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SUMMARY: Macrogases are defined as two-component, large-scale celestial objects
where the subsystems interact only via gravitation. The macrogas equation of state is for-
mulated and compared to the van der Waals (VDW) equation of state for ordinary gases.
By analogy, it is assumed that real macroisothermal curves in macrogases occur as real
isothermal curves in ordinary gases, where a phase transition (vapour-liquid observed in
ordinary gases and gas-stars assumed in macrogases) takes place along a horizontal line in
the macrovolume-macropressure (OXVXP) plane. The intersections between real and the-
oretical (deduced from the equation of state) macroisothermal curves, make two regions
of equal surface as for ordinary gases obeying the VDW equation of state. A numeri-
cal algorithm is developed for determining the following points of a selected theoretical
macroisothermal curve on the (OXVXP) plane: the three intersections with the related
real macroisothermal curve, and the two extremum points (one maximum and one mini-
mum). Different kinds of macrogases are studied in detail: UU, where U density profiles
are flat, to be conceived as a simple guidance case; HH, where H density profiles obey the
Hernquist (1990) law, which satisfactorily fits the observed spheroidal components of galax-
ies; HN/NH, where N density profiles obey the Navarro-Frenk-White (1995, 1996, 1997)
law, which satisfactorily fits the simulated nonbaryonic dark matter haloes. A different
trend is shown by theoretical macroisothermal curves on the (OX\/XP) plane, according to
whether density profiles are sufficiently mild (UU) or sufficiently steep (HH, HN/NH). In
the former alternative, no critical macroisothermal curve exists, below or above which the
trend is monotonous. In the latter alternative, a critical macroisothermal curve exists, as
shown by VDW gases, where the critical point may be defined as the horizontal inflexion
point. In any case, by analogy with VDW gases, the first quadrant of the (OX\/XP) plane
may be divided into three parts: (i) The G region, where only gas exists; (ii) The S region,
where only stars exist; (iii) The GS region, where both gas and stars, exist. With regard to
HH and HN/NH macrogases, an application is made to a subsample (N = 16) of elliptical
galaxies extracted from larger samples (N =25, N = 48) of early type galaxies investi-
gated within the SAURON project (Cappellari et al. 2006, 2007). Under the simplifying
assumption of universal mass ratio of the two subsystems, m, different models character-
ized by different scaled truncation radii, i.e. concentrations, =;, Ej, are considered and
the related position of sample objects on the (OX\/XP) plane is determined. Macrogases
fitting to elliptical galaxies are expected to lie within the S region or slightly outside the
boundary between the S and the GS region at most. Accordingly, models where sample
objects lie outside the S region and far from its boundary, or cannot be positioned on the
(OX\/XP) plane, are rejected. For each macrogas, twenty models are considered for dif-
ferent values of (£;,E;,m), namely Z;,Z; = 5, 10, 20, + oo (Z;,E;, both either finite or
infinite), and m = 10, 20. Acceptable models are (10, 10, 20), (10, 20, 20), (20, 10, 20),
(20, 20, 20), for HH macrogases, and (10, 5, 10), (10, 10, 20), (20, 10, 20), for HN/NH
macrogases. Tipically, fast rotators are found to lie within the S region, while slow rotators
are close (from both sides) to the boundary between the S and the GS region. The net
effect of the uncertainty affecting observed quantities, on the position of sample objects
on the (OXVXP) plane, is also investigated. Finally, a principle of corresponding states is
formulated for macrogases with assigned density profiles and scaled truncation radii.
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1. INTRODUCTION

Tidal interactions between neighbouring ob-
jects span across the whole admissible range of
lenghts in nature: from, say, atoms to cluster of
galaxies i.e. from micro to macrocosmos. The role of
tidal interactions is of basic importance in driving a
wide variety of physical phenomena. In dealing with
microscosmos, tidal forces between molecules are re-
sponsible for the occurrence of the liquid and solid
phase, and the presence of a triple point where the
gas, liquid, and solid phase coexist, for an assigned
homogeneous substance (e.g. Landau and Lifchitz
1967, Chaps. VII-VIII, hereafter quoted as LL67). In
dealing with ordinary cosmos, the tidal action of a
white dwarf star on a sufficiently close (filling the
whole volume enclosed by the Roche equipotential
surface) red giant companion, makes mass transfer

into the white dwarf until a critical mass is attained
and the star ends its life into a catastrophic Snla

supernova explosion (e.g. Burrows 2000). In deal-
ing with macrocosmos, the tidal action induced by
massive haloes on hosted galaxies affects their forma-
tion and evolution process, due to a larger depth of
the potential well, resulting in a different correlation
of observables with respect to galaxies in absence of
massive halos (e.g. D’Onofrio et al. 2006).

Ordinary fluids are collisional, which makes
the stress tensor isotropic and the velocity distribu-
tion to obey the Maxwell law. Tidal interactions
therein act between colliding particles (e.g. LL67,
Chap. VII, §74). Astrophysical fluids (leaving aside
extremely dense environments such as galactic nu-
clei) are collisionless, which makes the stress tensor
anisotropic and the velocity distribution do not obey
the Maxwell law. Tidal interactions therein act be-
tween a single particle and the system as a whole.

Given that tidal interactions are at work in
both collisional and collisionless fluids, the existence
of an analogy between the two may be the subject
of a legitimate question. To this respect, an inves-
tigation must necessarily be restricted to theoretical
considerations, as astrophysical fluids (conceived as
macrogases) cannot be tested in laboratory. More
specifically, a macrogas equation of state has to be
formulated in terms of three variables (macrovolume,
macropressure, macrotemperature), and the related
macroisothermal curves (i.e. the macropressure as
a function of the macrovolume for selected constant
macrotemperatures) has to be compared with their
counterparts deduced from the van der Waals (here-
after quoted as VDW) equation of state for ordinary
gases. If some analogy exists, it can be extended
to (undetectable) real macroisothermal curves as a
working hypothesis. Finally, an application can be
made to galaxies or clusters of galaxies.

The VDW equation of state can be expressed
in (dimensionless) reduced volume, reduced pressure,
and reduced temperature. Similarly to the Lane-
Emden equation for polytropes (e.g. Chandrasekhar
1939, Chap. IV, §4; Caimmi 1986), the reduced VDW

equation holds for a class of fluids instead of a sin-
gle fluid. In general, the states of two systems with
equal values of the reduced variables, are defined as
corresponding states. According to the principle of
corresponding states, two fluids which obey the re-
duced VDW equation of state and exhibit equal val-
ues of two among three reduced variables, necessarily
exhibit equal values of the remaining reduced vari-
able. For further details refer to classical textbooks
(e.g. LL67, Chap. VIII, §85).

In the light of an analogy between ordinary
gases and macrogases, the formulation of a princi-
ple of corresponding states in the latter case could
be highly rewarding. A macrogas equation of state
was formulated in earlier attempts (Caimmi and
Secco 1990, hereafter quoted as CS90, Caimmi and
Valentinuzzi 2008, hereafter quoted as CV08), where
the analogy between macrogases and VDW gases was
only mentioned, and isofractional mass (m = const)
curves were plotted for a few selected density profiles.
The current paper aims to establish a closer analogy,
where the macrovolume is related to the fractional
radius, ¥y, the macropressure to the fractional mass,
m, and the macrotemperature to the fractional en-
ergy, ¢. The basic assumptions and the formalism
remain unchanged with respect to the last parent
paper (CVO08).

The present investigation is mainly devoted
to the following points: (i) Expression of an equa-
tion of state for two-component astrophysical flu-
ids, conceived as macrogases; (ii) Comparison be-
tween macroisothermal curves and isothermal curves
related to VDW gases, with regard to a simple guid-
ance case and two cases which satisfactorily fit to
observations or simulations; (iii) Application to a
subsample (N = 16) of elliptical galaxies (CV08),
extracted from larger samples (N = 25, N = 48) of
early-type galaxies investigated within the SAURON
project (Cappellari et al. 2006, 2007, hereafter
quoted as SIV, S X, respectively).

The work is organized as follows: The equa-
tion of state of ideal and VDW gases are reviewed,
and related isothermal curves are shown, in Section
2. A macrogas equation of state is formulated in
terms of macrovolume, macropressure, macrotem-
perature, and related macroisothermal curves are
shown for flat and steep density profiles, in Section 3.
An application to elliptical galaxies for which masses,
radii, and rms velocities can be determined, is per-
formed in Section 4 where the selection of acceptable
models is made and an interpretation of the results
is outlined. The conclusion is drawn in Section 5.
Further details on two specific points are reported in
the Appendix.

2. ORDINARY FLUIDS!

Let ordinary fluids be conceived as fluids
where the effects of gravitation on the equation of
state may safely be neglected e.g. on the surface of
the Earth. The simplest description is provided by
the theory of ideal gas.

1A more extended version of this Section can be found on the arxiv site, at arxiv:0907.1018.
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The equation of state of ideal gases may be
written under the form (e.g. LL67, Chap.IV, §42):

pV =kNT ; (1)

where p is the pressure, V' the volume, T the temper-
ature, N the particle number, and k£ the Boltzmann
constant. The product, pV', has the dimensions of an
energy and, in fact, the mean kinetic energy per de-
gree of freedom equals the product, (1/2)kNT, and
the mean kinetic energy of motions along the X, axis
reads:

— 1 1

(Exin)pp = §Nmapp = ikNT ;

— 2 _ .
mo,, = kT ;

where ™ is the mean particle mass and op, the rms
velocity component along the X, axis. In the light of
the theory of ideal gases, Egs. (1) and (2) disclose the
meaning of the Boltzmann constant: for fixed pres-
sure, volume, and particle number, the mean kinetic
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energy remains unchanged, regardless of the nature
of the gas.

In getting a better description of real gases,
the interactions between particles are taken into con-
sideration. The VDW generalization of the equation
of state of ideal gases, Eq. (1), reads (van der Waals
1873):

N2

(p+AV2)(V—NB):kNT ; (3)

where A and B are constants which depend on the
nature of the particles. For further details refer to
specific textbooks (e.g. LL67, Chap. VII, §74).

The isothermal (T' = const) curves for ideal
gases are hyperbolas with axes, p = FV, conformly
to Eq. (1). In VDW theory of real gases, the isother-
mal curves exhibit two extremum points, which re-
duce to a single horizontal inflexion point when a
critical temperature is attained, as shown in Fig. 1.
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Fig. 1. Isothermal curves related to ideal (left panel) and VDW (right panel) gases, respectively. Isothermal
curves (from bottom to top) correspond to T/T, =0.85, 0.90, 0.95, 1.00, 1.05, 1.10. No extremum point

exists above the critical isothermal curve, T/T, = 1.
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Fig. 2. Same as in Fig. 1 (right panel), where the occurrence (within the bell-shaped area bounded by the

dashed curve) of saturated vapour is considered. The dashed curve (including the central branch) is the locus
of intersection between VDW and real isothermal curves, the latter being related to constant pressure where
liquid and vapour phases coexist. The dotted curve is the locus of VDW isothermal extremum points. For

further details refer to the text.

Well above the critical isothermal curve, T' >
T, the trends exhibited by ideal and VDW gases look
very similar. Below the critical isothermal curve,
T < T, the behaviour of VDW gases is different
with respect to ideal gases and, in addition, the re-
lated isothermal curves provide a wrong description
within a specific region where saturated vapour and
%guig phases coexist. Further details are shown in

ig. 2.

Above the critical isothermal curve (T' = T¢)
the trend is similar with respect to ideal gases. Be-
low the critical isothermal curve and on the right
of the dashed curve, the supersaturated vapour still
behaves as an ideal gas. Below the critical isother-
mal curve and on the left of the dashed curve, the
liquid shows little change in volume as the pressure

22

rises. Within the bell-shaped area bounded by the
dashed curve, the liquid phase is in equilibrium with
the saturated vapour phase. A reduced volume im-
plies smaller saturated vapour fraction and larger
liquid fraction at constant pressure, and vice versa.
The VDW equation of state is no longer valid in
this region. The dashed curve (including the central
branch) is the locus of intersections between VDW
and real isothermal curves, the latter being related to
constant pressure where liquid and vapour phases co-
exist. The dotted curve is the locus of VDW isother-
mal extremum points.

A specific (T'/T. = 0.85) VDW and corre-
S _onéiing real isothermal curve, are represented in

ig. 3.
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Fig. 3.

curves coincide within the range V.< Vx and V > Vg.

further details refer to the text.

The VDW isothermal curve and the real
isothermal curve coincide within the range V < Vi
and V > Vg. The VDW isothermal curve exhibits
two extremum points: a minimum, B, and a max-
imum, D, while the real isothermal curve is flat,
within the range, Vy < V < Vg. Configurations
related to the VDW isothermal curve within the
ranges Va < V < Vg (due to tension forces act-
ing on the particles yielding superheated liquid) and
Vb <V < Vg (due to the occurrence of undercooled
vapour), may be obtained under special conditions,
while configurations within the range Vg <V < Vp
are always unstable. The volumes Vi and Vg corre-
spond to the maximum value in presence of the sole
liquid phase and the minimum value in presence of
the sole vapour phase, respectively.

The surfaces ABC and CDE are equal, as first
inferred by Maxwell (e.g. Rostagni 1957, Chap. XII,
§19). For further details refer to specific textbooks
(e.g. LL67, Chap. VIII, §85).

In order to simplify both notation and calcula-
tions, it is convenient to deal with (dimensionless) re-

2 3 4
V/V,

A specific (T/T. = 0.85) VDW and corresponding real isothermal curve. The above mentioned

The regions ABC and CDE have equal area. For

duced variables (e.g. Rostagni 1957, Chap. XII, §16;
LL67, Chap. VIII, §85). To this aim, the first step is
the knowledge of the parameters related to the criti-
cal point (V¢, pe, Tc) which may be determined as the
solution of a system of three equations, namely the
VDW equation particularized to the critical point,
(Op/OV)y. 1. = 0, and (9*p/dV?)y, 1. = 0, keeping
in mind that the critical point is a horizontal inflex-
ion point. The result is:

V.=3NB , (4)
Al

i )

Pe= o (©

=TS g

where, in general, the compressibility factor Z =
pV/(kNT) defines the degree of departure from the
behaviour of ideal gases, for which Z = 1 according
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to Eq. (1). For further details refer to specific text-
books (e.g. Rostagni 1957, Chap.XII, §20; LL67,
Chap. VIII, §85).

With regard to the reduced variables:

1% T
= — = 8

V ‘/C T TC J ( )
the ideal gas equation of state, Eq. (1), and the VDW
equation of state, Eq. (3), read:

W=t 9)
b))t vt

and a further analysis of the third-degree equation
in ¥, associated to (0p/0V)y,r = 0, shows that,
in general, the extremum points of VDW isother-
mal curves (I' < 1) occur at ¥ = VY (mini-
mum) and Y = Vp (maximum), Vg < Vp. As
T —0, Vs — 1/3, Vb — 400, where, in all cases,
1/3< Vs <1< Vp.

