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Abstract. We investigate the motion, near the equilibrium configurations, of an initially spinless
rigid body subject to an external tidal field. Two cases are considered: when the center of mass of
the body is at rest at the equilibrium point of the field generated by a generic mass distribution, and
whenitis placed on a circular orbit subject to a spherically symmetric potential. Acomplete analysis
of the equilibrium configurations is carried out for both cases. First, we derive the conditions for
the stable equilibria, and then we analyze the frequencies of oscillations around the equilibrium
positions. In view of these results, we consider the problem of alignment of galaxies in clusters.
After estimating the period of the oscillations induced on the galaxies by the tidal field of the
cluster, we discuss the possible effect of resonances between stellar orbits inside the galaxy and
the oscillations of the galaxy as a whole; this may be a mechanism responsible for producing an
intracluster stellar population.
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1. Introduction

Informations about the structure and evolution of elliptical galaxies (Es) are com-
monly inferred from their morphology. Roughly speaking, this is justified by the
fact that their internal two-body relaxation time is longer than the Hubble time, so
that the shape and internal dynamics of such systems probably reflect the conditions
present immediately after the end of their formation process (Binney and Tremaine
1987, hereafter BT87). However, a problem with this scenario is that Es in clusters
are not isolated objects, being subject to the effects of their environment. Since these
effects are acting on time scales shorter than the Hubble time, it is of the utmost
importance to be able to isolate them when using the present morphology to infer the
conditions at the galaxy formation epoch. In particular, the cluster’s tidal field (TF)
acts continuously, and affects in general any galaxy in the cluster. Thus, although the
TF is not as strong as other interactions (e.g. galaxy—galaxy encounters), its effects
can become important on the long term.

Afirst possibile effect of the TF is a modification of the shape of galaxies belonging
to the cluster itself. Ciotti and Dutta (1994, hereafter CD94), uairgpdy numerical
simulations, have shown that this is not the case, since Es behave like rigid bodies in
the cluster TF, at variance with disk galaxies (Valluri 1993). Such a conclusion seems
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to be confirmed by observational results, because no systematic differences are found
between cluster and field Es (for a review see CD94 and references therein).

A second possible effect on galaxies is their alignment with the cluster major
axis, or with the radial direction in the case of a nearly spherical cluster. To this
respect, Hawley and Peebles (1975) reported “a possible indication that the galaxies
are preferentially aligned along the radius vector to the center of the [Coma] cluster”;
this result was confirmed by Thompson (1976). MacGillivray and Dodd (1979a,b)
observed an analogous alignment for Es in the cluster centered on NGC439; in this
case they found also a number of galaxies with their majorgetigendiculaito the
radial direction of the cluster. The same authors, observing another spherical cluster,
found a preferential alignment of Es major axes with the cluster’s radial direction.
Adams, Strom and Strom (1980) found a general trend for Es to be aligned with
the cluster's major axis in 7 very elongated clusters. They also reported “a small
but significant number of Es with their major axes perpendicular to the cluster’s
major axis”. Fong, Stevenson and Shanks (1990) found a moderately significant
radial alignment of Es, together with a less significant tendency of Es to be oriented
perpendicularlyto this direction. The best evidence for alignment is for the Brightest
Cluster Ellipticals: Trevese, Cirimele and Flin (1992) described a “strong alignment
of the brightest galaxy major axis with the long axis of the parent cluster”.

Athird effect strictly related to the previous one is the possidenantnteraction
between stellar orbits inside the galaxies and the cluster TF: if this is the case then,
we can speculate on the possibilityonillisionless evaporatioaf stars from galaxies
in clusters.

The N-body simulations of prolate Es in radial and circular orbits inside clusters
show that an alignment, due to the cluster TF, can in fact be expected (CD94).
In this paper, we establish on more firm grounds the analytical discussion of the
results of CD94 concerning the alignment. In particular, we discuss the equilibrium
positions of a triaxial galaxy at the center of a triaxial cluster, and of a triaxial
galaxy in circular orbit inside a spherical cluster, analyzing also the stability of these
equilibrium configurations. For small displacements near the stable positions we
obtain the oscillation frequencies, which are then compared with the internal orbital
periods of the stars. Throughout our discussion (following Ahbody results of
CD94), a galaxy is described as a rigid body (RB) placed in an external gravitational
field. By linearizing the external field, the problem is reduced to that of the integration
of the equations of motion for a RB in a tensorial force field, corresponding to the
TF. Although this problem is not integrable, one can still determine the equilibrium
positions and their stability, along with the proper frequencies of the system.

