Monthly Notices

MNRAS 490, 26562667 (2019)
Advance Access publication 2019 September 21

doi:10.1093/mnras/stz2636

A new class of galaxy models with a central BH - 1. The spherical case

Luca Ciotti “,* Antonio Mancino “* and Silvia Pellegrini*
Department of Physics and Astronomy, University of Bologna, via Gobetti 93/3, I-40129 Bologna, Italy

Accepted 2019 September 17. Received 2019 September 10; in original form 2019 July 4

ABSTRACT

The dynamical properties of spherically symmetric galaxy models, where a Jaffe stellar density
profile is embedded in a total mass density decreasing as 3 at large radii, are presented. The
orbital structure of the stellar component is described by the Osipkov—Merritt anisotropy; the
dark matter halo is isotropic, and a black hole is added at the centre of the galaxy. First,
the conditions for a nowhere negative and monotonically decreasing dark matter halo density
profile are derived; this profile can be made asymptotically coincident with an NFW profile at
the centre and large radii. Then, the minimum value of the anisotropy radius for phase-space
consistency is derived as a function of the galaxy parameters. The Jeans equations for the
stellar component are solved analytically; the projected velocity dispersion at the centre and
large radii is also obtained, for generic values of the anisotropy radius. Finally, analytical
expressions for the terms entering the Virial Theorem are derived, and the fiducial anisotropy
limit required to prevent the onset of Radial Orbit Instability is determined as a function of the
galaxy parameters. The presented models, built following an approach already adopted in our
previous works, can be a useful starting point for a more advanced modelling of the dynamics
of elliptical galaxies, and can be easily implemented in numerical simulations requiring a
realistic dynamical model of a galaxy.
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and dynamics.

1 INTRODUCTION

Spherically symmetric galaxy models, thanks to their simplicity,
can be useful in exploratory works in stellar dynamics (e.g. Bertin
2000; Binney & Tremaine 2008). A successful spherical model
compensates its geometric limitations with other features, such as
the possibilities to derive manageable analytical expressions for the
most important dynamical quantities, to easily include a dark matter
(hereafter, DM) halo with an adjustable density profile (or, alterna-
tively, to specify the total density profile), to model the dynamical
effects of a central black hole (hereafter, BH), and finally to control
orbital anisotropy. Once the model properties are controlled in the
spherical limit, then more sophisticated investigations, based on
axisymmetric or triaxial galaxy models, can be undertaken avoiding
a large exploration of the parameter space (e.g. Cappellari et al.
2007; van den Bosch et al. 2008).

The analytical Jaffe (1983) density profile is a natural choice
to describe the stellar distribution of early-type galaxies in the
spherical approximation. It belongs to the family of the so-called
y models (Dehnen 1993; Tremaine et al. 1994), and resembles,
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in projection, the de Vaucouleurs law (1948) R"* with sufficient
accuracy (for most applications) over a large radial range.

Once the stellar profile of the model is considered acceptable, a
second request is the possibility to reproduce, with a minor effort,
the large-scale properties of the roral density profile (e.g. Bertin
etal. 1994a; Rix et al. 1997; Gerhard et al. 2001; Treu & Koopmans
2002, 2004; Rusin, Kochanek & Keeton 2003; Rusin & Kochanek
2005; Koopmans et al. 2006; Gavazzi et al. 2007; Czoske et al. 2008;
Dye et al. 2008; Nipoti, Treu & Bolton 2008, see also Shankar et al.
2017). For example, simple models with a flat rotation curve have
in fact been constructed (see e.g. Kochanek 1994; Naab & Ostriker
2007; Ciotti, Morganti & de Zeeuw 2009, hereafter CMZ09; see
also the double power-law models of Hiotelis 1994).

Finally, since supermassive BHs with a mass of the order of Mpy
~ 1073M, are routinely found at the centre of the stellar spheroids
of total mass M, (e.g. see Magorrian et al. 1998; Kormendy & Ho
2013), another feature of a useful spherical model is the possibility
to easily compute the dynamical properties of the stellar component
in presence of a central BH.

Following the arguments above, a family of models (hereafter,
JJ models) with a Jaffe profile for the stellar distribution, and a
total density profile described by another Jaffe law, so that the
total mass of JJ models kept finite, has already been proposed
(Ciotti & Ziaee Lorzad 2018, hereafter CZ18). For the stellar
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component JJ models with a central BH, the Jeans equations with
Osipkov—Merritt (Osipkov 1979; Merritt 1985, hereafter OM) radial
anisotropy can be solved analytically, and the projected velocity
dispersion, at the centre and large radii, can be expressed by means
of simple formulae. Moreover, for these models also the positivity
of the phase-space distribution function (hereafter, DF), the so-
called consistency, and the maximum amount of radial anisotropy
allowable for consistency, can be easily studied.

One interesting feature of the JJ models is that in the special
minimum halo case, the DM profile, defined by the difference
between the total and the stellar profiles, behaves like r~!' near
the centre, similarly to the Navarro—Frenk—White profile (Navarro,
Frenk & White 1997, hereafter NFW); at large radii, instead, the
DM profile decreases as 4, at variance with the NFW profile that
goes as 3. The natural question left open is then if it is possible
to construct models with similar analytical properties of JJ models,
but with the additional property that the DM follows the 7~3 shape
in the external regions. In this paper we show that in fact this is
possible, and we call the resulting models ‘J3’, to stress that the
stellar density is again a Jaffe model, while the DM decreases as
r~3 in the external regions. In particular, we shall prove that the DM
halo, in minimum halo J3 models, can be made remarkably similar
to the NFW over the whole radial range.

The paper is organized as follows. In Section 2, the main structural
properties of the models are presented, and the conditions required
to have a nowhere negative and monotonically decreasing DM
halo density profile are derived; a discussion is also given of
how the DM component can be built in order to have the same
asymptotical behaviour, in the outer regions and near the centre, as
the NFW profile. In Section 3, we study the phase-space properties
of the models, and the minimum value of the anisotropy radius
for consistency is derived in terms of the galaxy parameters. In
Section 4, the analytical solution of the Jeans equations with OM
anisotropy is obtained, and the asymptotic trend of the projected
velocity dispersion profile at small and large radii is given. Finally, in
Section 5, the relevant global quantities entering the Virial Theorem
are explicitly calculated; these are used for global energetic consid-
erations, and to determine the fiducial anisotropy limit required to
prevent the onset of Radial Orbit Instability (ROI) as a function of
the galaxy parameters. Section 6 summarizes.

