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SUMMARY: The current paper is aimed at getting more insight on three main
points concerning large-scale astrophysical systems, namely: (i) formulation of ten-
sor virial equations from the standpoint of analytical mechanics; (ii) investigation
on the role of systematic and random motions with respect to virial equilibrium
configurations; (iii) determination of extent to which systematic and random mo-
tions are equivalent in flattening or elongating the shape of a mass distribution.
The tensor virial equations are formulated regardless of the nature of the system
and its constituents, by generalizing and extending a procedure used for the scalar
virial equations in presence of discrete subunits (Landau and Lifchitz 1966). In
particular, the self potential-energy tensor is shown to be symmetric with respect
to the exchange of the indices, (Epot)pq = (Epot)qp- Then the results are extended
to continuous mass distributions. The role of systematic and random motions in
collisionless, ideal, self-gravitating fluids is analysed in detail including radial and
tangential velocity dispersion on the equatorial plane, and the related mean angular

velocity, {1, is conceived as a figure rotation. R3 fluids are defined as ideal, self-
gravitating fluids in virial equilibrium, with systematic rotation around a principal
axis of inertia, taken to be I3. The related virial equations are written in terms
of the moment of inertia tensor, Ipq, the self potential-energy tensor, (Epot)pq, and

the generalized anisotropy tensor, <pq (Caimmi and Marmo 2005, Caimmi 2006a).
Additional effort is devoted to the investigation of the properties of axisymmetric
and triaxial configurations. A unified theory of systematic and random motions
is developed for R3 fluids, taking into consideration imaginary rotation (Caimmi
1996b, 2006a), and a number of theorems previously stated for homeoidally striated
Jacobi ellipsoids (Caimmi 2006a) are extended to the more general case of R3 flu-
ids. The effect of random motion excess is shown to be equivalent to an additional
real or imaginary rotation, respectively, inducing flattening (along the equatorial
plane) or elongation (along the rotation axis). Then it is realized that a R3 fluid
always admits an adjoint configuration with isotropic random velocity distribution.
In addition, further constraints are established on the amount of random velocity
anisotropy along the principal axes, for triaxial configurations. A necessary con-
dition is formulated for the occurrence of bifurcation points from axisymmetric to
triaxial configurations in virial equilibrium, which is independent of the anisotropy
parameters. A particularization of general relations is made to the special case of
homeoidally striated Jacobi ellipsoid, and some previously known results (Caimmi
2006a) are reproduced.
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1. INTRODUCTION

Large-scale celestial objects, such as stellar
systems, galaxy clusters, and (non baryonic) dark
matter haloes predicted by current QCDM cosmolo-
gies, may safely be represented as collisionless, ideal
self-gravitating fluids. The related flow equation
takes the same formal expression as in their col-
lisional counterpart, with the exception that the
pressure force is generalized in terms of a stress
tensor, allowing different rms velocities along dif-
ferent directions [e.g. Binney and Tremaine 1987
(hereafter quoted as BT87), Chap.4, §2]. Accord-
ingly, collisionless fluids can be flattened equally
well by rotation (with respect to a selected axis)
and/or anisotropic random velocity distribution i.e.
anisotropic pressure (e.g. Caimmi 2006a, hereafter
quoted as CO06'). In fact, giant elliptical galax-
ies exhibit a negligible amount of (systematic) ro-
tation, and their shape is mainly due to anisotropic
pressure (e.g. Bertola and Capaccioli 1975, Illing-
worth 1977, 1981, Schechter and Gunn 1979, BTS87,
Chap. 4, §36).

If the dark energy (quintessence, if it is due to
a scalar field rolling down its own potential) clusters
on scales of dark matter haloes (e.g. Mota and van de
Bruck 2004, Maor and Lahav 2005, Nunes and Mota
2006), quintessence components within 2-component
systems (matter + quintessence) may safely be rep-
resented as collisionless, ideal self-interacting fluids
where both the nature and the strength of the inter-
action are expected, in general, to be different from
the case of gravitation.

Collisionless fluids of astrophysical and cosmo-
logical interest range over about ten orders of mag-
nitude in mass, say from globular clusters to galaxy
clusters, provided gaseous i.e. collisional component
may safely be neglected. Therefore, it seems neces-
sary to investigate the role of systematic and random
motions in making virialized collisionless fluids. To
this respect, the virial theorem in tensor form may be
a useful tool. According to the standard procedure,
the tensor virial equations are determined along the
following steps (e.g. Binney 1978, 2005, Wiegandt
1982a,b, BT87, Chap. 4, §3): (a) start with the col-
lisionless Boltzmann equations; (b) derive a set of
moment equations; (c) integrate the above set of mo-
ment equations, under some simplifying assunptions.

To the (limited) knowledge of the author, no
attempt can be found in the literature where (i)
the tensor virial equations are formulated from the
standpoint of analytical mechanics, (ii) the role of
systematic and random motions is clearly stated, and
(iii) the equivalence between systematic and random
motions in flattening or elongating the boundary, is
clearly established.

Concerning (i), the tensor virial equations
could be determined regardless of the nature of the

system and its constituents, by generalizing and ex-
tending a procedure used for the scalar virial equa-
tions [Landau and Lifchitz 1966 (hereafter quoted
as LL66), Chap.II, §10]. Regarding (ii), prelimi-
nary considerations reported in previous attempts
[Caimmi 1996a,b, Caimmi and Marmo 2005 (here-
after quoted as CMO05), C06] should be further im-
proved and developed. In dealing with (iii), the defi-
nition of imaginary rotation allows an interpretation
of rms velocity excess in terms of systematic rota-
tion around a fixed principal axis (Caimmi 1996b,
C06, Caimmi 2006b,! which could be inserted in the
context under discussion. A detailed investigation
on the above mentioned points is the purpose of the
present attempt.

To this aim, the simplest case of one-
component systems shall be considered. To tell the
truth, two-component (or more) systems are com-
mon between large-scale astrophysical objects (e.g.
gas + stars; baryonic + dark matter; matter + dark
energy), and further study should be devoted to the
above mentioned topics. For instance, both the for-
mulation of the virial theorem (e.g. Limber 1959,
Brosche et al. 1983, Caimmi and Secco 1992, Horel-
lou and Berge 2005, Maor and Lahav 2005, Percival
2005, Caimmi 2007), and the occurrence of a bifur-
cation point from axisymmetric to triaxial config-
urations (e.g. Durisen 1978, Pacheco et al. 1986,
Caimmi 1996a, Balaguera-Antolinez et al. 2006) are
influenced by the presence of a secondary subsystem.

The current paper is organized as follows.
A general formulation of the tensor virial theorem
which holds, in particular, for the gravitational inter-
action is provided in Section 2. The properties of R3
fluids, defined as ideal, self-gravitating fluids in virial
equilibrium, rotating around a principal axis, taken
to be x3, are studied in Section 3, where a number of
theorems previously stated for homeoidally striated
Jacobi ellipsoids (C06) are extended to the more gen-
eral case of R3 fluids. A unified theory of systematic
and random motions is provided in Section 4, where
some general relations are particularized to the spe-
cial case of homeoidally striated Jacobi ellipsoids,
and previously known results (Caimmi 1996a,b, C06)
are reproduced. Some concluding remarks are drawn
in Section 5, and a few arguments are treated in more
detail in the Appendix.

2. THE TENSOR VIRIAL THEOREM

A general procedure used for the formulation
of the scalar virial theorem (LL66, Chap. II, § 10) will
be followed here in the derivation of the tensor virial
theorem. Let us take into consideration a mechanical
system made of N particles, referred to an inertial
reference frame. Let (z;),, (v;),, be the position and
velocity components related to i-th particle, and m;
the mass, 1 <i< N, 1<r <3.

1A more extended file including an earlier version of the above quoted paper is available at the arxiv electronic site, as

astro-ph/0507314.
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R3 FLUIDS

The kinetic-energy tensor:

Zmz 0:)p(Vi)g 3 (1)

is a function of N or 2N variables, (v;),, 1 <7 < N,
1<p<3,1< g <3, for selected p and ¢, depending
on whether the tensor components are diagonal or
non diagonal, respectively. The kinetic-energy tensor
is manifestly symmetric with respect to the exchange
of the indices:

Ekm

(Exin)pg = (Bxin)gp ; (2)

and the trace is the kinetic energy:
3

Ekin - Z(Ekin)ss % Z Zmz(vz)g ; (3)

s=1 =1 s=1

which is a function of 3N variables, (v;),, 1 <i < N,
1 <r < 3. The first partial derivatives are:

Pi)r = a(vi)r =
where (p;),, 1 <i < N, 1 <r <3, is the momentum
component of ¢ particle (e.g. LL66, Chap.II, §7).

The combination of Egs. (1) and (4) yields:

mi(vi)r (4)

N

2(Exin)pq = Z(Ui)p(pi)q ] (5)

i=1

which is equivalent to:

d N N
= lZ(ﬂ%)p(pi)q] = (@)p(Bi)g ;

i=1 i=1
(6)
or, using Newton’s equations (e.g. LL66, Cap.I, §5):

2(Ekin)pq

N

(Ekm = jd lz pz

i=1

(7)
where Epoi[(2i)r], 1 <4< N, 1 <r <3, is the self
potential energy.

The last term on the right-hand side of Eq. (7)
defines a tensor, the trace of which is usually named
the virial of the system (Clausius 1870). In the au-
thor’s opinion, it would be better to refer to the virial
and its parent tensor as the virial potential energy
and the virial potential-energy tensor, respectively.

If the self potential energy is a homogeneous
function of the coordinates, of degree x, then the
following relation holds:

Epot[¢ % (zi)r] = (X Epot[(wi)r] 5 (8)

which, in turn, implies:

(Epot)pqlC X (zi)r] = C(Epot)pgl(xi)r] 5 (9)

where (Epot)pq is defined as the self potential-energy
tensor:

N
1 _ O0FEpot )
(Epot)pq = E (zz)p 8(%)(] )

X i=1

(10)

and ( is a positive real number, provided the alge-
braic product, ¢ X (z;),, 1 < i < N, 1 <r < 3,
belongs to the domain of E,.. The special case,
x = —1, corresponds to the gravitational interaction.