The paper is organized as follows. In Section 2, we assume that the center of
mass of the RB is at rest inside an unspecified external density distribution. In
Section 3, we study the more complicate case of a RB on a circular orbit inside
an external, spherically symmetric potential. In both cases, we first determine the
equilibrium configurations, and then we study their stability. For the stable positions
the frequencies are determined analitically. Finally, in Section 4, we discuss the
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astronomical application of the previous analysis to the problem of the alignment
of galaxies inside galaxy clusters, and of galaxies on circular orbits within spherical
clusters. In addition, we compare the mean stellar orbital times inside galaxies with
the frequencies induced by the TF, and we consider the possibility of a collisionless
evaporation induced by resonances.

2. Body at Rest at the Equilibrium Point of an External Potential

We start discussing the simple case of an initially spinless RB with its center of
mass at rest in an equilibrium point of an external potential. We introduce an inertial
reference syster, the time-independent density distributipiix) producing the
external fieldy = — V¢ (x).

Withoutloss of generality we can assume that the equilibrium point of the potential
is atx = 0. We also assume that the characteristic dimensions of the RB are much
smaller than the typical length-scale over which the external potential changes. Thus,
near the equilibrium position

¢ () = ¢(0) — 3(Tx,x) + O(lIx||*), (1)
where the brackets indicates the usual inner produtifiand
3¢ (x)
=3 (2)
Xi9x; y—g

is the TF tensor. Note the minus sign in Equations (1)—(2), due to the fact that the
TF is defined as the truncation to the first-order of the series expansgpi\a call
pre(X; 1) the density distribution of the RB of total mak& and we assume that the

RB center of masRcy is initially at rest atx = 0. The acceleration of the center of
mass is given by

MAcm = /ngB d*x =~ Mg(Rem) + 7 (Rem) /(X — Rewm) ors &3x. (3)

It is evident that the last integral vanishes, i.e. the motioRgf; is not perturbed

in the TF approximation; it is only in higher-order terms of the force expansion that
the coupling appears. As a result of the initial conditions imposed, only rotational
motions arounc = 0 are possible. As usual we indicate with

Sij(t) = /(||X||25ij — XX ;) prB(X; 1) ax, 4)

the generic component of the RB inertia ten3oas seen front.
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2.1. EQUILIBRIUM CONFIGURATIONS

In order to find the equilibrium configurations of the RB in the TF, we make use of
the second cardinal equation of Dynamics, and we search for the vanishing of the
torque due to the TF. The tidal torgieis obtained by the series expansion of its
integral definition:

N; = —éijk/Xj il pre(X; 1) &, 5)
Bxk
wheree; ;. is the Levi—Civita tensor (here and in the following, the summation over
repeated indices is assumed). Up to now no assumptions have been made about the
orientation of the TF with respect 6. Without loss of generality we can assume
that7 is in its diagonalized form, so that, using Equation (1) and the antisymmetry
of €;;x, Equation (5) can be rewritten as

3
€ijk ~
Ni = E %ASjkATjk, (6)
Jk=1

whereAT is theantisymmetridensor of componenta7;; = 7; — T;, andT; are
the three principal values of the TF.

From Equation (6) it is evident that the torque along a particular axis is affected
only by thedifferencebetween the TF components along the two orthogonal direc-
tions. Itis also obvious that if the external gravitational field is spherically symmetric
aroundx = 0, or if the RB itself is spherically symmetric, then no net momentum
acts on the RB, i.e. all its positions are of equilibrium.

We use Equation (6) to find the equilibrium configurations of the RB. Let us define
an orthogonal reference syst&rmuwith its axes directed along the principal axes of
inertia of the RB, and introduce the orthogonal transformation mét(m between
C’ andC. In C’' the RB is at rest, and its inertia tensor is diagonal, with the three
principal componentsly, I», I3). We consider only a non-degenerate situation (i.e.
I, # I, # I3andTy # T, # T3). If O acts on the vectorg of C’ asx = O¢, then
the following relation holds:

3
Sje) =Y 05Ok (D1, (7

n=1

From Equation (6), assumin§T;; # 0, we conclude that the RB is in equilibrium if
andonly if3;x = Ofor j # k, i.e.ifand only ifS is diagonal. This is true if and only

if C andC’ are coincident (apart from a renaming of the RB principal axes of inertia).
Thus, all the equilibrium positions correspond to the RB inertia axes oriented along
the TF principal directions.
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2.2. STABILITY

We now consider the Lagrangigh= T — U associated to our problem. Expanding
the external potential as in Equation (1), from Equation (2) and Equation (7) one
obtains