2 THE MODELS

We name the proposed new family of models as ‘J3’ models, to
indicate two-component models characterized by a stellar density
distribution p, described by a Jaffe (1983) profile embedded in a
total density distribution p, (stars plus DM) following a r~2 profile
in the central regions and 7~ at large radii. The reasons for this
choice will become clear in the following.

2.1 Stellar distribution

As in CZ18, the stellar component follows a Jaffe profile, with
density and relative potential scales given by
M. GM

- v, = i , (D

T4l T

Pn
where M, is the total stellar mass, and r, a scale length. In these
units, the stellar density—potential pair reads

Pn 1+
- v =y, , 2
21+ )7 «(r) n N K 2

px(r) =

where s = r/r, is the dimensionless radius, and in general we indicate
with W(r) = —®(r) the relative potential. The cumulative mass
contained within the sphere of radius r is

M.(r) = M, x 3)

s

145’

thus r, is the half-mass (spatial) radius.
The projected density at radius R in the projection plane (see e.g.

Binney & Tremaine 2008) is written as

sw=2f 20 g M . )
s SRR

where n = R/r,, and f,(n) is given in Appendix A. In particular,
1

—, R — 0,
Z.(R) ~ 2 < 1 (%)
* —, R — oc.
8n3

Finally, the projected mass M, (R) contained within the cylinder of
radius R is

R
Mp.(R) =27 / Z.(RHR'AR = M, x g.(n), (6)
0

where the function g.(n) is given in Appendix A; as expected, g.(1)
— 1 for n — oo. In particular, by setting g, = 1/2 we obtain the
well-known result that R, >~ 0.7447 r,, where R, is the effective
radius of the Jaffe profile.

2.2 Total mass distribution

Following the considerations in the Introduction, the total (stars plus
DM) mass density profile is

R pon T
Sern T v

pg(r) =

where R is a dimensionless factor, and 7, is the galaxy scale length.
At variance with the stellar profile, the total mass is divergent, so
that now R cannot be defined as the ratio of the total-to-stellar mass
(as in CZ18) but, more appropriately, as a density ratio. For example,
from equations (2) and (7), it follows that R = &p,(r)/p.(r) for r
— 0. In turn this means that the obvious request py(r) > p.(r),
when considered for » — 0, forces R > &. In Section 2.3, we shall
fully address the problem of the positivity of the DM density profile,
obtained as the difference ppm(r) = pg(r) — p4(r), over the whole
radial range.

The cumulative mass distribution associated with the total galaxy
density is

E+s

£
and diverges logarithmically. Incidentally, equation (8) allows
for different interpretations of the parameter R, in terms of
cumulative masses inside some prescribed radius; for example,
R = My(rg)/(M,1n2).

From a simple integration, the projected galaxy total density
profile is

M,(r) = M,R1n ®)

M, R
Ye(R) = e X fo(n), ©))
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where now 1 = R/r,, and f,(n) is given in Appendix A, and
1

MR I R — 0,
DR~ 5 (10
* P R — o0.
270>
The projected mass within a cylinder of radius R is
Mpe(R) = MR x gq(n), (11)

where the function g,(n) is given in Appendix A, and g,(n) ~ Inn
for n — oo. The gravitational potential can be easily determined;
even though the total mass is infinite, yet the normalization value
at infinity can still be assumed equal to zero, as the density profile
at large radii is steeper than 2. The resulting relative potential
associated with the density p,(r) is

\Ilg(r):\IJn’Rx(1ln$+s+lln$+s). (12)
£ s s 3
Note that the first term is nothing else that the rescaled Jaffe potential
in equation (2), and dominates in the central regions, while the
second term becomes dominant at large radii.

As a BH of mass Mgy = uM, is added at the centre of the galaxy,
the total mass profile is Mt(r) = M,y(r) + Mgy; then the circular
speed is given by

v?(r):%x (Rlns—;s—f—u), (13)

and in the very external regions the circular velocity falls to zero
as

1
V() ~ W R (14)
N

2.3 The dark matter distribution: positivity and monotonicity

As already done for JJ models, we first study the conditions for the
positivity and radial monotonicity of the DM halo density profile
pom(r) = pg(r) — p.(r). While the request of positivity for ppy(r)
is natural, we recall that monotonicity of the density is necessary
for the positivity of the phase-space DF (Ciotti & Pellegrini 1992,
hereafter CP92; see also Section 3).

Not all values of R and & are compatible with a nowhere negative
distribution

Ro__L
§+s  (+sp ]

Note that, in general, the DM-to-stellar mass ratio ppwm(r)/p«(r)
depends on r.

In Appendix B, we determine the condition on R and & such that
ppm(r) = 0 for r > 0, obtaining

¥’ O<£:S ,

g, 521.
2

A DM halo of a model with R = R,(§) is called a minimum halo.
Notice that the condition in equation (16) for & > 1/2,ie. R > &
is coincident with that obtained in Section 2.2 from the preliminary
analysis near the centre; instead, for 0 < & < 1/2, the condition is
more stringent (see the dashed line in Fig. 1, left-hand panel). This
means that values of (£, R) between the dashed and solid lines in
Fig. 1 correspond to ppm(r) that becomes negative off-centre. We
stress that the formulae in the paper (if not differently stated) apply

15)

P
pom(r) = S*; X

| =

R = Rn(§) =
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to & > 0, even if realistic cases (i.e. a total density profile shallower
than the stellar one) are obtained for & > 1.

The positivity of pppm(r) is just a first condition for the viability
of the model. A second request, based on dynamical arguments (see
Section 3.1), is the monotonicity of ppy as a function of radius, and
this reduces to the determination of the minimum value R o, so that
dppm(r)/dr < 0. The explicit discussion is deferred to Appendix B,
where we prove that, for £ > 1/2, positivity and monotonicity of
ppm coincide (in analogy with what found for JJ models).

We discuss now the relative trend of DM and stars, both at large
radii and near the centre, as a function of R and &. For r — oo, it
is easy to show that

MR

pom(r) ~ =5, r— oo, A7)

and so the DM is dominant over the stars. Close to the centre,
o (R-E 2% -R R-3
,ODM(I") = X ( 2 + SS + %_2 +..

instead,
], (18
. ) a®

so the trend depends on the values of R and &£. From equa-
tions (18) and (16), it follows that, in non-minimum halo models,
ppm(r) o 12, so the DM and stellar densities are locally propor-
tional. In the minimum halo models, we have ppy(r) o< =2 for & <
172, ppm(r) o constant for & = 1/2, and finally ppm(r) 7! for &
> 1/2. In particular, in the latter case, when R = R, (§) = &, one
has
26 — 1
Es

and so ppm(7r) is centrally shallower than p,(r). We shall discuss an
interesting application of equations (17) and (19) at the end of this
section.