With regard to the self potential energy for
the system under consideration, the Euler theorem
reads:

3 N
O0Fpo
Z Z(%)sajpt = xEpot ; (11)
s=11i=1 s
and the combination of Egs. (10) and (11) yields:
3
Z(Epot)ss = Lpot ; (12)
s=1

as expected.
The substitution of Eq. (10) into (7) yields:

q [
i lZ(mi)p(pi)q] = 2(Exin)pg — X(Epot)pg ; (13)

=1

and the sum of Eq. (13) and its counterpart with the
indices p and ¢ interchanged, reads:

d N
7 D [@)p(0i)g + (@:)g(pi)y) = 2(Biin)pa
i=1
+(Exin)gp] — X[(Epot )pg + (Epot)ap] (14)

Let us define the moment of inertia tensor?
[e.g. Chandrasekhar 1969 (hereafter quoted as C69),

Chap. 2, §9; BT87, Chap. 4, §3]:

N
Ipq = Zmi(xi)p(xi)q ) (15a)
i=1
3
D ILe=1; (15b)
s=1

where [ is the total moment of inertia of the system,
with respect to the centre of mass. Owing to Eq. (4),
the first time derivative is:

N

= Z [(z:)p(pi)g + (zi)g(pi)p] ; (16)

i=1

dlpg
pqg = dt

2In this formulation, the moment of inertia with respect to a coordinate axis, @r, is Ir = Ipp + Iqq, 7 # p # g. For a different
formulation where I = I, r = 1,2, 3, see LL66 (Chap. VI, §32).
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and the combination of Egs.(2), (14), and (16),
yields:

Iy = 4(Ekin)pq - X[(Epot)pq + (Epot)qp] )

on the other hand, the difference of Eq.(13) with
its counterpart where the indices, p and ¢, are inter-
changed, reads:

(17)

d
dt

7

[(:)

= —X[(Epot)

owing to Eq. (2).

With regard to the vectors, 7 [(x;)1, (zi)2, (;)3]
and p;[(p:)1, (pi)2, (p:i)3], and to the vector product,
Ji = 73 X p;, the sum on the left-hand side of Eq. (18)
reads (e.g. Spiegel 1968, Chap. 2.2, §§11-12):

N
p(Pi)g — (@i)q(pi)p]
M(Epor)rg (18)

- (Epot)qp]

N N

S l@)p(pi)s — (@)a(pi)el = S R (a,) - (7 % i)

i=1 i=1

=

N
=vers(a,) -y Ji =verd(z,)-J=J. ;  (19)
=1

where ver$(x,.) is the versor, or unit vector, parallel
to the coordinate axis, x,, r # p # ¢, and J is the
total angular momentum of the system.

The combination of Egs. (18) and (19) yields:

dJ,
a —X[(Epot)pg — (Epot)gp] 3

(20)

and the conservation of angular momentum, which
always holds for isolated systems (e.g.  LLG66,
Chap.2, §9), implies the symmetry of the self
potential-energy tensor with respect to the exchange
of the indices:

(Epot)pg = (Epot)ap (21)
so that Eq. (17) takes the form:
1.
51pq = 2(Exin)pg — X(Epot)pqg > (22)

2

which makes the virial equations of the second or-
der (for the special case of gravitational interaction,
x = —1, see e.g. C69, Chap.2, §11; BT87, Chap. 4,
§3).

The further constraint:

Iy=0; 1<p<3; 1<q<3; (23)

makes Egs. (22) reduce to:
2(Elkin)pq7}((E‘pot)pq =0; 1<p<3; 1<¢<3;
(24)

which is the expression of the virial theorem in tensor
form3. Strictly speaking, it holds when the moment
of inertia tensor has a linear dependence on time,
I,q = kpgt + cpg, Where kp, and cp, are constants.
The special case, kpg =0,1 <p <3,1<g<3,is
related to dynamical or hydrostatic equilibrium (e.g.
BT87, Chap.4, §3).

An alternative constraint is that the first
time derivatives of the moment of inertia tensor are
bounded, as:

Ipg(t)] < Mpg; 1<p<3; 1<¢g<3; (25

where M, are suitable real numbers. Accordingly,
it can be seen that the time average of the second

time derivetives of the moment of inertia tensor are
null (e.g. LL66, Chap.II, §10):

Iy=0 ; 1<p<3: 1<qg<3; (26

which makes Eq. (22) reduce to:

2(lykim)pq_X<Elpot)pq =0; 1<p<3; 1<qg<3;

(27)
where time averages are calculated over a sufficiently
long (ideally infinite) step (e.g. LL66, Chap. 2, §10).
In presence of periodic motions (e.g. a homogeneous
sphere undergoing coherent oscillations), time aver-
ages can be calculated over a single (or a multiple)
period.

For the sake of simplicity, in what follows the
tensor virial theorem will be expressed by Eq. (24)
where the kinetic-energy and self potential-energy
tensors are to be considered as instantaneous or time
averaged, depending on whether the constraint de-

fined by Eq. (23) or (26) holds.

The particularization of Eq.(24) to diagonal
components, after summation on both sides, pro-
duces:

2Ejkin - XEpot =0 5 (28)
which is the expression of the virial theorem in scalar
form (e.g. LL66, Chap.II, §10). Special cases are
(a) Newtonian and Coulombian interaction, x = —1,
and (b) Hookeian interaction, x = 2. If the system is
in dynamical or hydrostatic equilibrium, mean values
coincide with instantaneous values.

The above results are quite general and hold
regardless of the nature of the system and its con-
stituents, provided no dissipation and/or external in-
teraction occur. With regard to a specified system,
the sole restrictions to be made are (i) the evolution
takes place within a finite region of the phase hy-
perspace i.e. 0 < |(z;)r] < My, 0 < |(v)r] < M,,,
1 <3< N,1<r <3, where M,,, M,,, are conve-
nient real numbers, and (ii) the self potential energy

3Some authors prefer a more general formulation, expressed by Eq. (22) (e.g. BT87, Chap.4, §3). On the other hand, a more
restricted formulation, expressed by Eq. (24), has a closer connection with the scalar virial theorem, which explains the choice

adopted here.
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R3 FLUIDS

is a homogeneous function of the 3N coordinates, of
degree x.

In dealing with continuous matter distribu-
tions rather then with mass points, the parti-
cle mass, m;, has to be replaced by the mass
within an infinitesimal volume element, dm =
p(x1, 29, x3) dr1 doe das, where p is the density, and
an integration has to be performed over the whole
volume, S, instead of a summation over the coordi-
nates related to all the particles. For further details
see e.g. Limber (1959). Accordingly, the kinetic-
energy tensor and the kinetic energy attain their
usual expressions (C69, Chap. 2, §9):

1
(Exin)pqg = 5/5,0(331»@,373)%% s (29)

3
1
§/Sp(33175€27$3)27)§d35 ; (30)

s=1

(Exin) =

on the other hand, the self potential-energy tensor
and the self potential energy read:

1 oy
(EpOt);Dq:_f/px(mh‘r?’x?})xpa dsS? (31)
X Js
3
1 %
(Fv) == [ pclonsnan) S 5 32

where p,, is a charge density and V is a potential func-
tion, defined as the tidal potential energy due to the
whole charge distribution, related to the point under
consideration, with the unit charge placed therein.
For further details, see Appendix A.

Let us define the total-energy tensor, as:

Epq = (Exin)pg + (Epot)pg (33)
owing to Egs. (3) and (12), the related trace:
3
E = Z Ess = Ekin + Epot (34)
s=1

is the total energy.
The combination of Egs. (24), (33), and (28),
(34), respectively, yields:

(Ekin)pq = m Pq > (35)
2
(Epot)pq Y +2 Pq > (36)
for tensor components, and:
Eyin = ﬁE ; (37)
2
Epot = m ) (38)

for tensor traces.

3. SYSTEMATIC AND
RANDOM MOTIONS

3.1. Basic ideas

Let a collisionless, self-gravitating fluid be re-
ferred to an inertial frame, (Ozix223), where (with-
out loss of generality) the origin coincides with the
centre of mass. The number of particles within an
infinitesimal hypervolume of the phase hyperspace at
the time, t, is:

d°N = f(z1, 22, 23,01,v9,03,1)

X dxy dze drg dvy dve dvs 5 (39)
where f > 0 is the distribution function. The num-
ber of particles within an infinitesimal volume of the
ordinary space at the time, ¢, is:

BN = dxy deo dzs x
///f($1,$2,$3,vl,U2,’U3at)d711 dvy dvs; (40)

where the integration has to be performed over the
whole volume in velocity space. The number density

related to the infinitesimal volume element, d*$ =
dxy dxo dxs, at the time, t, is:

d*N
Il;z%x&t) = =

&S
///f T1,T2,T3,V1,V2,03, )d’l}l d02d1)3,(4].)

if, in addition, the total particle number, N, and
the total mass, M, are conserved, then the following
normalization conditions hold:

//////f(3017332»$37111,71271)37t)d$1d$2dl‘3

=N ; (42)

///p(‘rlax27x37t)d$1 d$2d$3 =M ;

where p is the mass density of the infinitesimal vol-

ume element, d*S, and the integrations have to be
carried over the whole hypervolume in phase hyper-
space and the whole volume in ordinary space, re-
spectively.

From the physical point of view, the volume
element is finite instead of infinitesimal, but still con-
taining a large amount of particles which, on the
other hand, is negligible with respect to the total
number. Accordingly, the following relations hold:

X dUl d’UQ dvg

(43)

1 << AN (21,29, 13,1) << N (44a)
max(m;) << AM (z1, T, z3,t) << M ; (44Db)
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R. CAIMMI

where AN and AM represent the particle total num-
ber and total mass within the volume element, AS,
at the time, ¢, and m; is the mass of i-th particle,
1 <4 < AN. The related total mass, AM, may be
expressed as:

AN
AM (z1, 2, x3,t) :Zmi ; (45)
i=1
and the mean particle mass within the volume ele-
ment, AS, at the time, ¢, reads:

AM(xl,JTQ,J)g,,t) .
AN (x1, 9, 23,1)
according to the general definition of arithmetic
mean.

From the standpoint of a continuous mass
distribution, the following changes have to be

made: AS — d°S; AN (z1,z9,23,t) — d°N;
AM (z1,22,23,t) — p(z1,22,23,t) d°S; and Eq. (46)
takes the form:

m(xl,ﬂfg,]}?,,t) = (46)

d*s

*N

P($17$2ax37 ) . (47)
(xla €2,I3, t) '

m(xlax27x37 ) p(l'l,anxBa )

in terms of mass density and number density.
With regard to Egs. (42) and (43), equivalent
expressions are:

///n(x17$27I3,t)dx1 d$2dﬂj3 :N ;
///p(l'lny,wg,t)dl'ld:L'Qd;p3:

///m(xl, xo, x3,t)n(x1, T2, T3,t) dz1 dao drs

(49)

(48)

and the division of both sides of Eq.(49) by their
counterparts in Eq. (48), yields:

_ M
m=—
N
where, owing to the theorem of the mean, 7 is the
particle mass averaged over the whole volume. To-
tal mass and particle number conservation imply a
time independent mean particle mass, m. If, in ad-
dition, particles with different masses are uniformly
distributed throughout the whole volume, then the
mean particle mass within a generic volume ele-
ment, d°S, equals the mean particle mass within the
boundary, as:

(50)

m(xy, e, x3,t) =M ; (51)
and the system may be considered, in any respect,
as made of A identical particles of mass m. Accord-
ingly, Eq. (47) reads:

(52)

p($17 l‘g,l‘g,t) =m ’I’L(.’II]_,IQ, J}3,t) 5

18

which implies direct proportionality between mass
density and number density.