U= [ 600pmats & = Mo + 2GpOTIN] + JOEOT L. (©

where Tri¥] is the trace of the RB inertia tensor, and the property of diagonality
of 7 in C has been exploited. The first two terms in the r.h.s. of Equation (8) are
constant and from now on they will be dropped. Before we proceed, it is necessary
to write explicitely the transformation matri® betweenC andC’. Instead of using

the usual representation 6fin terms of the Euler angles (i.e. the choice of the 3-1-3
rotations} we adopt the counter-clockwise rotations 1-2-3, namely

O = O1(9) O2(3)O3(¥), 9)
with
1 0 0
O1(¢) =] 0 cosp —sing |, (10)
0 sing cosyp

cosy O sing

O(%) = 0O 1 O , (11)
—siny® 0 cosy
cosy —siny 0O

Oz(y)=| siny cosy O |. (12)
0 0 1

The angular velocities associated with the rotations around the three inertia
axes arem; = (¢, 0,0), etc, where the suffix ‘T’ means ‘transpose’. By vector
composition, the angular velocity of the RB, as seen f@inis:

» =0, +O0J()[ow; + 0)(w,]. (13)
The kinetic energy of a RB with its center of mass kept fixed is giveti iby

2T = L(9siny + ¢ cosy cosy)? + I( cosyr — ¢ cosy siny)? +
+I3(J + ¢ sing)?.

1 This choice complicates the treatment due to the indeterminacy of the anglesy for a
null inclination ¢ = 0).
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Similarly, the potential energyy can be expressed as:

2U = (cosy cosyr — sing sin® siny)2ATx1A I +
+ sing? cosv?ATr Al +
+ (Sing cosyr + cosg sin® siny)?ATs1A Ly +
+ cosp? cos2 ATz AL, (14)

where we have introduced the antisymmetric tensgr= I; — /;, and neglected an
additive constant.

As proved in Section 2.1, apart from arenaming of the inertia axes, the equilibrium
positions are given byyp, 9, ¥)eq = (0, 0, 0). The linearized kinetic and potential
energy near this point are simply

T~ 11¢% + 39% + L1592, (15)
U~ —LAT5A I30? — AT A L3190 — SATHA LY. (16)

Note how both the quadratic forms are already diagonal: this means that, the chosen
coordinates (angles) are also the normal coordinates for the problem. The differential
equations of the motion are readily obtained:

.. ATz Alz

G = S22, an
1

. AT31ATL

§ o= 28t (18)
I

" ATrAI

v o= 1—31/1, (19)

and their solution is trivial. Note that in the determination of stability positions and

relative frequencies, only thatios of the inertia moments matter. Accordingly, in

order to simplify our successive discussion in Section 3, we define
I I

u=-—; v .
I3

I (20)

Without loss of generality, let us assume tiiat: 7, > Tz, i.e. thatATs,, ATz and

AT»; are all less or equal to zero. Thus, from Equations (17)—(19), stable motions are
possible if and only if 1> v > u. In conclusion, atableequilibrium configuration

(in the non-degenerate case) is achieved when:

1. The principal axes of the the TF are superimposed with those of the RB;
2. Th>T>Tzthenl1 < L < Is.

For what concern the behavior of the frequencies, it is obvious that their values
increase ifwe increase the differences between the TF eigenZaamd/or the values
of the inertia parametets v. In Section 4, the physical meaning of points 1 and 2
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C,, : Inertial frame
C : Rotating frame
C': RB frame

Figure 1.The three reference systems used in the discussion of the RB in circular motion inside a
spherical potential.

above will be discussed for our astronomical application, and an explicit calculation
of some typical frequencies will be derived for galaxy and clusters models matching
observational constraints.

3. Body on a Circular Orbit in a Spherical Potential

In this section, we discuss the case of a triaxial RB on a circular orbit inside a
spherically symmetric potential. Note that the assumption that the RB’s orbit re-
mains circular is justified by the fact that the external field, truncated at the TF
approximation, does not affect the motionRéy (see Section 2).

Without loss of generality, we can assume that the orbRg§; is in the (x, y)
plane of the inertial systelfly, the external density is given by= p(r) and its asso-
ciated mass inside the radiuss M (r). The natural frame for our problem (Figure 1)
is the non-inertial reference system® = (0O; ey, &, ) with its origin placed at
Rcwms, €1 = Rewm/IIRemll, andes parallel to thez-axis of Co. As a consequencg is
rotating with the same angular veloc&y of Rcu:

_ GM()

= (21)

0" =(0,0,9Q), Q2

r=Rcm
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We indicate with¢ and &, the generic position and velocity vector @i respec-
tively related tox andx by the usual transformation rules involving the orthogonal
transformation matrixC betweenCy andC (see, e.g. Arnold 1978).