We evaluate now the relative amount of dark and visible mass
within a prescribed spatial radius. The minimum value for this
quantity is derived from equations (3) and (8) as
Mon®) . o) L S50,

M.(r) s &
where Mpyn(r) = My(r) — M,(r). In Fig. 1 (middle panel), the mass
ratios corresponding to three representative values of r are shown
as a function of &. Note that, for fixed values of s, the function at the
right-hand side of equation (20) tends to s for & — oo. A similar
behaviour is obtained for the ratio of the projected DM-to-visible
mass within an aperture R; from equations (6) and (11), one has

Mpm(R) ) g:(m/§)
My (R) — "7 g.(n)

where n = R/r,. In Fig. 1 (right-hand panel), we plot this quantity
as a function of & for three representative values of the aperture
radius: Re/2, R., and 2R.. As for JJ models, the resulting functions
of & are non monotonic.

We finally compare the DM halo profile in equation (15) with the
NFW profile (Navarro et al. 1997), which we rewrite as

pom(r) ~ pn ., r—0, (19)

(20)

1, 21

PnRNEW
f©sEnrw +5)%

where for a chosen radius r, we define Rnpw = MNpw(r)/ M.,
EnrFw = rnpw/rs 1s the NFW scale length in units of r,, and ¢ =
r/rnew - By construction, ppm(7) and pnpw (7) at large radii have the
same behaviour. Moreover, at small radii, where pnpw(r) o< 771, in
the minimum halo case with & > 1/2, one also has that ppy(r) oc 1.

Remarkably, from equations (17) and (19), it follows that ppm(r)

pxpw(r) = f@ =In(1+c)— 1% (22)
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Figure 1. Left-hand panel: the function R, (£), as given by equation (16). Only models in the region above the black solid line have a DM halo with a nowhere
negative ppm(r). Central panel: the minimum value of the volumic DM-to-stellar mass ratio, given in equation (20), inside a sphere of radius r = 0.5r,, r,
and 2r, (red dashed—dotted, black solid, and green dashed lines, respectively), as a function of &. Right-hand panel: the minimum value of the projected
DM-to-stellar mass ratio, given in equation (21), inside the circle of radius R = 0.5R., R., and 2R, (red dashed—dotted, black solid, and green dashed lines,

respectively), as a function of £. See Section 2.3 for more details.

and pnpw(r) can be made asymptotically identical in the outer
regions and near the centre, just by imposing

Rnrw £ Expw = £
floo 7 NW T E T

Therefore, once a specific minimum halo galaxy model with & > 1/2
is considered, and then p, and & are chosen, equations (22) and (23)
allow to determine the NFW profile that best reproduces ppm(r)
by tuning the value of the ratio Rnpw/ f(c). As pointed out in the
Introduction, the possibility to have a DM distribution very similar
to the NFW profile both at the centre and in the outer regions makes
J3 models an improvement over JJ models, whose DM profile is
necessarily more and more discrepant from the NFW profile with
increasing radii.

Fig. 2 (left-hand panel) shows an example of how well an NFW
profile can reproduce a minimum halo ppy(r), when both profiles

(23)
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are chosen in a cosmologically motivated way. In this figure & = 13
and ¢ = 10, that give, from equation (23), Rnpw = 20, as expected
on the scale of massive galaxies from cosmological simulations and
galaxy-halo abundance matching technique (e.g. Bullock & Boylan-
Kolchin 2017). For this model rnpw = 2.6 7, from equation (23),
and the right-hand panel in Fig. 2 shows the different contributions
of the various mass component to the circular velocity v.(r).

3 THE PHASE-SPACE DISTRIBUTION
FUNCTION

We now proceed to recover the OM phace-space DF for J3 models
in presence of a central BH. Indeed, for OM models, it is possible
to obtain lower bounds for the anisotropy radius without actually
recovering the DF (that only exceptionally can be expressed in terms

100

ve(r)/vV¥n

*_stars

101 100 10t 102
S

10-3 1072

Figure 2. Left-hand panel: comparison between the minimum halo DM profile of J3 models (black solid line) and the NFW profile (red dotted line), for § =
13 and ¢ = 10. Right-hand panel: circular velocity profile for the same minimum halo galaxy model with ;« = 0.002 (solid line), with the separate contributions
of BH, stars and the DM halo for the J3 model; the circular velocity profile associated with the density pnpw (r) in the left-hand panel (red dotted line) is also
shown. See Section 2.3 for more details.
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of elementary or known functions; see e.g. CP92; Ciotti 1996, 1999).
We shall use, as for JJ models, a result presented in CP92.!

We therefore consider, for the stellar component, a DF of the
family

J2

=10, 0=&- 24
(e.g. Binney & Tremaine 2008), where r, is the anisotropy radius,
and £ = Wr —v?/2 and J are the relative energy and angular
momentum modulus of each star (per unit mass); moreover, Q) =
0 for Q < 0. The total (relative) gravitational potential is Wr(r) =

W, (r) + GMgy/r, and from equation (12), one has

W 1 1
0 = r (i LSS 25)
\I"n f S S E Ky
The anisotropy profile is given by
2 2
pry=1- 2 _ ! 26)

202(r)  r24rY
where o(r) and o(r) are the radial and tangential components of
the velocity dispersion tensor, respectively. The fully isotropic case
is obtained for r, — oo, while for r, = 0, the galaxy is supported
by radial orbits only. For finite values of r,, instead, the velocity
dispersion tensor becomes isotropic for » — 0, and fully radially
anisotropic for r — oo.
The phase-space DF of the stellar component reads

1 ¢ dp dvr

= fe_r 27
1O Fe by o Vo w e
where
r2
o(r) = p.(r) x <1+—2> (28)
ra

is intended expressed in terms of W by elimination of radius.

3.1 Necessary and sufficient conditions for consistency

Before the numerical reconstruction of the DF and the determination
of the critical value of r, for consistency, it is instructive to study
preliminarly the limitations on the anisotropy radius obtained by
the request of f{Q) > 0 over the accessible phase space. The CP92
necessary condition for the positivity of the DF of each mass
component of J3 models in the total potential is that

do(r)

dr

<0, [NCI. (29)

Notice how this condition is actually independent of the presence
of other density components. Moreover, a weak sufficient condition
for consistency reads

i do(r) r?
dr | dr Mx(r)

} >0, [WSC], (30)

where it is apparent that, at variance with the NC, the WSC
depends also on the radial density profile of the other components.
Summarizing, a model failing equation (29) is certainly inconsis-
tent, while a model obeying equation (30) is certainly consistent.
Hence, the limitations obtained from the applications of the two

IThe conditions in CP92 are a special case of a more general family of
inequalities (see e.g. de Bruijne Jos, van der Marel & de Zeeuw 1996; An &
Evans 2006; Ciotti & Morganti 2009, 2010a,b; van Hese, Baees & Dejonghe
2011, and references therein).