Using again the theorem of the mean, let
us define the mean velocity component, v,, and
the mean product velocity component, v,v,, within
a generic infinitesimal volume element, d°S =
dxy dxo dxs, at the time, ¢, as:

@(1‘17 l‘g,xg,t) =

J [ ] (21,22, 23,01, 02, v3, t)v, dvy dvg dug

J [ [ f(z1, 22, 23,01, 02,03, t) dvy dva dug » (53)

m(l'hxg,mg,t) =

[ [ flz1, 22, 23,01, 02,03, t)vp0, dvy dvg dus (54)
[ [ f(z1,22, 23,01, 02,03, t) dvy dvg dvg

or, using Eq. (41),

@(Il,l‘g,l‘g,t) =

J || f(@1, 22, 23,01, 02,03, t)v, dvy dvg dvs (55)

n(xy, s, x3,1) ’
UpUg (21, 22, 23,t) =
I [ [ f(z1, 22, 23,01, 02,03, )00, dvg dvg ah)g,7 (56)

TL(I’l,«IQ,xg,t)

in terms of the number density, n

Let us define the distribution function in the
velocity space:

f(x1, 2, x3,v1, V2,03, 1)
TL((El,JJQ,I'g”t)

F(I1,$27x3,vl7v2,1}3,t) =

9

(57)
which, owing to Eq. (41), satisfies the normalization
condition:

///F(l‘l,l‘g,l‘g,,?}hvz,’l}g,t)dvld’UQdUg,:1 )

(58)
and the substitution of Eq. (57) into (55) and (56)
yields:

vp :]S17l’2,1173,t)

/// (21,2, 23,v1, V2,3, 1)V, dvy dva dug ;5 (59)

UpUq (21, T2, 3, 1) =

/// (@1, 2,23, v1, V2, V3, 1)U duy dvg dus, (60)

in terms of the distribution function, F'.

From a statistical standpoint, the distribution
function, F', may be interpreted as a probability den-
sity in the velocity space, where F(x1, 22, 23,01, V2,
v3,t) dvy dvy dvs represents the probability of find-
ing a particle inside the volume element, d®S, at
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the time, ¢, with velocity components in the range,
v F du,. /2, 7 = 1,2,3. In this view, the velocity com-
ponents, v, and the product of the velocity compo-
nents, v,v,, may be considered as random variables.
According to the general definition of variance and
covariance (e.g. Oliva and Terrasi 1976, Chap.II,
§2.7), the following relations hold:

(vp)" = (v)* + 03,

* k%
(vpvg)”™ = Vv + Ov0,

(61)
(62)

where the asterisk denotes the expectation value of
the related distribution, o2 is the mathematical (in-
tended as opposite to empirical) variance and o
is the mathematical covariance. Accordingly, if two
random variables, a and b, are independent, cor-
related, or anticorrelated, the mathematical covari-
ance, gup, is null, positive, or negative, respectively.

With regard to an infinitesimal volume ele-
ment, d>S, at the time, ¢, the first terms on the
right-hand sides of Egs. (61) and (62) are related to
the velocity components of the centre of mass, while
the second terms are related to velocity components
with respect to the centre of mass.

Expectation values and mathematical vari-
ances and covariances are a priori quantities which
cannot be determined by data collections. The re-
lated observables are arithmetic means and empiri-
cal variances and covariances (e.g. Oliva and Terrasi
1976, Chap.IV, §4.3), and Egs. (61) and (62) trans-
late into:

(03) = (@) +03, ;

UpUq = Vp Vg + Ouvpu,

(63)
(64)

where the notation of variances and covariances has
been left unchanged, for sake of simplicity. Finally,

Eq. (63) may also be conglobed into Eq. (64), using
the definitions:

oy = (V2)

O-UTUT‘ = 0-12)7» ? (65)
where o, may be considered as the generic com-
ponent of an empirical covariance tensor. If veloc-
ity components are independent, ¢y, = 5pqagp,
where 0, is the Kronecker symbol, Egs. (63) and (64)
merge into:

UpUq = TUp Vg + 51)!102 (66)

p
where 07, = 0y,,, = o, to simplify the notation,
and considering o, as velocity dispersions related to
random motions, with regard to a generic infinitesi-
mal volume element, d>S, at the time, t.

Having the centre of mass of the system been
chosen as origin of the (inertial) reference frame,
mean (over the whole volume) velocity components
along coordinate axes are necessarily null: v, = 0;

(e.g. LL66, Chap.Il, §8). Accordingly, 02, = (v2),

2
agq =0, p # ¢, and the random square velocity ten-

2 e .
sor, o, = Uply, is diagonal.

3.2. Radial and tangential velocity
dispersion on the equatorial plane

Aiming at expressing the contribution of sys-
tematic and random motions along the equatorial
plane in terms of angular velocities, a detailed analy-
sis of radial and tangential velocity dispersion on the
equatorial plane is needed.

Let us define the axes of the system as the
distances between opposite points along the princi-
pal axes of inertia, belonging to the external surface,
and semiaxes the distances between the tops of the
axes and the centre of mass. In general, semiaxes on
opposite sides are different in length. Let the coor-
dinate axis x3, containing the axis agz, be chosen as
rotation axis, without loss of generality, as the ref-
erence frame may arbitrarily be oriented, provided
the origin coincides with the centre of mass. Let us
define the principal plane, (Oz1z2), as the equatorial
plane of the system.

For a particle placed at a position 7 =
(1,2, x3), and moving at a velocity 7 = (v, va, v3),
let 7oq = (21,22) and Yoq = (v1,v2,) be the related
projections onto the equatorial plane (see Fig.1).

T2

Figure 1:

PO = = 7+ 0
PR =, =veqcosa ;

OF == (et + )2 = w |
RQ = vy = vegsina

SQ = (vg)1 = —vgsing ;

PT = (vy)1 = —vyco8 ¢ ;
$=TPR; a=RPQ ;
UQ = v; = veqcos(a+ @) ;

RS = (v4)2 =vgco8¢ ;
TR = (vy)2 = vy sing ;
a+¢=PQU ;

PU = vy = vgqsin(a + @) ;

Fig. 1. Radial (v,) and tangential (vy) velocity
components on the equatorial plane, (Ozq1x2). The
projections onto the equatorial plane of the vector ra-
dius 7, and the velocity U, are denoted by req and veq,
respectively, with regard to a generic particle.
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Cartesian velocity components may be ex-
pressed as the algebraic sum of radial and tangential
velocity projection on the related direction, as:

V1=Ueq cOS(a + @) = (V)1 + (V)1

=y COS P — VypSiN QP (67a)
Vp=Veq SiN(a + @) = (V)2 + (vg)2
=y SiN @ + vy cOSP ; (67b)

conversely, radial and tangential velocity compo-
nents may be expressed as the algebraic sum of
Cartesian velocity projections on the related direc-
tion, as:

Uy = Veq COS X = (Ul)w + (UQ)U)

=wvicosp+vesing ;  (68a)
Vg = VeqSina = (v1)g + (v2)e
= —vising +vycos¢ ; (68b)

where (v,), = [7-5673(1)] 77 (1) - 5073 (2, ); (vr) =
[5 - o8 (2, )] e (z,) - DETS(); = w, 5 1 = 1,2
and vers(d) is the unit vector with positive orienta-
tion, along the d direction.

For a generic infinitesimal volume element,
d3S, at the time, ¢, radial and tangential velocity
components, defined by Egs. (68), may be consid-
ered as random variables. Owing to a theorem of
statistics?, the expectation values of the related dis-
tributions read:

vy = 0] cosp+vising ; (69a)

v (69b)

1w
5= —vising +wvscosg ;
similarly, the expectation values of the distributions
depending on the random variables, v2 and v3)7 are

found to be:

(v2)* =
(vf)* cos® ¢ + (US)* sin® ¢ + 2(v1v2)" cos ¢ sin ¢;(70a)
(u3) =
(v)* sin® ¢ + (v3)* cos® ¢ — 2(v1v2)* sin ¢ cos ¢y(70b)

and, using the general definitions expressed by
Egs. (61) and (62), the related mathematical vari-
ances read:

0_2 — (UZ)* _ (U* )2

Ve w w
=02 cos’ ¢+ oo sin® ¢+ 20,,., cospsing ; (71a)
oy, = (3)" = (v)?

v1
2 2 2 .2 : .
= 0, sin” ¢ + o, cos” ¢ — 20,4, singcosp ; (71b)

where the mathematical covariance, o,.,, is null
provided the related velocity components, v; and va,

4 et mi, ma, ...

, Mn, be random variables and fi(m1)dmi, fa(mz)dma,

are independent. The validity of the relations:

(vn)? + (v3)% = (V) + (v3)* (72)
(v)" + (3)" = (V)" + (v3)" ; (73)
v T 00, =00 00, (74)

can be easily checked.

In terms of the related observables, arith-
metic means and empirical variances and covari-
ances, Egs. (69), (70), and (71) translate into:

3

(75a)
(75b)

w =T01C08¢ +Tzsing ;
¢ = —Ursing +vzcos¢ ;

<

(v

v

IS

)=
) cos? ¢ + (v2) sin? ¢ + 20777 cos psing ; (76a)

HL\J‘

v

—~

<N
~

v?)sin? ¢ + (v3) cos® ¢ — 2T1Ta sinpcos ; (76b)

on, = (02) — (vw)”

=02 cos® ¢+ 02 sin® ¢ + 20,,,, cos psing ; (T7a)

o2, = (03) - (%)’

2 2 2 2 .
=0, sin” ¢ + 0, cos™ ¢ — 20y,,, sinpcos ¢ ; (77b)
where the notation of variances and covariances has

been left unchanged, for the sake of simplicity. The
validity of the relations:

@) + @) = @+ @ (1)
(vZ) + (v3) = (vi) + (v3) ; (79)
03“7 + 034) = 031 + 032 ; (80)

can also be easily checked.
If wvelocity components are
= 0pq05 , Egs. (77) reduce to:

independent,

g
UpVq

02, =03 008> ¢+ 03ysin® ¢ ; (81a)
05)4) = 0%, sin® ¢ + 02y cos’ ¢ ; (81b)

where, as already mentioned (see Eq. (66)), 02, =
Ovpv, = O'ET to simplify the notation and considering
o as velocity dispersions related to random mo-
tions with regard to a generic infinitesimal volume

element, d>9, at the time, .

weoy fn(mn)dmy, related distributions, m =

Zzzl army an additional random variable, where ay, are coefficients, and f(m)dm a related distribution. Then the ex-

pectation value, m*, can be expressed via the above linear combination of the expectation values, mj, mj3, ..., m

* n *
mt =) ey kM

20
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R3 FLUIDS

For the whole volume, S, at the time, ¢, let
us define positive and negative equatorial radial ve-
locity components, v,,, as directed outwards and in-
wards, respectively, and positive and negative equa-
torial tangential velocity components, vy, as related
to counterclockwise and clockwise motion, respec-
tively, around the rotation axis.