3.1. EQUILIBRIUM CONFIGURATIONS

As in the previous case we start discussing the RB equilibrium positions, by means
of the second cardinal equation of Dynamics. The relations between the angular
momenta and torques in the two systems are given by

Lo = MRcm A Vem + C(L + 3Q), (22)
and
No = MRcm A Acm +CN, (23)

whereS is the (time-dependent) RB inertia tensoiinand
L= [enémede.  N= [€rCTommace (24)
FromLo = No one obtains, upon multiplication &/

L=N-30-30-0QAL-QA3Q. (25)

The equilibrium positions are determined by the'requestl.'that L=3=0,
along with the condition (verified by hypothesis) tlat= 0. Equation (25) then
gives

N-—QASQ=0. (26)

The first term to be discussed is the tidal tordlieA treatment analogous to that
described in Section 2 gives again Equation (6), where now (CD94)

_(33-200
7=_4”§P o 10], @7)
0O 01
having defined
q(r) = PO g2, (28)
p(r)
where
_ 3M(r 3Q2(r
Ay = ) _ ) (29)

dard3 4G

2 If dp/dr <0 then the inequalityy <1 is trivial to prove. Ifp(r) « r— (¢ < 3), then
q = 1— «/3. Outside a spherical body= 0.
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Note how in this case the TF is degenerate, i.e. two of three TF principal compo-
nents are equal, = T3 and SO0AT,3 = 0; also,ATio = ATys.
We can now proceed with the discussion of Equation (26), which gives

¥,30°2 =0, (30)
J13(ATiz + Q%) =0, (31)
J12ATyo = 0. (32)

Since from Equations (27) and (28) we get
ATiz= AT =3(1— q)Q* >0, (33)

Equations (30)—(32) give the same conditions as in the previous section, namely the
equilibrium is achieved when the off-diagonal components génish inC, which

in this case means that one inertia axis is directed radially, and another is directed
along the angular velocity direction. ThuQ, removes the intrinsic degeneracy of

the TF.

3.2. STABILITY

We will now linearize£ around the equilibrium points. L&t be the reference system
whose axes are the principal axes of the RB,@ride transformation matrix between

C and(’ [see Figure 1 and Equation (9)]. The final expression for the kinetic energy
is:

MVE, (4o, [(Q+ )
= + :

2 2
wherew, given by Equation (13), is the angular velocity of the RB as seen &am
andQ’' = 07Q.

Obviously, the first term in the r.h.s. of the previous equation is constant, and so
can be discarded. Equation (34) contains a term linear in the generalized velocities,
a well known consequence of the time dependence of the new coordinate system.
With a careful analysis, however, it is easy to prove that this linear component is
identically null for a constar®, so that it does not affect the motion. The potential
energy remains unaffected by the coordinate change, and its expression is again given
by Equation (16). The differential equations associated with the quadratic part of
are:

T

(34)

QAL QU+ — 1)V

- ’ 35

7 I @ + I (35)

. Q2 + AT13)AI QL+ I, — I3)¢

§ — (74 ATyg) 81y (IL1+ D 3)<ﬂ’ (36)
I I

. AT Al

jo= A2y (37)

I3
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note that for2 = 0 we reobtain Equations (17)—(19) (witfi7>3 = 0).

We now analyze the stability of the system described by Equations (35—(37)
The first result follows directly from Equation (37), from which, by virtue of the
assumptiom 7»1 < 0, we get the stability conditiof, > 1.

Equations (35)—(36), after some standard manipulations, are separated into two
linear fourth-order equations with constant coefficients, that are solved setting

o) = X exp(it), U (t) = Y exp(rt). (38)

The resulting characteristic equation fois biquadratié:

A+ ar®+ =0, (39)
where
_1)2 _ _ _
" = 2 [(u +v-—-1 n 1-v 4 4-3¢9)1 u)i|’ (40)
uv u v
g = 94(4—361)(1;u)(1—v)’ (41)
u

andu andv are given in Equation (20). Any solution of Equation (39) is of the form
A = QA(u, v; q), (42)

wherel is a dimensionless function, and the dependenedé®oontained ir2 andg.
This means that in the determination of stable equilibria Gm)y; ¢) matter, i.e. the
parameter space is three-dimensional. Moreover, for fixed; ¢) the frequencies
are proportional t&2, the orbital velocity ofRcy around the center of the external
density distribution.