MNRAS 490, 26562667 (2019)

previous inequalities are expected to ‘bracket’ the true limitations
on the model parameters, which can be only determined by direct
inspection of the DF.

Before embarking on the analysis of the consistency, we recall
a couple of points. The first concerns the effect of the central
BH on consistency. From equation (30), it follows that if (1) the
investigated density component satisfies the WSC for Mgy = 0,
and (2) d(r*dg/dr)/dr > 0, then the WSC is satisfied” for arbitrary
values of Mgy. The second consideration is about the effect of orbital
anisotropy. In fact, the investigation of the NC and WSC, and the
study of the DF positivity in equation (27), all lead to consider
inequalities that can be written as

F+€220, Sa = —, 31)
52 T

and that must hold over the domain C spanned by the arguments of
the functions F' and G. For example, in case of the DF these two
functions are given by equation (34), with argument g; or, in case of
NC and WSC, by the radial functions obtained from equation (28).
In the following, we discuss the DF case. Equation (31) shows that
all OM models can be divided in two families. In the first case,
when F is nowhere negative over C (e.g. in the case of a consistent
isotropic DF), consistency is obtained for

Sa =8, = \/max [O, sup. (—%)} . 32)

If G > 0, then s, = 0 and the system can be supported by radial
orbits only. In the second case, F' > 0 over some subset C.. of C, and
negative (or zero) over the complementary subset C_. If also G <
0 somewhere on C_, then the model is inconsistent. If G > 0 on C_
one must consider the lower limit s, evaluated over C, as above,
and the upper limit

. G
Sa < s: =4 /info_ <_F) (33)

over C_: consistency is possible only if s < s

The first application of the NC and WSC to J3 models concerns
the consistency of the DM halo. For simplicity, we restrict to
the isotropic case, when equation (29) shows the equivalence of
the NC with the request of monotonicity of ppm(r): remarkably,
according to the results in equations (B2)—(B3), for £ > 1/2 the NC
is satisfied once just positivity is assured, i.e. for R > &. The WSC
for the isotropic DM halo with a central BH requires in general a
numerical study: following the considerations after equation (30),
in Appendix B, we prove that for & > 1, the WSC is satisfied once
‘R > &.This means that for isotropic DM haloes of J3 models with a
central BH and & > 1, the requirements of positivity, monotonicity,
and WSC for phase-space consistency coincide, and are all satisfied
once R > &.

We now apply the NC and WSC to the Jaffe stellar component
of J3 models. We recall that the NC of a pure Jaffe model just
reduces to s, > 0, while the WSC gives s, > s ~ 0.1068 (e.g.
Ciotti 1999, CZ18). In Appendix B, we show that the WSC always
produces the case described by equation (32), i.e. only s, exists.
When restricting to the case pu = 0, the limit on anisotropy is
independent of R, and by numerical solution of equation (B5) we
obtain s, = s, (§) (dotted red line in Fig. 3). At the opposite limit,

2The conditions (1) and (2) are special cases of a more general result of easy
proof, i.e. the fact that equation (30) is necessarily true once it is separately
true for o(r) in each mass component producing Mr(r).
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Figure 3. Different limitations on the anisotropy radius s, = r,/r, of the
stellar component of J3 models, as a function of & = ry/ry. The lines refer
to u = 0, i.e. in absence of the central BH. The black solid and the red
dotted lines represent the minimum value of s, obtained directly from the
DF and WSC (see equation BS), respectively, while the green dashed curve
represents the fiducial lower limit of s, to prevent the onset of ROI (see
Section 5.1). The circles correspond to models with & = 13, for which
we find s;” ~ 0.0143 (DF) and 5, =~ 0.0502 (WSC). For reference, the
minimum value for consistency for the Jaffe model is s~ ~ 0.02205.

we have the BH dominated case (see Appendix A of CZ18), with
s, 22 0.31, obviously independent of & and u. Again following
the discussion after equation (30), from comparison with Fig. 3
we conclude that the stellar component of J3 models is certainly
consistent for s, > 0.31.

Summarizing, for J3 models, this preliminary analysis reveals
that the presence of a diffuse halo allows for the possibility of more
radial orbits, while a concentrated halo requires a more isotropic
velocity dispersion tensor for stellar consistency (for similar results,
see e.g. Ciotti 1996, 1999; CMZ09; CZ18).

3.2 Explicit phase-space DF

With the introduction of the dimensionless potential Y = Wr/W,,
and the normalized augmented density § = o/p,, equation (27)
becomes

flg) =

Pn /"dié dy
82w Jo dy? g =

%4
[u(q>+ S(f)],

a

_ P
NEU NG

where ¢ = Q/W¥,,, and, from equation (25), 0 < ¢ < oco. Note how
the resulting expression belongs to the family in equation (31).

In the case of a pure stellar Jaffe model, the functions U(g) and
V(q) can be obtained analytically, as also for a Jaffe model with a
central dominant BH; moreover, the function () for JJ models
with a central BH can be obtained analitically (e.g. see appendix
C of CZ18, and references therein). Unfortunately, for J3 models
U(g) and V(g) cannot be obtained in terms of elementary functions.
Therefore, in the following discussion we shall proceed with the

(34)

numerical integration of equation (34) for a selected choice of the
model parameters, changing the integration variable from potential
toradius, so that the integrand can be written as an explicit analytical
function.