Owing to the above mentioned theorem of
statistics, the following relations hold for for expec-
tation values and mathematical variances related to
the distributions depending on radial and tangential
velocity components on the equatorial plane:

1
’UZ; - M///[Uw($1,l'2,l‘3,t)]*p(xl,l‘Q,xﬁ},t)

X drydrydrs (82a)

* 1 *
Vg = M///[v¢(m1,x2,x3,t)] pzy, 22, 23,1)

X diL’l dZL’Q dxg ; (82b)

2 \* 1 2 *
(30 =37 [ [ [ Wb a0 plor, s, za, )
X d(El d.’IJQ dwg ) (83&)
’U¢ M///v¢ 1’17$27$3at)]*p($17$2a3737t)
x dxy dxs dxs (83b)
oy, = )" = (vy)? (84a)
o2, = ()~ ())? (s1b)

where the validity of Egs. (72), (73), and (74
mains unchanged.

In terms of the related observables, arithmetic
means and empirical variances, Eqs. (82), (83), and
(84), translate into:

1
@:M///m(xl,xz,fv:a,t)p(ﬂflvx%x?nt)

x dxy dro drs | (85a)

1
Vg = M///%(l’l’xzv$37t)0($1,9€27$37t)

) re-

X day drydrs (85b)
03 = M///@(xl,xz,wsi)ﬂ(xhx%x3vt)

X drydrsdrs ; (86a)
Z M///@(3?17962,963775)]P(5”17332>$3’t)

X dxidrsdrs ; (86b)

To = O = (02) = (T)* (87a)
o, = 0 = (V) — (T5)" (87h)

where the validity of Egs. (78),
mains unchanged.

With regard to the angular velocity, 2, and
the related moment of inertia, I3, the counterparts
of Egs. (85b) and (86b) read:

(79), and (80) re-

ﬁ: Ii///Q({El,fEQ,.’L'g,t)U)ﬂ(fEl,(EQ,LUg,t)
3
X dl‘l d.’l?g d{Eg ; (88)
1 _ )
- T QQ(xlaanx?)at)w p(xlaanx?nt)
3
X dl‘l d.%‘g d$3 3 (89)
aé:@—ﬁz ; (90)
I3:///pr(l'l,ﬂfz,Jfg,t)dl'ldl‘gdl‘g ;o (91)

where the angular velocity, 2, may be conceived as
a figure rotation, in the sense that the mean is null
when performed in a reference frame in rigid rotation
at the same rate. To this respect, particles with dif-
ferent masses must be uniformly distributed within
the region of phase hyperspace accessible to the sys-

tem.
Owing to Egs. (84b), (89), and (90), the fol-

lowing relation holds:

M(T5? +0%4) = Mv2 = [50° = ;(Q" + %) ; (92)

where the mean angular velocity, €2, and the empir-
ical variance, aa, are related to systematic and ran-
dom motions, respectively, around the rotation axis.
Accordingly, Eq. (92) may be splitted into:

Mu2 = IO
Mcr?w = I30% ;

(93a)
(93b)

which express the contribution of systematic and
random motions along the equatorial plane, in terms
of tangential and angular velocities.

The mean radial velocity component, ¥, is
related to the motion of the centre of mass along
the equatorial plane. On the other hand, the centre
of mass coincides with the origin of the coordinates,
which implies 7, = 0 and, in turn, (v2) =02,

The mean tangential velocity component, vg,
and the empirical variance, ai(b, are related to sys-

tematic and random motions, respectively, around
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the rotation axis. The diagonal components of the

kinetic-energy tensor may be expressed in terms of

the above mentioned contributions, as:
T, = (Teys)kk + (Trdm)k 5 (94)

where k = w, ¢ in the case under discussion, and:

(Teoys)ww =0 (95a)
1
(Trdm)ww = §M012Uw 5 (95b)
1. 2
(Tays)es = 5120 (96a)
1
(Tram) g = 513052) ; (96b)

where the indices, sys and rdm, denote systematic
and random motions, respectively.
The global contribution:

Typ = %1392 ; (97)
depends only on the mass distribution, via the mo-
ment of inertia, I3, related to the rotation axis, x3,
and the tangential velocity component on the equa-
torial plane, via the rms angular velocity, 22, regard-
less of the amount of systematic and random motions
along the direction under discussion (e.g. Meza 2002,
C06).

The contribution of the kinetic-energy tensor
component, Ty4, to the kinetic-energy tensor com-
ponents, T7; and Tse, owing to Egs. (96) and (97),
is:

1 —
(Top)gq = gquQQ ) q=12; (98)
1. 2
[(Tsys)pplag = iquﬂ ) q=12; (99)
1 — =2
[(Tram)oslag = 51aa (@ =27) 5 ¢ =12 ;(100)

Ipg = ///xpmqp x1,T2,23,t)dxy dxs drxs 5(101)
Iy =TI+ I ; (102)

where I, is the moment of inertia tensor.

With regard to equatorial radial kinetic-
energy tensor components, the combination of
Egs. (80), (90), and (93) yields:

I —
O =oh o - (@ -0) 1 (109)
and the contribution of the kinetic-energy tensor
component T, to the kinetic-energy tensor com-
ponents Ti; and Thy owing to Egs. (94) and (102),
is:
1 1. — 2

(Tww)qq =_Mo2, — §Iqq(Q2 - ) ;

5 Moy, =12

(104)
22

to be used together with Eq. (98).

It is worth noticing that anisotropic random
velocity components distributions, orr # ogrg, are
not necessarily related to the shape of the system,
while oww # 2033 is (e.g. BT87, Chap.4, §3),
where T, R, and W, denote tangential, radial, and
equatorial velocity components, respectively. In fact,
a spherically symmetric mass distribution could, in
principle, allow purely radial or circular orbits.

3.3. Virial equilibrium configurations

The particularization of Eq.(22) to Newto-
nian interaction, y = —1, after combination with
Egs. (98) and (104), allows the formulation of the
virial equations for the case under discussion. The
result is:

1

. 72
§Iqq =12 + M‘qu + (Epot)aq ;

1.
5133 = Mo3s+ (Epot)ss ;

q=1,2 (105a)
(105b)

where v3 = 0, the system centre of mass having been
chosen as origin of the reference frame, and the ten-
sors are diagonal provided the coordinate axes coin-
cide with the principal axes of inertia.

The virial equations of the second order, ex-
pressed by Eq. (22), in particular Egs. (105), imply
the validity of the following assumptions.

(i) The mechanical system under consid-

eration (in particular a collisionless, self-

gravitating fluid) is isolated (e.g.  LL66,

Chap.I, §5), which implies angular momen-

tum conservation (e.g. LL66, Chap.II, §9).

(i) The potential energy is a homogeneous

function of the coordinates with the degree x

(in particular, x = —1).

The validity of the further assumption, either

(iii-a) The generic component of the moment

of inertia tensor depends linearly on time, ac-

cording to Eq. (23); or, alternatively:

(iii-b) The first time derivative of the generic

component of the moment of inertia tensor

is a bounded function, according to Eq. (25);

makes Egs. (105) reduce to:

—2
Tog2 + Mggq + (Epot)qq
Moz + (Epot)ss = 0 ;

=0; ¢ =1,2;(106a)
(106b)

where the variables are to be regarded as

instantaneous or averaged over a sufficiently

long time, depending of whether assumption

(iii-a) or (iii-b), respectively, has been chosen.

A more general formulation of Egs.(106),
which includes instantaneuos configurations with as-
sumption (iii-b), is:

Lo + MCq0® + (Epot)gg =0 ;  q=1,2 ;(107a)
M(330” + (Epot)s3 = 0 ; (107b)
0? =0}y + 03 + 03y ; (107c)
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(Erdm)rr Lyz-r

CTT = Eram = o2 ; r=1,23; (107d)
Erdm &2
Ci1 + G2 + (33 Fogn o2 ¢ ; (107e)

where (., may be understood as anisotropy parame-
ters (CM05, C06), Eram is the random kinetic energy,

and FEyqn is the effective random kinetic energy i.e.
the right amount needed for an instantaneous con-
figuration to satisfy Egs.(106). For further details
refer to Appendix B. Generalized anisotropy param-
eters smaller or larger than (/3 imply, respectively,
lack or excess of random motions along the related
direction. On the other hand, the ratios:

5» _ (Efdm)rr — & .
" Erdm C ’

Cli+Cop+Gs=1;

r=1,2,3 ; (108a)

(108b)

may be understood as effective anisotropy parame-
ters (CM05, C06).

The parameter ( may be conceived as a virial
index, where ¢ = 1 corresponds to null virial excess,
2AFE,4m = 2(Erdm — Eram), which does not necessar-
ily imply a relaxed configuration®, ¢ > 1 to positive
virial excess, and ¢ < 1 to negative virial excess.
The special case, (. = oy, ¢ = 1, makes Egs. (107)
reduce to (106).

In summary, Egs.(106) hold provided in-
stantaneous velocity ~dispersions, (03,035, 03;),
are replaced by effective velocity dispersions,
(€1102, (2202, (3302%) = (63,52,,52;), related to an
equilibrium or configuration averaged over a suffi-
ciently long time. In other words, Egs. (106) repre-
sent the virial equilibrium configuration of a mass
distribution which coincides with its counterpart re-
lated to a selected instantaneous configuration of the
system under consideration.

For the sake of simplicity, let us define ideal,
self-gravitating fluids, rotating around an axis, as,
for which Egs. (107) hold i.e. the assumptions (i),
(ii), and (iii) above are valid, as R3 fluids®.

The combination of Egs.(107a) and (107b)
yields:

IquZ - %(Epot)% + (Epot)gg =0 ; q=12;

(109)
to get further insight, let us express the self potential-
energy tensor, (Epot)rr, and the moment of inertia
tensor, I,., in terms of dimensionless tensors, P,..
and Z,.., respectively, as:

GM?

