribution to the strain energy, which is due to the
double frequency 2w, is

()~

2 2
1 S TS -
1 f av| S o

Su Jy 1+0 1+o0
After substituting s;; expressions, we have

<W(2w)> — QL

4 2 2
1 a

L gyl 2 2 a4 5

64ﬂfv [2(1+a){[’C (“ a< v
2 2 2

2 ) 2 0 |2 2 47 5 o

+ ‘(“ abEE ‘X) }+1+o- X ‘(“ -t ‘y)]
a? a? 2

% yz_(az__zzz_xz) + yz_(az__zzz_xz)] . (35)
c c

Following the same method as for the previous part <W(‘“)>,
after a variable change is made and using spherical coordinates,
we finally obtain

2004 «ind
<W(2‘“)> _ 167p QO sin“ 8 gl4c

105u(1 + o) (a® + 2)*
4. Alignment rate

2SxSyy + 2s§y)- (34)

(36)

As said before, once the average total strain energy is known,
the next step is to calculate how fast that elastic potential en-
ergy is dissipated. If we denote the rotation energy by E, its

time derivative will be ¢ E = ‘ég ‘éf, and therefore we have
do

dr
sumed to be equal to the time variation of the strain energy,
dw

= % As the time variation of the rotation energy is as-
de

and % = wLsin@, we can establish that % = Lin 5 As
d. W(«u)) d<W(2w)> . “n .

% -« 7 + —g— and the energy rate is related with the

quality factor, Q, by means of the equation ddW = —wa, we can

obtain ‘(‘f as a function of w, Q and W. Efroimsky & Lazarian

(2000) modified in a factor of 2 the appropriate expression of
L&E and obtained the expression
203 4.2

%: 3 a”Qip 63(5) ctg 0 + 20 i’ 37)
dt ~ 16 pQ (1+5)
after assuming a Poisson rate of 0.25. The term containing
63(£)*ctg?0 is related to the simple frequency mode and the
term containing the factor of 20 is related to the double fre-
quency mode.

As a comparison with the results reported by Efroimsky
& Lazarian (2000) will be made in the next section, we will

aw

use here the same expression as they employed, ie. & =

—Zg[W(“’) +2W@] as W and 2W® are considered av-
erage values. Then, and considering our expressions for <W(‘“)>
and (W(Z“')), we write

do 2 321p*Q sin* Gcos? 6 105
dr ~ QLsin# 1054 (a2 + )
167Tp2§23 sin*0  ql4e (38)
105u(1 + o) (a? + c2)*
64ra'0cp*Q3 4
= - P % c*sin@cos? 0 + a sin’ 6], 39)
105u(a®+ c2)* ;0 1+0
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and as

I; = —M(2a2) = i7T a’c,
- 15°F

the expression becomes

(40)

6 3 4

dé =—ﬂ * sinfcos? 6 + — sin39)~ 41)
dr Tu(a? + c2)*Q 1+o0

The first term is related to the principal frequency and the sec-
ond one corresponds to the double frequency mode.

From the previous equation, is easy to see that the align-
ment rate does not vanish when 6 is equal to 7, and hence the
equation is valid only if € is not in the v101n1ty of 6 = 3, region
where the adiabatic approximation is not satisfied. An excellent
discussion about this point can be seen in Efroimsky (2001).

5. Results and discussion

Before discussing the important results on the alignment rate
and comparing them with those reported by other authors, we
analyze the importance of each mode (principal frequency w
and double frequency mode 2w) which are present in the strain
energy. We make such an analysis because L&E emphasized
the presence of the 2w mode. They asserted that deformations
at double frequency were disregarded in earlier studies, refer-
ring to Purcell (1979) while later Efroimsky & Lazarian (2000)
mentioned Burns & Safronov (1973) too. In fact, in the last
mentioned paper, its authors made a simple approximation con-
sidering the body as a bending of a slender beam, and hence,
they used the most simple expressions of the elementary elas-
ticity theory. In what concerns the Purcell paper, its author
gave a mistaken expression for the acceleration, as it can be
proved from the expression relating the acceleration between
an inertial system and a non-inertial system (see a Classical
Mechanics book, for instance Marion 1970). Thus, in Eq. (28)
of Purcell (1979) the terms: —xQ3+yQ? sin wt cos wt in the first
component of the acceleration vector, — yQZ +xQ? sin wt cos wt
in the second component, and zQ2 in the third component of
the acceleration, are missing (see appendlx) It should be noted
that in the first and in the second component a time-dependent
term appears, which is an input in the stress tensor, and hence
in the strain density energy.

