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INTRODUCTION

ABSTRACT

A recent analysis of the relationship between optical and X-ray properties for the
Einstein sample of early-type galaxies has revealed that SO galaxies have lower mean
X-ray luminosity Lx per unit optical luminosity Ly than do ellipticals. In the same
analysis, significant correlations are found between the X-ray properties and the axial
ratios, such that the roundest systems have the highest Lx/Lg; this trend holds also
for either Es or SOs alone. The systematic X-ray underluminosity of SOs with respect
to Es could be explained with a higher heat input or with a lower gravitational energy
(all per unit gas mass), at fixed Lg. The gravitational energy could be lower because
of their higher rotation rate, which decreases the effective potential, or their different
mass distribution. These possibilities are examined here, by considering their role in
the global energy budget of the hot gas flows in early-type galaxies. The effect of
the flattening of the mass distribution is investigated with galaxy models described by
the Miyamoto—Nagai potential-density pair, to which a dark matter halo of various
shapes is added. For these two-component models the analytical expressions of the
gravitational energy, and the stellar kinetic energy associated with various relative
amounts of random motions and rotational streaming, are given. It is found that
rotation cannot produce a change in the flow phase of the hot gas, independently of
the galaxy shape and the presence of dark matter. The effect of flattening instead can
be substantial in reducing the binding energy of the hot gas. Thus SOs and possibly
non-spherical Es are less able to retain a significant halo of hot gas than rounder Es
of the same Lg.

Key words: galaxies: elliptical and lenticular, cD — galaxies: ISM — galaxies: kinematics
and dynamics — galaxies: structure — X-rays: galaxies.

X-ray observations, beginning with the Einstein Observatory
(Giacconi et al. 1979), have demonstrated that normal early-
type galaxies are X-ray emitters, with 0.2-4 keV luminosities
ranging from ~ 10% to ~ 10® erg s~! (Fabbiano 1989; Fab-
biano, Kim & Trinchieri 1992). The X-ray luminosity Ly is
found to correlate with the blue luminosity Lp (Lx oc Ly¥%?),
but there is a large scatter of approximately two orders of
magnitude in Ly at any fixed Lg > 3 x 10! L,. The ob-
served X-ray spectra of the brightest objects are consistent
with thermal emission from hot, optically thin gas (Canizares,
Fabbiano & Trinchieri 1987). These hot gas coronae are accu-
mulated during the galaxy lifetime from the stellar mass loss,
and are heated to X-ray temperatures by the thermalization
of the stellar random motions, and by the type Ia supernova
explosions (hereafter SNIa). The scatter in the Lx — Ly dia-
gram has been explained in terms of environmental differences
[ie., varying degrees of ram pressure stripping due to the in-

teraction with the intracluster or intragroup medium (White
& Sarazin 1991)], or in terms of different dynamical phases
for the hot gas flows, ranging from winds to subsonic outflows
to inflows (Ciotti et al. 1991, hereafter CDPR).

Recently Eskridge, Fabbiano & Kim (1995a,b) conducted
a multivariate statistical analysis of data measuring the opti-
cal and X-ray properties of the Einstein sample of early-type
galaxies; this includes 72 ellipticals and 74 SOs, and is the
largest X-ray-selected sample of such galaxies presently avail-
able. Eskridge et al. (1995a) show that on average SO galaxies
have lower X-ray luminosity at any fixed Lp than do ellipticals
(see their figs 8a—); a comparison of the distribution functions
for the two morphological subsamples indicates that the SOs
have lower mean Ly (at the 2.8¢ level) and Ly /Lg (at the 3.5¢
level) than do the Es. Moreover Eskridge et al.(1995b) find
that galaxies with axial ratio close to unity span the full range
of Lx, while those with large axial ratio all have Lx<10% erg
s~L. The relationship defined by Lx/Lg is stronger than that
defined by Lx, and it is in the sense that those systems with

© 1996 RAS

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996MNRAS.279..240C

0T!

74

FT9OBVNRAS, Z79~ ™

the largest Lx/Lg are the roundest; this means that at any
fixed Lp the X-ray-brightest galaxies are also the roundest.
This correlation holds for both morphological subsets of Es
and SOs. Thus SOs and non-spherical Es seem to be less able
to retain hot gaseous haloes than are rounder systems of the
same Lg. This could be due to a lower gravitational energy,
because of their higher rotation rate, which decreases the ef-
fective potential, or their different mass distribution (see also
Pellegrini 1994).