(Epot)rT = - Prr ; r= 13233 5 (110&)

GM?
(Epot) = ———P (110b)
Iy =Md’ZT, ; q=1,2; (llla)
Is = Md*Zs (111b)
1/3
a= (S) ; (112)
21

furthermore, let us define the rotation parameter:

2 =2

a*Q Q

YT GM T 2nGp

(113)

where p = M/S is the mean density of the system.
In the special case of solid-body rotation (2 = Q),
Eq. (113) reduces to a notation used for polytropes
(e.g. Jeans 1929, Chap.IX, §232; Chandrasekhar
and Leboviz 1962), and in the limit of ellipsoidal ho-
mogeneous configurations (p = p), Eq. (113) reduces
to a notation used for MacLaurin spheroids and Ja-
cobi ellipsoids (e.g. Jeans 1929, Chap. VIII, §§ 189-
193; C69, Chap. 5, §32, Chap. 6, §39).

Owing to Egs.(110a), (11la) and (112),
Eq. (109) may be formulated in terms of dimension-
less parameters, as:

(€33Pgq — CqqP33) — v(33Z4q =0 ; g=12;
(114)
which admits real solutions provided the inequality:
Caq _ Pag
24 < A =1,2 ; 115
Cs3 ~ Pas 1 (115)

is satisfied, and it is the natural extension to R3
fluids of its counterparts related to axisymmetric,
relaxed mass distributions (Wiegandt 1982a,b) and
homeoidally striated ellipsoids (C06). Imaginary so-
lutions correspond to imaginary rotation parameters
i.e. imaginary rotation, as explained in the next sec-
tion.

After some algebra the combination of

Egs. (114) yields:
T22(¢33P11—C11P33) = Z11(¢33P22—C22P33) ; (116)
or equivalently:

(33(Z22P11—Z11P22) = P33(Za2C11 —Z11C22) 5 (117)

which represent alternative expressions of the con-
straint related to virial equilibrium.

5For instance, a homogeneous sphere undergoing coherent oscillations exhibits ¢ > 1 at expansion turnover and ¢ < 1 at
contraction turnover. Then there necessarily exists a configuration where ¢ = 1 which, on the other hand, is unrelaxed.

6As explained earlier, the term ”R3” stands for ”ideal, self-gravitating fluids, rotating around a principal axis of inertia, let it
be z3”. In the general case of R fluids, (systematic) rotation may occur also around the remaining principal axes of inertia,

z2 and/or z7.
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3.4. Axisymmetric and triaxial
configurations

An explicit expression for the rotation param-
eter v can be derived from Egs. (114), as:

v = G33Pqq — Gqq P33 : g=1,2:
CSSIqq

which, in turn, allows an explicit expression of
anisotropy parameter ratios (yq/Cpp as:

o P
(33 Ps3

G _ Pu—viy
Co2 B Pag — vIao

and the combination of Egs. (107e) and (119) yields:

(118)

7
L2

;og=1,2; (119)
P(IQ:|

(120)

which provides an alternative expression for

Egs. (118):

v — (33P — (Ps3
(3313

that is equivalent to Eq. (114), and then admits real
solutions provided inequality (115) is satisfied.
Finally, Eqgs. (114) may be combined as:

Zu _ (3P —CuPss
T2 (33P22 — C20P33

where it can be seen that Egs.(120) and (123)
are changed into each other, replacing the terms,
P33Cqq/C33, by the terms, vZ,,, and vice versa. The
above results may be reduced to a single statement.

Theorem 1. Given an R3 fluid, the relation:

Xu _ Pu-Yu
Xoo  Pog— Yo
Gq

(122)

(123)

Xgg="HPs3, vlye 3 q=12;
(33
}/qq:’UIqq7@,P33 ; qg=12;
(33

is symmetric with respect to X4 and Yy, the

former tensor being related to anisotropic ran-

dom velocity distribution, and the latter to
systematic rotation around the axis x3.

In the special case of axisymmetric config-
urations, the dimensionless factors appearing in
the expression of the self potential-energy tensor,
Egs. (110a), and the moment of inertia, Eqgs. (111a),
do coincide with regard to equatorial axes, P11 = Pao

and Zy71 = Zo9, respectively, which necessarily imply
C11 = (a2, owing to Eq. (123).

In the general case of triaxial configurations,
the contrary holds, P11 # Pog and 711 # Zos, and the
equality, (11 = (a2, via Eq. (120), implies the validity
of the relation:

P11 —Pa

p=n"722 . 124
Ty — I (124)

in the opposite case, the random velocity distribu-
tion along the equatorial plane’ is anisotropic i.e.
(11 # (22. The related degeneracy can be removed
using an additional condition, as it will be shown in
the next section.

The above results may be reduced to a single
statement.

Theorem 2. Isotropic random velocity dis-
tribution along the equatorial plane, (11 = (22,
makes a necessary condition for R3 fluids to be
symmetric with respect to the rotation axis,
3.

4. IMAGINARY ROTATION

A unified theory of systematic and random
motions is possible, if one introduces imaginary rota-
tion. It was shown above that Eq. (114), or equiva-
lently one among (118), (122), admits real solutions
provided inequality (115) is satisfied. If otherwise,
the rotation parameter, v, has necessarily to be neg-
ative, which implies, via Eq. (113), an imaginary fig-
ure rotation, €2, where ¢ is the imaginary unit. Ac-
cordingly, the related centrifugal potential takes the
general expression:

L P,
T($1,$2,$37t) = 5 Sgn (PZZ _ gz)

Q 2w? w? =2+ 23 (125)

X [Q(Z‘l, Z2,T3, t)] w
where Sgn is the sign function, Sgn(F|z|) = F1,
Sgn(0) = 0. The centrifugal force, 97 /0w, is posi-
tive or negative depending on whether real or imag-
inary rotation occurs, respectively. Then the net ef-
fect of real rotation is flattening, while that of imag-
inary rotation is elongation, with respect to the ro-
tation axis (Caimmi 1996b, C06).

To get further insight, let us particularize
Eq. (114) to the special case of null rotation (v = 0).
The result is:

Saa _ Pag
Css  Psz '

where the right-hand side, via Eqs. (31) and (110a),
depends on the mass distribution only. Accordingly,
the net effect of positive ((4q/C33 > 0) or negative
(C4q/C33 < 0) random motion excess along the equa-
torial plane is flattening (P,q > Ps3) or elongation

g=1,2; (126)

v=20 ;

"Throughout this paper, ”along the equatorial plane” has to be understood as ”along any direction parallel to the equatorial

plane”.
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(Pyq < Ps3), respectively. In what follows, it shall

be understood that random motion excess is related
to the equatorial plane.

4.1. Random motion excess and rotation
In the limit of isotropic random velocity distri-

bution, (11 = (22 = (33 = ¢/3, Egs. (118) and (122)
reduce to:

Viso = qu — Pas ; q= 1,2 5 (127)
qu
P — 3Py
iso — T+ > 12
v = 2 (129

where the index, iso, emphasises the isotropic ran-
dom velocity distribution.

Accordingly, Egs. (118) and (122) may be ex-
pressed as:

U = Viso — Vani »

Vani = <qul>tp33 ;
C33 z-qq
¢ ) P33

Vani = | m— — 3| — ;
<§33 I3

where v,,; > 0 for oblate-like configurations,
Cqq/C33 > 15 vani < 0 for prolate-like configurations,
Cqq/C33 < 1; and the index, ani, means contribution
from random motion excess which, in general, makes
for an anisotropic random velocity distribution. Ac-
cordingly, positive or negative random motion excess
is related to real or imaginary rotation respectively.
Let us rewrite Eq. (129) as:

(129)

q=1,2 ; (130)

(131)

Viso = U + Vani 3 (132)
which, owing to Eq. (113), is equivalent to:
) —2 q 72
Qiso =0 + Sg?’l ( - 3) Qani ; (133)
(33

where positive and negative Sgn values correspond
to real and imaginary rotation, respectively. Then
the effect of random motion excess on the shape of
the system is virtually indistinguishable from the ef-
fect of additional figure rotation. The above results
may be reduced to a single statement.

Theorem 3. Given an R3 fluid, the effect of
(positive or negative) random motion excess
is equivalent to an additional (real or imagi-
nary) figure rotation, Sgn(C/ng—S)ani, with
regard to an adjoint configuration where the
random velocity distribution is isotropic.
Accordingly, an R3 fluid with assigned system-

atic rotation and random velocity distribution, as far
as shape is concerned, is virtually indistinguishable
from an adjoint configuration of equal density profile,
isotropic random velocity distribution, and figure ro-
tation deduced from Eq. (133).

4.2. Axisymmetric and triaxial
configurations

The combination of alternative expressions for
the rotation parameter, vis,, defined by Egs. (127),
yields:

Z11Pa2 — T2 P11 = P33 (i1 — Ta2) ; (134)
which, for axisymmetric configurations, i.e. for Z1; =
Zoo and Py; = Pag, reduces to an indeterminate
form, 0 = 0.

The combination of alternative expressions for
the rotation parameter, v,n;, defined by Eq. (129),
yields:

T11Co2 — ZooCi1 = (33(Z11 — Ta2)

which, for isotropic random velocity distributions,
reduces to an indeterminate form, 0 = 0. In addi-
tion, axisymmetric configurations (Z11 = Za2) neces-
sarily imply isotropic random velocity distributions
along the equatorial plane, (11 = (oo.

The combination of Egs.(107¢) and (135)
yields:

(135)

CIqq - C33(2Iqq — Ipp)
I3 ’
p=21;

Cqq =
q=1,2; (136)

which, for axisymmetric configurations (Z;; = Zos =
Z3/2) reduces to :

 C— (33
=52

7z
Coq = IL:(C_CSS) g=1,2 ; (137)

and the special case, (33 = (/3, reads (11 = (o2 =

¢/3.

The limiting configuration, (;q = 0, via
Eqgs. (134), necessarily implies Z,, < Zgq, owing to
Cpp > 0,¢=1,2, p=2,1, and Eq. (136) reduces to:

(Zgg —C33(2Zgq —Ipp) =05 ¢=1,2; p=2,1;
(138)
which, owing to Eq. (107e), is equivalent to:
I - 23 —
Zpp _ a3 —Cpp _ 2G3 =€ : (1392)
Zygq (33 (33
Cg=0; ¢=12; p=21 ;(139b)

where Zyq/Z,, > 1 implies (33 > (pp and (33 > (/2.
The above results may be reduced to the following
statements.
Theorem 4. Given an R3 fluid, the aniso-
tropy parameters along the equatorial plane,
Cqq» @ = 1,2, depend on the diagonal compo-
nents of the dimensionless moment of inertia
tensor, Z,,, ¢ = 1,2, and the related expres-
sions coincide, (11 = (o2, In the limit of ax-
isymmetric configurations, Z11 = Zas.
Theorem 5. Given an R3 fluid, a necessary
and sufficient condition for isotropic random
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velocity distribution is that the anisotropy pa-

rameter along the rotation axis attains the

value, (33 = 1/3.