First, we determine numerically the lower limit on s, for con-
sistency by inspection of the functions U(g) and V(g). Note that in
absence of the central BH (i = 0), from equation (25), the variable
g can be further scaled as § = ¢/R, and the quantity R /2 can
be explicitly factored out in the functions U(g) and V(gq) [see also
equation (C4) in CZ18]. In particular, for models without a central
BH, the position of the maximum in equation (32) depends on g, and
the value of s~ is independent of R.. It is numerically found that U(q)
> 0, so that equation (32) applies and only s, exists: the black solid
line in Fig. 3 shows the corresponding s, (§). At fixed &, anisotropy
values s, > s, correspond to a positive DF. Notice how the shape
of the critical consistency curve parallels the WSC condition (red
dotted line). For reference, the black circle at & = 13 marks the
minimum anisotropy radius (s, >~ 0.0143) for our representative
J3 model. From Fig. 3, it is also apparent how the effect of a
concentrated DM halo reduces the ability of the stellar component
to sustain radial orbits, a common property of the OM models,
confirming the trend obtained from the WSC. Here, we mention
a point of little practical interest, but quite relevant conceptually.
Indeed, in CZ18 was shown that for the single-component Jaffe
model the OM DF requires, for consistency, s, > 0.02205, and so
one could argue that the purely radial Jaffe model does not exist.
However, the analytical DF for this particular model is positive, thus
showing that the purely radial case is a singular limit for the OM
DF: indeed, eqs (C8) and (C10) in CZ18 show that the Jaffe stellar
component of J3 models can be supported by radial orbits only. In
any case this situation has not practical interest, as illustrated in
Section 5.1.

Fig. 4 shows the numerically recovered DF of the stellar com-
ponent of a selection of J3 models, namely the minimum halo
models with R = & = 10 (black lines) and R = & = 20 (red lines),
in the isotropic (top panel) and anisotropic (bottom panel, s, =
0.02) cases; the DFs are shown with and without the effect of
the central BH. For illustration, also the BH-dominated DF (green
dashed line) is shown. It is clear how at high relative energies the
DF of the J3 models with a central BH is matched by the BH
dominated DF, and how the values of the isotropic and anisotropic
DFs become coincident. As in JJ models, the DFs with the central
BH are lower at high relative energies than in the analogous models
without the central BH, the same happens at low relative energies for
models with heavier and extended haloes. These can be qualitatively
interpreted when considering that the DF values are expected to be
inversely proportional to the cube of velocity dispersion, so that
high velocity dispersions are expected to correspond to low values
of the DF (cfr. with Fig. 5). We also notice that the curves relative
to DFs in the strongly anisotropic cases behave (qualitatively)
as the DFs of other OM models discussed in Ciotti & Lanzoni
(1997, fig. 2), Ciotti (1999, figs 2 and 3), CMZ09 (fig. 3), and
CZ18 (fig. 3). In practice, in OM models small values of s, lead
to a depression of the DF at intermediate energies, where model
inconsistency finally sets in when s, drops below the consistency
limit.

4 JEANS EQUATIONS WITH OM ANISOTROPY

The Jeans equations for spherical systems with general anisotropy
has been discussed in Binney & Mamon (1982), and in the OM
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Figure 4. The DF of the stellar component for a minimum halo galaxy
model with R = & = 10 (black lines) and R = & = 20 (red lines), in the
isotropic (top panel) and anisotropic (bottom panel, s, = 0.02) cases. The
DFs are shown with and without (dotted and solid lines, respectively) the
effect of the central BH (with ;« = 0.002). The green dashed line shows the
DF of the Jaffe model in the BH-dominated case (see Section 3.2).

models, the formal solution can be written as

2 G = rz%
PN )= / puomro (1474 as
A(s) + sf Z(s)
= pn¥y W» (35)
where in our case
I(s) = RZy(s) + 1 Ipu(s), (36)
A(s) = R Ag(s) + w Agn(s). 37

In the two radial functions above the parameters R and p have been
explicitly factorized; for s, — oo, the solution of the fully isotropic
case is recovered, while for s, = 0, one reduces to the purely radial
case.
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Figure 5. Top panel: radial trend of o, of the stellar component for a
minimum halo model with R = & = 13. Black lines refer to the isotropic
case, and red lines show the quite anisotropic case with s, = 0.1. Bottom
panel: radial trend of the projected stellar velocity dispersion o, versus n =
R/r, for the same model in the top panel. In both panels, the radial trends
are shown with and without (dotted and solid lines, respectively) the effect
of the central BH (with © = 0.002).

4.1 The velocity dispersion profile

The BH contribution to the velocity dispersion profile is given by

1253 + 65> — 25 + 1 41 s

Tan(s) = , 38

e 1y Tt &8
14 2s s

- 21 . 39

Agn(s) s(+s) +2In T +s (39)

The galaxy contribution is obtained with an integration by parts,
and it can be written as

Z,(s) = Tgu(s)In E+s

+ Fiso(§, 5), (40)

E+s

Ag(s) = Agu(s)In + Fraa(§. 9), (41
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in which
982 4+36+1 &+ 1 E+s
In In
3&3 s E—1 1+4s
2(14+3&)s — &
Fiso§,5) = —@T—‘H{@,S% (42)
13 14s 2s247s—1
—1 - — 4H(1
30 6s52(1 + ) H, 5),
éln“uél]lnff—z%(s,w,
Fall)=q" 0 ’ 43)
In + —— —2H(, ),
1+s

where in equations (42) and (43), the first formula holds for &
# 1, and the second for & = 1; the function H(&, s) is given in
Appendix C.

An insight into the behaviour of o(r) is given by the expansion
for r — oo and r — 0 of the obtained formulae. We begin with the
outer galaxy regions, where

1 1 1 1
Ipu(s) = Q—FO(;") Agu(s) = ﬁ—'—o(:“)’ (44)

and, from expansion of equation (C1), we obtain

I()_lns+l—51n§_|_(9 Ins @5)
e = 583 2553 s6 )’
Ins 1—3Iné& Ins
Ag(S)Z E'FT'FO(F) (46)
From equations (35), (45), and (46), it follows that at large radii
1
\Ijan = Sa = 00,
o2y ~ S LS @7)
s 1
-, S, < 00.
3

Therefore, at the lowest order, o,(r) in the outer regions is indepen-
dent of £, and the asymptotic formula is similar to that of JJ models
(which just differs in the absence of the function In s).

The other important region for observational and theoretical
works is the galaxy centre: here the velocity dispersion profile is
dominated by the BH contribution, with

1 1 1
Tpu(s) = 353 + O(;) . Asu(s) = 5 + O(ns), (48)
while

! ! 1
L6 =5t o(;>, Agls) = — % +0q). (49)

Hence, as r — 0,

1
v, - .
ol ~ 3 >0 (50)
s 1, s, = 0.
If the central BH is absent, instead, one has
v, R ! 0
A Sa > U,
o)~ —— x {2 51)
—Ins, s. =0,
and so, with the exception of the purely radial case,
U, R
02(0) = . (52)
2

‘We notice that as a check of the obtained asymptotic formulae, we
also expanded the integral in equation (35) in the relevant regimes,
recovering equations (45), (46), and (48), (49).