The purpose of this paper is to investigate whether a
flat and partially rotationally supported galaxy is expected to
host a different gas flow phase with respect to a spherical
pressure supported galaxy of the same Lp. This is accom-
plished with the study of the energetic balance of the hot
gas flows. Axisymmetric two-component galaxy models are
built, where the stellar and dark mass distributions have the
Miyamoto—Nagai shape; the shape of the dark matter halo
is varied from flat to spherical. The decoupling between or-
dered and disordered azimuthal motions is assumed to satisfy
Satoh’s k-decomposition, or a ‘maximum rotation’ decompo-
sition. The analytical expressions for the virial terms of these
two-component models, together with the projected kinemat-
ical properties for the one-component model, are given here
for the first time.

In Section 2 the role of flattening and rotation in the
energetic balance of a galaxy of a general shape is qualita-
tively studied. In Section 3 the two-component galaxy models
are introduced; in Sections 4 and 5 these are used to derive
quantitative estimates of the roles of rotation and flattening. In
Section 6 other possible explanations for the X-ray underlumi-
nosity of flat systems are discussed, and the main conclusions
are summarized.

2 THE ENERGY BUDGET OF THE HOT GAS

For pressure supported spherical galaxy models, a reliable
estimator of the nature of the flow phase of the hot gas
can be derived from its global energy balance (CDPR). This
estimator is the ratio y between the power required to extract
steadily the stellar mass loss from the galaxy potential well,
and the power supplied to the gas by the thermalization of
the stellar random motions and by the supernova heating.
Spherically symmetric hydrodynamical simulations, in which
radiation cooling is taken into account, show that, in the
scenario of subsequent wind, outflow and inflow (hereafter
WOI), x describes in an accurate way the nature of the flow.
The simulations show the correspondence between y < 1 and
the presence of a wind phase (i.e., of a low Lyx), and the onset
of a high Lx soon after y becomes > 1 (CDPR). They also
show that small variations (within 10 per cent) of y when it
is close to unity describe large flow regime variations, from
winds to inflows. The situation is obviously different in other
scenarios where y is not < 1 from the beginning of the flow
history, i.e., if the initial flow phase is not a wind (and so a
major fraction of the heating goes into radiation). The use of
x is extended here to the case of galaxies of a general shape
and internal dynamics.

2.1 The generalized parameter

For the needs of the following discussion, the classical scalar
virial theorem for a stellar distribution of spatial density p.
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interacting with a dark matter potential @y, is recalled:
2T+ =|W|, (1

where I1 = f p.Tr(6?)dV is twice the kinetic energy associated
with the stellar random motions; Tr(c?) is the trace of the ve-
locity dispersion tensor of the stars; T = 0.5 f pTr(v:p;)dV is
the kinetic energy associated with the stellar ordered motions;
W| = |W.| + [Wh| = — [ p(0.50. — x,0®y,/0x,)dV, where
|Wy| is the interaction energy of the stars with the dark halo.

The terms entering x are now defined. The power L,
required to extract steadily from the galaxy the stellar mass
loss is

L

Wf) =—/p‘(‘1>‘+®h)dVEIUI =2|W.| +|Unl, (2
where o(t) = M./M. is the stellar mass loss rate M. per unit
stellar mass, M. being the total stellar mass (see CDPR). The
thermalization of the stellar random motions heats the gas at
a power L, given by

L, 1 II
0 =3 /p.Tf(0'2)dV =5 (3)

Indicating the SNIla heating per unit time with Lgy, the y
corresponding to a non-rotating, totally velocity dispersion
supported galaxy is:

L _ 14
Lsn + L, Lgn/a+05|W[

Note that formally 0 < yn < 2|U|/|W|, and that yp increases
in going from a very high to a null SNIa heating.

For a fixed mass distribution (i.€., a fixed | W|), the amount
of rotational streaming can formally vary from zero to |W|/2;
the power L, related to this fraction of the total kinetic energy
is given by
i‘(t; = % / p-Tr(@3;)dV = T. : " (5)
How does L,y enter equation (4)? There are two extreme
views. In the first one, the ordered motion is considered as
a change in the effective potential experienced by the gas: in
this case L, is to be subtracted from the numerator of (4). In
the opposite view all the kinetic energy of the gas, also that
of the ordered motion, is eventually thermalized: in this case
L,y is to be added to the denominator of equation (4). We
parametrize the real behaviour — which lies between the two
extreme cases — by defining

y = Lg - yLrot - |U| - 'YT (6)
Lsn+ Lo + (1 —y)Lot Len/a+05|W|—yT

with 0 < y < 1. Note that if y = 0 then y = yq, ie., if the
thermalization of L,y is complete, x coincides with yn even
when rotation is present. When instead y = 1, i.e., in the case
of no thermalization, the effect of rotation is maximum.