Theorem 6. Given a sequence of R3 flu-
ids, the ending point occurs when the third
diagonal component of the dimensionless self
potential-energy tensor is zero, P33 = 0,
and/or the generalized anisotropy parameter
related to the major equatorial axis is zero,
C11 = 0, which is equivalent to Zas/Z11 =
(2 — ¢/C33)'/2. The related value of the ro-
tation parameter is v = Pyq/ZLyq, ¢ = 1,2, in-
dependent of anisotropy parameters. The spe-
cial case of dynamical (or hydrostatic) equilib-
rium, ( = 1, implies centrifugal support along
the major equatorial axis, provided (11 = 0.
Accordingly, for the R3 fluids, the anisotropy

parameters along the equatorial plane, (17 and (o9,
cannot be arbitrarily chosen, but depend on the di-
mensionless moment of inertia tensor diagonal com-
ponents, Z1; and Zsz, according to Egs. (136). On
the other hand, the knowledge of the dimensionless
moment of inertia tensor components, Z1; and Zso,
the dimensionless self potential-energy tensor com-
ponents, P11, Pag and P33, together with the rotation
parameter, v, allows the determination of the rota-
tion parameter, v,n;, via Egs. (127), (128), (129), and
then the ratios, (4q/(33, ¢33/¢, via Egs. (130), (131),
respectively, or the anisotropy parameter along the
rotation axis, (33, provided the virial index, ¢, de-
fined by Eq. (107e), is assigned.

In conclusion, for the R3 fluids defined
by specified dimensionless moment of inertia ten-
sor components, Z;; and Zsy, dimensionless self
potential-energy tensor components, P11, Pog and
P33, rotation parameter, v, and virial index, (, the
anisotropy parameters, (11, (22, (33, cannot be ar-
bitrarily chosen, but must be determined as shown
above.

4.3. Sequences of virial equilibrium
configurations

For the R3 fluids, it has been shown above
that corresponding configurations are character-
ized by (i) centrifugal potential, Tis,(x1, T2, x3) =

—2
T(’Il,l'g,l'g) + ,Tani(l'l,l'g,l'g), or Qiso(xhx%xii) =

—2 2
O (21, 22,23) + Sgn((/Cs3 — 3)Quni(@1, 22, 23),
Eq. (133); and (ii) isotropic random velocity dis-
tribution. Owing to Theorem 3, a sequence of R3
fluids coincides with the sequence of adjoint configu-
rations. Given an R3 fluid with fixed components of
the dimensionless self potential-energy tensor, P11,
Paa, P33, the dimensionless moment of inertia ten-
sor, Z11, Zao, the rotation parameter, v, and virial
index, (, the anisotropy parameters, (11, (22, (33, are
determined via Eqs. (127)-(131) and (136). Negative
values of the rotation parameter, viso, extend the se-
quence of axisymmetric configurations to imaginary

rotation, i.e. prolate configurations where the major
axis coincides with the rotation axis.

As in sequences of homeoidally striated Jacobi
ellipsoids (C06), the meridional axis ratio lies in the
range, 0 < e3; < 1, for real rotation, and e3; > 1,
for imaginary rotation, also in sequences of R3 flu-
ids, where a bifurcation point from axisymmetric to
triaxial configurations is expected to occur when the
meridional axis ratio attains a threshold value. The
location of an R3 fluid in a selected sequence allows
the knowledge of a number of physical parameters,
such as shape, angular momentum, moment of iner-
tia tensor, self potential-energy tensor, and kinetic-
energy tensor.

Once more owing to Theorem 3, the bifurca-
tion point of a sequence of R3 fluids coincides with
its counterpart along the sequence of adjoint config-
urations. Aiming at finding a necessary condition for
the occurrence of a bifurcation point, let us equate
the alternative expressions of Eqs. (118). The result
is:

Pz (a2 P33

Pin C1Psz )
C33 oo

= 140

T GsZin I (140)
where the anisotropy parameter ratios (4q/C33, ¢ =
1,2, may be deduced from Egs. (136). After some
algebra, Eq. (140) becomes:

Z11Po2 — La2P11

iy — I =Pas

(141)

and the occurrence of a bifurcation point has neces-
sarily to satisfy the relation:

lim Z11Pag — IooP1a P
e1—1 Ty — o 3

(142)
where €31 = as/a; is the ratio of two generic equa-
torial (perpendicular) radii, and es; — 1 implies
Too — T11, Pag — P11. Then Eq. (142) is a necessary
condition for the existence of a bifurcation point, as
it selects the sole axisymmetric configuration which
satisfies Eq. (141), regardless from the values of the
anisotropy parameters, (.., r = 1,2,3. The above
results may be reduced to a single statement.
Theorem 7. Given a sequence of R3 flu-
ids, a necessary condition for the existence
of a bifurcation point from axisymmetric to
triaxial configurations, is independent of the
anisotropy parameters, Crr, 1 = 1,2, 3, and co-
incides with its counterpart related to the se-
quence of adjoint configurations with isotropic
random velocity distribution.
Sequences of R3 fluids with assigned density
profiles, can be deduced from the knowledge of the

rotation parameters, viso(€31) and vani(€s1, (33), as
functions of the meridional axis ratio, e3; = as/ay,

and the effective anisotropy parameter, (33, as rep-
resented in Figs.2 and 3, respectively®.

8Strictly speaking, the curves plotted in Figs. 2, 3, and 4 are related to the special case of homeoidally striated Jacobi ellipsoids

(C06), but can be taken as illustrative for R3 fluids.
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A hypothetical sequence of axisymmetric R3
fluids, extended to the case of imaginary rotation,
is shown in Fig.2. Hypothetical dependences of
the rotation parameter, v,,;, on the meridional axis
ratio, €31, and the effective anisotropy parameter,

533 = (33/C (labelled on each curve), are shown in
Fig. 3.

0.3
0.2

0.1

S 0.0
—0.1

-0.2
-0.3

S
o

0.5 1.0

—_
(&)1

€as

Fig. 2. A hypothetical sequence of axisymmetric R3
fluids, from the starting point (square) to the bifurca-
tion point (triangle), and related triaxial R3 fluids,
from the starting point (triangle) to the bifurcation
point (Greek cross), extended to the case of imagi-
nary rotation (negative values of the rotation param-
eter, v). In any case, the random velocity distribu-
tion is isotropic. Both sequences are continued in the
region of instability. The horizontal line, viso = 0, is
the locus of mon rotating and/or zero volume con-
figurations. The vertical line, €31 = 1, is the locus
of round (a1 = az = ag) configurations. The above
mentioned lines divide the non negative semiplane,
€31 > 0, into four regions (from top left in clockwise
sense): A - oblate-like shapes with real rotation; B
- prolate-like shapes with real rotation; C - prolate-
like shapes with imaginary rotation; D - oblate-like
shapes with imaginary rotation. Regions B and D
are forbidden to sequences of R3 fluids.

With regard to a fixed effective anisotropy pa-
rameter, the related sequence starts from a nonrotat-
ing configuration, v = 0, i.e. Van = Viso, and ends
at a configuration where e3; = 0 and/or (17 = 0.
A hypothetical locus of the ending points related
to the latter alternative, is represented as a long-
dashed curve. The locus of nonrotating configura-
tions (short-dashed lines) coincides with the curves
represented in Fig. 2. No sequence can be continued
on the right, as imaginary rotation i.e. larger (33
would be needed and a different sequence should be

considered. The effect of positive ({33 < 1/3) or neg-
ative (C33 > 1/3) random motion excess is equivalent

to an additional real or imaginary rotation, respec-
tively. The horizontal non negative semiaxis, e3; > 0,

v ani

Vani = 0, is the locus of configurations with isotropic
random velocity distribution, (33 = 1/3. The ver-
tical straight line, e3; = 1, is the locus of round
(a1 = ag = ag) configurations.

0.6f 1
i 1/ 1
0.4 2/ B
02F o=t ]
0.0 == T N :
—ORy . L
—0.4 1 S N
L I i
—-0.6¢ 1
0.0 0.5 1.0 1.5
ESI
Fig. 3. A hypothethical dependence of the rota-

tion parameter, Uani, related to random motion ex-
cess, on the meridional axis ratio, €31, with regard
to R3 fluids. Fach curve is labelled by the corre-
sponding value of the effective anisotropy parame-
ter, (33 = (33/C. The horizontal non negative semi-
axis, €31 > 0, vani = 0, is the locus of configu-
rations with isotropic random wvelocity distribution,
C33 = 1/3. The vertical straight line, e3y = 1, is the
locus of round (a3 = as = ag) configurations. The
generic sequence starts from a mon rotating config-
uration (short-dashed lines) and ends at a configu-

ration where either €31 = 0 and/or 511 = 0 (long-
dashed line). The regions above the upper short-
dashed curve and below the long-dashed curve, re-
spectively, are forbidden to R3 fluids. The non nega-
tive Uertécal semiaxis, Vani > 0, €31 = 0, corresponds
to flat (33 = 0) configurations with no figure rota-
tion. The curves are symmetric with respect to the
horizontal axis, until the limiting curve, (33 = ¢ =1,
is reached. The limiting configuration where (11 = 0,
is marked by a square: mo configuration in virial
equilibrium is allowed on the left, as it would im-

ply (11 < 0. No configuration is allowed on the right
of the starting point, as it would imply v < 0.

With regard to real rotation, the ending con-
figuration (e3; = 0 and/or (;; = 0) is marked by
a square. Configurations on the left are forbidden,
as they would imply negative random energy ten-
sor component, (Erqm)11 < 0, to satisfy the virial
equation (107a), which requires imaginary rotation
around major equatorial axis, i.e. systematic mo-
tions other than rotation around the minor axis.

With regard to imaginary rotation, no ending
point occurs and the system is allowed to attain neg-
ative infinite rotation parameter, vy, — —oo, and
infinite meridional axis ratio, €33 — +o0o. The re-
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lated configuration is either a spindle (a1 = a2 = 0)
or an infinitely high cylinder (a; = a2 < ag — +00).
Further inspection of Fig. 3. shows additional
features, namely: (i) zero left first derivatives on each
sequence at bifurcation point (not marked therein for
sake of clarity), and (ii) occurrence of symmetric se-
quences with respect to the horizontal axis (including
also forbidden configurations). For additional con-
siderations on (i), see C06 (nothing changes with re-
spect to the special case investigated therein). The
above results may be reduced to a single statement.
Theorem 8. Given a sequence of R3 flu-
ids, the contribution of random motion excess,
Vani, to the rotation parameter, vig,, has a zero
left first derivative at the bifurcation point,
[d’l}ani/d631](€31);f =0.
The occurrence of symmetric sequences with
respect to the horizontal axis, is deduced from
Eq. (131), using the condition:

(Cs) ' —3=—(Cgs) 43 (143)

where (; = (§;/C is related to curves character-
ized by negative ({33 = (33 > 1/3) and positive
(Gs3 = (33 < 1/3) values, respectively, of the rotation
parameter, v,ni, see Fig.3. Couples of symmetric
sequences (including forbidden configurations) start
from ((33,Cq3) = (1/3,1/3), where each curve coin-
cides with the other, and end at (1,1/5). Sequences
in the range, 0 < (f; < 1/5, have no symmetric
counterpart.