Equation (39) has four solutions: if is a root also—A is a root, and so the
general solution will contain an exponential increasing termefr) = 0, making
it unstable. The only possibility for a stable equilibrium is then for the four solutions
to be purely imaginary, and this is possible if and only if, the two solutions of the
associated quadratic equation are real and negative. The reality requires that

A=a?—-48>0, (43)
and for the negativity it is required that
a >0 B > 0. (44)
8 These linearized equations can also be obtained by expressing Equation@25) in
Io=N - Q' +0) AI(Q +0) — I(Q Aw).

Note the identical formal aspect of this system with that discussed in BT87, p. 138 for the stability
of Lagrangian points.

4 The separation introduces two additional integration constants for each variable. These are
determined by the requirement that Equations (35)—(36) are satisfied at each instant of time.
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Figure 2.The (u, v) plane with the various critical curves, fgr= 0.9. In regiona the major axis

of the RB is directed toward the center of the external potential, the intermediate axis is directed
tangentially to the orbit and the minor axis is perpendicular to the orbital plane (Figure 1). In region
b = b1 U by the major axis of the RB is perpendicular to the orbital plane, the medium axis is
directed toward the center, and the short axis is parallel to the orbital velocity.

Note that the conditions (43)—(44) are formally equivalent to the single condition
a > 2./B. The positivity of is obtained in two different cases:

@u<v<lielz>DL>I.
B)l<u<v,iel,>1 > Is.

where the stability offy motion (I> > I;) has been already assumed.

Case (a) is of easy discussion: in fagtis a sum of positive quantities, amd
can be rewritten as a sum of positive quantities as well, independently of the value
of ¢ (r). Thus, the motion around the equilibrium position is stabldfos I, > I,
for any given density profile of the external density distribution. This corresponds to
region (a) in Figure 2.

Case (b) is far more interesting. Its discussion is algebrically cumbersome, but
not intrinsically difficult. It can be proved that whend 1 < v the requesiA > 0
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Figure 3.The behavior ofi; andu. (see Figure 2) as a function gf

impliesa > 0, so that the only condition to be studiedds> 0. The stability region
inthe(u, v) planeis plotted in Figure 2 for a specific valugjoNote that the stability
region relative to case (b) is made of two qualitatively different parts, separated by a
vertical asymptote, located at:

1 1 /4-
ua(q) = - + 3

2 2\31l-¢q)
In regionb; (1 < u < uy, see Figure 2) there is no upper bound /3, and
g - 1= uy — o0, i.e. regionb; expands to alb > u > 1. For any finite value
of g, there exist another stability regiohy( see Figure 2) to the right of,, whose
lower bound is again representeddby= u. The upper bound ofy/ I3 (determined
by the conditionA = 0) is given by

14+ 91— q)u —6(1 — q)u?+ 6(1 — g u/u(u — 1)(4—=3q)

(49)

=wu-1 4
ve=@-1h 1201 — qyu? — 12(1— qyu — 1 .+ (46)
and the point of intersection between(x) andv = u is given by

1 1 [-9¢%2+6g+11+8/4—
nelg) = 5+ 5 [ L £ > (47)
2 2 31-¢)5+39)
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The functionsus(q) anduc(g) are plotted in Figure 3. A very important case is
obtained forg = 0, i.e. in the case of a RB orbitingutsidea spherical body: in this
case the region of equilibrium is very small, singg0) = 1/2 + 1/+/3 ~ 1.08 and
uc(0) =1/2+3/5/10~ 1.17.

3.3. FREQUENCIES

Having found the criteria for stable equilibrium, we now focus our attention on the
frequencies of the motions around tige §, ) axes. The frequency for thiemotion
is obtained directly from Equation (19) as

2—71 = QVk(v —u); k=31-gq). (48)
Py
Its value increases by increasifigand/or decreasing, i.e. by making the external
density more concentrated.
The motion aroung and® results from the superposition of two independent
oscillations, with frequencies

= 5 . (49)

27 27 1+ (0 +k)o £/1+02(t + k)2 — 20 (1 + 2kt — k)
pE = pr ="
) 1

where

We stress again the presence of the proportionality conQtéottall frequencies:
assuming that the dimensionless factor is of the order of unity, the oscillatory motion
around the stable positions is characterized by periods of the order of the RB orbital
time.

4. An Astrophysical Application: Galaxies in Clusters
We now apply the previous results to the cases of a triaxial galaxy at the center of a
triaxial cluster, and of a triaxial galaxy in circular orbit inside a spherical cluster. We

start presenting the galaxy model used.