In the degenerate and trivial case when rotation, the dark
halo and SNIas are absent, y = 4 from equations (6) and (2);
the same applies when rotation is fully thermalized, and again
the dark halo and the SNIas are absent. In all cases when the
supernova heating is negligible, y > 1 and an inflow is present.

Xn “4)

2.2 The role of flattening and rotation

We consider now two galaxies of the same luminosity Lg, i.e.,
with the same SNIa heating, and the same stellar mass. One of
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these is the reference galaxy, a completely velocity dispersion
supported system; the other galaxy is the test object, with
which the effects of flattening and rotation are investigated.
For this study it is useful to consider the ratio between y of
the test galaxy and yp of the reference one, whose properties
are characterized by the subscript ‘0’:

x_(,_ 2T\ [Ival W= Wl yT\]™
xn“(l |U|)[|U| ”“( 201 IUI)} - O

A general variation in the structure and internal dynamics of
the reference galaxy can be obtained through two independent
steps: the first one changes the structure from the reference
case to the test one, and the second step adds the rotation.
The first step implies turning Uy, and W, into U and W,
e.g., changing the stellar mass distribution and dark matter
amount and/or distribution. From equation (7) with T =0 a
dimensionless parameter is found,

{Uol
Ul —0.5(W| — |Wq|)’ (8)

whose value determines the resulting . When, by changing the
galaxy structure, Q becomes < yy then x > 1; when Q = yq
then y = 1; and when Q > yn then y < 1.

The second step adds rotation to the modified galaxy.
Using again equation (7) with |W| = |W,| and |U| = |Uy|, and
with yr the resulting y of the first step, the following results are
obtained: (1) if yg = 1, also x = 1, for any yT'; (2) if yn > 1,
also x > 1, and an increase in yT produces an increase in y;
(3) if xu < 1 then y < 1, and an increase in yT produces a
decrease in x. In other words, the effect of rotation is never that
of changing a y > 1 into a y < 1, and vice versa, independently
of the unknown value of y. A qualitative explanation of this
behaviour can be found by inspecting equation (6): when the
gas in the absence of rotation is bound, the introduction of
rotation causes the subtraction of the same quantity from the
numerator and the denominator, and this corresponds to a
larger percentage decrease of the heating than of the binding
energy. So, an increase in y is produced. The reverse is true
when the gas is unbound in the absence of rotation. As a
consequence, in the WOI scenario, rotation cannot produce
a change in the flow phase; instead, it acts in the sense of
making the existing flow phase even more stable, for any fixed
galaxy structure. It would be interesting, for the purpose of
the present study, to know under which conditions and how
frequently, at fixed Lg, the flattening produces Q > yr, where
xn refers to a spherical galaxy and is > 1; in this case in fact
x would be < 1 for the flattened object, and this could host
an outflow. If also some rotation is added, a further decrease
in y is produced (if y > 0), and the flow is even more likely
to be an outflow or a wind. In this way the average X-ray
underluminosity of flat systems at fixed Lg would be explained.
What is the efficiency of the flattening in producing a variation
in x, for realistic galaxy models? What is the importance of
the further variation that can be produced by rotation? These
points will be investigated in the case of SOs in Sections 4 and
5, using the galaxy models described below.

0=

3 THE MODELS

The stellar density distribution of an SO galaxy is modelled by
adopting the potential-density pair introduced by Miyamoto

& Nagai (1975), as given in Binney & Tremaine (1987, p.44;
hereafter BT87):

[ M.b?\ aR?+ (a+3()(a+ () 9
P = an CIR2+(a+ 02 9)
. = — GM. (10)

VR + @+

where { = /22 + b?, and (R, @,z) are the cylindrical coordi-
nates. For a = 0 the stellar density is a Plummer (1911) sphere
with effective radius b; for b = 0 equation (9) describes the
Kuzmin (1956) disc. A constant stellar mass-to-light ratio is
assumed throughout the system. The Miyamoto-Nagai (here-
after MN) model produces a realistic gross structure, similar
to that observed for SOs; particularly, the light distribution
resembles that of disc galaxies when a/b = 5 (e.g., BT87).
In order to study the effect of a dark matter halo, another
Miyamoto—Nagai density distribution characterized by My, ap,
and by, is added to the stellar profile.