The two areas defined by the intersection of a
generic VDW isothermal curve (1" < 1) and related
real isothermal curves (see Fig. 3), are expressed as:

VC VC
W, = / pedV — / pdV
VA VA

(10)

_ Vo _
=pcVe | pc(Ve — Va) — /y/ pdy |, (1la)
A
Ve Vi
W2 = / pdV — / pPcC dVv
VC VC
Ve i
=pcVo pdV — pc(Ve — V)|, (11b)
C
and the substitution of Eq. (10) into Eq. (11) allows

explicit expressions for the integrals. The result is:

Wy 3Ve
p&ama%—w>fﬂgy_l
3(Ve —Va) .
- VaVe (128)
Wy _ §TIH3VE -1 3(Je—VYo)
pcVe 3 3Ve—1 Ve Ve
= pc(Ve — Vo) (12b)

and the condition W7 = W, after some algebra reads:

8 & 3Ve-1_ 3
3Ve—Va 3Va—-1 VaVe

where, for a selected isothermal curve, the unknowns
are po = pa = Pr, Va, and V.
24

po = (13)

The reduced volumes, Vi, Ve, Vg, see Fig. 3,
may be considered as intersections between a VDW
isothermal curve (1" < 1) and a horizontal straight
line p = Pc in the (OY p) plane. In other words,
Va, Vo, Vi, are the real solutions of the third-degree
equation:

P (55 VY e

which has been deduced from Eq. (10) particularized
to p = pPo. The last unknown, pP¢, is determined
from Eq. (13).

An inspection of Fig.3 shows that the points
A and E are located on the left of the minimum B and
on the right of the maximum D, respectively. Keep-
ing in mind the above results, the following inequal-
ity holds: Va < Vg <1 < Vp < Vg, which implies
further investigation on the special case Vo = 1.

It can be seen that the abscissa of the inter-
section point C between a selected VDW isothermal

curve and related real isothermal curve (see Fig.3)
cannot occur at Yo = 1 unless the critical isothermal
curve is considered. Then, the third-degree equation
Eq. (14) must be solved in the general case.

The locus of the intersections between VDW
and real isothermal curves is represented in Fig. 2 as
a trifid curve, where the left, the right, and the mid-
dle branch correspond to Va, V&, and V¢, respec-
tively. The common starting point coincides with
the critical point. The locus of the VDW isothermal
curve extremum points is represented in Fig.2 as a
dotted curve starting from the critical point where
the left and the right branch correspond to minimum
and maximum points, respectively.

A fluid state can be represented in reduced
variables as (¥, ¢, T'), where one variable may
be expressed as a function of the remaining two,
by use of the reduced ideal gas equation of state,
Eq.(9), or the reduced VDW equation of state,
Eq. (10). The formulation in terms of reduced vari-
ables, Egs. (8), makes the related equation of state
universal i.e. it holds for any fluid. Similarly, the
Lane-Emden equation expressed in polytropic (di-
mensionless) variables, describes the whole class of
polytropic gas spheres with assigned polytropic in-
dex, in hydrostatic equilibrium (e.g. Chandrasekhar
1939, Chap.IV, §4).

The states of two fluids with the same (V, p,
T) are defined as corresponding states. The mere
existence of an equation of state yields the following
result:

(14)

Law of corresponding states. Given two
fluids, the equality between two out of three
reduced variables ¥, g, T implies the equality
between the remaining related reduced vari-
atblt?S i.e. the two fluids are in corresponding
states.

The law was first formulated by van der Waals
in 1880. For further details refer to specific textbooks
(e.g. LL67, Chap. VIII, §85).
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3. ASTROPHYSICAL FLUIDS

Let macrogases be defined as two-component
fluids that interact only gravitationally. The virial
theorem for subsystems reads (Caimmi et al. 1984,
Caimmi and Secco 1992, CV08):

2(lzlu)kin + (Euv)vir =0 , U= 7"] 5
(Euv)vir = (Eu)sel + (Euv)tid 5

where ¢ and j denote the inner and outer subsystem,
respectively, Fy, is the kinetic energy, Fgel, Fiid,
and E.i-, are the self, tidal, and virial potential en-
ergy respectively. The related definitions are:

(15a)
(15b)

U:j’/L?

3
1
(Eu)kinzi/ pu(21, T2, T3) Z )2 d*S. , (16)
Sy s=1

.9y
Eu sel — u ) ) st:i n
(Ey)sel /up (21,2 fca);x T, S
1 )
=—§/ pu(T1, 29, 73)Vy (21, 2, 23) d°S, ,  (17)
S

u

3

oV,
(Euv)tid:/ pu($1,$27$3)zwsax d’S, , (18)
s=1 8

u

where p is the density, v, is the velocity component,
S is the volume, and V is the gravitational potential.

The virial theorem makes a necessary (but
not sufficient) condition for dynamical or hydrostatic
equilibrium, which implies that the parameters of the
virialized configuration must be considered as aver-
aged over a sufficiently long time. For further de-
tails refer to specific textbooks (e.g. Landau and
Lifchitz 1966, Chap.II, §10) and to an earlier pa-
per (Caimmi 2007). On the other hand, general
trends exhibited by virialized configurations hold, in
particular, for self-consistent density profiles imply-
ing nonnegative distribution functions. Accordingly,
density profiles shall be chosen regardless of their
self-consistency, aiming to investigate general trends
instead of local properties. To avoid the determi-
nation of the gravitational potential, which is the
most difficult step towards an explicit formulation of
potential energies, future considerations shall be re-
stricted to homeoidally striated ellipsoids (Roberts
1962). The following results are taken from earlier
attempts (CV08, and further references therein), to

which an interested reader is addressed to.
The isopycnic (i.e. constant density) surfaces

are defined by the following law:

Pu = le,f’u(g’u) ) fu(]-) =1, u=4,j, (19&)
R

="t 0<&<E,, Z,=—2 ,  (19b)
Tu Tu

where the dagger denotes a selected reference isopyc-
nic surface, r is the radial coordinate along a selected
direction, R is the related truncation radius, & is a
related scaled radial coordinate, and = is the related
scaled truncation radius.

The mass and the self potential energy read:

M, = (Vu)maSMJ , (20a)
My =Tl @)@y . (200)
(Vu)mas = ;AHH u(gu) déu 3 (20C)
Fue)=2 [ fu€deude. . (20d)
(Eu)sel = 7(Vu)se1 G((]\f;j)QBu s (21&)
e = — [ F2ede. . (21b)

16
where az are semiaxes of the reference isopycnic sur-
face, vmas and vge are profile factors which depend
only on the mass distribution, and B is a shape fac-
tor. For homogeneous configurations, vy.s = Z° and
Vsel = (3/10) Z°. For spherical shapes, B = 2.
Under the further restriction of similar and

similarly placed boundaries, the following relations
hold:

e Zi_ Y Wmas _ m 22a
gl y fj ) E,Z y-i- bl (V,L')mas m-i— ) ( )
T T
R, T M. M;
oyt=2 om="2 ml=—L (22b
V=R Y rl M; M (22b)

which makes tidal and virial potential energy reduce
to:

G(M})?
(Eu'u)xxx = _M(VUU)XXXB y (23&)
(au)l
u=14,5, v=7j,i, xxx=tid, vir , (23b)

and the explicit expressions of the profile factors
read:

9

(Vij)tia = —gm w(ex?) () (24a)
9 yT in

(Vji)tid = _éﬁw( t)(n) ) (24b)

(Vuv)vir = (Vu)sel + (Vuv)tid P (240)

n=%—%, y>1, (24d)

where v = i,j; v = j,i; and the functions w("®)

w®t) are defined as:
, n
w) = [ @ﬁgé%, (250)
weo) = [ R GG ds - (@)
J
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For further details refer to Appendix Al. In conclu-
sion, Egs. (19)-(25) allow the calculation of the virial
potential energy for homeoidally striated ellipsoids
related to similar and similarly placed boundaries.
The fractional virial potential energy reads:

(b _ (Eji)vir _ (mT)2 (Vji)vir
(Eij)vir yt (Vij)vir
_ m2 :J (Vi) mas ? (Vji)vir
a Y = |:(Vj)mas:| (Vij)vir 7(26)

which, for assigned density profiles, depends on ei-
ther the reference fractional mass m' and the frac-
tional scaling radius y' or the fractional mass m and
the fractional truncation radius y.

Strictly speaking, Eq.(26) is valid provided
the indices ¢ and j denote the embedded and the em-
bedding subsystem respectively, which implies y > 1.
If the role of the two subsystems is reversed, 0 < y <
1, it has to be kept in mind that the inner and the
outer component are denoted by the indices j and
1 respectively. Then, the quantities of interest must

be calculated according to substitutions, m — m™1!,

mi — (mh)™ y =yl gt — (y7) 7', i < j, which
yields ¢ = (Ejj)vir/(Eji)vir in the domain y > 1.
Following the above mentioned procedure where, in
addition, ¢ — ¢!, allows the explicit expression of
the fractional virial energy, ¢ = (Eji)vir/(Eij)vir, In
the domain 0 < y < 1 which extends the whole do-
main to 0 <y < +o00.

In absence of truncation radius, & — 400,
n — —+oo, the reversion occurs when the density
drops to zero and nothing changes except in infinites-
imal terms of higher order and infinite terms of lower
order. Accordingly, there is no need to perform the
reversion in this case.

The combination of Eq.(24) and Eq. (26)
yields:
9y
12 (Uj)sel — 5w (n)
W ) — ()
- 2
¢: i |:(Vi)mas:| m72
Ei (Vj)mas )
=i (Vi)m in
1 = g (2322 Loy
X — 1T (27b)
i)t — & s st
8 (Vj)mas

where, for assigned scaled truncation radii Z; and
Z;, the independent variables are m', y', or m, y.

In terms of a second-degree equation in m' or m,
Egs. (27) read:

A’ +Bz+C =0 (28a)

=
—1

—_ 2
A=ka(j)ser; ka=1, =2 HZZ;MS} , (28b)
7 /mas

® 9 in ex
B = 778 kB [w( t)(’ll) - (bw( t) (7]):|
26

(Vi)mas
ks =y, v, (28¢)
(V) )mas
C= _kC(Vi)sel(b P kC = yTa Yy, (28d)
where the positive solution is:
VB2 —4AC - B
T = ¢ ; z=ml, m , (29)

2A

while the negative solution has been disregarded due
to the lack of physical meaning.

In the special case of coinciding density pro-
files, f; = f;, Fi = F}, and scaled truncation radii,
E; = &, fractional masses and truncation radii also
coincide, m' = m, y' = y, via Eqgs.(22), and the
same holds for the profile factors (V;)mas = (¥j)mas;
(Vi)sel = (Vj)se1, which depend on the scaled trunca-
tion radii. Accordingly, Egs. (27a), (27b) also coin-

cide.
To get a closer analogy with real gases, let

Egs. (27) be rewritten after a change of variables, as:

L9 1wy
8 (Vi)sel (XD1/2xT
XIxj, i)t (Xp)2XY K'XL, (30a)
1— g 1 (XT)l/Q (ext)(n)
8 (Vz)sel
9 (e 1 w()
X x 8= (Vi) mas (Vj)sel X1/2XV
A\
P -9 1 X120 ()
8 (Vz)sel
= KXy | (30D)
'r]:EZ {/—EjXV7 yZl, (SOC)
1
Xll- = (mT)2 ) X\T/' = yi-'- 3 = d) 3 (3Od)
1
szmQ, Xv—g, XT=9, (30e)
R — (Vi)sel

K' = Ki(Z,,5,) = X (30f)

R — Ez (Vj)mas:|2 (Vi)sel
K=K(E;,Z;)=— { , (30g)

v = (Vi)mas (Vj)sel

which can be conceived as an equation of state for
macrogases. The variables Xy, X,, Xt play a
similar role as the volume, pressure, and tempera-
ture for ordinary gases. Accordingly, Xv, X,, X,
shall be defined as macrovolume, macropressure, and
macrotemperature respectively.

The combination of Eq.(22), Eq.(30d), and
Eq. (30e) yields:
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which links the variables (X\T,, XIT)7 X%) to their coun-

terparts (Xv, X, X1) and vice versa.

Strictly speaking, the macrogas equation of
state should be deduced from dimensional (instead of
dimensionless) virial equations for an assigned sub-
system as outlined in Appendix A2. On the other
hand, a description in terms of dimensionless vari-
ables turns out to be more useful.

If the interaction terms are omitted, w

w®Y = 0, Eq. (30a) and Eq. (30b) reduce to:

(int) _

XIX| = K'(E,5)X}

XpXv =K(E,Z)Xr

(32a)
(32b)

which may be considered as the equation of state of
ideal macrogases where ”ideal” means ”the interac-
tion terms are omitted”.

The parameters Kt and K appearing in either
macrogas equation of state, depend on the scaled
truncation radii Z; and =; and on the selected den-
sity profiles. In other words, the macrogas equation
of state is not universal but takes a different form
for different density profiles. A restricted number of
special cases shall be studied below, grounding on
earlier results (CV08), to which an interested reader
is addressed for further details. In any case, the fol-
lowing method shall be used: (i) Select two density
profiles; (ii) Fix related scaled truncation radii, =;
and =j; (iii) Choose a macrotemperature, ¢; (iv) Plot
related macroisothermal curves by solving Eq. (30a)
or Eq. (30b).

3.1. UU macrogases

The related density profiles are uniform, which
is equivalent to polytropes with index n = 0 (e.g.
Chandrasekhar 1939, Chap.IV, §4; Caimmi 1986)
but implies negative distribution functions for stellar
fluids (Vandervoort, 1980). The particularization of
the general expressions to the case under discussion
yields for the quantities of interest (CV08):

fu(fu)zlv 0<§u<'—u7 u=1,j, (33)
Fu(Eu) = Ei €121, ; u=17j , (34)
(Vu)mas = Ei 5 u = 7".7 5 (35)
3 .
(Vu)sel = E‘:i ) =17 , (36)
5 3
(int) =2,3 (2,2 __ 2
W) = -2t (34 -3) e
4
wl® () = ——Ein* | (38)

where Eq. (37) and Eq. (38) hold under the additional
restriction of similar and similarly placed boundaries
(CV08).

In the case under consideration of uniform
density profiles, without loss of generality, it can be

assumed a scaled truncation radius 2, = R, /r =1,
which implies y = y', m = m!, due to Eq. (22) and

Eq. (35). Accordingly, Eq. (26) reduces to (CV08):

(yT)S 1 <5 2 3)

142 — (22— C

P ARG O
s\ T ’

1jL(yT)?' o0
y>1 39a,
o (2 1+ g
e (1) (3-3)
0<y<1, (39b)

where y is the outer to inner ellipsoid axis ratio
R;/R; according to Eq. (22b). In addition, Eq. (28)
and Eq. (29) reduce to:

m= VP8 . (400)
:;yg@ytg-qﬁ) . y>1,  (40b)
5;y3{1(g;22>¢] , 0<y<1 ,(40c)
A—% : C:—%yqb, Bzgﬁ, (40d)

where the negative solution is not considered due to
the lack of physical meaning.