4.1. THE GALAXY MODEL

We assume that the galaxy density is stratified on homeoidal surfaces labeled by

3
m’=>Y" "5 wmar>as (50)
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i.e. pg = pg(m). In the reference system implicitely assumed in Equation (50), all
the non-diagonal terms &f vanish, and the diagonal terms are given by:

4
li = Zencoas(e] + aphg i # j#k, (51)

where the form factor is
th/ pg(m)m4dm. (52)
0

Note that the inertia moments satidfy< I> < I3. Note also that in all our results
in Sections 2 and 3 only the quantities= I/l andv = I,/I3 appear, and in
particular we conclude that for a triaxial homeoidal body the equilibrium positions
and the relative frequencies do not depend on the quatntiiye. they do not depend
on the particular density distribution under consideration.

However, a particular density distribution for the galaxy model has to be assumed
in order to estimate the characteristic stellar orbital times, and so we adopt an ellip-
soidal generalization of the widely usedmodels (Denhen 1993, Tremaine et al.
1994):

My 33—y 1
a0z At m¥(L+m)47v’

Pg (m) = (53)

where 0< y < 3. The density in the outer parts goes like* independently of ;
for y = 0 the models present a flat densityre It is straightforward to show that
a density stratified on constamt surfaces, when projected on its principal planes,
originates a brightness distribution with elliptical isophotes whose ellipticity is the
same as that of the corresponding section of the ellipsoid. For example, projecting
alongxz the isophotal axial ratio in the, — x, plane isx2 /a1, and the corresponding
ellipticity is €21 = 1 — ap/a;. This property is useful when constructing realistic
galaxy models: mean observed valuesaee 0.2 — 0.4 (corresponding to E2—-E4
galaxies).

For the models described by Equation (53) the mass insidegiven by:

m m37y
Mg(m) = 477.'0[10[20[3/0 pg(l)tz dr = Mgm, (54)
the mean density inside is
_ My 3 1
pg(m) = —— (55)

1002003 E mY(1+ m)3*7’ ’
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and anestimateof the order of magnitude of the characteristic orbital time of stars
insidem is finally obtained as usual as

3
Porp(im) 2= 4Payn(m) = /szm)’ (56)
o]

(BT87, p. 375.
From Equations (55)—(56) one can write

3
a10003 ~ aj 101 —€e21) (1 —e€31) ~
Pop= | é 293 Porp > 3.0/ 110 — Po(m, y) x 1CPyr,  (57)

whereMy 11 is the galaxy mass normalized to’30/,, anda; 10 is the galaxy core
major axis in 10 kpc. In Figure 4, we plot the dimensionless fundligg) for various
values ofy.

4.2. TRIAXIAL GALAXIES AT THE CENTER OF TRIAXIAL CLUSTERS

We now focus on the TF produced by a triaxial cluster. We assume that the cluster’s
density is stratified on homeoidal surfages= p.(£?), with

3
X
Ez:Z—’_z; a1 >ap > as. (58)
i=1 "1

The associated potential is found using the well-known formulas from potential
theory (Kellog 1953; Chandrasekhar 1969, Cap.3; BT87 p. 61). With the aid of the
auxiliary function

ZZ
W2 = / pc(t) dr, (59)
0

the potential can be written as

00 _ 2
d(X) = —Gna1a2a3/ W(00) — WE(r, )] dr, (60)
0 A(7)
where
Ar) = \/(af +1)(@3 + 1)(a3 + 1), (61)

5 Note that, strictly speaking, the previous formula applies only to the case of a point mass
in radial or circular orbit inside a homogeneous, spherically symmetric density distribution. As
pointed out by the referee, particular attention should be paid in the case of an incompressible,
self-gravitating, prolate spheroid steadily rotating about its axis of symmetry: in fact, in this case
the equations of hydrodynamics do not admit solutions (see, e.g. Florides and Spyrou 1993).
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Figure 4.Estimated orbital times as function af for variousy. The curves from top to bottom
correspond, respectively, joequal to 0, 1, 1.5, 2, and 2.5. The black diamonds correspond to the
half-mass orbital time, i.e. the orbital time calculatedmat, = [2Y/3~7) — 1]~1, the homeoid
containing half of the galaxy mass.

and

(x, %) = 23: i (62)

5 .
- 4 +T

The fact thatthe center of the clusteris an equilibrium point, is trivial to prove and with
very simple algebra the following integral expression for the principal components
of the TF at the cluster center are found:

dr

@+ 1)A(r)’ (63)

o0
T; = =27 Gpc(O)arazaz /
0

Note that the particular form of the cluster density distribution does not enter Equa-
tion (63), and that if:y > a» > az thenTy > T» > T3, as assumed in Section 2.2. We
can now give the astrophysical interpretation of the results obtained in Section 2.2:
the stable equilibrium position of a triaxial galaxy at the center of a triaxial cluster
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corresponds geometrically to the three principal axes of the galaxy to be collinear
— in the same order — with the principal axes of the cluster density distribution.
This configuration reproduces in a natural way the observed “strong alignment of
the [brightest] galaxy major axis with the long axis of the parent cluster” (Trevese,
Cirimele, Flin 1992), already mentioned in the Introduction.