If we make the ratio between the contribution to the strain
energy owing to the simple frequency mode and that from the
double frequency using the L&E expressions (Poisson ratio
equal 0.25), then

(42)

However, using the equations obtained by us, the ratio becomes

ww
2 W(Zw)

Therefore, the relative importance of the double frequency
mode is even greater in the case of the an ellipsoidal body (us-
ing our expressions) than that noted by L&E by a factor of 2.5.

Once the rate of alignment is obtained, a simple integration
gives us the time required for the maximal inertia axis of the

1.25 ( )4 cot’ 6. (43)
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)

t (1Q/paQ

0

0

Fig. 1. Relaxation time for different c¢/a ratio (thin lines) and fitted
curve (thick line) versus initial angle 6, (see text).

body to be shifted towards alignment with the angular moment.
In order to avoid the divergence when the 6 values are near zero,
a non-null value of that angle for the upper limit in the integral
has been chosen. L&E chose a value of 6° for such angle, and
we will adopt the same value in order to compare results. The
evaluation of this relaxation time is one of the purposes of this
work, Therefore, before going into a discussion on the values
of the constants p, u and Q, it is appropriate to compare the
results obtained by other authors with our result of relaxation
time.

The time of alignment can be obtained by integration of the
alignment rate. In Fig. 1 we show the relaxation time (scaled by
a factor uQ/ pazﬂg) as a function of 6 (initial angle) for differ-
ent values of the semi-axis ratio. Figure 1 also shows a third-
order polynomial 7 = 25.256] — 82.796% + 94.666 — 3.9 which is
a fit to the curves shown (standard deviation 2.9). The first re-
sult of the comparison with the analogous curves by Efroimsky
& Lazarian (2000) is that the relaxation time is greater in our
case than that reported by the aforequoted authors, by a fac-
tor close to 8. Nevertheless, as a prism of halfsizes a X b X c,
is approximately twice heavier than an ellipsoid of semi-axes
axbxc, the said factor will not be 8, but between 4 and 5. Now,
if we compare this result with that given by Burns & Safronov
(1973),t = 100 (,uQ/paZQS), we can see that our result is inter-
mediate to that by L&E and that by Burns & Safronov (1973).
Therefore, the simplifying assumption that the energy dissipa-
tion is a result of the bulge flexing made by Burns & Safronov
(1973) does not work well as stated by Efroimsky & Lazarian
(2000), but it is not so bad. Formula (39) in Purcell (1979) es-
tablishes t = 70 (,uQ/paZQS) when £ = 0.5, but it does not
seem to be interesting to make any comparison because he de-
rived that formula from an incorrect expression as stated above.
Harris (1994), using data of Phobos, gave a value of 0.03 for
the numerical factor in the Burns and Safronov formula, that is
t =33 (,uQ/paZQ?)), which is in excellent agreement with our
results as Fig. 1 shows.