The quantities entering y are determined using the Jeans
equations. Following Binney, Davies & Illingworth (1990) we
implicitly adopt a distribution function that depends only on
the isolating integrals E and L,. In this case: (1) the terms 7x7;,
DRDy, and D0, are zero (and so the velocity dispersion tensor
is aligned with the coordinate system); (2) the radial and axial
velocity dispersions are equal, ie., or = g, = g; (3) the only
non-zero streaming motion is in the azimuthal direction ().
The resulting Jeans equations are:

ap.oz _ a@wt

oz oz (1)
and

dp.a? 62— 3d,

gR +,,,< o+ al;‘)= ) (12)

where @,y = O. + Dy, _

Since in equation (12) only v2 appears, the decomposition
of the azimuthal velocity can be chosen freely. The stellar
density being flat, a natural choice is the k-decomposition
introduced by Satoh (1980):

v, = k*v2 — ¢?), (13)
and then
05 =02 — B, = k0% + (1 — k)02, (14)

with 0 < k < 1. In the case k = 0 all the flattening is due to the
azimuthal velocity dispersion, i.e., no net rotation is present;
0 <k < 1 is a sufficient condition in order to have a positive
value of g2 everywhere, and k = 1 corresponds to the isotropic
rotator. This solution does not describe the maximum rotation
formally allowed for a given galaxy structure; this is obtained
by relaxing the condition that k is a constant, and requiring
that 62 = 0 over the whole space:

2 _ a’
krax(Rz) =1+ = (15)
v2—o

While certainly such a solution is not physically possible for a
realistic structure, nevertheless it is used as a limiting case in
the investigation of the maximum effect of rotation.
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4 MODELS WITH NO DARK HALO

In the case of no dark halo, the Jeans equations can be
solved analytically (see Nagai & Miyamoto 1976). The velocity
dispersion 62 is recovered from (11):

GM?2b? (a+¢)?

ol= = 16
PO o PR A @ O (10
and after some easy algebra one obtains from (12)

— GM?Zab? R?
2 _52) = *
P S e DR+ @+ O )
Using equations (15), (16), and (17) we can recover
: 2

KRz = 1+ 2L (18)

2aR?

The analytical expressions for the various terms entering the
virial theorem have been derived, for both the constant-k case
and the maximum rotation case (see Appendix B).

4.1 The effect of flattening and rotation

We compute here the y variation produced by the flattening
and the rotation for MN models; the galaxy total luminosity
is kept constant. As outlined in Section 2.2, the effect of these
two processes can be considered independently, and we start
examining the effect of flattening on to a spherical reference
galaxy. Two structural parameters describe the process of flat-
tening: s = a/b, and r = b/by, where b, is the effective radius
of the reference galaxy. s measures the intrinsic shape of the
flattened galaxy, and r measures its size.

The parameters s and r enter equation (7) only through
0, and the effect of flattening is given by

X ___4-0
30+ xmn(1—Q)
Note that, in the case of no dark matter, Q = 4/(1+3L,y/Lgp):
so Q is directly related to the variation in the potential energy
of the hot gas. Fig. 1 (upper panel) shows y versus Q, for three
chosen values of yp. A change in the galaxy structure is able to
produce large variations in , of the order of those needed for
a change in the flow phase. More precisely, since for spherical
galaxy models yr hardly exceeds 1.5 (CDPR), at most Q of
this order is required to have y < 1.

The relationship between Q and (s,r) is shown in Fig
2, where the contour levels of constant values for Q(s,r) are
plotted. The interesting region in the (s,r) plane is that in
which Q(s,r) > 1: only in this case might a system with
xn > 1 become characterized by y < 1 after a flattening, if this
produces Q > yii. In other words, given a spherical galaxy with
xu > 1, all (s,7) pairs lying in the upper part of the plane that
has as lower bound the curve Q(s,r) = yn describe flattened
galaxies with y < 1. It is interesting to note that an increase
in Q (ie., a decrease in Lg) for roughly spherical galaxies is
more easily obtained through their flattening than through an
increase in their size, while the reverse is true for discy objects.