The explicit expression of the square fractional
mass m? extracted from Eq.(40a) in dimensionless

variables, X, = X[ = m? = (m')?, Xy = X{L, =

1y = 1/yt, Xo = X}, = ¢, Eq.(30d), Eq. (30e),
reads:

X X
Xp:252+X—\T/—25,/52+X—\T/ ,

51 3
25X3<2X%2XT>; 0< Xy <1, (41b)

1 5
=g |- (G

or more explicitly:

(41a)

3
- 2) XT} ; Xy > 1, (41c)

1 51 3 2 Xq
X, =2-X¢ (2= - - X —_—
Py V<2X3, 2 T) Xy
51 3
- Xi (s --X
tGxa )
1/2
1 51 3 > Xop
*X4 - _2_X il .
xl4 V(zx@ 2 T> x|
0< Xy <1 (42a)
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2 . .
11 5 9 3 X7 which represents a hyperbola with equal axes for
Xp =276 [1 - <2Xv - 2> XT} Xy fixed Xr.
v Macroisothermal curves related to IUU (tidal
1 1— 5 X\Q, 3 X potential energy excluded) and AUU (tidal potential
X3 2 2 energy ingluded) macrogases are plotted in Fig.4,
1/2  left and right panel, respectively, for values of the
2 /
11 5X2 3 X Xr macrotemperature Xt = 0.85, 0.90, 0.95, 1.00, 1.05,
X ZXig 1= 9V T 5 | AT + Xv » 1.10 from bottom to top. The coordinates Xy = X{r,,
Xy>1 , (42D) Xp = XIT), Xt = XF} may be conceived as normalized

to their fictitious critical counterparts Xy, = X‘T/c =
which is the actual UU (AUU) macrogas equation of 1, X, = X; =1, Xp, = X; =lasp=m=ml

state. .
The ideal UU (IUU) macrogas equation of for y = y' = 1, according to Eq. (39) or Eq.(104),
state is obtained by the combination of Eq.(30e), which implies ¢ = 1 for m = m' = 1. The com-

Eq. (32b), Eq. (35), and Eq. (36). The result is: parison with ideal and VDW gases, plotted in Fig. 1,

shows a similar trend, except the absence of a critical

Xt macroisothermal curve, above which the extremum

Xp=— , (43)  points disappear.
Xv

47\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7 47\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
3L
<R
Ir

O7\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\ Oi\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\7

0 1 2 3 4 0 1 2 3 4

Xy Xy

Fig. 4. Macroisothermal curves related to IUU (left panel) and AUU (right panel) macrogases respectively.
Macroisothermal curves (from bottom to top) correspond to Xt = 0.85, 0.90, 0.95, 1.00, 1.05, 1.10. No
critical macroisothermal curve exists above or below which the extremum points disappear. The coordinates,

Xy = X{r,, X, = Xg, Xt = X:} may be conceived as normalized to their fictitious critical counterparts
Xy, =X{, =1, X, =X} =1, X, =X} = 1.
28
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40T i
3 -
2 :— —:
1= Q
0L \ Ll Ll L
0 1 2 3 4
Xy
Fig. 5. Same as in Fig. / (right panel). The loci of the extremum points are represented as dotted lines.

The loci of the intersections between actual and real macroisothermal curves are represented as dashed lines.
The absence of the critical macroisothermal curve makes a band-like instead of a bell-shaped region exist on

the plane.

Contrary to ordinary gases, no experiment can
be performed on macrogases to ascertain the exis-
tence of a phase transition moving along a selected
macroisothermal curve where the path is a horizon-
tal line instead of a curve including the extremum
points. Then the existence of the above mentioned
phase transition and flat real macroisothermal curves
must necessarily be assumed as a working hypothe-
sis by analogy with VDW isothermal curves (below
the critical one). The loci of extremum points of
AUU macroisothermal curves plotted in Fig. 4 (right
panel) are represented as dotted lines in Fig. 5.

Unlike the VDW equation of state Eq. (10)
the AUU macrogas equation of state Eq. (42) is not
analytically integrable. Then, the procedure used
for determining a selected macroisothermal curve
must be numerically performed. The main steps
are (i) Calculate the intersections Xv,, Xv., Xv,
Xy, < Xy, < Xy, between the generic horizon-

tal line in the (OXv X,) plane, X, = const, and the
AUU macrogas equation of state within the range
Xpp < Xp < Xp, where B and D denote the ex-
tremum points of minimum and maximum, respec-
tively; (ii) Calculate the area of the regions ABC
and CDE; (iii) Find the special value X, = X,,,
which makes the two areas equal; (iv) Trace the real
UU (RUU) macroisothermal curve as a horizontal
line connecting the points (Xv,, Xp,), (Xve, Xpo),
(XVE’XPE)’ Xps = Xpo = Xpp = X,

The loci of the intersections between AUU
and RUU macroisothermal curves are represented
as dashed lines in Fig.5. The absence of a critical

macroisothermal curve makes a band-like instead of
a bell-shaped region exist on the (OXvX,) plane as
shown by comparison with Fig.2. The AUU and
RUU macroisothermal curves are plotted in Fig.6
with regard to the special case X1 = 0.85.
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2.0

1.5 D

X,=0.85

< 1.0

=
@]

0.5—

0.0 L. \

Fig. 6. A specific (Xt = 0.85) AUU and corresponding RUU macroisothermal curve. The above mentioned
curves coincide within the range, Xv < Xv,, Xv > Xv,. The regions ABC and CDE have equal areas. For

further details refer to the text.

3.2. HH macrogases

The related density profiles exhibit a central
cusp and null value at infinite distances (Hernquist
1990), and have been proved to be consistent with
nonnegative distribution functions in an acceptable
parameter range (Ciotti 1996). The particularization
of the general expressions to the case under discus-
sion yields for the quantities of interest (CV08):

fu(m:m <6 <E,cu=ij, (44)
Fu(&u) = i +8§u)2 G +85u)2 ;ou=i,5 , (45)
<uu>mas=(11fii)2 Cu=ig (46)
(Va)sel = W ; u=1ij , (47)

30

- 11 (y' — 1)y
(int) () — 198, J 1 _
w — 128
) Y {2 (yt —1)4 { (yTn+1)2
+2(yT — L, =D +3)y'y
1+1n ytn+1
n+1 } 1 1
yin+1] 2(1+E;)2

1 2ytn+1
e [1‘ (yTn+1)2]} ’
yr #1

. 1] 4n+1
(0 () = —1284 — [~ 1T = 49
) = 128 {35 |-G+

+2(2y" +1)In

(48a)

11 Uk }
2+ 5+ 1)’

yi =1, (48b)
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w®Y () = —128 {—

1 1

(yT _

1)%n

2(yt - 1)

2(y")2(y" — 1)n

|

(n+1)2

(y' = DBy + 1)y

1+ytny

—2yT(y" +2)In

172

“+ 1)

dn+1

w0 =128 {3 [ -

2
w1

(n+1)2

y*n“}l
n+1

}; yt#1

1
1 - -
} UPIEEAE

} ;oyt=1,

using Eq.(24) and Egs. (46)-(49),

n+1

1

(49b)

the actual HH

(AHH) macrogas equation of state is obtained from
the particularization of Egs. (30) to the case of in-
terest for the domain y > 1. The extension to the

05,05

X,/X,
N

X,/X,
N

X/ X
N

05,05

X,/X,

X,/X,

X/ %o

X,/ Xoe
S

05,10

X/ Xee
w0

X,/ X0
I\

Fig. 7. Macroisothermal curves (X, = X,
(right panels) macrogases respectively, for different values of scaled truncation radii (2;,Z;) labelled on each
panel. Macroisothermal curves (from bottom to top) correspond to Xt = XT/XT = 0.90, 0.95, 1. 00 1.05,
1.10,-1.15. The limit, (E;,2;) —

(+00, +00), makes only little changes.

/ Xp.

domain 0 < y < 1 can be done following the proce-
dure outlined above in dealing with Eq. (26).

In absence of truncation radius, = — 400,
17 — +oo, and Egs. (45)-(49) reduce to (CV08):

8
lim Fy (&, —_— u=17 50
g lm (&u) = FTAE (50)
_ 1112 (Vu)mas = 12 u=1,j (51)
m (n)e =12 5 u=14,j (52)
Ey—+00
lim w9 () = —ﬂ [—2(2y" + 1) Iny'
n—+o0 (yt = 1)
+y' =)' +5)] iyt #1, (53a)
32
li (i) () = - 22 t=1 53b
i w () = == y : (53b)
105,10 05,20 05.20
3
N R ~N N
3 3 >
| ==
0
012314 1 23 01234
Xv/ Xve Xo/Xve Xy/ Xve
110,10 10,20 10.20
3
~N 2 N N
=3 =3 =3
1§ %
0
01234 123 01234
Xv/ Xve Xo/Xve X,/ Xv.
‘120,10 20.20 20.20
3
£, 3 3
=3 3 =3
0
01234 123 01234
Xv/ Xve Xo/Xve X,/ Xv.

vs. Xv = Xv /Xy, ) related to THH (left panels) and AHH
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64
. (ext) _ T(aT T
m w e () = -1 [2y"(y" +2)Iny
—(y" =15y’ +1)] 59" # 1,(54a)
_32

lim () () = EEES O (54b)

n—-+o0 3
using Eq. (24) and Egs. (51)-(54), the AHH macro-
gas equation of state in the special situation under
discussion, is obtained from the particularization of
Egs. (30) to the case of interest.

The ideal situation where the interaction
terms are omitted is obtained using Egs. (32) instead

of Egs. (30). More specifically, the ideal HH (IHH)
macrogas equation of state is derived by the combi-
nation of Eq. (30e), Eq. (32b), Eq. (46), and Eq. (47).

The result is:

44 X
P4+ E Xy

(55)

which represents a hyperbola with different axes (un-
less E; = E;) for fixed Xr.

Macroisothermal curves (X, = X,/X,,. vs.
Xv = Xv/Xyv,) related to THH (tidal potential en-
ergy excluded) and AHH (tidal potential energy in-
cluded) macrogases are plotted in Fig.7, left and
right panels, for different values of scaled trunca-
tion radii, (£, Z;), labelled on each panel, and same
values of the reduced macrotemperature: Xt =
Xr/Xr, = 0.90, 0.95, 1.00, 1.05, 1.10, 1.15, from
bottom to top.

4 ' ' 4 ' ' 4 ' '
(05,05) (10,05) (20,05)
3 E 3 E 3 E
><a ><a ><E
S S S
< < <
><& ><& ><a
S S S
< < <
M& M& ><g
S S S
< < <
0 . 0 0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
XV/XVc XV/XVC XV/XVC

Fig. 8. AHH macroisothermal curves (Xp = Xp/Xp, vs. Xv = Xv/Xv,) for different choices of scaled
truncation radii (Z;,Z;) labelled on each panel. Macroisothermal curves (from bottom to top) correspond
to Xr = Xv/Xg, = 0.90, 0.95, 1.00, 1.05, 1.10, 1.15. The limit (Z;,Z;) — (400, +00) makes only little
changes. RHH macroisothermal curves, when different from their AHH counterparts, lie within the larger
reversed bell-shaped region in each panel. The loci of intersections between AHH and RHH macroisothermal
curves are represented as trifid curves where the left branch corresponds to Xv,, the right branch to Xy,
and the middle branch to Xv,. The critical point is the common origin. The loci of AHH macroisothermal
curve extremum points are represented as dotted curves starting from the critical point where the left branch
corresponds to minimum points and the right branch to maximum points.
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The limit (2;,=2;) — (400, +00), makes only
little changes. Owing to Eq.(22a) and Eq.(31),
X{L, = Xvy'/y and X] = X,(m'/m)?, which im-

plies X{, = Xv and X} = Xp. The comparison
with ideal and VDW gases, plotted in Fig. 1, shows
a similar but reversed trend. More specifically, ex-
tremum points occur above instead of below the crit-
ical macroisothermal curve. A complete analogy can
be obtained using the transformations Xy — 1/ Xy,
Xp — 1/)(137 XT — 1/XT

The existence of a phase transition moving
along a selected macroisothermal curve where the
path is a horizontal line instead of a curve including
the extremum points, must necessarily be assumed
as a working hypothesis due to the analogy between
VDW isothermal curves and AHH macroisothermal
curves. As in the case of UU macrogases, AHH
macroisothermal curves must be numerically deter-
mined following the same procedure outlined in Sub-
section 3.1. Characteristic loci of AHH macroisother-
mal curves plotted in Fig. 7 (right panels) are repre-
sented in Fig. 8.

The loci of intersections between AHH and
real HH (RHH) macroisothermal curves, are repre-

sented in Fig. 8 as trifid curves, where the left branch
corresponds to Xy, , the right branch to Xy, and the
middle branch to Xy,,. The critical point is the com-
mon starting point. The loci of AHH macroisother-
mal curve extremum points are represented in Fig. 8
as dotted curves starting from the critical point,
where the left branch corresponds to minimum points
and the right branch to maximum points. The RHH
macroisothermal curves, when different from their
AHH counterparts, lie within the larger bell-shaped
regions. The limit (5;,E;) — (400, +00) makes only
little changes. Values of parameters Xt, Xv,, Xvs,
Kver Xvor Lvis ‘XPB’ XPC’ XPD are listed in Ta-
ble 1 within the range 1.00 < X < 1.15 using a step
AXrt = 0.01 in the limit (Z;,Z;) — (400, 4+00). The
AHH macroisothermal curves are plotted in Fig.9
for scaled truncation radii (Z;,E;) as in Fig.8 with
regard to the special case Xt = 1.15. The limit
(Ei,Z2j) — (+00,+00) makes only little changes as
shown by comparison with the dashed curve.

2.0

Xp/ X

0.9

0.0 |

Xo/Xp=1.15

Fig. 9.

2 3 4
XV/XVC

AHH macroisothermal curves for scaled truncation radii (Z;,Z;) as in Fig. 8§ with regard to the

special case X1 = X7/Xr1, = 1.15. The limit, (Z;,Z;) — (400, +00) makes only little changes as shown by

comparison with the dashed curve.
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Table 1. Values of parameters X1, Xv,, Xvi, Xve: Xvos Xvis Xpss Kpo» Kpp Within the range 1.00 <
X1 < 1.15 using a step AXT = 0.01 except near the critical point where convergence was not attained. All
values equal unity at the critical point. Results are related to infinitely extended configurations (5;,Z;) —

(400, +00). Index captions:

A, C, E - intersections between AHH and RHH macroisothermal curves; B

- extremum point of minimum; D - extremum point of maximum. Extremum points are related to AHH

macroisothermal curves, while their RHH counterparts are flat within the range Xy, < Xv < Xy,.

For

aesthetical reasons, 01 on head columns stands for unity.