In order to estimate the oscillatory periods of a galaxy around its equilibrium
position, the numerical values of the TF components in a realistic cluster are needed.
From Equation (63) one obtains

AT;j = —21Gpe(0)(1 — €21) (1 — e3) AT} (64)

The evaluation of the three integrdlg 7> and T3 involves elliptic functions; in the
degenerate case of a rotation ellipsoid these functions can be expressed in terms
of elementary functions. The dimensionless quantifieare given in Appendix.

We obtainpc(0) in Equation (64) using the Virial Theorem for the King density
distribution (King 1972, BT87 p. 228), from which:(0) ~ 902/47Ga3. The

time required for a complete oscillation of the galaxy around each of the angular
coordinates is then given by

2
Gpc(0)

a1,250 &
- POSC(M’ v, 621’ 631) X 1(P yr’ (65)
01000

Posc = Posc(u, v, €21, €31)

~ 7.2

whereoggis the central (one-dimensional) cluster velocity dispersion normalized to
1000 km s (a number of order unity for rich clusters), amghso is the cluster core
major axis normalized to 250 kpc. Following Valluri (1993) and Girardi et al. (1995),
we adoptu; 250 = 1. The explicit expressions for the thrég,.can be obtained from
Equations (17)—(19). The dimensionality of the parameter space is too large to allow
a complete exploration, so we limit ourselves to a specific case. For example, let us
assumer,/a; = 0.8, az/a; = 0.6, andoiggo = 1. For the galaxy model, we also
adopta,/a; = 0.8 andas/a; = 0.6, corresponding to an E2 and E4 galaxy when
the model is projected on thg — x, andx; — x3 planes, respectively. With this
choice of parameters, = I;/Izs = 25/41 andv = /I3 = 34/41, and the three
values ofPoscare(2.7, 1.6, 3.9) x 10° yrs, for motions aroung, 9, v, respectively.

So, a comparison with the mean stellar orbital times obtained in the previous section
(see Figure 4) shows that, in the outer halo of giant Es the stellar orbital times can be
of the same order of magnitude as the oscillatory periods of the galaxies themselves.
It could be of some interest a numerical investigation of the final fate of these halo
stars: in case of escape this icallisionlessevaporation. Note that, at variance
with the collisional evaporation of globular clusters, in this case no mass segregation
is expected, since the effect discussed here is independent of stellar mass. On the
contrary, for the bulk of stars in galaxies the orbital times are considerably shorter
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Figure 5. Upper panel: the radial trend af (solid line) and$: (dotted line) for the Hernquist
model. The radius is normalized to the cluster core radius. Lower panel: the radial trend of the
three characteristiBysc/ 2. The solid line corresponds to the motion aroyndand the dashed and
dotted lines taPyg. and Py, respectively.

than Pog., and this is the reason why in thé-body simulations of CD94 galaxies
are found to behave like rigid bodies.

4.3. TRIAXIAL GALAXIES IN CIRCULAR ORBIT IN SPHERICAL CLUSTERS

As shown in Section 3, in this case there are two different equilibrium configurations.
The first equilibrium position, with the galaxy’s major axis directed toward the galaxy
center, reproduces the main observational results already discussed in the Introduc-
tion. In the second equilibrium position, the galaxy major axigégpendicularto

the orbital plane, as observed for a small number of cases.

In order to analyze the characteristic frequencies around the equilibrium positions
in this case, a triaxial galaxy described in Section 4.1 is assumed on circular orbit
inside a spherical cluster, described by a Hernquist (1990) density distribution [Equa-
tion (53) withy = 1, a1 = a2 = a3 = r¢]. This assumption about the mass profile
follows from the most recent results of cosmological high-resolution collisionless
N-body simulations (see, e.g. White 1996, and references therein). From the Virial
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Theorem applied to this density law (Hernquist 1990), one finds that£8= G M,
whereo is the virial one-dimensional velocity dispersion.