In order to find the location of real galaxies in the (s,r)
plane, in Fig. 2 two families of lines are shown: the first one
describes the ratio of the projected central velocity dispersion
o, of the flattened system seen face-on to the same quantity for
the corresponding spherical reference galaxy [equation (A15)];
the second family describes the same ratio using the edge-on
velocity dispersions [the choice of the decomposition for the

(19)
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Figure 1. The variation of x produced by structural changes. Top
panel: no dark matter. In the middle and lower panels, for the same
xm values, solid lines correspond to s = 0, dotted lines to s = 1, and
dashed lines to s = 5. In the middle panel the dark matter keeps its
spherical shape while the stellar mass is flattened; in the lower panel
Shp = 0.5s.

azimuthal component of the velocity dispersion cannot affect
the central value of the projected velocity dispersion, as can
be checked with equations (A8), (A9) and (A12)]. From Fig. 2
two important results are derived: (1) reasonable values for r
and the g;, ratio (i.e., near unity), and for s (<1), correspond to
Q values that can produce y variations of the order of those
required to have a change in the flow phase; (2) the region
where Q > 1 is also the region where the flattened systems
have a lower central velocity dispersion than the spherical
systems of the same luminosity.

A qualitative explanation for the behaviour of Q and the
central velocity dispersion can be given. The projected velocity
dispersion is proportional to the average of the potential over
the stellar density, and, as a consequence, at the zeroth order
the central o, contains information on the value of the central
potential. It follows that g, oc /—®.(0) oc 1/,/r(T+s). Simi-
larly, Ly oc —p.(0)®.(0) oc (3+s5)/r*(1+s5)*, and so increasing s
and r lowers o, and, to a greater extent, L,. This qualitatively
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Figure 2. Contour levels of constant Q values (solid lines), in the case
of no dark matter. Dashed lines show the loci where the ratio between
the edge-on ops of the flattened and the spherical systems is 1, 0.75,
0.5; dotted lines describe the same ratios for the face-on projection.

explains why Q variations that are very effective in producing
a change in the flow phase correspond to small changes in
op. Eskridge et al. (1995b) find a significant trend of the axial
ratios with gy, in the sense that galaxies with the largest o,
are the roundest, for constant Lg. So, a scenario in which y is
preferentially < 1 in flat systems can explain their systematic
X-ray underluminosity, and finds support in the optical data.

As outlined at the end of Section 2.1, the previous results
apply also when rotation is fully thermalized. The efficiency
of rotation in producing a variation in y is investigated now
for the limiting case of no thermalization (y = 1), i.e., when
its effect is maximum. Two cases are considered: the isotropic
rotator, T = T [k = 1 in (B9)], and the maximum rotation
solution, T = Tpay, given by (B11). Fig. 3 (upper panel) shows
the variation in y produced by rotation, for a fixed galaxy
structure characterized by various degrees of flattening. This
variation is always very small: for example if, after a flattening
with s = 5, yn = 0.9, then the additional reduction in the case
of the maximum rotation solution is 3 per cent. So, not only
can rotation not change the gas flow regime, but its effect is
almost negligible anyway.

5 MODELS WITH A DARK HALO

The analysis of the previous section is extended here to the
two-component MN models. For a given stellar structure, the
parameters defining the dark halo are: # = My /M., by, and
Sh = an/b, and so the most general change in the total mass
distribution involves five parameters. Note that the freedom
in the choice of a, permits us to change the flattening of
the dark mass independently of that of the stellar mass. In
order to reduce the number of free parameters, it is assumed
that by, = b, which allows us to perform the calculations
analytically; moreover, £ is kept constant during the process
of flattening, i.., round and discy objects of the same Ly have

1.4||'llll|l‘lfll"llll

0.8 B

Xn
Figure 3. The variation of y produced by rotation; y and yp refer
to a galaxy with the same structure. The various lines correspond to
various degrees of the flattening for the stellar mass (s = 0, 1, 5), and
larger variations correspond to larger s. In the upper panel there is no
dark matter; in the middle the dark halo is spherical; in the bottom
panel sp = 0.5s.

the same amount of dark matter. Finally, it is assumed that
the dark matter dominates the dynamics, i.c., in equations (7)
and (8) only the contribution of the dark matter potential is
considered. So, three parameter values are to be specified: r, s,
She

In Appendix B the analytical formulae for the terms
entering the virial theorem and y are given, for Satoh’s and the
maximum rotation decomposition of the azimuthal velocity.