KXo | 10Xy, | 10Xy, | 10Xv. | 01Xy, | 01Xy, | 01X, | 01X, | 01K,
1.014 | 8.3150 | 8.9774 | 9.9858 | 1.1016 | 1.1854 | 1.0264 | 1.0266 | 1.0268
1.015 | 8.2595 | 8.9420 | 9.9849 | 1.1051 | 1.1921 | 1.0283 | 1.0285 | 1.0287
1.02 8.0099 | 8.7810 | 9.9803 | 1.1211 | 1.2231 | 1.0378 | 1.0381 | 1.0384
1.03 7.6038 | 8.5136 | 9.9711 | 1.1475 | 1.2756 | 1.0568 | 1.0575 | 1.0580
1.04 7.2739 | 8.2912 | 9.9620 | 1.1694 | 1.3203 | 1.0759 | 1.0770 | 1.0778
1.05 6.9927 | 8.0979 | 9.9533 | 1.1884 | 1.3600 | 1.0951 | 1.0966 | 1.0978
1.06 6.7463 | 7.9255 | 9.9446 | 1.2054 | 1.3961 | 1.1144 | 1.1165 | 1.1181
1.07 6.5262 | 7.7690 | 9.9359 | 1.2207 | 1.4293 | 1.1338 | 1.1365 | 1.1385
1.08 6.3269 | 7.6252 | 9.9277 | 1.2348 | 1.4604 | 1.1533 | 1.1566 | 1.1591
1.09 6.1447 | 7.4920 | 9.9192 | 1.2478 | 1.4895 | 1.1730 | 1.1770 | 1.1799
1.10 5.9767 | 7.3676 | 9.9112 | 1.2600 | 1.5171 | 1.1927 | 1.1975 | 1.2009
1.11 5.8209 | 7.2508 | 9.9031 | 1.2714 | 1.5434 | 1.2126 | 1.2182 | 1.2222
1.12 5.6755 | 7.1406 | 9.8950 | 1.2821 | 1.5685 | 1.2325 | 1.2391 | 1.2436
1.13 5.5393 | 7.0362 | 9.8872 | 1.2923 | 1.5925 | 1.2526 | 1.2601 | 1.2652
1.14 5.4111 | 6.9370 | 9.8796 | 1.3019 | 1.6155 | 1.2728 | 1.2813 | 1.2870
1.15 5.2902 | 6.8425 | 9.8720 | 1.3111 | 1.6378 | 1.2931 | 1.3027 | 1.3090

Table 2. Values of the scaling fractional mass m' the fractional mass m the scaling fractional radius y
the fractional truncation radius y and the fractional energy ¢ related to the critical point i.e. the horizontal
inflexion point on the critical macroisothermal curve for selected scaled truncation radii (Z;, Z;) of HH density

profiles. In absence of truncation radius (Z;,Z;) —

(+00, +00) the results are independent of y/yf = =, /Z;.

EZ) [ mt [ m [yt [y ¢

(05,05) | 07.10 | 07.10 | 2.32 | 2.32 | 06.86
(05,10) | 07.72 | 09.18 | 2.43 | 4.86 | 08.17
(05,20) | 07.90 | 10.31 | 2.46 | 9.83 | 08.62
(10,05) | 11.15 | 09.37 | 3.18 | 1.59 | 09.44
(10,10) | 11.88 | 11.88 | 3.30 | 3.30 | 11.03
(10,20) | 12.10 | 13.28 | 3.33 | 6.67 | 11.57
(20,05) | 15.06 | 11.53 | 4.00 | 1.00 | 12.09
(20,10) | 15.83 | 14.42 | 3.88 | 1.94 | 13.94
(20 20) | 16.08 | 16.08 | 3.92 | 3.92 | 14.59
(00,00) | 20.22 | 20.22 | 4.26 18.15

Values of parameters, m', m, yT, y, ¢, related
to the critical macroisothermal curve, for selected
scaled truncation radii (=;,=Z;) are listed in Table 2.

A better method has been used with respect to
an earlier attempt (CV08) yielding improved results.

3.3. HN/NH macrogases

A description of H density profiles has been
provided in Subsection 3.2. The remaining N density

34

profiles also exhibit a central cusp and null values at
infinite distances (Navarro et al. 1995, 1996, 1997).
Mass distributions defined by an inner H and outer N
density profile were found to be self-consistent in an
acceptable parameter range with regard to the non
negativity of the distribution function (Lowenstein
and White 1999) using a theorem stated in an ear-
lier attempt (Ciotti and Pellegrini 1992). The par-
ticularization of the general expressions to N density
profiles and HN macrogases yields for the quantities
of interest (CV08):
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)= i e (56)
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using Eq. (24), Eq. (46), Eq. (47), and Egs. (58)-(61)
the HN macrogas equation of state is obtained from
the particularization of Egs. (30) to the case of in-
terest for the domain y > 1. The extension to the
domain 0 < y < 1 can be done following the proce-
dure outlined above in dealing with Eq. (26).

To this aim, the counterparts of Eqs (60)-(61),
related to NH macrogases (i = N, j = H), are
needed. The particularization of Egs. (25) to the case
under discussion, yields:

K W —12 1+n 1+3 y—1
1 t—1)2 1
« In +j_(y12) _
1+Z; (¥ (1+Z5)

y'#£1; i=N; j=H, (62a)
1n3(3 1
6 (L+n) (1+Z5)
7
x |In(1 +7n) — —— :
e}
yt=1; i=N,; j=H, (62b)
64 n
(ext)(py — — == {9yl '
W) =~ |2 - )
n(2+ 1) L+n
+(y" — 1) + 2971
R Ty 145,
(yt =13 7 ]
1+2 (14n)?%] 7
y'#1; i=N,; j=H, (63a)
11%(3 1 2
3 (1+n) 14+2; (1+1n)
yt=1; i=N,; j=H, (63b)
where 5; = En, Z; = Zpg, while the contrary

holds with regard to Egs. (60)-(61). Using Eq. (24),
Egs. (46)-(47), Egs. (58)-(59), Egs. (62)-(63) the NH
macrogas equation of state is obtained from the par-
ticularization of Egs. (30) to the case of interest for
the domain y > 1 which corresponds to 0 <y < 1
for HN macrogases and vice versa.

In absence of truncation radius = — 400,
17 — 400 and Egs. (57)-(61) reduce to:

8
lim  F,(&,) = : —N , (64
lim P& = ¢ u (64)
_ lin}r (Vu)mas = +00 u=N |, (65)
_ lin}r (Vu)sel = 36 ; u=N |, (66)
64
li (int) () = — —1-2"1
A w0 ) =~ [(y") y Iny']
yt#£1 (67a)
; 64
lim w0 () — 9% . ] 67b
S wim=— 5y : (67D)
64 yh+1
i (ext) (1) — _ Inyt —2
oo (n) (yt —1)2 {yT Y '
yT#L (68a)
32
lim w®Y(n) = - ; yi =1, (68b)
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Macroisothermal curves (X, = X,/ X,, vs. Xv = Xv/Xv,) related to IHN/INH (left panels)

and AHN/ANH (right panels) macrogases respectively for different values of scaled truncation radii (Z;,Z;)
labelled on each panel. Macroisothermal curves (from bottom .to top) correspond.to Xt = X1 /Xr, = 0.90,
0.95, 1.00, 1.05, 1.10, 1.15. The limit (Z;,Z;) — (400, +00) makes only little changes.

where the self potential-energy profile factor remains
finite, although the mass profile factor undergoes a
logarithmic divergence. Similarly, Egs. (62)-(63) re-
duce to:

. i 64y’ yt+1
(int) () — _ t_of .
i o) = [ =]
y' £, (69a)
i 32
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lim w™Y () = _u ; yi =1, (70b)

71— -+00 3
36

where Z; = Ey, Z; = ZEp while the contrary
holds with regard to Egs. (67)-(68). Using Eq. (24),
Egs. (46)-(47), Egs. (51)-(52), and Egs. (58)-(70) the
actual HN (AHN) and NH (ANH) macrogas equation
of state in the special situation under discussion, is
obtained from the particularization of Egs. (30) to
the case of interest.

The ideal situation, where the interaction
terms are omitted, is obtained using Egs. (32) instead
of Eq. (30). More specifically, the ideal HN (IHN)
and NH (INH) macrogas equation of state is ob-
tained from the combination of Eq. (30e), Eq. (32b),
Egs. (46)-(47) and Egs. (58)-(59). The result is:

144E4
PT3 En

[(1+Ex)In(1+EN8) —En]* Xt
EN2+EN)—2(1+EN8)In(1+EN) Xv'

X

X

(71)
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which represents a hyperbola with different axes for
fixed X7. In the limit of infinite extension = — +oo
both the left and right-hand side of Eq. (71) diverge
but a different equation of state may be derived start-
ing from Eq. (30d) and Eq. (32a), following a similar
procedure. The result is:

(14 En)? X7F}

x )
En(2+En) - 2(1+En)In(1 +En) X

(72)

which also represents a hyperbola with different axes
for fixed X%.

Macroisothermal curves (X, = X,/X,. vs.
Xv = Xv/Xv,) related to THN/INH (tidal poten-
tial energy excluded) and AHN/ANH (tidal potential
energy included) macrogases, are plotted in Fig. 10,
left and right panels, for different values of scaled
truncation radii (5;,E,) labelled on each panel, and
same values of the reduced macrotemperature Xt =
Xr/Xr, = 0.90, 0.95, 1.00, 1.05, 1.10, 1.15, from
bottom to top.

XP / )(Pc

X,/ X,

0 .
0 1 2 3 4
X/ X,
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3
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3
5 S ;
4 >
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Xv/ XVc Xv/ XVc Xv/ XVc
Fig. 11. AHN/ANH macroisothermal curves (X, = Xp/Xp, vs. Xv = Xv/Xv,) for different choices

of scaled truncation radii (Z;,Z;) labelled on each panel. Macroisothermal curves (from bottom to top)
correspond to Xt = Xv/Xr, = 0.90, 0.95, 1.00, 1.05, 1.10, 1.15. The limit (Z;,Z;) — (400, +00) makes
only little changes. RHN/RNH macroisothermal curves, when different from their AHN/ANH counterparts,
lie within the larger reversed bell-shaped region in each panel. The loci of intersections between AHN/ANH
and RHN/RNH macroisothermal curves are represented as trifid curves, where the left branch corresponds to
Xv,, the right branch to Xv,,, and the middle branch to Xv,. The critical point is the common origin. The
loci of AHN/ANH macroisothermal curve extremum points are represented as dotted curves starting from
the critical point, where the left branch corresponds to minimum points and the right branch to maximum

POINts.

37



R. CAIMMI

The limit (Z;,E;) — (400, +00) makes only
little changes. Owing to Eq.(22a) and Eq.(31),
X{L, = Xvy'/y and X] = X,(m'/m)?, which im-

plies X\T, = Xv and X! = X,. The comparison
with ideal and VDW gases plotted in Fig. 1, shows
a similar but reversed trend. More specifically, ex-
tremum points occur above instead of below the crit-
ical macroisothermal curve. A complete analogy can
be obtained using the transformations, Xy — 1/ Xy,
Xp — 1/)(137 XT — 1/XT

The existence of a phase transition moving
along a selected macroisothermal curve, where the
path is a horizontal line instead of a curve including
the extremum points, must necessarily be assumed as
a working hypothesis due to analogy between VDW
isothermal curves and AHN/ANH macroisothermal
curves. As in the case of UU macrogases, AHN/ANH
macroisothermal curves must be numerically deter-
mined following the same procedure outlined in Sub-
section 3.1. The loci of AHN/ANH macroisothermal
curves plotted in Fig.10 (right panels), are repre-
sented in Fig. 11.

The loci of intersections between AHN/ANH
and real HN/NH (RHN/RNH) macroisothermal
curves are represented in Fig.11 as trifid curves,
where the left branch corresponds to Xy, , the right
branch to Xy, and the middle branch to Xy,. The
critical point is the common starting point. The
loci of AHN/ANH macroisothermal curve extremum
points are represented in Fig.11 as dotted curves
starting from the critical point where the left branch
corresponds to minimum points and the right branch
to maximum points. The RHN/RNH macroisother-
mal curves, when different from their AHN/ANH
counterparts, lie within the larger bell-shaped re-
gions. The limit (5;,E;) — (400, +00) makes only
little changes. Values of parameters, X1, Xv., Xvs,
XVca XVDa ‘XVE’ XIJB7 cha ‘XI)D? are listed in Ta-
ble3 within the range 1.00 < Xt < 1.15 using a
step AX7 = 0.01 in the limit (Z;,Z;) — (400, +00).
The AHN/ANH macroisothermal curves are plotted
in Fig.12 for scaled truncation radii (=;,Z;) as in
Fig. 11, with regard to the special case Xt = 1.15.
The limit (Z;,5;) — (400, +00) makes only little
changes, as shown by comparison with the dashed
curve.

Xo/Xp=1.15

0.9

0.0 |

2 3 =
XV/XVC

Fig. 12. AHN/ANH macroisothermal curves (X, = X,/ X, vs. Xv = Xv/Xv,) for scaled truncation radii

(E:,25) as in Fig. 11, with regard to the special case Xt = Xt/

X1, = 1.15. The limit (2;,Z;) — (+00,+00)

makes only little changes, as shown by comparison with the dashed curve.
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Table 3. Values of parameters X1, Xv,, Xvi, Xve: Xvos Xvis Xpss Kpo» Kpp Within the range 1.01 <
Xt < 1.15 using a step AXt = 0.01. All values equal unity at the critical point. Results are related to
infinitely extended configurations (Z;,=;) — (400, +00). Index captions: A, C, E - intersections between
AHN/ANH and RHN/RNH macroisothermal curves; B - extremum point of minimum; D - extremum point
of maximum. Extremum points are related to AHN/ANH macroisothermal curves while their RHN/RNH
counterparts are flat within the range Xy, < Xv < Xy, . For aesthetical reasons, 01 on head columns stands
for unity.

XT 10‘XVA 1OXVB 1OXVC 01XVD OlXVE 01XPB 01XPC OlXPD
1.01 | 8.4036 | 9.0357 | 9.9949 | 1.0976 | 1.1768 | 1.1085 | 1.0186 | 1.0187
1.02 | 7.8103 | 8.6548 | 9.9935 | 1.1372 | 1.2535 | 1.0370 | 1.0374 | 1.0377
1.03 | 7.3771 | 8.3678 | 9.9918 | 1.1675 | 1.3139 | 1.0555 | 1.0563 | 1.0570
1.04 | 7.0273 | 8.1303 | 9.9903 | 1.1929 | 1.3656 | 1.0742 | 1.0754 | 1.0764
1.05 | 6.7309 | 7.9247 | 9.9888 | 1.2151 | 1.4118 | 1.0929 | 1.0947 | 1.0961
1.06 | 6.4724 | 7.7420 | 9.9874 | 1.2347 | 1.4540 | 1.1118 | 1.1142 | 1.1159
1.07 | 6.2427 | 7.5768 | 9.9859 | 1.2527 | 1.4930 | 1.1307 | 1.1338 | 1.1360
1.08 | 6.0356 | 7.4256 | 9.9844 | 1.2694 | 1.5295 | 1.1498 | 1.1535 | 1.1562
1.09 | 5.8488 | 7.2872 | 9.9830 | 1.2845 | 1.5637 | 1.1687 | 1.1733 | 1.1765
1.10 | 5.6738 | 7.1558 | 9.9815 | 1.2991 | 1.5967 | 1.1881 | 1.1936 | 1.1974
1.11 | 5.5137 | 7.0340 | 9.9797 | 1.3126 | 1.6279 | 1.2074 | 1.2139 | 1.2182
1.12 | 5.3647 | 6.9194 | 9.9785 | 1.3254 | 1.6577 | 1.2269 | 1.2343 | 1.2392
1.13 | 5.2256 | 6.8111 | 9.9770 | 1.3376 | 1.6864 | 1.2464 | 1.2549 | 1.2605
1.14 | 5.0952 | 6.7084 | 9.9754 | 1.3491 | 1.7139 | 1.2661 | 1.2757 | 1.2819
1.15 | 4.9726 | 6.6108 | 9.9737 | 1.3601 | 1.7406 | 1.2858 | 1.2967 | 1.3035

Table 4. Values of the scaling fractional mass m', the fractional mass m, the scaling fractional radius
y', the fractional truncation radius y, and the fractional energy ¢, related to the critical point i.e. the
horizontal inflexion point on the critical macroisothermal curve, for selected scaled truncation radii, (Z;, Z;),
of HN/NH density profiles. In absence of truncation radius (Z;,Z;) — (+00, +00) the results are independent

of y/yt = E,/=..