At this point, is necessary to say that the theory shown
here like those developed by L&E and Efroimsky & Lazarian
(2000) is, strictly speaking, applicable to oblate symmetric
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bodies only. In the general case of a triaxial body, the solution
to the Euler equations are expressed in terms of elliptic func-
tions instead of harmonic functions, the problem is more com-
plicated, and even in the case of the prolate symmetric body
the solution is not easy. The equations obtained for the oblate
bodies are not applicable directly to prolate objects. This point
is studied in detail in Efroimsky (2000) as well as in Efroimsky
(2001). Then, one could think about the Comet Halley, which is
clearly prolate in shape and has been chosen for application in
this paper. As mentioned in the introduction, Comet Halley is
a well-studied comet and it is in an excited rotational state, i.e.
it is in a rotation with precession. This fortunate coincidence
is a good reason why we will apply it to the expression of our
study. Besides, for <cos? 6> not exceeding ~1/7, the oblate-
body theory may be applied, as an estimation, to prolate bodies
(see Sect. 7 in Efroimsky 2001). In the case of Comet P/Halley,
6 is equal to 66° (Belton et al. 1991) and therefore, the applica-
tion of the theory can be considered as a fair approximation.
Comet Halley shows an irregular shape if it is considered
in detail. However, if it is modelled as a simple geometric body
then a symmetric ellipsoid is a good choice. As the largest
dimension of Comet Halley is about 16 km and the transver-
sal size is about 8 km (see for instance Sagdeev et al. 1986),
we have chosen those dimensions as the values of the axis of
our ellipsoid. Thus, and following with the notation used here,
a = b =4 km and ¢ = 8 km, and then the semi-axis ratio § is 2.
Before continuing it is convenient to say that if the expressions
of the previous sections are considered valid when the body is
prolate (¢ > a), we keep in mind that 4 > 1, and then the sign
of the right hand of the alignment rate equations have to be
changed. While in the oblate case § — 0 during the dissipative
process, # — 5 when the body is prolate. In other words, when
the minimum kinetic energy state has been reached, Q has the
same direction as L and the z-axis (spin axis is parallel to the
minimum principal axis of the body) if the body is oblate, and if
the body is prolate € has the same direction as L and the x-axis
or y-axis (spin axis is also parallel to the minimum principal
axis of the body) when such state is reached. Although at first
glance this could seem a paradox, the relaxation time obtained
from the shown expressions for % is the same if, for example,
¢ = 2a or a = 2c, as can be proved. Then, the curves shown
in Fig. 1 are the same curves changing the value of the £ ratio
by their inverse values, i.e., the curve for 3 = (.5 is the same
curve that we could obtain for i = 2, and so on. Following
our equations, the relaxation time for the Comet Halley goes
from 33(uQ/paQY}) if the initial angle is 30° to 39(uQ/paQ})
if the initial angle is near 90°. As stated before, Efroimsky &
Lazarian (2000) added a factor of 2 to their expression (39) in
L&E. They argued that the W and W should be averages
but not amplitudes, but in fact they considered energies aver-
aged in their preceding article, hence that factor of 2 should be
not considered. So far we have included that factor in order to
make more clear the comparison between the results of those
authors and those derived from our expressions, however we
think that our time relaxation results must be multiplied by 2.
What about absolute numbers? There are two type of tasks
if absolute numerical values are looked for. On the one hand,
the knowledge of physical properties of the Comet Halley
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is needed. The parameters p, 4 and Q belong to this group.
Probably the density is the least problematic quantity concern-
ing its numerical value, (with regard to its spatial variability, if
the Comet is homogeneous or it shows more or less porosity,
the topic is more complicated) and it can be reasonably chosen
as 10° kg/m? for the purpose here looked for. However, the de-
termination of the other two parameters is more difficult and,
what is more, even speculative. Several estimations have been
made from seismological data and, obviously neither pressure
nor temperature conditions are appropriate for the case of this
study. Estimations are u = 10'°~10'! Pa and Q = 100-1000
(presently the values near 100 are believed to be more realistic)
considering rocky materials such as silicates and carbonaceous
forms. In fact, there are different factors that influence, partic-
ularly in Q estimates such as chemical composition, graining,
frequency, temperature, pressure, type of aggregation, humid-
ity, porosity, structure of crack, surface state (see Efroimsky &
Lazarian 2000 and references therein).