The radial trend of (r) is plotted in Figure 5 (upper panel, solid ling)mono-
tonically decreases moving outwards from the cluster cénignereq = 2/3. In
the same figure, we also plot the normalized angular velagity Q/\/GM/r
(dashed line). The equation analogous to Equation (65) is now

2 ﬁosc(u,U,Q) N36rc,250ﬁosc(uvvv51) % 108yr (66)
~ 3. 5 R

VGMc/r Q 01000

where, for each anglef:osc(u, v, q) follows from Equations (58)—(59), and is plotted

in Figure 5 (lower panel) as a functionofr. for the adopted andv. Note howPqgc
steadily increases moving outward in the cluster. As a final result there exists a radius
approximately of the order of the cluster core where the oscillatory times of galaxies
are comparable with their mean stellar orbital times, and so it is possible that some
stars will be affected by resonances. The fate of these orbits can be investigated by
numerical integration of the equations of motion.

Posc=

5. Conclusions

In this paper we have presented a discussion of the motion, near the equilibrium
configurations, of a rigid body subject to a tidal field. A complete analysis of the
equilibrium points when the center of mass of the body is at rest in the field generated
by a generic mass distribution, and when it is placed on a circular orbit inside a
spherically symmetric potential, was given. The conditions for stable equilibria and
the frequencies of oscillations around such positions are analitically derived. As an
astrophysical application of the previous results, we have discussed the observed
alignment of galaxies in clusters, concluding the numerical investigations presented
in CD94. In particular, we have shown that the radially aligned configurations found
through N-body simulations by CD94 are indeed equilibrium positions. We have
also shown the existence of an equilibrium configuration not found by CD94, i.e. the
case of a galaxy in circular orbit in an external spherical potential, whose major axis
is perpendicular to the orbital plane; such configurations are observed for a minority
of galaxies in real clusters. Moreover, comparing the orbital times of stars inside the
model galaxies with the oscillatory times around the equilibrium configurations of the
galaxies in the cluster tidal field, we found that for realistic parameters, valid for the
majority of the galaxies, the stellar orbital times are much shorter, and so the orbits
are adiabatically invariant. This could be an explanation of the result numerically
found by CD94 thaiv-body galaxies behaves in the cluster TF as rigid bodies.
Finally, we have pointed out the possible effect of resonances between stellar orbits
in the external parts of the galaxies, and the oscillations frequencies induced on the

6 Fory-modelsg(r) = (1—y/3)/(1+ r/rc).
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galaxies by the tidal field of the parent cluster. We found that the induced frequencies
on galaxies can be of the order of the stellar orbital times in their outer halos and
this fact suggests the existence of a possible resonant collisionless evaporation of
stars from galaxies in clusters. This mechanism could explain the recently observed
population of intracluster stars (see, e.geMez et al. 1997, and references therein).
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Appendix

We start writing explicitely the expressions for the dimensionless funcfande-
fined as7; = —27Gpc(0)(azaz/a?)T; [see Equation (63)] in the general triaxial
case, defined by, > ay > as.

From Byrd and Friedman (1971, hereafter BF71), defining

2,2
0 = arc cos(@) L k= Lg/al, (67)
ai 1—-aj/aj
one obtains
~  2[F©,k) — E®,K)]
T, = 68
' k2 sirt(6) (68)
(BF71, 238.03-310.02),
(1 _ 12 _ 2 i
Tz _ 20E0,k) — (1—k )F(G,k') _ (as/az)k Sln(G)], (69)
k2(1 — k2) sin°(0)
(BF71, 238.04-318.05), and
F 2[(az/a3) sin(®) — E(6, k)] (70)

(1 — k2)sin’ ()

(BF71, 238.05-316.02), whet®(9, k) and E (8, k) are the Elliptic Integrals of the
first and second kind, respectively (see, e.g. BF71, 110.02-100.03).
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The first degenerate case is that of a prolate cluster density; izea, = as. In
this case, the ellipsoidal eccentricity is given by

e= [1-=2 (72)

and the two different components of the TF are given by:

~ 2 1—¢? l+e 1—¢?
= In — 72
! a2/a? |: 2¢3 (1—@) 2 :| (72)
(Gradshteyn and Ryzhik 1965, Equation 2.248.1; hereafter GR65), and
~ o~ 1 1 1 1+e
Th=1T3=———=|— — In , 73
27 a?/a? |:e2 2¢3(1 — €2) (1—6)] (73)

(GR65, 2.248.4). The other degenerate case is the oblate one. We assume-now
a> > az, and so

e= |1——=. (74)

The components of the TF are readily found:

~ o~ 1 | V1-ec2arcsine) 1-e¢?
Tl = TZ = |: 3 - 2 ) (75)
as/ax e e
(GR65 2.248.4), and
~ 2 1 /11— e?arcsine)
T3 = |:_2 - 3 ) (76)
az/ai | e e

(GR65 2.248.1).
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