(1

mT

(2i,55) Y

(05,05) | 02.57 | 03.54 | 1.01 | 1.01 | 03.66
(05 10) 04.41 | 09.45 | 1.04 | 2.08 | 09.16
(05,20) | 05.14 | 15.47 | 1.14 | 4.57 | 13.42
(10,05) | 05.84 | 06.77 | 1.88 | 0.94 | 07.33
(10,10) | 06.36 | 11.45 | 1.38 | 1.38 | 11.47
(10,20) | 07.24 | 18.32 | 1.50 | 3.00 | 16.46
(20,05) | 09.40 | 09.93 | 2.13 | 0.53 | 11.30
(20 10) 08.44 | 13.85 | 1.92 | 0.96 | 14.35
(20 20) | 09.10 | 20.99 | 1.75 | 1.75 | 19.49
(00,00) | 12.40 | +oo | 2.06 35.82

Values of parameters mt, m, yT, y, ¢, related
to the critical macroisothermal curve, for selected
scaled truncation radii (Z;,Z;) are listed in Table 4.

A better method has been used with respect to
an earlier attempt (CV08) yielding improved results
with the occurrence of the critical macroisothermal
curve in all cases. In absence of truncation radius

Zi,Z2j) — (400,400) small differences appear in
the results probably due to (i) the divergence of the
fractional mass, m — +oo, as 2y — 400, and (ii)
numerical calculations have been performed taking

= R 109, Related results listed in Table 4 may be
considered as weighted means.

4. APPLICATION TO
ELLIPTICAL GALAXIES

The luminosity-weighted second moment of
the line-of-sight velocity distribution within the half-
light radius has recently been determined for sam-
ples of early-type galaxies, using integral-field spec-
troscopy such as SAURON (SIV; SX). Compared to
the central velocity dispersion, which was sometimes
used before, the above mentioned quantity has the
advantage of being only weakly dependent on the
details of the aperture used. In addition, it is an
approximation to the second velocity moment
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Table 5. Data related to a sample (N = 16) of elliptical galaxies extracted from larger samples of early-
type galaxies investigated within the SAURON project (SIV, N = 25; SX, N = 48), which are used in the
current paper. Column captions: (1) NGC number; (2) effective (half-light) radius, R., measured in the I
band (SIV); (3) ratio between maximum radius, Rpax, and effective radius, R. (SIV); (4) total observed I
band galaxy magnitude (SIV); (5) mass-luminosity ratio of the stellar population (SIV); (6) galaxy distance
modulus (hats avoid confusion with the fractional mass, m, and the total mass, M) (SIV); (7) luminosity-
weighted average ellipticity, €, , on a plane perpendicular to the line of sight (SX); (8) luminosity-weighted
squared mean velocity component, parallel to the line of sight (S X); (9) luminosity-weighted squared velocity
dispersion, parallel to the line of sight (S X); (10) ratio between the square root luminosity-weighted squared
mean velocity component and dispersion velocity component parallel to the line of sight (S X); (11) kinematic
classification (F - fast rotator; S - slow rotator) (SX). For further details refer to the text.

T
NGC | R, | Bws | Iy Moo g | <> | <@ sh | <ot | D Ko
© <of>2
(arcsec) (mag) | (I band) | (mag) (km/s) (km/s)
0821 039.0 0.62 | 09.47 2.60 31.85 0.40 048 182 0.26 F
2974 024.0 1.04 | 09.43 2.34 31.60 0.37 127 180 0.70 F
3377 038.0 0.53 | 08.98 1.75 30.19 0.46 057 117 0.49 F
3379 042.0 0.67 | 08.03 3.08 30.06 0.08 028 198 0.14 F
3608 041.0 0.49 | 09.40 2.57 31.74 0.18 008 179 0.05 S
4278 032.0 0.82 | 08.83 3.05 30.97 0.12 044 228 0.19 F
4374 071.0 0.43 | 07.69 3.08 31.26 0.15 007 282 0.03 S
4458 027.0 0.74 | 10.68 2.27 31.12 0.12 010 084 0.12 S
4473 027.0 0.92 | 08.94 2.88 30.92 0.41 041 188 0.22 F
4486 105.0 0.29 | 07.23 3.33 30.97 0.04 007 306 0.02 S
4552 032.0 0.63 | 08.54 3.35 30.87 0.04 013 257 0.05 S
4621 046.0 0.56 | 08.41 3.12 31.25 0.34 052 207 0.23 F
4660 011.0 1.83 | 09.96 2.96 30.48 0.44 079 163 0.49 F
5813 052.0 0.53 | 09.12 2.97 32.48 0.15 032 223 0.14 S
5845 004.6 4.45 | 11.10 2.96 32.01 0.35 081 226 0.36 F
5846 081.0 0.29 | 08.41 3.33 31.92 0.07 007 240 0.03 S

which appears in the virial equations (e.g. Binney
and Tremaine 1987, Chap. 4, §4.3). In other words,
it may be conceived as a rms mass-weighted veloc-
ity, with a weak dependence on the features of the
orbital distribution. For further details refer to the
parent papers (SIV; SX).

An application of the current model to
SAURON sample objects can be performed along
the following steps: (i) Select SAURON data of in-
terest; (ii) Calculate parameters appearing in the
virial equations; (iii) Make a correspondence between
model galaxies and sample obiects; (iv) Represent
model galaxies as points on the (OXvX,) plane.

4.1. Data selection

The sample used (CV08, N = 16) is made
of elliptical galaxies extracted from richer samples of
early-type galaxies investigated within the SAURON
project (SIV, N = 25; SX, N = 48). The selection
has been restricted to elliptical galaxies common to
the above mentioned samples for two main reasons,
namely (i) the current model best applies to ellipti-
cal galaxies and their hosting haloes, and (ii) some
physical parameters of interest are listed in either
STV or S X. The whole data set needed for the appli-
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cation is shown in Table 5. For further details refer to
the parent papers (SIV, columns 2-6; SX, columns

7-11).

) Values to be actually used in the applica-
tion are related to: the effective (half-light) radius,
R, (SIV); the total observed I band galaxy mag-
nitude It (SIV); the mass-luminosity ratio of the
stellar population, M;/L (SIV); the galaxy distance

modulus, 7 — M (hats avoid confusion with the
fractional mass, m = M;/M;, and the total mass
M = M; + M;) (SIV); the luminosity-weighted av-
erage ellipticity é; on a plane perpendicular to the
line of sight, within either an isophote enclosing an
area A = mR2, or the largest isophote fully contained
within the SAURON field, whichever is smaller (S X);
the luminosity-weighted squared mean velocity com-
ponent parallel to the line of sight, within either an
ellipse of area A, ellipticity é,, and related position
angle, or the largest similar ellipse fully contained
within the SAURON field, whichever is smaller (S X);
the luminosity-weighted squared velocity dispersion
parallel to the line of sight within either an ellipse of
area A, ellipticity ¢, and related position angle, or
the largest similar ellipse fully contained within the
SAURON field, whichever is smaller (S X).
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Parameters listed to gain further insight even
if not used in the application are: the ratio between
the maximum radius Rpy.x sampled by the kine-
matical observations, and effective radius R, (SIV);
the ratio between square root luminosity-weighted
squared mean velocity component and dispersion ve-
locity component parallel to the line of sight (S X);
the kinematic classification (F - fast rotator; S - slow
rotator) (S X).

For further details refer to the parent papers
(SIV; SX) and an earlier attempt (Binney 2005).

4.2. Determination of model parameters

With regard to the
two model parameters can directly be in-
ferred from the data (CV08).  More specifi-
cally, stellar masses are deduced from luminosi-
ties and mass-luminosity ratios (in I band) as
M;/Mio = (L/Lo)[(M;/L)/(10"me /Lo)); L/Lo =
expyp{—0.4[I7 — (" — M) — 4.11]}; and scaling
radii are calculated from effective radii (in arc-
sec) and distances, as rj/kpc = (R./kpc)/1.81;
R./kpc = [(R./arcsec)(d/Mpc)]/206.265; d/Mpc
= expyg[(1h — M) /5 — 5]; the factor 1.81 is related to
an assumed H density profile for the inner subsys-
tem, and the factor 206.265 is related to the choice
of measure units (CV08). For further details refer to
the parent paper (SIV).

Two additional parameters can be inferred by
fitting the data with dynamical models. More specif-
ically, the inclination angle 7 is deduced from the
best fitting two-integral Jeans model (SIV), and the
anisotropy parameter § is determined from the solu-
tion of the dynamical models supposed to be axisym-
metric (SX). In fact, fast rotators show evidence of
large anisotropy and axial symmetry while slow ro-
tators appear to be nearly isotropic and moderately
triaxial. For further details refer to the parent paper
(SX).

The intrinsic axis ratio € is deduced from the
computed inclination under the assumption of ax-
isymmetric configurations (SX) using the relation
(Binney and Tremaine 1987, Chap. 4, §4.3):

1-—- eg S
— (73)

sin“ 1

stellar subsystem,

1—¢6 =

where €., 1S the observed axis ratio related to an
inclination angle ¢ between the symmetry axis and

the line of sight (i = 90° for edge-on configurations).

The mass-weighted mean square velocity com-
ponent and dispersion velocity component parallel
to the line of sight, for a galaxy observed (obs) at
an inclination angle ¢ under the assumption of ax-
isymmetric (a1 = az) and isotropic on the equatorial
plane (011 = 092) configurations (SX), are related
to their edge-on (edo) counterparts as (Binney and
Tremaine 1987, Chap. 4, §4.3):

[< ,’(\)ﬁ >1/2]obs = [< %ﬁ >1/2]edo sin¢ 9 (74)

[< Jﬁ >12) 0 =< O'ﬁ >1/2) 46(1 — 8 cos? i) /2 (75)

and the intrinsic mean rotational velocity and veloc-
ity dispersion are expressed as:

< Vg’ >M2=V2[< T} > eqq

2 ~
= £[<U >1/2]0bs 5
sin ¢ I
= (<0} >+ <03 >+ <03y >)/?
= {2[< Uﬁ >Jedo + (1 = 6)[< Uﬁ >]ed0}1/2

=(3-0)"[<of >?eq0 =

(76)

< 0_2 >1/2

3-9 e 2 _1/2
= (rami) <ot >, ()
in terms of observed quantities, where:
< 032,3 > < U§3 >
(S =1- 4< ) =1- 2 ) (78)
{1 > < 059 >

by definition (e.g. Binney 2005).
4.3. Model galaxies vs. sample objects

The kinetic energy of the stellar subsystem is:
1 N
(Ei)kin = §Mi {< (U¢¢)? >4 < Uz~2 >} R (79)

and the combination of Eq.(15), Egs.(20)-(21),
Egs. (23)-(24), and Eq. (79) yields:
M;{< (vgp); >+ <0} >}

(Vi)set  G(M;)? (Vij)tia G(M;)?

- [(Vi)mas]2 (CLT)l B+ [(Vi)mas]2 (aiT)l B

which, after some algebra, takes the form:
<o?> (il [<@i>
GM; B <o?>

_ (Vi)sel + (Vi )tid
[(Vi)mas}2 ’

where, for an inner H density profile, the scaling ra-

(80)

(81)

dius r;r = (a;r)l may be chosen as:
R + 1 1
ri = 1.§1 P Mi(r]) = M Mi(Re) = 5 M, (82)

and the shape factor B reads (e.g. Chandrasekhar
1969, Chap. 3 §§17, 22, Caimmi 2009):

B 2arcsin V1—¢€2
V1—¢€2
/1= (1-<é; >)?
arcsin

=2 sl (83
V1I-(1-<é; >)?

sin?
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for axisymmetric configurations where the last equal-
ity is due to Eq. (73) and the definition of ellipticity
isé=1—e.

The combination of Egs. (76)-(77), Eq.(79),
and Egs. (81)-(82) yields:

[< Uﬁ >]0bs R, i
2GM;(R.) 1.81 B

{ 2 [< 5ﬁ >]0bs

3-9
1—0dcos?i

=cy (84
sin? i [< 07 >obs } ¢ » (84a)
~ (Vi)sel + (Vij)tia

T T w2

where the left-hand side of Eq. (84a) is expressed in
terms of quantities which are deduced from either ob-
servations or fitting with dynamic models, and then
may be determined for an assigned sample object.
Conversely, the right-hand side of Eq. (84a) depends
on the selected density profiles, and then may be de-
termined for an assigned model galaxy. In this view,
Eq. (84a) may be read as a correspondence between
sample objects (left) and model galaxies (right).
The dimensionless energy c;;, defined by
Eq. (84b), depends on four variables via Eqgs. (20)-
(25): the scaled truncation radii, Z;, Z;, the frac-

tional mass m' (or m), and the fractional radius y'
(o 1).

(84b)

4.4. Model galaxies on the (OXvX,) plane

For assigned density profiles and scaled trun-
cation radii 5;, Z; two unknowns remain: the frac-
tional mass m! (or m) and the fractional radius y'
(or y). The combination of Eq. (24a) and Eq. (84Db)
yields:

ox 81

w®) (n) = 9mt {(Vi)sel - Cij[(l/i)mas]Q} )
where the function w(®**) depends on Z; and y, con-
formably to Eq. (20c), Eq. (24d), and Eq. (25b). In
the case under discussion, Eq. (85) may be conceived

as a link between the unknowns m' and yf. At this
stage, one additional relation is needed (CV08).

The mere existence of a fundamental plane
(Djorgovski and Davis 1987, Dressler et al. 1987) in-
dicates that structural properties in elliptical galax-
ies span a narrow range, suggesting that some self-
regulating mechanism must be at work during for-
mation and evolution. In particular, projected light
profiles from elliptical galaxies exhibit large degree
of homogeneity and may well be fitted by the /4
de Vaucouleurs law. Accordingly, a narrow range
may safely be expected also for fractional masses of
elliptical galaxies and the assumption m = const ap-
pears to be a viable approximation. This is the rea-
son for which the sample used (N = 16) is made of
only elliptical galaxies extracted from larger samples
(N = 25; N = 48) of early-type galaxies investigated
within the SAURON project (SIV; SX).

(85)
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Then, the fractional radius y' (or y) remains
as the sole unknown which can be determined by
solving Eq. (85) with numerical techniques. If no so-
lution exists, no model galaxy corresponds to the se-
lected sample object or, in other words, the related
density profiles provide no fit to the data and some
input value has to be changed.

Values of parameters needed for representing
model galaxies on the (OXvy X,) plane are listed in
Table 5: the galaxy stellar mass M;; the galaxy scal-
ing radius rj; the inclination angle 7, of the best fit-
ting two-integral Jeans model (SIV); the anisotropy
parameter §, determined from the solution of the dy-
namic models, supposed to be axisymmetric (a; =
az) and isotropic on the equatorial plane (017 = 0a2)
(SX); the intrinsic axis ratio €, deduced from the
computed inclination, under the assumption of ax-
isymmetric configurations (SX); the dimensionless
energy ¢;;, defined by Egs. (84). The kinematic clas-
sification is listed again to get more insight.