Let a point, Plesi,viso], be fixed on a se-
quence of axisymmetric R3 fluids, and the dimen-
sionless moment of inertia tensor components, 7Z7;
and Zago, be determined by use of Egs.(127) and
(128). Let a point, P’(e31,vani), be fixed on the
plane, (O €31 Vani), and the effective anisotropy pa-
rameters, (11, (o2, (33, be determined by use of
Egs. (130), (131), (136). Finally, let the rotation pa-
rameter, v, be determined by use of Eq. (129). Fol-
lowing the above procedure, sequences of R3 fluids
may be generated. For assigned density profiles and
systematic rotation velocity fields, there are three in-
dependent parameters, which may be chosen as two
axis ratios, €21, €31, and one effective anisotropy pa-
rameter, (33.

In the (Oeziv) plane (Fig.3.), each sequence
starts from the intersection between the curves, v =
[U(es1)]iso (short-dashed), v = [v(e31;(33)]ani (full),
and ends at the intersection between the curves,
v = v(ez1; (11 = 0) (long-dashed), v = [v(es1; (33)ani
(full).

Hypothetical dependences of the rotation pa-
rameter, v, on the meridional axis ratio, €31, and the
effective anisotropy parameter, (33 = (33/C (same
cases as in Fig. 3.), are shown in Fig. 4.
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Fig. 4. A hypothethical dependence of the rota-

tion parameter, v, related to systematic rotation, on
the meridional axis ratio, €31, with regard to R3 flu-
ids. Each curve is labelled by the value of the ef-
fective anisotropy parameter, (33 = (33/(, except

the lowermost two, where (33 = 2/9 and 1/5, re-
spectively. The dotted vertical straight lines denote
a hypothetical bifurcation point (left) and the round
(a1 = ay = as) configuration. The generic sequence
starts from a non rotating configuration on the hori-
zontal axis and ends at a configuration where €31 = 0
and/or (11 = 0 (long-dashed line), denoted by a
square. The continuation on the left of the ending

point, where 1, < 0, 1/2 < (33 < 1, is also shown.
The initial configuration, related to (33 = 1, corre-
sponds to 0 = a1 = as < agz or a; = as < azg — +00,
which is equivalent to €33 — +00.

A hypothetical locus of the ending points re-
lated to (11 = 0 is represented as a long-dashed

curve, corresponding to 1/2 < (33 < 1. The contin-
uation of a generic sequence on the left of the long-

dashed curve would imply C~11 < 0 or €31 < 0. The
ending point of sequences, related to 0 < (33 < 1/2,
coincides with the origin. The initial configuration,
related to (33 = 1, corresponds to 0 = a1 = as < ag
or a; = as < azg — —+o0o, which is equivalent to
€31 — +00.

4.4. A special case: homeoidally striated Ja-
cobi ellipsoids

Homeoidally striated Jacobi ellipsoids are a
special case of R3 fluids, for which the results are
already known (CMO05, C06). The particularization
of the current theory to homeoidally striated Jacobi
ellipsoids makes useful check. In the case under dis-
cussion, Egs. (110a) and (112) reduce to (e.g. CMO5,
C06):

GM?
(Epot)'rr It

=1,2,3; (144
a r ) &y ’( )

Vse1€r2€r3Ar 5
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o\ 1/3

Prr = (3) Vse1(€21631)1/36r26r3Ar ; (145)
9\ /3

a= <3) 611(621631)1/3 ; (146)

where v is a profile factor, i.e. depends only on
the radial density profile, A,., r = 1,2,3, are shape
factors, i.e. depend on the axis ratios only, and a,,
r =1,2,3, are the semiaxes of the ellipsoidal bound-
ary. The dimensionless density profile may be repre-
sented as:

p=pof(§) 5 f(A)=1; po=p(1) ; (147a)
f=— . 0<e<E E:E; (147b)
To T

where pg, 19, are a scaling density and a scaling ra-
dius, respectively, with respect to a reference isopy-
cnic surface, while = = Z(R, 0, ¢), and R are related
to the truncation isopycnic surface.

The mass, M, and the moment of inertia ten-
sor, I,q, are (e.g. CMO5):

M = vy My

_ . 2 .
Ipg = 5pq1/1mMap ;

(148)
(149)

where M is the mass of a homogeneous ellipsoid with
same density and boundary as the reference isopyc-
nic surface, whereas vy.s and vy, are profile factors.

The combination of Egs. (102), (111a), (112),
(147b), and (149) yields:

Iqq 2 A

Iqq - W = Vinr 5621631 6ql ; (150)
5 —2/3

I3 =T11 +Zog = Viny {3621631] (1+ 6%1)5 (151)

which allows the particularization of the general re-
sults pertaining to R3 fluids, to homeoidally striated
Jacobi ellipsoids.

Using Egs. (118), (145), (150), and (151), and
performing some algebra, the rotation parameter v
takes the expression:

. g Vsel (3344 — quequ?, ; g=1,2
3 Vinr (33

Let us define a normalized rotation parameter:

. (152)

o §Vinr
2 Vsel

UN v (153)

and re-write Eq. (152) as:

_ <33Aq - quequ?) —1.9 -
- <—33 ) q - ) Y

which, in spite of a different definition of the rota-
tion parameter, v, coincides with a previously known
result (C06), i.e. vy = (UN)co06-

UN (154)

Using Eqgs. (119), (146), (150), the anisotropy
parameter ratio, (,q/(33, assumes the form:

Cua _ 2 Aq (1UN

=€a— ; q=1,2 ; 155

(3 A ) (155)
which, keeping in mind a different definition of
the rotation parameter, can be shown to coincide
with a previously known result (C06). In addition,
Egs. (155) reveal that:

A _
% - (156)

which also has necessarily to coincide with a previ-
ously known result (C06).

Using Egs. (122), (146), (151), the alternative
expression of the rotation parameter, v, takes the
form:

_ Gas(A1 + €3, Ay + €3y As) — (el As
(14 €3,)¢33 ’

which, in spite of a different definition of the rota-
tion parameter, v, coincides with a previously known
result (C06) i.e. vn = (UN)co6-

Using Egs. (123), (145), (151), the dimen-
sionless moment of inertia tensor component ratio,
T22/Z11, becomes:

UN (157)

7 2, Ay — 2. A
I _ 2 (33651 A2 C222631 3 (158)
i (3341 — Criez As

which, can be shown to coincide with a previously
known result (C06; the counterpart of Zso/Z17 is
Ra2/R11 therein).

Using Egs. (124), (145), (150), (153), the rota-
tion parameter, v, related to isotropic random veloc-
ity distribution along the equatorial plane, (11 = (22,
takes the form:

2
_ A1 — 621A2

; 159
= (159)

UN

which, can be shown to coincide with a previously
known result (C06).

The above results hold, in particular, for
isotropic random velocity distributions (¢11 = (a2 =
¢33 = (/3), which implies that the expressions
of the rotation parameters, v, and van;, via
Eq. (132), must necessarily coincide with their pre-
viously known counterparts (C06).

Using Eqgs. (136), (150), (151), the anisotropy
parameters along the equatorial plane, (44, ¢ = 1,2,
become:

_ Ce2y — (33(2€2) — €3,)

1+6%1

Caq 5 q=1,2 ; (160)

which coincide with previously known results (C06),
particular for axisymmetric configurations (eg; = 1).
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Using Egs. (139) and (158), the condition for
the occurrence of the ending configuration, related
to (11 = 0, takes the form:

2 C33 — C22 _ 2033 —C ¢1=0 ; (161)

21 —
C33 C33 '

which coincides with a previously known result
(C06).

Using Eqgs. (141), (145), (150), a general rela-
tion between dimensionless self potential-energy ten-
sor components and dimensionless moment of inertia
tensor components, takes the form:

€31(Ay — Ay)
(1 - 5%1)

which coincides with a previously known result
(Caimmi 1996a, C06). Accordingly, a necessary
condition for the occurrence of a bifurcation point,
Eq. (142), reduces to:

=e3 A3 ; (162)

6%1 (Az — Ay)

_ 2 .
1_ 2 - 63114-3 )
€21

lim_ (163)
which also coincides with a previously known result
(Caimmi 1996a, C06).

5. CONCLUSION

The current paper was aimed at getting more
insight on three main points concerning large-scale
astrophysical systems, namely: (i) formulation of
tensor virial equations from the standpoint of an-
alytical mechanics; (ii) investigation on the role of
systematic and random motions with respect to equi-
librium configurations; (iii) extent to which system-
atic and random motions are equivalent in flattening
or elongating the shape of a mass distribution.

The tensor virial equations were formulated
regardless of the nature of the system and its con-
stituents, by generalizing and extending the proce-
dure used for the scalar virial equations, in pres-
ence of discrete subunits (Landau and Lifchitz 1966,
Chap.II, §10). In particular, the self potential-
energy tensor was shown to be symmetric with re-
spect to the indices, (Epot)pg = (Epot)gp- Then the
results were extended to continuous mass distribu-
tions.

The role of systematic and random motions
in collisionless, ideal, self-gravitating fluids was anal-
ysed in detail including radial and tangential velocity
dispersions on the equatorial plane, and the related
mean angular velocity, {2, was conceived as a figure
rotation.

R3 fluids were defined as ideal, self-gravitating
fluids in virial equilibrium, with systematic rotation
around a principal axis of inertia, taken to be x3.
The related virial equations have been written in
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terms of the moment of inertia tensor, I,4, the self
potential-energy tensor, (Epot)pq, and the general-
ized anisotropy tensor, (p, (CMO05, C06). Additional
effort was devoted to the investigation of the prop-
erties of axisymmetric and triaxial configurations.
A unified theory of systematic and random
motions was developed for R3 fluids, taking into con-
sideration imaginary rotation (Caimmi 1996b, C06),
and a number of theorems previously stated for
homeoidally striated Jacobi ellipsoids (C06) were ex-
tended to the more general case of R3 fluids. The

effect of random motion excess was shown to be
equivalent to an additional real or imaginary rota-
tion, inducing flattening (along the equatorial plane)
or elongation (along the rotation axis), respectively.
Then it was realized that a R3 fluid always admits an
adjoint configuration with isotropic random velocity
distribution.

In addition, further constraints were estab-
lished on the amount of random velocity anisotropy
along the principal axes, for triaxial configurations.
A necessary condition was formulated for the occur-
rence of bifurcation points from axisymmetric to tri-
axial configurations in virial equilibrium, which is
independent of the anisotropy parameters.