5.1 The effect of flattening and rotation

As previously done in the case of no dark matter, we start
studying the trend of y with the flattening:

X _ -0 _
mo (4= )@+ 2(xn — Q)Whlc,s)/ Unl(c)

where ¢ = (s+sy)/2, and the functions ﬁ’h and ﬁh are given in
(B3) and (B6). In Fig. 1 we plot y versus Q for three fixed values
of yn and s. Concerning the shape of the dark halo, two cases
are investigated: in the first one the dark matter distribution

(20)
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Figure 4. Contour levels of constant Q values, in the case of dominant dark matter (solid lines). In each panel the dotted lines show the loci where
the ratio between the face-on aps of the flattened and the spherical systems is 1.25, 1, 0.75.

is spherical for any flattening of the visible matter (s, = 0), in
the other the process of flattening also affects the halo mass
distribution (sp = 0.5s). The case s, = s coincides with the case
of a one-component MN model. Fig. 1 shows that the presence
of the dark matter does not change significantly the trend
shown previously: the same values of Q produce essentially
the same variations in y that were produced in the case of
no dark matter. The relationship between Q and (s,r) is very
similar to that obtained in the no dark matter case (see Fig. 4).

Again we overplot in the (s,r) plane the contours of
constant value for the ratio of the face-on oy,s in the flat and
in the spherical reference galaxy. When s, = 0.5s, conclusions
very similar to those derived without dark matter are valid.
As before, the Q contours have roughly the same shape as the
g, contours, but the relative position of the two has changed
slightly: now the o}, contours are shifted upwards with respect
to the Q contours. As a result, for example, the line of equal
value for o, in the spherical and in the flat system lies above
the Q = 1 line, and so even flat systems with o, comparable
to that of the spherical galaxy can have y < 1.

o, shows instead a clearly different behaviour from the
case without dark matter, when the dark halo is kept spher-
ical (Fig. 4, left panel). Note in particular that high Q val-
ues can be reached while keeping o, similar in the spheri-
cal and in the test galaxy. A qualitative explanation of the
behaviour of Q and o, follows from considerations similar
to those of Section 4.1. When the dark matter dominates,
ap o /—®4(0) oc 1/, /r(T+sy), and the potential energy of
the gas L, oc —p.(0)®n(0) oc (3 + s)/r*(1 + s)*(1 + su). If
sn = 0.5s, increasing s lowers ¢, and L, in the same way as
in the no dark matter case. In contrast, if s increases when sy,
and r are fixed, the o, ratio remains approximately constant,
but the potential energy of the gas decreases with p., and so
the escape of the gas is favoured.

© 1996 RAS, MNRAS 279, 240-248

The effect of rotation is shown in Fig. 2, again for the
isotropic rotator and for the maximum rotation solution (with
y = 1), for various flattenings of the luminous matter. The
variation in y is slightly larger than in the case of no dark
matter, especially when the dark halo is spherical. In any case,
this variation for yg ~ 1 is always very small, and so the
result of the case of no dark matter is confirmed: the effect of
rotation is negligible in the energy balance of hot gas flows.

6 DISCUSSION AND CONCLUSIONS

In this paper we investigate which flow phase of the hot gas is
most likely in stellar systems characterized by various degrees
of flattening and rotation, for the WOI scenario. Energetic
arguments have been used that involve the ratio y between
the energy required to extract the hot gas from the galaxy
potential well and the energy supplied for this process. For
a general stellar system, we have proved analytically that the
critical variations in y (i.e., from > 1 to < 1 or vice versa) can
be produced only by a change in the galaxy structure; rotation
— if not fully thermalized — acts in the sense of increasing a
x> 1 and decreasing a y < 1.

Realistic galaxy models for SOs — with and without dark
matter — have been built by using the Miyamoto—Nagai den-
sity distribution, and by comparing their central stellar veloc-
ity dispersion o}, with that of a spherical galaxy of the same
Lg. The analytical formulae for the virial properties of the
two-component galaxy models have been derived, for Satoh’s
k-decomposition and for the maximum rotation solution, to-
gether with the projected edge-on ordered and random stellar
velocity fields, in the case of no dark matter.

It is shown that reasonable flattenings of the galaxy struc-
ture at fixed Lg can change a y > 1 of a round system into
a x < 1, ie, can make the gas less bound (for a o, of the
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flat system comparable to that of the round one). The role
of rotation for the adopted galaxy models has proved to be
negligible, because it changes y by only a few per cent even in
the maximum rotation case. So, the problem of the unknown
amount of thermalization of the ordered motions does not
affect our conclusions.