The galaxy stellar mass within the effective
radius is calculated as:

M, L M/L
M]O - L@ 1010m®/L@ ’

(86a)

L _ expyo{—0.4[I7 — (1h — M) — 4.11]} (86h)
Lo

and the galaxy effective radius is calculated as:

R, R. 1 d

= - 87
kpc  arcsec 206.265 Mpc ’ (872)
d m— M
m = €XP1o l 5 - 51 ) (87b)

where the factor 206.265 is related to the choice of
measure units. For further details refer to an earlier
attempt (CV08).

The values of the reduced variables Xv, X,
Xt are determined via Eq. (27) and Eq. (30e). Both
HH and HN macrogases have been considered for
the following values of parameters. Scaled trunca-
tion radii (both finite or infinite): (5;,E;) = (k;, kj);
k; = 5,10,20,+00; k; = 5,10,20,+o0c0. Fractional
masses: m = 10,20. Under the working hypothesis
of an analogy between VDW gases and macrogases,
the (OXvX,) plane may be divided into three parts:
(i) a reversed bell-shaped region where two phases,
gas and stars, coexist and the lower point coincides
with the critical point (hereafter quoted as the GS
region); (ii) a region limited by the left boundary of
the reversed bell-shaped region and the rising side
of the critical macroisothermal curve, both branch-
ing off from the critical point where only stars are
present (hereafter quoted as the S region); (iii) a re-
gion limited by the right boundary of the reversed
bell-shaped region and the rising side of the critical
macroisothermal curve, both branching off from the
critical point, and the coordinate axes, where only
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Table 6. Parameters calculated from the data listed in Table5 for a sample (N = 16) of elliptical galaxies
extracted from larger samples of early-type galaxies investigated within the SAURON project (SIV, N = 25;
SX, N = 48) which are used in the current paper. Column captions: (1) NGC number; (2) Galaxy stellar
mass deduced from luminosities and mass-luminosity ratios (in I band) (SIV); (3) Galaxy scaling radius
(CV08); (4) Inclination angle of the best fitting two-integral Jeans model (SIV); (5) Anisotropy parameter,
determined from the solution of the dynamic models, supposed to be axisymmetric (SX); (6) Intrinsic axis
ratio, deduced from the computed inclination, under the assumption of axisymmetric configurations (S X);
(7) Dimensionless energy; (8) Kinematic classification (F - fast rotator; S - slow rotator) (S X). For further

details refer to the text.

NGC | M, i ] e | e | ey | KC
(Mio) | (kpe) | (°)
0821 | 10.26 | 245 | 90 | 0.20 | 0.60 | 023 | F
2974 | 07.61 | 1.34 | 57 [ 0.24 [ 038 | 0.23 | F
3377 | 0235 | 1.11 | 90 [ 0.25 [ 0.54 | 0.20 | F
3379 | 08.80 | 1.16 | 90 | 0.03 [ 0.92 | 0.18 | F
3608 | 09.77 | 245 | 90 | 0.13 [ 0.82 | 0.25 | S
4278 | 09.64 | 1.34 | 45 | 0.18 | 0.74 | 0.25 | F
4374 | 36.35 | 3.40 | 90 | 0.08 | 0.85 | 0.24 | S
4458 | 01.50 | 1.21 | 90 | 0.09 | 0.88 | 0.19 | S
4473 | 07.86 | 1.10 | 73 | 0.34 | 0.54 | 0.14 | F
4486 | 45.97 | 4.40 | 90 | 0.00 | 0.96 | 0.31 | S
4552 | 12.62 | 1.28 | 90 | 0.02 | 0.96 | 0.23 | S
4621 | 18.80 | 2.19 | 90 | 0.18 | 0.66 | 0.15 | F
4660 | 02.11 | 0.37 | 70 | 0.30 | 0.47 | 0.15 | F
5813 | 28.89 | 4.36 | 90 | 0.08 | 0.85 | 0.25 | S
5845 | 03.02 | 0.31 | 90 | 0.15 | 0.65 | 0.17 | F
5846 | 37.19 | 5.25 | 90 | 0.01 [ 0.93 | 0.28 | S

gas is present (hereafter quoted as the G region). If
the density profiles are only slightly affected in time,
the evolution of a galaxy on the (OXvX,) plane is
represented by a track starting from the G region
and ending within the GS or the S region. The crit-
ical point is the sole which is common to the three
regions.

The position of a model galaxy on the
(OXvX,) plane is affected by errors of different kind,
due to: (1) scatter around mean values listed in Ta-
ble 5; (2) scatter in fitting observed to model den-
sity profiles; (3) uncertainty on the determination of
the critical point. The third contribution may safely
be neglected with respect to the other ones. Values
related to the first contribution are not completely
found in literature (to the knowledge of the author).
The second contribution could be determined using
fitting procedures, provided light distributions are
available and light traces stellar mass in elliptical
galaxies. In summary, error calculation on the posi-
tion of sample objects on the (OXv X,) plane would
be cumbersome and, perhaps, of little meaning.

A notable simplification can be attained if
model galaxies instead of sample objects are con-
sidered in dealing with only errors of the first kind
mentioned above. For a fixed fractional mass m, the
uncertainty on X, = (m/mc)? is negligible with re-
spect to Xv = y./y which is determined by solving
Eq. (84a) for assigned density profiles. The combi-
nation of Egs. (82)-(83), and Eq. (84b) yields an ex-
pression of the dimensionless energy c;;, in terms of

observables listed in Table 5, as:

1 1 ¢y
= — 22 Al — 0.2¢7 — 6.644
Cij 1163.335 & 5exp10[0 (6 — 0.2¢7 — 6.644]
[1—(1—¢)%Y?/sini

arcsin{[1 — (1 — ¢1)?]'/2/sini}

266 (3-0)¢
88
X{sin2i+1—5c052i ’ (88a)
G=<éL> ; G=|<v;>"?
l obs
R,
C3:{<Uﬁ >1/2} P G=
obs arcsec
M;/L; . B . o N
C5—m s CG6=1Ir; ¢z=m—-M, (88b)

where some symbols have been changed to gain sim-
plicity. An inspection of Eq. (88a) shows that the
dimensionless energy c;; is monotonically increasing
with increasing (4, (g, (2, (3, and decreasing (5, (7;
and vice versa. Establishing the trend with the re-
maining variables (1, ¢, 6 demands further consider-
ations.

The function B(e) defined by Eq.(83), is
monotonically decreasing in the domain 0 < e < 1
where 1 = B(0) > B(e) > B(1) = 2. Accord-
ingly, B(¢) is monotonically decreasing with decreas-
ing (; =< é, > and/or decreasing i, and vice versa.
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With regard to the anisotropy parameter ¢,
the following identity holds:

3-6 .

. 9. -1
sin?i — 2cos?i
= |cos“t+ ——m—-—

3-0 . (89)

1—0cos?s

and the special inclination angle g, which makes null
the fraction within brackets, is the solution of the
equation:

sin?4g — 2cos?ig = 3sin?ip —2=0 , (90)

the result is:
. 2 . o
sinig = \/; ; 40 =0.9553166 = 54.73561° . (91)

Accordingly, the fraction on the left-hand side of
Eq. (89) is monotonically decreasing for increasing
0 in the range ip < ¢ < 7/2 and is monotonically
increasing for increasing ¢ in the range 0 < i < 4g
while no dependence on § occurs in the special case

i = 1ip. Finally, Eq. (84a), Eq. (89), and Eq. (90) show
that the dimensionless energy c;;, is monotonically
increasing or decreasing for increasing § depending
on whether 0 <14 < ig or ig < ¢ < 7/2, respectively,
and vice versa, while no dependence on § occurs in
the special case i = ig.

The above results may be reduced to a single
relation as:

cij F Acyj
_ 1 TUFAG
1163.335 G (5 £ A(s
x expip[0-4(¢s F Ads) — 0.2(Cr £+ Adr) — 6.644]
{1—[1— (¢ &+ AQ)2H/?/sin(i + Ad)
% arcsin{{1 — [1 — (¢1 £ AG)]2}Y/2/sin(i £ Ad)}
2(G2 F AG)?
8 { sin?(i & Ad) *
3~ [5 -+ sgn(i — i) ATHG T AG)? b
1—[6 £sgn(i —ig)Ad] cos?(i + A7) |’
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Fig. 13. FElliptical galaxies listed in Tables 5 and 6, modelled as HH macrogases for different choices of scaled
truncation radii Z;, Z;, and fractional mass m. The critical macroisothermal curve (left) and the boundary
of the GS region (right) are also plotted for each case. Symbol caption and line style: (Z;,Z;) = (10,5) -
crosses, full; (10,10) - asterisks, dotted; (10,20) - diamonds, dashed; (20,5) - triangles, dot-dashed; (20,10)
- squares, long-short-dashed; (20,20) - St. Andrew’s crosses, long-dashed; (400, 4+00) - dots, full. Lower and

upper symbols of the same kind are related to m = 10, 20, respectively.

critical point.
considered.
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The composite symbol marks the

Cases where Z; = 5 make two galazies unable to be modelled, and for this reason are not
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Fig. 14. Same as in Fig. 13 for scaled truncation radit (Z;,=;) = (10,10), (10, 20), (20,10), (20,20) from
top to bottom, and fractional mass m = 20 where model galazies are distinguished according to whether their
parent sample object is classified as fast (squares) or slow (diamonds) rotator.

where upper and lower signs correspond to the lower
and upper c;; value, respectively, and sgn is the
sign function defined as sgn(z) = z/|z|, © # 0;
sgn(0) = 0. It is worth emphasizing that Eq. (92)
makes an exact formulation of the uncertainty on
the dimensionless energy c;; as defined by Eq. (84a).
On the contrary, standard linear and quadratic error
propagation formulae apply to any kind of functions
allowing Taylor series development, but are approx-
imate instead of being exact.

To the knowledge of the author, the part of
errors on the right-hand side of Eq. (92) is not avail-
able in literature. For the inclination angle ¢ and the
anisotropy parameter § the reason is in that they de-
pend on a reference dynamic model (SIV; SX) and
cannot be specified. The following values are found:
(SIV); A(s/¢s = 0.10, strongly dependent on the
assumptions made (SIV); A¢; = 0.09 - 0.33, with
a value listed for each sample object (SIV). In this
view, it seems better starting from assigned values of
the dimensionless energy relative error Ac;;/c;; and
numerically evaluate the related uncertainty on the

position of a selected model galaxy on the (OXv X,)
plane, to visualize the trend.

4.5. Results

With regard to HH macrogases, model galax-
ies corresponding to sample objects listed in Ta-
bles 5 and 6 are represented on the (OXv X,) plane
of Fig.13 for different choices of scaled truncation
radii &;, Z; and fractional mass m. The critical
macroisothermal curve (left) and the boundary of the
GS region (right) are also plotted for each case.

The critical point is marked by a composite
symbol. Two sample objects cannot be modelled for
low inner scaled truncation radii (£; = 5) and, for
this reason, related cases are not considered. Lower
and upper symbols of the same kind correspond to
m = 10, 20, respectively.

Under the working hypothesis of an analogy
between VDW gases and macrogases, modelled el-
liptical galaxies are expected to lie in the S region or
slightly outside the S region within the GS region at
most. An inspection of Fig. 13 shows the following:
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Same as in Fig. 13 for different choices of scaled truncation radii (Z;,Z;) = (10,10), (10,20),

(20, 10), (20,20), from top to bottom, and fractional masses m = 20 where dimensionless energies c¢;;, defined
by Eq. (84a), are lowered to c;; — Ac;j (Greek crosses) and increased to c;; + Ac;; (St. Andrew’s crosses) with
respect to their original values (diamonds), by a factor equal to 5%, 10%, 15%, 20%, respectively. In the last
case, a sample object (NGC 4473) cannot be modelled for lowered values ¢;j — Ac;j, and (Z;,Z;) = (10, 10),

(10, 20).

(1) model galaxies with low fractional mass (m = 10)
and/or no truncation radii (£ — 400) lie below the
critical macroisothermal curve in the G region, and
for this reason cannot be accepted; (2) about one
half of model galaxies with low outer scaled radii
(2; = 5) lie well inside the GS region and, for this
reason, cannot be accepted; (3) more than one half of
model galaxies with larger scaled radii (Z; = 10, 20;
=; = 10, 20) lie within the S region and, for this
reason, are accepted.

With regard to viable cases, the plot of Fig. 13
is repeated in Fig. 14, where model galaxies are dis-
tinguished according to whether their parent sample
gbject is a fast (squares) or a slow (diamonds) rota-

or.

The related scaled truncation radii (from top

to bottom) are (Z;,=;) = (10, 10), (10, 20), (20,10),
(20,20) and the fractional mass is m = 20. The
curves are as in Fig. 13.
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Restricting to viable cases, the plot of Fig. 13
is repeated in Fig.15 where the effect of assigned
errors in dimensionless energy Ac;;/c;; = 5%, 10%,
15%, 20%, labelled on each panel, on model galaxies,
is represented.

More specifically, the position of model galax-
ies is marked by diamonds, and the change due to
lowered (c¢;; —Ac;;) and increased (¢;;+Ac;;) dimen-
sionless energy, is marked by Greek and St. Andrew’s
crosses, respectively. Scaled truncation radii are,
from top to bottom, (Z;,=;) = (10,10), (10,20),
(20, 10), (20,20), and the fractional mass is m = 20
in all cases. In the special cases (Z;,Z;) = (10,10),
(10,20), and Ac;j/c;j = 20%, a sample object (NGC
4473) cannot be modelled for lowered dimensionless
energies ¢;; —Ac;;. In general, lowered and increased
dimensionless energies c¢;; make model galaxies shift
to the left and to the right, respectively, from their
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Fig. 16. Elliptical galaxies listed in Tables 5 and 6, modelled as HN/NH macrogases for different choices
of scaled truncation radii Z;, Z; and fractional mass m. The critical macroisothermal curve (left) and the
boundary of the GS region (right) are also plotted for each case. Symbol caption and line style: (Z;,Z;) =
(10,5) - crosses, full; (10,10) - asterisks, dotted; (10,20) - diamonds, dashed; (20,5) - triangles, dot-dashed;
(20, 10) - squares, long-short-dashed; (20,20) - St. Andrew’s crosses, long-dashed. Lower and upper symbols
of the same kind are related to m = 10, 20, respectively. The composite symbol marks the critical point.

Cases where Z; = 5 make two galazies unable to be modelled and, for this reason, are not considered. The

same holds, to a larger extent, for cases (E;,Z2;) —
profile.

position in the (OXvX,) plane. Accordingly, a frac-
tion of model galaxies enter the G region and the GS
region, respectively, and the fit could be improved by
changing the input parameters =;, Z; and m.

With regard to HN/NH macrogases, model
galaxies, corresponding to sample objects listed in
Tables 5 and 6 are represented in the (OXv X,,) plane
of Fig.16 for different choices of scaled truncation
radii &;, Z; and fractional mass m. The critical
macroisothermal curve (left) and the boundary of the
GS region (right) are also plotted for each case.