The properties of o.(r) are illustrated in Fig. 5 (top panel) for
the representative J3 models with R = & = 13. In particular, the
effects of the central BH, the DM halo, and orbital anisotropy can
be clearly seen at large radii, where the radially anisotropic o (r)
(red lines) are above those in the corresponding isotropic cases,
a well-known consequence of the OM parametrization. Note also
how the isotropic and anisotropic profiles coincide in the central
regions, in accordance with the analytical results in equations (50)
and (51).

4.2 Projected velocity dispersion

The projected velocity dispersion profile associated with a general
anisotropy function B(r) is given by

) o R? p*(r)crr2(r)rdr
2(R)oy(R) = 2/ {1 - ﬁ(r)rfz} ﬁy (53)
R —

(e.g. Binney & Tremaine 2008), where, in the case of OM
anisotropy, S(r) is defined in equation (26).

Unsurprisingly, the projection integral cannot be evaluated ana-
Iytically for J3 models in terms of elementary functions. However,
using equation (35), and changing the order of integration, we find
that, for a general OM model, equation (53) can be rewritten as

=3} 2
T.(R)A(R) = G/ xr, R)p*(r)MT(r)<1 + %)dr, (54)
R

where

224 R? r2 — R? R*rP—R?
r, R) = 2 zmarctg 2 2 (2 2\(12 2)°
(r? + R?) r:+ R (rz + R*(r +r?)

(55)

The special case r, = 0 and R = 0 can be treated directly
in equation (53). Equations (54) and (55), although seem rather
complicated, actually reduce the dimensionality of the integral (53)
from two to one. This is a useful property in numerical works,
avoiding the task of the computation of the 2D integral (53).
All the relevant properties of o,(R) are illustrated in the bottom
panel of Fig. 5. As expected, in the outer regions the radially
anisotropic profiles are below those in the corresponding isotropic
cases, a natural result due to the projection effect on the radial orbit
population. More quantitatively, the behaviour of o ,(R) at large radii
can be described by considering the leading term of the asymptotic
expansion of the integral in equation (53) for R — oo. There are
no mathematical difficulties; the only care required is to take into
account the effect of the radial anisotropy, and to distinguish two
different cases, i.e. the isotropic case and any other model with finite

sa. We obtain:
1, Sa = 00,
x < 1 (56)

PR Sy < 00,
3

where n = R/r,. Notice the similarity of this result with that
obtained for JJ models (see equation [53] of CZ18). The numerical
coefficients are identical, but now there is an additional logarithmic
factor, and the BH mass (1) does not appear because the total mass
is infinite. Of course, also the coefficient R is not the same quantity
as in JJ models.

In the central regions both the integral in equation (53) and X, (R)
diverge, so that o,(R) can be properly defined only as a limit. For

8W,R1Iny

2
R
o (R) 1571

MNRAS 490, 26562667 (2019)

6102 JoquianoN 90 uo Jesn eubojog Ip IPNIS 11B9p BJISISAIUN - 03USLY,P OLEJBIONqIG BWRISIS AQ 2/+2/55/9592/2/06F/10B1Sqe-9]01LE/SEIUW/WO0d"dNO™DIWapED.//:Sd)lY WO PapEojuMod



2664 L. Ciotti, A. Mancino and S. Pellegrini

what concerns, the galaxy contribution we have
0p(0) = 0:(0), sy > 0, (57)

where o ,(0) is given by equation (52). For r, = 0, instead, apz(R) ~
—02(0)Inn. In presence of the central BH, o,(r) and op(R) are
dominated by the BH contribution, and from equations (50) and
(53), we obtain

pAY
R~ S s 20, (58)
7
The independence of o,(R) from the specific value of s, in the
central regions is shown in the bottom panel of Fig. 5. Note that

equations (57) and (58) coincide with their analogues for JJ models.

5 VIRIAL, POTENTIAL, AND KINETIC
ENERGIES

Among the several global quantities associated with a stellar system,
those entering the Virial Theorem (hereafter, VT) are certainly the
most interesting for many observational and theoretical studies (e.g.
Ciotti 2000; Binney & Tremaine 2008). For the stellar component
of J3 models, we have

2K, = — Wy = — (Wag + W), (9

where

K, =27 / p(N)[02(r) + ol (r)]r*dr = Koo + Kipn (60)
0

is the total kinetic energy of the stars,

W,y = —41G / ocp*(r)Mg(r)rdr (61)
0

is the interaction energy of the stars with the gravitational field of
the galaxy (stars plus DM), and finally

W.pn = —47TGMBH/ ps(r)rdr (62)
0

is the interaction energy of the stars with the central BH. For a Jaffe
galaxy W,gn diverges; the VT implies that also K,py diverges.
The contribution of the total galaxy potential to W,, = W,
+ W.pm (where W,, is due to the self-interaction of the stellar
distribution, and W,py to the effect of the DM halo) is finite, and
W, is written as
H(E, 0)— 25 E# L
W =— W, MR x B ' (63)
HA,0)—1, E=1,
where the function H(&, s) is given in Appendix C. More generally,

W, is a finite quantity for the stellar component of J3 models; it
follows that it is possible to define the (3D) stellar virial velocity

dispersion as 0y = — W,y/M,. Once W, is known, Wipm is
immediately obtained as W, — W,,, and we have
o WM,
W = —4nG Px(PIM(r)rdr = — B (64)
0

As well known, in multicomponent systems the energy W of a
given component is not the potential energy of the component itself
in the total potential. Therefore, we shall now calculate the different
contributions to the potential energy U, of the stellar component. As
done for the interaction energy W,, we can decompose the potential
energy U, as

U* = U*g + U*BH’ (65)
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Figure 6. Absolute values of the normalized gravitational energies for the
stellar component, as a function of &, in case of minimum halo and absence
of a central BH. See Section 5 for more details.

where

Uig = Uss + Uipm = %/P*q’* d*x +/p*¢'DM d’x. (66)
As well known,

Usgn = /p*CDBH &*x = Wpn, (67)

and so U,gy diverges as W,gy. Moreover, the self-gravitational
energy and the virial self energy of each density component
coincide, and in our case U,, = W,,. In order to derive U,, and
U.pm 1n equation (66), we calculate the quantity

B,y = / 0+ Dy PPx = — W, M, RH(E, 0). (68)

With this definition, one has that U,; = B,; — U, and U,py =
B,y — 2U.,.. The trends of |U,g|, | Bs|, and |W,,|, as function of &,
are shown in Fig. 6.