The efficiency of the flattening and the inefficiency of
rotation in changing the nature of the gas flow phase are
consistent with the observational result that — at fixed Lg —
Lx/Lg is on average lower not only in SO galaxies with respect
to Es, but also in flat ellipticals with respect to round ones;
evidence of this trend has in fact been found by Eskridge et
al. (1995b).

Other possibilities could be imagined to explain the X-
ray underluminosity of SOs with respect to Es. One could be
a higher SNIa rate, due to the possible presence of a younger
stellar population in the disc: this could favour the escape of
the gas. This solution does not seem likely, in view of the
fact that flat Es also show the same trend, and it cannot be
sustained that the stellar population of flatter Es has different
properties from that of rounder Es. Similarly, the possible
presence of an X-ray-absorbing cold material in the discs of
S0s does not seem to be a general explanation of the effect.

We conclude by pointing out a problem with the purely
energetic approach of the present investigation: y is a global
parameter, and so it does not give much indication when there
is a sort of ‘decoupling’ in the flow between different regions
of the galaxy. This is the case, for example, of the partial wind
phase (see, e.g., Pellegrini & Fabbiano 1994). In connection
with this point we also remark that the reliability of y has
been proved by CDPR just in the case of spherical models,
and the abovementioned ‘decoupling’ could be more likely for
flattened systems. Hydrodynamical simulations are required
for a definite answer, and an extension of the CDPR study to
axisymmetric models is in progress.
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APPENDIX A: PROJECTED PROPERTIES OF MN
MODELS

In this Appendix the analytical expressions for the projected
velocity dispersion associated with a stellar model described
by the density-potential pair (9)—(10) are given. The projection
of the velocity dispersion is performed for both the Satoh and
the maximum rotation decompositions.

We start by evaluating the projected surface density.
Defining

arccos(s)s/1—s2  if0<s<1;
Fis)=141 if s=1; (A1)

arccosh(s)y/s2 —1 ifs>1

the face-on projection in the centre is given by Z.(0) =
(M. /2nb*)Z.(s), where

2+ 5% — 3sF(s)

Z.(s) = w,

(A2)
with E.(l) = 2/5. Z.(R) could not be determined analytically
outside the centre.

The edge-on projection of the density at the point (R, z)
in the projection plane is given by

M.b? aR? + (a + 20)(a + ¢{)?
2n OGR4+ (@+072)2

where { = \/z2 + b2. This expression has already been obtained
by Satoh (1980), and is given here for completeness.

Moving to the projection of the squared velocity, this is
written as

Z.(R,z) =

(A3)

00
o) = / p.<v,n>2dl, (A4)
—00
where <, > is the inner product, r is the line-of-sight direction,
l is a parametrization of the line-of-sight integration path, and
the overline represents the mean over the phase space (see, e.g.,
BT87, p.208). Expanding (A4) one obtains v? = V?+ 62, where
V: is the projection of the square of the component along n of
the ordered velocity, and o is the projected velocity dispersion.
Note that 62 is not the line-of-sight (i.e., the observed) velocity

P
dispersion if a net rotation is present; this is instead given by:

00
.0l = / p(< 0,1 > —v10)? dl = Zu (v — vpyy), (A5)
—00
where
00
Llios = / ps<v,n>dl (A6)
—00

The analytic solution of the integration in (A6) could not be
found. Note however that for the central face-on and edge-on
projections it results in o7, = 0.

We now evaluate the two components of v; = VZ + o3
for an edge-on projection. The integration in (A4) is made by
changing the angular coordinates of n to the radial coordinate;
in the case of the Satoh decomposition, using (13) one obtains

VA(R,z) = k*¥ (R, 2), (A7)
and
Grz)(R’ Z) = y?s(R’ Z) + (1 - kz)V?s(R’ z)’ (Ag)
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where the meaning of the two new functions #% and ¥ is
evident. After integration,

GM?ab*3R?
2 *
2"1/‘is - 32(3[R2 + (a + C)2]5/2’ (A9)
and
GM2b?3(a +()?
2 — *
S~ PR T e O (A10)

In the case of the maximum rotation decomposition, applying
(15) one obtains:

VX(R,z) = V(R z) + %R, z), (A11)
and

03(R,2) = #%R,2), (A12)
with #2 + #? = &2. After integration,
GM?b?