The critical point is marked by a compos-
ite symbol. Two sample objects cannot be mod-
elled for low inner scaled truncation radii (2; = 5)
and, for this reason, related cases are not consid-
ered. The same holds, to a larger extent, for cases
(Ei,25) — (400, 400) due to an infinite mass of the

(400, +00) due to an infinite mass of the NFW density

NFW density profile. Lower and upper symbols of
the same kind correspond to m = 10, 20, respec-
tively.

Under the working hypothesis of an analogy
between VDW gases and macrogases, modelled el-
liptical galaxies are expected to lie in the S region
or slightly outside the S region, within the GS re-
gion at most. An inspection of Fig. 16 shows the fol-
lowing: (1) model galaxies with low fractional mass
(m = 10) and/or large outer scaled truncation ra-
dius (Z; = 20) lie (at least partially) below the crit-
ical macroisothermal curve in the G region and, for
this reason, the related cases cannot be accepted; (2)
more than one half of model galaxies with large frac-
tional mass (m = 20) and/or low outer scaled trun-
cation radius (=; = 5) lie well inside the GS region
and, for this reason, the related cases cannot
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Same as in Fig. 16 for scaled truncation radii (2;,2;) = (10, 10), (10,5), (20,10) from top to

bottom, and fractional mass m = 20, =; = 10, and m = 10, E; = 5, where model galazies are distinguished
according to whether their parent sample object is classified as fast (squares) or slow (diamonds) rotator.

be accepted; (3) more than one half of model galaxies
with large fractional mass (m = 20) and outer scaled
radius (£; = 10), or low fractional mass (m = 10)

and outer scaled radius (2; = 5) lie within the S
region and, for this reason, the related cases are ac-
cepted.

With regard to viable cases, the plot of Fig. 16
is repeated in Fig. 17, where model galaxies are dis-
tinguished according to whether their parent sample

gbject is a fast (squares) or a slow (diamonds) rota-
or.

The related scaled truncation radii (from top
to bottom) are (5;,Z,) = (10,10), (10,5), (20,10),
and the fractional mass is m = 20 for Z; = 10, and
m = 10 for Z; = 5. The curves are as in Fig. 16.

Restricting to viable cases, the plot of Fig. 16
is repeated in Fig.18 where the effect of assigned
errors in dimensionless energy Ac;;/ci; = 5%, 10%,
15%, 20%, labelled on each panel, on model galaxies,
is represented.

More specifically, the position of model galax-
ies is marked by diamonds and the change due to
lowered (c¢;; —Ac;;) and increased (c¢;;+Ac;;) dimen-
sionless energy is marked by Greek and St. Andrew’s
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crosses respectively. Scaled truncation radii and
fractional masses are (=Z;,Z;,m) = (10,10,20),
(10,5, 10), (20, 10, 20), from top to bottom.

In the special case (Z;,2;, m) = (10, 5,10) and
Ac;j/cij = 20%, a sample object (NGC 4486) is out
of scale on the right for increased dimensionless en-
ergies, ¢;; + Ac;;. In the special cases (2;,2;,m) =
(10,5,10), (10,10, 20), and Ac;;/c;; = 20%, a sample
object (NGC 4473) cannot be modelled for lowered
dimensionless energies c;; —Ac;;. In general, lowered
and increased dimensionless energies c¢;; make model
galaxies shift to the left and to the right, respectively,
from their position in the (OXv X,) plane. Accord-
ingly, a fraction of model galaxies enter the G region
and the GS region respectively, and the fit could be
improved by changing the input parameters =Z;, Z;
and m.

4.6. Discussion

Current cosmological models imply that large-
scale celestial bodies such as galaxies and clusters of
galaxies are embedded within nonbaryonic dark
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Same as in Fig. 16 for different choices of scaled truncation radii and fractional masses,

(2:,=2;,m) = (10,10,20), (10,5,10), (20,10,20), from top to bottom, where dimensionless energies, c;;,
defined by Eq. (84a), are lowered to ¢;; — Ac;; (Greek crosses) and increased to c;j + Ac;; (St. Andrew’s
crosses) with respect to their original values (diamonds), by a factor equal to 5%, 10%, 15%, 20%, respec-
tively. In the last case, a sample object (NGC 4473) cannot be modelled for lowered values, ¢;; — Ac;;,
and (Z;,E;,m) = (10, 5,10), (10, 10,20), and a sample object (NGC 4486) is out of scale on the right for
increased values, ¢;; + Acij, and (E;,Z;,m) = (10,5, 10).

haloes, and the two subsystems interact only via
gravitation. Accordingly, large-scale celestial bod-
ies can be modelled as macrogases where macrovol-
ume, macropressure, and macrotemperature can be
defined, and a counterpart of the VDW theory for
ordinary gases can be developed. Sufficiently steep
density profiles, as in HH and HN/NH macrogases,
show a similar trend with respect to VDW gases: the
macroisothermal curves are nonmonotonic with two
extremum points (one maximum and one minimum)
above a critical macrotemperature, and are mono-
tonic below a critical macrotemperature. The critical
macroisothermal curve is characterized by a single
extremum point where the maximum and the min-
imum coincide yielding a horizontal inflexion point.
On the other hand, sufficiently mild density profiles,
such as in UU and PP (CV08) macrogases, show only
nonmonotonic macroisothermal curves with two ex-

tremum points (one maximum and one minimum)
where no critical macroisothermal curve exists.

A generic macrogas equation of state is formu-
lated in terms of dimensionless variables normalized
to critical values (or conveniently chosen in absence
of the critical point). Similar to what has been done
in dealing with the reduced VDW equation for ordi-
nary gases (e.g. LL67, Chap. VIII, §85), the states of
two large-scale celestial bodies with equal Xv, X,
X, or y, m, ¢, for assigned scaled truncation radii
E;, Ej, and belonging to the same family of macro-
gases, may be defined as corresponding states. The
mere existence of a macrogas equation of state yields
the following result:

Law of corresponding states. Given

two large-scale celestial bodies belonging to
the same family of macrogases with assigned
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scaled truncation radii Z;, Z;, the equality
of two out of three reduced variables Xv,
Xp, X1, or y, m, ¢, implies the equality be-
tween the remaining related reduced variables

i.e. the two macrogases are in corresponding
states.

The law of corresponding states cannot be ex-
tended to macrogases with different scaled trunca-
tion radii as shown in Fig.9 and Fig. 12. A possible
explanation may be the following. Contrary to ordi-
nary gases, bounded by rigid walls which have no in-
fluence on the equation of state, macrogases are con-
fined by ”gravitational” walls appearing in the equa-
tion of state via the potential energy terms which, in
turn, depend on the scaled truncation radii.

Ordinary gases exhibit monotonic isothermal
curves where the central part of the related VDW
isothermal curve, including the extremum points,
is replaced by a horizontal line and a phase tran-
sition occurs therein. With regard to macrogases,
the existence of a phase transition and monotonic
macroisothermal curves of the kind considered, must
necessarily be assumed as a working hypothesis by
analogy with VDW gases. The phase transition
must be conceived between gas and stars, and the
(OXvX,) plane may be divided into three parts: (i)
the G region, where only gas exists; (ii) the S region,
where only stars exist; (iii) the GS region, where
both gas and stars exist. In this view, model ellip-
tical galaxies are expected to lie within the S region
or slightly outside the boundary between the S and
the GS region at most.

It is the case for different models related to
both HH and HN/NH macrogases where accept-
able values of scaled truncation radii and fractional
masses are used as shown in Fig. 13 and Fig. 16. The
assumption of universal fractional mass for sample
objects is not a limit of the model, which equally
holds for assigning different fractional masses to dif-
ferent sample objects.

It can be seen from Fig.14 and Fig. 17 that
fast rotators lie within the S region while slow ro-
tators are close (from both sides) to the boundary
between the S and the GS region. This dichotomy
could be interpreted by the different nature of the
two classes of sample objects. More specifically, fast
rotators seem consistent with elliptical galaxies with
disky isophotes, which experienced minor mergers
and accreted a significant amount of gas (S X) sud-
denly turned into stars. On the other hand, system-
atically more massive (with the exception of NGC
4458 and, marginally, NGC 3608, see Table 6) slow
rotators may be related to elliptical galaxies with
boxy isophotes, which experienced major gas-rich
mergers, or sequences of mergers, and regulation by
the feedback of a powerful central active galactic nu-
cleus (SX), in some cases allowing gas survival as
e.g., diffuse, still undetected interstellar medium.

Accordingly, in the (OXvX,) plane, fast ro-
tators and a fraction of slow rotators are expected
to lie within the S region, and the remaining part
of slow rotators to be placed in the GS region, as
shown in Fig.14 and Fig.17. The following trend
is also exhibited: fast rotators are systematically to
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the left with respect to slow rotators, with the ex-
ception of NGC 4458, which is the sole sample slow
rotator with low mass, possibly due to having ex-
perienced minor instead of major mergers. In this
view, NGC 4458 should be considered as a peculiar
fast rotator where low rotation rate could be due to
special configurations e.g. still undetected counter-
rotating components as observed in the disk of NGC
4450 (e.g. SX).

The reduced variable Xy = Xy /Xvy_, via
Eq. (22b) and Eq. (30e), is proportional to the frac-
tional truncation radius 1/y = R;/R;. The above
mentioned dichotomy, exhibited by fast and slow ro-
tators in the (OXvX,) plane, implies a larger frac-
tional truncation radius y = R;/R; for fast rota-
tors with respect to slow rotators. This result could
be interpreted as due to different formation mech-
anisms: minor mergers would produce larger con-
traction of the baryonic matter while major merg-
ers would make (possibly via active galactic nuclei)
smaller contraction of the baryonic matter yielding
a larger or smaller fractional radius, respectively.

5. CONCLUSION

In the current attempt, two-component large-
scale celestial bodies where the subsystems inter-
act only via gravitation, are conceived as macro-
gases bounded by ”gravitational” walls. The macro-
gas equation of state is formulated in terms of
macrovolume, macropressure, and macrotempera-
ture, which are dimensionless variables. For suffi-
ciently steep density profiles, which fit to observed
elliptical galaxies (or more generally, spheroid com-
ponents) and to simulated nonbaryonic dark mat-
ter haloes, macroisothermal curves on the (OXv X,)
plane show an analogy with VDW isothermal curves
exhibited by VDW gases. More specifically, a crit-
ical macroisothermal curve exists, below and above
which the macroisothermal curves are monotonic and
nonmonotonic (with two extremum points, one max-
imum and one minimum) respectively. The critical
macroisothermal curve is characterized by a single
extremum point (a horizontal inflexion point) which
is the critical point.

Contrary to ordinary gases, macrogases can-
not be tested in laboratory and, for this reason, a
working hypothesis is inescapable. By analogy with
ordinary gases, real macroisothermal curves are sup-
posed to occur instead of their theoretical counter-
parts (deduced from the macrogas equation of state),
where the central part, containing the extremum
points, is replaced by a horizontal line along which
a phase transition takes place. The intersection be-
tween a selected theoretical macroisothermal curve
and its real counterpart yields two regions of equal
area. The phase transition is assumed to be gas-stars
instead of vapour-liquid as in ordinary gases. Ac-
cordingly, the first quadrant of the (OXvyX,) plane
is divided into three parts, namely: (i) the G region,
where only gas exists; (ii) the S region, where only
stars exist; (iii) the GS region, where both gas and
stars exist.
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For selected density profiles and scaled trun-
cation radii Z; =;, the macrogas equation of state
depends on three parameters Xv, X,, X or the
fractional truncation radius y, the fractional mass
m, and the fractional energy ¢. If elliptical galaxies
and their hosting nonbaryonic dark haloes are con-
ceived as macrogases, a selected model is accepted
only if a whole set of sample objects (from which
radii, masses, and rsm velocities can be determined)
lies within the S region or slightly outside the bound-
ary between the S and the GS region at most. The
sample used (CV08, N = 16) is extracted from larger
samples of early-type galaxies investigated within the
SAURON project (SIV, N = 25; SX, N =48). The
position of model galaxies in the (OXv X,) plane is
determined through the following steps: (i) Select
SAURON data of interest; (ii) Calculate the param-
eters appearing in the virial equations; (iii) Make
a correspondance between model galaxies and sam-
ple objects; (iv) Represent model galaxies in the
(OXvX,) plane.

The main results found in the present investi-
gation may be summarized as follows.

(1) A new numerical algorithm has been used

for determining the critical point of selected

HH and HN/NH macrogases, improving ear-

lier results (CV08). In particular, the critical

point exists for all the cases considered.

(2) A principle of corresponding states rigor-

ously holds for selected density profiles and

scaled truncation radii and, to a first extent
only, for selected density profiles.

(3) The following models (on a total of

20) can be accepted in the above mentioned

sense: (E;,=Z;,m) = (10, 10,20), (10,20, 20),

(20,10,20), (20,20,20), with regard to HH

macrogases, and (Z;,Z;,m) = (10,5,10),

(10,10,20), (20,10,20), for HN/NH macro-

gases. The values of model parameters may

be changed by the occurrence of systematic
errors.

(4) Fast rotators exhibit larger fractional

truncation radii with respect to slow rotators,

which makes the former lie within the S re-
gion and the latter close (from both sides) to
the boundary between the S and the GS re-
gion, with regard to acceptable models. This
dichotomy could be interpreted in terms of a
different evolution related to fast and slow ro-
tators, where gas is currently absent in the
former and can be present (even if still unde-
tected) in the latter.
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APPENDIX

Al. TIDAL POTENTIAL
ENERGY PROFILE FACTORS

The tidal potential energy for homeoidally
striated ellipsoids related to similar and similarly
placed boundaries, depends on the reference frac-
tional mass m', the fractional scaling radius y', and
the functions w@™ (n), w(™Y (n), n = Z;/yt = Z;/y,
expressed by Egs. (25). Let the two subsystems be
denoted as A and B regardless of what is the outer
and what is the inner. Conformingly, Egs. (22) read:

Sp _yBa _Ea _ EB
EA - ¥ y MBA = T - YA )
Ypa Ypa
t
r Rp
ijBA:f§yBA=R721;
A A
M} 5
&a :yTBAfB ; mTBA = 7? ; MBA = —— , (93&)
M, A
Ea _YaB _SB _ Ea
E -I— ? 77AB— .‘_ - y )
B YaB YaB AB
i
P Ta _Ba
yAB*T7yAB*RB215
f P M
éB :yABfA ;o Myp = Mifg y MAB = Mig 7(93b)

according to whether Rg > R4 or R4 > Rp respec-
tively.

In dealing with sequences of configurations
where the scaled truncation radii =4 and =g are
kept unchanged, the combination of Egs. (93a)-(93b)
yields:

yhavhs = ypAyan (94)
for any pair of configurations belonging to opposite
sides of the sequence with respect to ypa = yap = 1.