Note that B, is not the gravitational energy U,, of the stars in
the galaxy total potential, but an important quantity in the theory of
galactic winds, and in studies of the hot gas content of early-type
galaxies. For examples, it measures the energy per unit time (Lgr,y)
to be provided to the interstellar medium of early-type galaxies
(via, e.g. supernova explosions, or thermalization of the velocity of
stellar winds, or active galactic nucleus feedback) in order to steadily
extract the mass input injected over the galaxy body from evolving
stars. This power is given as Lgay o | Byg| (e.g. see Pellegrini 2011;
Posacki, Pellegrini & Ciotti 2013).

5.1 Stability

A particularly relevant application of the VT is in the determination
of the conditions required to prevent the onset of the ROL. Indeed,
stellar systems supported by a large amount of radial orbits are in
general unstable (e.g. Fridman & Polyachenko 1984, and references
therein). As shown by several numerical studies of one and two
component systems (see e.g. Merritt & Aguilar 1985; Bertin &
Stiavelli 1989; Saha 1991, 1992; Bertin et al. 1994b; Meza &

6102 JoquianoN 90 uo Jesn eubojog Ip IPNIS 11B9p BJISISAIUN - 03USLY,P OLEJBIONqIG BWRISIS AQ 2/+2/55/9592/2/06F/10B1Sqe-9]01LE/SEIUW/WO0d"dNO™DIWapED.//:Sd)lY WO PapEojuMod



Two-component galaxy models with a central BH 2665

Zamorano 1997; Nipoti, Londrillo & Ciotti 2002), quantitative
information about stability can be obtained by using the function
2K, 4

E= - (69)
K*t 2+ W*g/K*r

where K,, and K, = K, — K, are the total kinetic energy of
stars, associated with the radial and tangential components of the
velocity dispersion tensor, respectively (see equation 60), and the
last expression in equation (69) derives from equation (59). Of
course, we exclude the effect of the central BH, to avoid the
divergence of the kinetic energy K.gy. From its definition, & —
1 for s, — oo (globally isotropic models), whereas E — oo for s,
— 0 (fully radially anisotropic models). Note that, for u =0, E is
independent of R. Here, we adopt the usual empirical requirement
for stability of E < 1.70 & 0.25.

With an analogous treatment to that adopted to derive equa-
tion (54), it can be shown that

00 2
K. = 216G / £(r)p*(r)Mg(r)(1 + ’—;)dr, (70)
0 r
where
L(r) =r — r,arctg L, (71)
ra

which tends to r in the limit r, — 0, in agreement with the VT in
equation (59).

Unfortunately K, cannot be expressed via elementary functions,
so that we explore numerically the fiducial stability condition E(s,,
&) =1.7.InFig. 3 with the green dashed curve, we plot the resulting
lower bound for stability s,(&). The resulting trend, i.e. the fact that
s5,(€) increases with &, is in agreement with the behaviour of other
families of one- and two-component models (Ciotti 1996, 1999,
CMZ09, CZ18, see also Carollo, de Zeeuw & van der Marel 1995).
As already discussed in CZ18, in order to guarantee the stability of
the system, the increase of s, with £ is a simple consequence of the
orbital distribution in OM models, which are radially anisotropic
for large r and isotropic in the central region. Moreover, s,(£) is
quite larger than the critical values s, for consistency, so that the
maximally radially anisotropic models with positive DF are almost
certainly unstable.

6 CONCLUSIONS

A new family of spherical, two-component galaxy models is
presented, following the approach introduced in CMZ09 and CZ18.
These models, called J3 models, have a stellar component described
by the Jaffe density profile, and a toral density component such that
the resulting DM halo — defined as the difference between the total
and the stellar density distributions — can be made asymptotically
identical to a NFW profile, both at the centre and large radii. This
property makes the J3 models an improvement over JJ models,
while retaining the same analytical simplicity. A BH is also added
at the centre of the system, and the orbital structure of the stellar
component follows the OM anisotropy profile. The models are fully
determined once the total stellar mass (M.,.) and its scale length (r,)
are assigned, together with a total-to-stellar density ratio (R), a
total-to-stellar scale length ratio (&), a BH-to-stellar mass ratio (1),
and finally the anisotropy radius (r,) of the stellar component. The
J3 models allow for an almost complete analytical treatment with
quite simple explicit expressions of several quantities of interest
in observational and theoretical works. The main results can be
summarized as follows.

(i) We derive analytical constraints on R and & to assure
positivity and monotonicity of the DM halo density distribution.
For a given &, the model corresponding to the minimum value
allowed for R is called minimum halo model. In particular, for & >
1/2, the positivity and monotonicity conditions coincide, requiring
R > &. For arbitrary choices of ‘R and &, near the origin the DM
density profile diverges as ppy(r) o< #~2, but in the minimum halo
case with & > 1/2 the models are centrally ‘baryon dominated’,
with ppm(r) o ¥7!, as for the NFW profile. Moreover, at large
radii ppp(r) is, by construction, always proportional to r~3, again
following the NFW profile. Two simple formulae determine the
parameters of the NFW model identical to ppm(r) at the centre and
large radii; remarkably, the NFW profile so obtained stays close to
ppm(7) also in the intermediate region.

(ii) The minimum value of the OM anisotropy radius r,, cor-
responding to a dynamically consistent stellar component, is first
estimated using the necessary and sufficient conditions given in
CP92. The consistency analysis is then performed for the isotropic
DM halo and in presence of a central BH; it is found that for &
> 1, once positivity only of ppu(r) is assured, i.e. R > &, ppm
automatically satisfies the NC and WSC, and so it can be supported
by a nowhere negative phase-space DF.

(iii) The DF is then recovered numerically, and we illustrate its
behaviour for a few representative cases, for different choices of R,
&, and r,. Then, we determined the (minimum) critical value of r,,
as a function of the model parameters, finding a curve that nicely
parallels that given by the WSC. We showed that in absence of the
central BH, the minimum value of r, depends only on &, and it is
independent of R. For example, for models with £ = 13 and no
BH, the positivity of the DF requires r, 2 0.0143 r,.. In particular,
1, decreases for increasing &, i.e. a DM halo more extended than the
stellar distribution increases the ability of the stellar component to
sustain radial anisotropy. On the contrary, more concentrated DM
haloes require a more isotropic orbital distribution. This behaviour
is similar to what already found for JJ models.