2 _
L. = 6aT%a 1+ 0 X

rRls_ 8R% +20(a + {)*R? + 15(a + {)*R
[R? + (a+ ()32

} s (A13)
and

GM?p?

2
=7 = a0

(A14)

8R*+ 12(a+ {)*R* 4+ 3(a + 0)* _$R
[R? 4+ (a+)??? '

Note that, because of the intrinsic underdeterminacy of the
Jeans equations, vg has to be independent of the particular
adopted velocity decomposition, and a check shows that in
both of our cases v2 = ¥2 + 2.

Finally we compute the face-on projection of the veloc-
ity dispersion: after 1ntegrat10n along the z axis one obtains
Z.(0)62(0) = (GM2 /21b3)Z.(s)5" 2(s), where

Z.(5)5%(s) =

3(8s® — 8s* + 752 — 2)F(s) — s(265* — 1752 +6)
12#(1 — 2

(A15)

with Z.(0)52(0) = 3n/32, and Z.(1)6(1) = n/4 — 16/21.

APPENDIX B: VIRIAL THEOREM FOR MN+MN
MODELS

We compute here the analytical expressions for the terms en-
tering the virial theorem of a MN density distribution that
is interacting with another MN distribution. In order to sim-
plify the notation and the resulting formulae, all the energies
appearing in the virial theorem are normalized to the refer-
ence energy & = GM?/8b. From the linearity of the Jeans
equations with respect to the potential, each of the contribu-
tions to the virial theorem is split into a part involving the
interaction of one MN distribution with itself, and another
involving the interaction with the other MN component; so
|W| = |W.|+|Whi|, T = T.+Tj and IT = IT. + I1,. We start by
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studying |W|, which is obviously independent of the assumed
velocity decomposition:

|W.| = —% / 0.4V = EW.(s), (BI)

and, after integration over the whole space, one gets
1—2s? o + F(s)
s(1—s5%) 252 s2(1—s2)

where F(s) is given in (A1), and so W.(0) = 3n/4, and W.(1) =
8/3 — n/2. The interaction energy can be written as

Wa(s) = (B2)

_ oDy oDy, = '
[Wh| = /P' [ 7z + Rﬁ] dV = &Wi(c,s), (B3)

with

(1—9;2)2%( gt (c_%)z_(26+%)+(4_clz) F(o)+

; [(ZCZ ~142) -2 (20 F(c)] (B4

s0 Wy(0,0)/% = 3n/4, and Wiy(1,0 < s < 2)/R =
16/15 + 5(56/15 — ).

The gravitational energy of the stellar distribution inside
the dark matter halo potential is given by:

n/2 —

U = — / pDydV = £Ti(c), (BS)
which after integration becomes
Us(c) = 22W.(c) (B6)

where the function on the r.h.s. is the same as given in (B2).
Moving now to the kinetic virial terms, and defining

T= ; / pT2dV, (B7)
and
m, = / p.cidV, (BS)

after a simple algebraic manipulation of (13) and (14), we
obtain for Satoh’s decomposition:

T = &k*T, (B9
and

I = &[310; + 2(1 — k3 T. (B10)
For the maximum rotation,

T = &(T + 0.511), (B11)
and

I = &211,. (B12)

So the analytic expressions for the two functions T and ﬁis
are needed. Integrating by parts over z, we have

I = 4n / zdz / Rp. 0ot 4 — I, + Migp, (B13)
o 0 0z

and for the ordered kinetic energy, integrating by parts over R
and then over z:

T=2n / dz / Rp. 4R -, = Ty—1I,.  (Bl4)
A A R
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After tedious calculations, one -obtains:
1 (252 = 1)F(s)
s(1—s2) s2(1 —s2)

with T;.(0) = n/4, and T.(1) = n/2 — 4/3. A formally
identical integration gives:

~ 7'[
Mie(s) = 55 (B15)

Min(c) = AT (c). (B16)
Finally, for the ordered component T,, we have

~ 1 . F(s)

TO,'(S) - s 252 s2 ) (B17)

with To.(0) = /4, To.(1) = 2 — /2, and

2P~
(1—¢c) Ton(c,s) = —% + (c2 + %) F(o)+

: [(2& ~1+2)- Ul (2-2) F(c)] ., (B19)

c3 3 ¢

with Tox(0,0)/# = n/4, and Ton(1,0 < 5 < 2)/R = 2/15 +
s(28/15 — /2).

This paper has been produced using the Royal Astronomical
Society/Blackwell Science TEX macros.
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