In the special case of equal scaled density pro-
files F4 = Fp = F, and equal scaled truncation radii
Z4 = Zp ==, Egs. (25) reduce to:

E/ULA dF T

W (2, ) = / F(f)%’gf‘f)gdg;
yha=ypa>1 (95a)
E/Ysa

w(E,yh,) = /0 F(yEAé)f)fd§7
yha=ypa>1, (95b)
E/yl g dF t

W (2, ) = / F(&)%ﬁowg;
yhp=yap>1, (95¢)

E/yLB
W (=, ) = /0 F(ylp )df)sds,
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vhp =vap > 1 . (95d)

In the special case where the fractional scaling ra-

dius coincides for both configurations y}; 4= yLB,
the combination of Eq. (95a) and Eq. (95¢) Eq. (95b)
and Eq. (95d), yields:

wlin) (= M 4) =wim(E ymﬁzmA—dw,w%)
Yh

(eXt)( ) (eXt)( ayLB) yBA = yABa (96b)

regardless of the scaled truncation radius =

If, on the other hand, Z4 # Zp, the up-
per integration limits are EA/yTBA and EB/yLB for
Eq. (95a) and Eq. (95b), Eq. (95¢) and Eq. (95d) re-
spectively. Then, yTB A4 = Y,p implies equal inte-
grands but different upper integration limits while
EA/y}; A= EB/yLB implies equal upper integra-
tion limits but different integrands with regard to
Eq. (95a) and Eq. (95c), Eq. (95b) and Eq. (95d) re-
spectively.  Accordingly, Eq.(96a) and Eq. (96b)
no longer hold in the case under discussion un-
less 24 — 400, Zg — +o00, which erases the de-
pendence on =4 or Zpg, regardless of the value of
lim(g, z5)—+00(EB/E4).

More specifically, Egs. (95), where = =
24,2,y = yTBA,yLB, reduce to:
wl (') = _lim w®(E,yh) =
oo dF (y'
=[R9I e
0 dg
y=y>1, (97a)
w0y = lim_ w3, y)
T i) AE©)
[ Pl e
yl=y>1. (97b)
Replacing y by 1/y! yields:
ine) (1 e AF (/YY)
(int) [ = ) / r d
wys :
yl=y>1, (98a)
1 £ dF(§)
(ext) [~ — / Ia () d
we :
(M) 0 yt) e °°
yi=y>1, (98b)

which, choosing ¢/y' as integration variable, and
keeping in mind that integrals are independent of
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integration variables, is equivalent to:

. +oo dF
wli) (yﬂ) =yf /0 F<y*£)ﬁ£d§ ;

dé
yl=y>1, (99a)
o (LY _ i [ g EWO, e
wed () =t [ e e
yr=y>1, (99b)

and the combination of Eq.(97a) and Eq.(99b),
Eq. (97b) and Eq. (99a); produces

. 1
win® (yf) =yl (), (100a)
1 .
we (yT> =ylwi™(y") ,  (100b)

where, on the other hand, 1/y" = 1/y < 1 is out-
side the domain, and the role of the two compo-
nents should be interchanged therein, according to
Eq. (95¢) and Eq. (95d), which makes the above re-
sult only mathematically relevant.

Turning to the special case Fq = Fg = F,
24 = Ep = &, the last implying (v4)sel = (VB)sel =
Vsel, and taking, in addition, yg A
Egs. (95) reduce to:

= yLB = 17

w(int) (E, 1) — w(ext) (57 1) = w(57 1) (101)

and the fractional virial potential energy, expressed
by Eq. (27a), reduces to:

_ TmTusel—(9/8)w(E,1) o
p=m Vel — (9/8)miw(E, 1) 7 =1, (102a)
_9 [T
= 1) — = E
w(u,l)—/O F(&) dggdg , (102c)
FE=0, (102d)

where Eq. (102b) and Eq. (102d) follow from the def-
inition of vsq and F(&) respectively. For further de-
tails refer to earlier attempts (e.g. Roberts 1962,
Caimmi and Secco 1992, CV08).

Integration by parts of Eq. (102¢) and combin-
ing with Eq. (102b) and Eq. (102d), yields:

w(Z,1) = *%Vsel .

Finally, substituting Eq.(103) into Eq. (102a) pro-
duces:

(103)

p=ml ; (104)
which is a general result for subsystems with equal

scaled density profiles, Fa(§) = Fp(§) = F(§),
0<{<E.

yh=1,

A2. DIMENSIONAL MACROGAS

EQUATION OF STATE

Let macrogases be defined as large-scale colli-
sionless fluids with the following properties: (i) Par-
ticles are identical mass points; (ii) Particle number
is extremely large; (iii) Particle motions obey New-
ton laws of mechanics; (iv) Particle collisions are ab-
sent; (v) Particle interactions obey Newton law of
gravitation.

Under the assumption of homeoidally striated
density profiles, by use of Eq. (21), the virial theorem
reads:

G(MT)?

of

2Ekin — Vgel B=0 . (105)

Let the macrovolume, Vy1, the macropressure, py,
the macrotemperature, Ty, and the mass weighted
rms velocity, on, be defined as:

4
VM = ?ﬂ-alaga?, 5 (106)
GM?
= 107
M a%ag(lg ( )
21
kv = = —FEyin 108
M= 35 Ek (108)
2B\ /°
on = (ﬁ) , (109)

where N is the total number of particles, k the Boltz-
mann’s constant, and the index M means macrogas.
In particular, Eq. (108) discloses that the macrotem-
perature Ty coincides with the temperature of an
ideal gas with particle number N and translational
kinetic energy Fiyip.

Typical values for galaxies are M = 3-10"m,,
N = 3-10", o = 100v/3kms™ ', which yields
via Eq. (108) and Eq.(109): kTyy = Mo3/(3N) =
10 - 1.99 - 10%3erg = 1.99 - 10*7erg, and Ty =
1.99-10%7/(1.38 - 10716)K = 1.44 - 1053K = 1440 Ky,
where where Ky = 10%°K is the macrodegree, as-
sumed as macrotemperature unit.

The combination of Egs.(19)-(21) and
Egs. (105)-(109) yields:
PMVM GM (Vmas)2
=4 =4 11
NET\ 7ralaf/[ T ZveaB (110)

which may be conceived as a compressibility factor.

In presence of a similar, similarly placed,
homeoidally striated density profile, by use of
Egs. (21)-(23), the virial theorem for the subsystem
under consideration reads:

oG (Vv )tid
2(Bw)kin @, (Vu)sel [1+ (Vu)sel]B , (111)
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and the macrogas equation of state is:

47r[(Vu)mas |:1 + (Vuv)tid:|1
Eu(’/u)selB (Vu)sel
X Nuk(Tu)M7 u=1,5; v:jai7(112)

]2

(pu)M(Vu)M =

where ¢ and j denote the inner and the outer subsys-
tem, respectively. The compressibility factor is:

PuMVa) _, GM,

Nuk(Tu)M (au)l[(UU)MP
—4r [(Vu)mas]2 (Vuv)tid -t .
=4 Eu(l/u)selB |:1 * (Vu)sel :| ,

(113)

in all cases. The effect of the tidal potential is ex-
pressed by the sum within square brakets. If the two
subsystems were infinitely distant from each other,
(Vuv)tia = 0 and the above results reduce to their
one-component counterparts.

In this view, one-component macrogases
should be conceived as ”ideal” and two-component
macrogases as "VDW?”  the related equations of
state resembling ideal and VDW gas equation of
state, respectively. In fact, the mass ratio m =
M;/M;, and the axis ratio y = (a;)1/(ai)1 =
(a;)2/(ai)2 = (a;)3/(a;)s appear in the explicit ex-
pression of (Vyy)tia. Owing to Egs. (106)-(107), the
following relations hold:

)1(ay)2(as)s 4
Vom  (ar(aala)s  ° 7 (114)
(p)m  (M))? (a)}(ar)2(ar)s  m?
v~ 002 (aplaa(ag)s ot 1
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_ (Ekin
"~ (Ei)kin

=¢ , (116)

which show that the profile factor (vy,)tia depends
on the fractional macrovolume and the fractional
macropressure via m and .

The combination of Eq.(108), Eq.(112),
Eq. (114), and Eq. (115) yields:
m? _Ei [(Vj)masr (Vi)sel + (Vij)tidé (117)
Yy i | Widmas | (V5)sel + (Vji)eia

which, using Egs. (25), may be cast into the equiva-
lent form:

95, (r)ms 1 w(Xy,E))
8= (Vi)mas (V)sel Xé/2X\1/3

X, Xy
9 (Vi)mas 1 1/2y2/3, (ext) -
S (0 mee ()t VTV E))
:K(Hi,Ej)XT , (118a)
N — E'z (Vj)ma§:|2 (Vi)sel
K funl¥ S = = 5 118b
( ! ]) :j |:(Vi)mas (Vj)sel ( )
(pi)m _ m? Vim _ 5
X, = =2 xy= =y
P VT (Vi Y
N (T
Xe = P o (118¢)
i\l

that is the macrogas fractional equation of state. A
simpler and more intuitive choice, adopted in the
text, is X, = m?2, Xy = 1/y, but the connection with
the fractional macropressure and fractional macro-
volume is lost in this case.
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Opuzunasty HayuHy pao

MaxrporacoBu cy ne@UHUCAHU KaO ABOKOM-
TIOHEHTU ACTPOHOMCKM O0jEKTU BEJIMKUX Pa3Mepa
y kojuma moncucteMu MehycoOHO wmHTEparyjy
caMoO IyTeM rpasuTamuoHe cuie. Popmynucana
je jemmaumHa crTama Makporaca, Koja je 3a-

tum ynopebena ca Ban mep Baucosom (BIIB)
jemmaumHOM cTama 3a obOwume racose. llo
aHAJOIMju, NIPETIOCTAB/LEHO je [na Cce pea-
He MaKpOM30TepMaJiHe KpWUBe KOI  MAaKpo-
racoBa jaB/bajy Kao peajHe M30TepPMaJIHEe
KpUBE KOJI OOWYHMX TracoBa, TaMO TJZe Cce
¢asHum mpenas (mapa-TeYHOCT MOCMATDPAH Y
ciy4ajy OOMUYHMX WM Tac-3Be3Je MPETIOCTABILEH
y Ciy4ajy Makporacosa) IemlaBa Iy XODU-
30HTAJHE JIMHUjE€ Yy PAaBHA MaKpO3alpEeMUHA-
makponputucak (OXvX,). IIpecemu peanne u
TeopUjCcKe MaKpoM30oTepMaiHe KpuBe (M3BeneHe
HAa OCHOBY jemHAUMHE CTama) AeYUHUILY IBe
obyacTV jemHAKWX IOBPUIMHA, KA0 Yy CIAydajy
obuuHKX racoBa Koju ce mokopasajy BIIB jen-
HAUWHN CTama. Pa3BUjeH je HyMepUYKu aJjl-
ropuram 3a ognpebuBame caemehwmx Tauvaka
Ha O0madpaHO] TEOPUjCKO] MaAKPOM30TEPMAJIIHO]
kpusoj y (OXvX,) paBHu: Tpu Tauke mpeceka
ca ogaroeapajyhoMm peasHOM MakpoM30TEpPMAJI-
HOM KPMBOM M IBa eKcTpeMyMa ([0 jemaH Mak-
cuMyM 1 MuHUMYM). JleTasmHo ¢y mpoydeHe pas-
snmunte Bpcre Makporacosa: UU, rme cy U mpo-
¢nnu rycTuHE paBHM, KaO jefaH IPOCT IPUMeED;
HH, rme cy H mpodunu ryctuHe matm 3aKOHOM
Hernquist-a (1990) xoju 3amosomasajyhe ¢u-
Tyje mocMaTpaHe cheporaHe KOMIOHEHTE raJlak-
cuja; HN/NH, rge cy N npo¢unu rycrune natu
Navarro-Frenk-White (1995, 1996, 1997) 3a-
KOHOM KOju 3aJ0BoJbaBajylie d¢uryje cummynu-

paHe xaJioe cauumeHe o1 HeDAPUOHCKE TaMHe
MaTepurje. Y 3aBHUCHOCTH OJ TOra [na Ju je

npo¢un rycrure nosossHo Omar (UU) wmum no-
sowuo crpm (HH, HN/NH) jasmajy ce pasiu-
UATU TPEHOOBU TEOPUjCKE MaKpPOU30TEPMAaJIHe
kpuse y paun (OXvXp). Y mpBom ciyuajy me
HOCTOjU KPUTUYHA MAKPOU30TEPMAaJIHA KPUBA VC-
OO MM U3HAI KOje je TPEHI MOHOTOH. ¥ Opy-
FOM CJyYajy HOCTOJU KPUTUYHA MaKPOU30TED-

MaJHa KpuBa, Kao m rom BJIB racosa, rme ce
KPUTUYHA TauyKa MOKE HIe(PUHUCATU KAO TAUKA
XOPU3OHTAJHE HHMJIEKCHje. Y CBAKOM CJIydajy,
mo amasoruju ca BIIB racoBmma, npeBu kBan-
paut (OXvX,) paBHI MOM¥e ce MOmEIUTH Ha TPU
nmena: (i) obmact G, rme moctoju camo rac; (ii)
obmact S, rge mocroje camo 3Be3ne; (ili) oGaact
GS, rme mocroje u rac u 3Besume. Momea HH u
HN/NH makxporacoBa OPUMEHEH je Ha IIOICKYI
(N = 16) equnTUYHUX TalaKkCUja W3ABOjEHUX
u3 ckyna (N = 25, N = 48) ramnakcuja paHor
TUna npoydaBaHux y okBupy mnpojekra SAURON
(Cappellari et al. 2006, 2007). Ilox nojennocras-
JLEHOM TIPETIOCTABKOM MOCTOjaha YHUBEP3ATHOT
OJIHOCA MAaca MABa IOJACUCTEMa, M, pa3MaTpaHn
Cy PpAa3JIUYATU MOJEIU KOje KapaKTePUILy pPa3-
suuutu ’ckpahenu”’ pamujycu, OIHOCHO KOH-
IneHTpanuje, =;,2;, U oapebenn monoxaju o006-
jerara y (OXvX,) pasuu. Oueryje ce na Marpo-
racoBU KOJU ONArOBAPAjY EJUNTUYHUM TajlaKCU-
jama Jeske yHyTap obJsacTtu S wiau, HajIalbe,
MaJIo m3BaH rpanune obmactu S u GS. Y ckiaany
¢ TuM, ombaveHW Cy CBU MOMAETU y KOojuMa OO0-
jEeKTU Jieske MAJIeKo M3BaH olbJsacTu S UM BaH
(OXvX,) paBHu. 3a cBakM MakKpOrac pa3Marpa-
HO je ABaZeceT MOZesa Ca PAa3JIUYUTAM Bpe-
HOCTHMa 3a mapamerpe (E;,Z;,m) rme cy Z;, Z;
= 5, 10, 20, +oo (5; m E; cy KOHAYHU WU
becrkonaunu) u m = 10, 20. [IpuxsarmuBu MOmI-
emm cy (10, 10, 20), (10, 20, 20), (20, 10, 20),
(20, 20, 20), 3a HH makporacose, u (10, 5, 10),
(10, 10, 20), (20, 10, 20), 3a HN/NH wmarpo-
racoBe. Tumuuno, Op3u poraropu cy HabheHuU
yHyTap obsactu S, mOK Ce CIOpU POTATOPU
Hasaze y Ouwmsuau rpanune (¢ obe crpane)
n3meby obmactu S u GS. Pasmorpen je u ykynau
eperkar HeompeDheHOCTM MOCMATPAHUX BEJIUYUHA
Ha mosoxkaj objexara y pasaz (OXvXp). Ha
Kpajy, GopMyJncaH je HPUHIUWI OoAroBapajyhmx
crama MakporacoBa ca oxapebenum mpodumom

ryctuHe m cragupanuM ~ckpahenmM” panujy-
COM.
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