The particularization to the special case of
homeoidally striated Jacobi ellipsoid was given, and
some previously known results (C06) were repro-
duced.

APPENDIX

A. Tensor potentials and potential-energy
tensors

For reasons of simplicity (integrals are easier
than summations to be calculated), let us consider
a continuous distribution of matter, where volume
elements, AS, interact with one another according
to their charge density, p, = A¢,/AS, with Ag,
the charge within AS. The intention is that the re-
sults found in this section can be extended to discrete
mass distributions, using summations instead of in-
tegrals. Let (O x1 22 x3) be a reference frame where
the origin coincides with the centre of mass.

The effect of the interaction on an infinitesi-
mal volume element, d°S = dx; dzo dxs, due to a
charge distribution of density, py(x1,x2,x3), is de-
termined by the potential:

,()X(xll,aj/27 :L‘é) dSS/

3 —x/2
Z(ms - x;)Q]

s=1

)

V($17x2,$3) = GX/
S

(164)
where the constants x and G specify the nature and
the intensity of the interaction, respectively, and S
is the volume occupied by the system.
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The first derivatives of the potential with re-
spect to the coordinates are:

awv
0x =X

G /px(x'l,a:g,xlg)(xsx’s) d3S/ .
X

g 3 1—x/2 ’
[zm - x;>2]
s=1

s=1,2,3 ; (165)

it can be seen that the functions of the coordinates,
Vand z, 0V/0x4, 1 <p < 3,1 < ¢ < 3, are homoge-
neous functions of degree y, and the Euler theorem
holds (e.g. LL66, Chap.IV, §10).

With regard to a selected infinitesimal volume
element, the potential may be thought of as the tidal
potential energy due to the whole charge distribu-
tion, related to the point under consideration, with
the unit charge placed therein. Associated with the
potential, defined by Egs. (164) and (165), is the self
potential energy:

1
EpOt:_7/pX(x17x27I3)V($17x27x3)d3S )
S

2
(166)

the self potential energy may be thought of as the
tidal potential energy due to the whole charge dis-
tribution, related to all the infinitesimal volume ele-
ments, provided each pair is counted only once.

The coincidence of Egs. (166) and (32) may
be verified along the following steps: (i) write the
alternative expressions of the potential energy in ex-
plicit form, using Eqgs. (164) and (165); (ii) express
the explicit form of Eq. (32) as a sum of two halves;
(iii) in one half, replace the variables of integration,
(21,2, 23) — (2}, 25, 2%), keeping in mind that the
integrals are left unchanged; (iv) sum the resulting
two halves and compare with the explicit form of
Eq. (166).

To get more information on the charge distri-
bution, let us define the tensor potential:

qu(xlv"E?aIB) = Gx/gpx(xavxévxé)

(zp — x;)(xq - x;)

3 1—x/2
[Z(ms - x/s)2]

s=1

X

d*s’; (167)

and the self potential-energy tensor:

1
(Epot)pq:**/SPx(xhxzaxs)qu(ﬂfhﬂfmfﬂs)d35 ;

2
(168)
the above mentioned tensors are manifestly symmet-
ric with respect to the exchange of the indices:

(169)
(170)

qu(xlv‘r%m?)) = qu(wlvx% $3) ;
(Epot)pq = (Epot)ap 3

and the related traces equal their scalar counterparts:

3
szs(wl,xg,.%g) = V(xl,l'g,l'g) ; (171)
s=1

3
Z(Epot)ss = Epot 3 (172)
s=1

conform to Egs. (164), (167), and (166), (168), re-
spectively.

The coincidence of Egs. (168) and (31) may
be verified along the following steps: write the al-
ternative expressions of the potential-energy tensor
in explicit form, using Eqgs. (167) and (165); (ii) ex-
press the explicit form of Eq.(31) as a sum of two
halves; (iii) in one half, replace the variables of inte-
gration, (z1,x2,23) <« (2], 25, 25), keeping in mind
that the integrals are left unchanged; (iv) sum the
resulting two halves and compare with the explicit
form of Eq. (168).

In the special case of gravitational interaction,
x = —1, Gy, = G (constant of gravitation), p, = p
(mass density), the potential and the potential en-
ergy, both in scalar and in tensor form, assume their
usual expressions known in literature [C69, Chap. 2,
§10; see also therein a proof for the equivalence of
Egs. (31) and (168) - also illustrative for the equiva-
lence of Egs. (32) and (166) - where the steps outlined
above are followed in a reversed order].

B. An alternative expression of the
generalized anisotropy parameters

Let us rewrite Egs.(107a) and (107b) in a
more compact notation, as:

(]- - 537”)-[7“7“62 + MUgr + (Epot)rr
= Mo? — M(po? 3 r=1,2,3 ; (173)

and combine Egs. (105a) and (173) to obtain:

1.
I, = M(O’?T - CT'TUQ) ;

5 r=1,23 ;

(174)

from which the following expression for the general-
ized anisotropy parameters is derived:

2

g
6w =22

1 I,
2 Mo?

r=1,2,3 ; (175)

and the related trace, owing to Egs. (15), (107c), and
(107e) reads:

1 I
2Mo2

=1 r=1,23 ; (176)

where ( exceeds unity for a moment of inertia with
respect to the centre of mass decreasing in time, and
vice versa.
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Finally, the combination of Eqs.(107d) and
(175) yields:

= _ o Ll
Orr =0pr — 57 3

=1,2,3 ;
T 2 M r )&y )

(177)

which defines the effective velocity dispersion com-
ponents related to random motions.
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R3 FLUIDS

R3 ®JIYNIN
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YK 524.4-423.4 : 524.77-423.4
Opuzunasty HayuHy pad

Hum pana je cruname GoJsber yBuma y Tpu
IrJIaBHe IIOCTaBKe KOje ce OOHOcCe Ha acTpodu-
3UYKE CUCTEME Ha BeJUKUM Ccragama, Tj.: (i)
¢hopMyTanuja TEH30PCKUX BUPUjATHUX jeTHAUNHA
mosazenu o4 MOCTABKM AHAJIUTUYKE MEXAHUKE,
(ii) mcrpaEuBame yJIore CUCTEMATCKAX U CJIy-
YajHUX KpeTama Yy OITHOCY Ha KOHPUI'YypaIul-
je y BupujaumHoj pasHoTe:ku; (iii) cremen mo
KOTa Cy CHCTEMATCKa U CIydYajHa KpeTama eK-
BUBAJIEHTHA Y CIJBOIITABAY WU W3LY/KUBAMY
pacmonene wmace. TeH30pcke BuUpHjaJHE jen-
HauyuHe cy popMmynucaHe 6e3 063upa Ha IPUPOLY
CUCTEMAa Y HErOBUX KOHCTUTYEHATa I'eHePaJICa-
HBeM ¥ OPOmMMpUBaEm-EM IIpoIemype Kopumhene
3a CKajJapHE BUPUjaJHE JEeAHAUWHE y IPUCYC-
TBy muckperHux nox-jemmuuna (Landau and Lif-
schitz 1966). HapouuTo, mokasaso je ga je TeH-
30p NOTEHNUjal-€HePruja CUMETPUYAH y OITHOCY
Ha 3aMeHy UHIEKCA, (Epot)pg (Epot)gp- 3a-
TUM Cy PEe3yJITATU NPOINPEHN Ha KOHTUHYWDaHEe
pacmoneie Mace. Ileramuo je amaam3upana
yJIoTa CHUCTEMATCKUX U CIYyYajHUX KpeTama y
0e3-cymapHUM, UACATHUM CaMO-TpaBUTUPajyhuM
¢aynauva  yrbydyjyhim pamujaigHe W TAHDEH-
nujajiHe aucuep3uje Op3MHA y EKBATOPUjAIIHO]
paBHH, a oarosapajyha cpenma yraona Op3uHa
3acHOBaHa je Kao poramuja. R3 ¢aymmu cy
nepuUHUCAHN KA0 WIEaJHU, caMo-rpaButupajyhn
¢Iynou y BUPUjaIHO] PABHOTEKU Ca CUCTEMAT-
CKOM pOTAaIjoOM OKO TJIaBHE OCe UHepluje,
penuMo 3. Opnrosapajyhe Bupujanne jen-
HavyWHe HammcaHe cy kopucrtelim MOMEHT TeH-

30pa uHepnuje, Ip,, TEH30p NOTEHIU]jaJ-eHEePTHje
(Epot)pq ¥ TE€HePAINCAHU TEH30D aHM30TPOIUje,
(pq (Caimmi and Marmo 2005, Caimmi 2006a).
Honarau Hanop noceeheH je ucrpakuBamy 0OCO-
OrHA OCHOCHUMETPUYHUX U TPOOCHUX KOHQPUIY-
pamnuja. OO6jemumena Teopuja CUCTEMATCKUX
U CIy4YajHUX KpeTama pasBujeHa 3a R3 ¢uy-
ume y3uMajyhm y o03up MMarmHapHY POTAIU]y
(Caimmi 1996b, 2006a) u onpebene Teopeme
KOje Baske 3a XoMeomunaJyiHO usbpasnane JakoOu-
jeBe enuncouzne (Caimmi 2006a) npomwupene cy
Ha ommrtuju caydaj R3 ¢aymna. Ilokazamo je
na je epekaT BUIIKA CIyYajHUX KpPETama EKBU-
BaJIEHTAH MOOJATHO] PEAaJIHOj WJIU WMATUHAPHO]
poTramuju, peCHeKTWBHO, YKLYy4Yyjyhu Crsporr-
Teme (Iy:K eKBATOPUjaJHE DABHU) WU U3ILysKU-
Bame (Ly:K POTALMOHE Oce). Y CTAHOBJLEHO je na
ce R3 ¢ayun yBek mokopaBa anjyHIOBaHO] KOH-
¢urypammju ca n30TPOIHOM PACIOIEIIOM CIIydaj-
mnx Opsuma. Tarxobe, momaTtma orpamnmvema cy
YCTaHOBJ/bEHA HA CTEIEH CIIyJYajHe aHU30TPOINje
Op3uHA IyK TVIIABHUX OCA M TO 33 TPOOCHE KOH-
¢urypamuje. Popmynucan je morpebaH yCIOB
3a HacTaHAK OW(YPHKANUOHMX Tadaka OL OC-
HOCHMETPUYHUX IO TPOOCHUX KOHPUTYypanuja y
BUPHjaJIHO] PABHOTEXM, KOJU je HE3aBUCTAH O
mapamerapa anuzorponuje. ¥ pabeno je cBobeme
Ha CHOeNUjajJHd CJIyda] XOMEOUIAJHO u30pas-
naHor JakoOMjeBOr enunconga U HEKU IPETXOIHO
ycranoBmenu pesyararu (Caimmi 2006a) cy pe-
IPOIyKOBAHU.
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