In the case of Comet Halley we adopt the values suggested
by Peale & Lissauer (1989), i.e. u = 10° Pa, and Q < 100.
Efroimsky (2001) suggested to take values appropriate not to
solid ice but to dirty coarse-grained snow: Q ~ 1. At this point
we can only invoke again the necessity to progress in labora-
tory work. The second type of task is related to the dynamical
characteristics of the Comet Halley rotation. In the expression
of the relaxation time there are two: a and €. In spite of the
semi-axis a appearing with exponent 2, it would be absurd to
have a more precise estimation than that here adopted of 4 km,
because of the errors that other parameters introduce in ¢ es-
timates. With regard to Qg (which appears in the relaxation
time relation with exponent 3) the difficulty appears in the in-
terpretation of the Comet Halley rotation. In fact, two periods
(2.2 day and 7.4 day, see Belton 1991) were measured for the
comet, and both periods must be considered, but the interpreta-
tion of those periods is not unique. Here we follow the model
proposed by Belton et al. (1991) who established a 8 angle of
66° and a value of 3.7 day for the period of Q. With all the
previous estimates, we determine values from 86 (6, = 30°)
to 102 (6p =~ 90°) million of years if Q is equal to 1, or
10* million years if Q is equal to 100. Now, as the age of the
Solar System is 4.6 x 10° years, we are not sure we can adopt
the words written by Peale & Lissauer (1989): “the decay time
for a wooble of Halley’s nucleus is long compared with the
recorded history of the comet, but short compared with the age
of the Solar System”.

6. Conclusions

First, we establish here original expressions for the stress ten-
sor components in the case of a free-torques symmetric ellip-
soid body rotating in a complex state. Expressions for the com-
ponents of the stress tensor were before proposed only for the
case of a rectangular prism by L&E. Our equations take into
account the appropriate boundary conditions.

Following the approach of continuum mechanics, and in-
troducing a physically reasonable approximation to that ap-
proach, we obtain values for the strain energy density and the
alignment rate of a body rotating out of a principal inertia axis.
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The importance of the double frequency mode, already noted
by L&E, has been indicated; even more, its relative importance
with respect to the simple frequency mode is enhanced by a
factor 2.5 in this work.

From that alignment rate we obtain the relaxation time val-
ues. Our values are higher that those obtained by L&E and are
some lower than those shown by the equation given by Burn
& Safronov (1973). Application to the Comet P/Halley shows
that an external cause (impact by other body or tidal actions) or
effective outgassing processes have occurred after the Comet
was incorporated to the Solar System.

Laboratory work on the physical parameter values are
needed to progress in the tasks studied here. Particularly, the
factor Q shows an uncertainty of two orders of magnitude,
which should be improved. This should be considered as a cru-
cial point, since a relaxation time equal to the age of the Solar
System would have very important implications.

In the course of our further research into the solar-system
small-body population, we will get access to the physical pa-
rameters of comets and asteroids. This theory then should be
applied to those objects, in order to better understand the his-
tory of their rotation states. On the other hand, the knowledge
of rotation states may be the key to getting information about
the bodies’ physical parameters.

A typical relaxation time for a comet is an interval during
which the spin state alters considerably (by dozens of angu-
lar degrees). Such an amount of relaxation may take millions
of years. On the other hand, it has been shown in Efroimsky
(2001) (and it also follows from Eq. (38) of our paper) that
a small amount of relaxation (i.e., a small decrease in the
nutation-cone half-angle) will take a much shorter time span.
This makes the nutation-damping process potentially measur-
able by the presently available spacecraft-based equipment.
This circumstance makes the nutation-damping theory applica-
ble to planning future rendezvous missions and to interpreting
their results.
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Appendix

Let X, Y, Z be an inertial frame whose origin is the point O
and let x, y, z be another system which is rotating with angular
velocity Q. In principle, the point O is also assumed as the x,
y, z origin. From Classical Mechanics is known the relation

dr dr
bl I e Q
(dt)i (dt)b+ xr

where the subscripts i and b indicates what the quantities are
referred to in the inertial frame and the ligated body system
(because a body rotating is assumed and this system is moving
as the body does) and r can be any vector and, particularly the
position vector (see, e.g. Marion 1970). If a second temporal
derivation is made, the following expression is obtained:

(A1)

a4 =QXr,+2Q Xvp + QX (X 1p). (A2)
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Usually € is assumed constant and then the first term of the
right side of the above relation is missing. However, if € (time
derivative of the angular velocity) is non zero this contribution
has to be taken into account, which is seems was not considered
by Purcell (1979). As the term 2Q X vy, (Coriolis acceleration)
is null, the relation is:

aGi=QXr,+Qx(QxXrp). (A3)

Taking components in the first term of the vectorial equation,
we have

Q Xry = (sz - ng)l+(ng - Q]Z)J+(Qly - sz) k, (A4)

i, j and k being the unitary vectors in the body system.

From the equations of the symmetric top in free rotation,
Q= wQ, Q) = —w, Q3 =0, (wis angular velocity with
which Q is precessing around the Z-axis or around the z-axis),
and the above equation can be written as

Q X ry = wzQ1i + Wz j + (—wyQy — wxQ)) k. (A.5)

Since Q x (Q x rp) = QQ.1p,) — rp,Q2,

QX @x1y) = [Qi(Qix + Qoy + Q32) - xQ?|i
+[Qa(Qux + Qoy + Qs2) — yQ?| j
+|Qs(Quix + Qoy + Q32) - 2| k. (A6)

Now, and after writing the components of the angular veloc-
ity as a function of the 2, by means of the relations Q; =
Q) coswt, Q, = Q, sinwt, Q3 = constant, we write the fol-
lowing expression for the acceleration:

a; = (—in sin® wt — xQ% + yQ2 sin wt cos wt
+2z03Q, cos wt + zwQ, cos a)t) i (A.7)
+ ()CQZL sin wt cos wt — yQ? cos® wt — yQ%
+207 sinwt + z0Q, sinwr) j (A.8)
+(leQ3 cos wt + yQ, Qs sin wt
- zQi — wQ xcoswt — wl, ysin a)t) k. (A9)

Now we look only at the first component. The first term can be
2 2 2 .
written as —ng + %(W), and since w = (h — 1)Q; the

last term of the first component is zQ3Q, (h — 1) cos wt. Thus,
Q2 x (1 - 2sin® wt
2 2

QZ
a;| = (—TL +Q§)x+

+ yQi sin wt cos wt (A.10)

+ 7030, coswt + 70230, (h — 1) cos wt. (A.11)

The first term is independent of time and we are only interested
in the terms dependent on time, which are written as

Q% x (1 — 2 sin’ wt

) +yQ>2 sin wt cos wt

ai = 2
+7Q3Q, cos wt (A.12)
+703Q, (h— 1) cos wt. (A.13)
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As the before last term is canceled with part of the last term
<in2 . .

and, as cos 2w = =280 and §in2wr = 2 sin wt cos wt, we

can write

1 1
aj, = EQixcos 2wt + zQiy sin 2wt + z2Q3Q, hcos wt. (A.14)

In a similar way, the other two components can be obtained as:

1 1
ap, = zgix sin 2wf — EQiy cos 2wt + zQ3Q hsinwr (A.15)

a3, = Q,Q3(2 — h)(xcos wt + y sin wt), (A.16)

which are written in the same form as equations already found
by L&E (Eq. (19)).

Now it is easy to show that the components of the accelera-
tion are obtained by the derivatives of the stress tensor given in
the text. In fact, the equilibrium equation (from the continuum

equation of motion) is pF; = —%. Therefore, as
P a?
T = =02 [xz - (a2 - —7- yz)] cos 2wt (A.17)
4 2
p a*
Ty = = |y —|a* — =22 - || sin 2wt (A.18)
1 4 C2
2
Tr = gQLQgh [z — (-2 —2} cos wt (A.19)
2
T, = _’igi [yz ((12 iAo xz)] cos 2wt (A.20)
c
2
Ty, = BQLQ3h [zz - (a2 -x - yz) c_z} sin wt (A.21)
C2
T, = pQ Q3 (2 —h— - h) (xcos wt + y sin wt)
a
I N :
X z—[(a —x —y);] (A.22)
the components of the accelerations will be:
1 (01, Oty O1y 1,
i, = - + - + “==Q 2wt
ai, 5 ( T 3 7z 5 Qixcos2w
1
+§Qiy sin 2wt + zQ3Q, h cos wt (A.23)
1 (0tye Oty Oty 1 ., .
0D = - +—+—]==Q 2wt
ap, 5 ( o 3 7z 5 QLxsin2w
1
—Egiy cos 2wt + zQ3Q, h sin wt (A.24)
1 (0t Oty o1
B, = —|l—+—+—1=Q,032-h
i3 p( ox dy 0z ) +25( )
X(x cos wt + y sin wr), (A.25)

as it is easy to prove.
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