(iv) Having determined the region of the parameter space corre-
sponding to physically consistent models, we solved analytically the
Jeans equations for the stellar component, for generic values of the
model parameters. The asymptotic expansions of o(r) and o,(R)
near the centre and at large radii were obtained; it is shown that
J3 models, in the central region, behave identically to JJ models.
Accordingly when © = 0 and for all values of r, > 0 (isotropic
case included), 07(0) = 67(0) = W, R/(2£). In presence of the BH,
in the central regions crf(r) ocr~!, and apZ(R) ~ 2, ur,/(31R),
independently of r,. These results can be used, among other appli-
cations, to estimate the size of the so-called ‘sphere of influence’ of
the central BH.

(v) Finally, the analytical expressions for the quantities enter-
ing the VT, such as the stellar kinetic energy, the interaction
energy, and the potential energies, are derived as a function of
the model parameters. We also evaluated numerically the minimum
value of r, corresponding to the fiducial value of ~ 1.7 for the
Friedmann—Poliachenko—Shuckman instability indicator, so that
more anisotropic models are prone to the onset of ROIL. The mini-
mum r, for stability increases for increasing &, and (in absence of
the central BH) its value depends only on £, being independent of R.

We conclude by noting that J3 models can be a useful starting
point for more advanced modelling of the dynamics of elliptical
galaxies, and can be easily implemented in numerical simulations.
In addition, it can be shown that J3 models allow for a fully analytical
treatment of Bondi accretion along the lines discussed elsewhere
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(Ciotti & Pellegrini 2017, 2018); we defer this study to a future
work.
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APPENDIX A: PROJECTED DENSITIES

For the stellar density, the functions f.(n) and g.(n) appearing in
equations (4) and (6) are given by

1 /1 —=n%—=(Q2—n?arcsechn

E-f— 2l — )" , O<n<l,
1 2
Ss(m) 1730 n=1 (Al
1 \/7727—1—{—(7]2 — 2)arcsecn
an 21 — 1772 o=l
and
E_narcsechn 0<n<1
N |
8«(n) =1 x g—L n=1 (A2)
7T arcsecy) 01,

n—F:
2 \/,727_1
where n = R/r,. For the total galaxy density, the analogous functions
fe(n) and g4(n) appearing in equations (9) and (11) read

1 arcsechn 0 ]
=, <n<l,
4  2m/1—n?
1 1
={- -, =1,
fn =3 7= 5~ n (A3)
1 arcsecn
B e n>1,
4n  2m\/n* -1
and
/1— 2
lr_ln(Z/n)+ 1—n arcsechn’ 0<y<l,
2 1 n
b
ge)=nx {2 —In2, n=1 (Ad)
T In2/n) /n?— larcsecn .
5 - - . n>1
2 n 1

where now n = R/r,.

APPENDIX B: POSITIVITY AND
MONOTONICITY OF THE DARK MATTER
HALO

The condition for the positivity of the DM halo density is obtained
by imposing ppm(r) > 0, i.e.
E+s

> T2 s>0. (B
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Therefore, in order to have a nowhere negative DM halo for given
&, R must be greater than or equal to the maximum R, (&) of the
function above, and simple algebra proves equation (16).

The monotonicity condition for ppy is then obtained by requiring
that dppm(r)/dr < 0, i.e.

- 2(& 4+ 5)*(1 +25)

2 Arsp@E 13y - MES:

s=0, (B2)

and by the same argument as above, we call R o0(§) the maximum
of the function M(&, s). We obtain

dM(E, s)
x
ds

(1 = 26)[& + (3 + 4&)s] + 6(1 — 3&)s* — 657, (B3)

where proportionality indicates product by a strictly positive func-
tion. The explicit solution of equation (B3) presents no difficulty,
however important information can be easily obtained without
solving it. First, for £ > 1/2, equation (B3) is nowhere positive,
and so the maximum of M is reached at the centre, with R pon(§) =
M(&,0) = & = Ru(&). In practice, for & > 1/2, the positivity and
monotonicity conditions coincide, similarly to the case of JJ models,
where the positivity and monotonicity conditions coincide for all
values of &. For 0 < & < 1/2, the situation is different. In fact,
the cubic function in equation (B3) is positive for small values of
s, and negative for large values of s, and so dM(§, s)/ds has at
least one zero (and M at least one maximum) for s > 0. Moreover,
the Descartes Theorem shows that for 0 < & < 1/2 at most one
positive zero of the cubic exists, therefore corresponding to the
single maximum R0,(&): as we are mainly interested in realistic
models with & > 1, we do not discuss further this case.

As illustrated in Section 3.1, for an isotropic DM halo the NC is
equivalent to the monotonicity of the density profile, and from the
results obtained above, for & > 1/2 positivity, monotonicity and NC
coincide, and hold for R > &. The WSC for the isotropic halo in the
total galactic potential and in absence of the central BH involves a
cumbersome function, and so we do not give here its expression: a
numerical study indicates however that for £ > 1 the WSC holds
when R > &. The WSC for the isotropic halo in the potential of a
dominant central mass reduces to

(& + 565> +4s+ 1)
T (L 49)*(3s? + 365 +82)°

(B4)

and simple algebra shows that for £ > 1, the maximum is reached
at s = 0, i.e. again for R > &. Therefore, from the discussion after
equation (30) we conclude that for £ > 1 and R > & the WSC for
the isotropic DM halo with a central BH of arbitrary mass holds.
As for the halo, also for the Jaffe stellar distribution the WSC
leads to an analytical but cumbersome expression. In absence of the

central BH (u = 0), the WSC reduces to

2o _ [ +5)(s = DIn(1 +5/8) + (1 +5)]
CT 0 (E+9)6s% +4s 4+ DIn(1 4 5/8) + s(1 +5)(1 +2s5)
(BS)

N

for s > 0, where it can be noticed that the parameter R does not
appear. The result of the numerical investigation of the inequality
above is represented by the red dotted line in Fig. 3, where we show
the minimum value s, (§).

APPENDIX C: THE FUNCTION H(,s)

The function H is defined as

H = [T ) (!
€= [Tn(ie) i = () +

2
1, 14s A-80+s) . [5(1 +S)} _ Liy),
2 &+ E+s E+s
0, (ChH

§ E+s [ &+s (1
lnéjln]_Fs—ng[s(l_i_s)}-f-le(g),

where the three expressions (that can be obtained with some work
starting from the change of variable 1 + r = 1/y) referto 0 < & <
1, =1,and & > 1, respectively, and

Lig(x):—/xm(]li_t)dz, x <1, (C2)
0

is the dilogarithm function (e.g. Gradshteyn & Ryzhik 2007, see
also Lewin 1981), with the Euler identity Li (1) = 7%/6. At the
centre,

2 2
S+ BT g (1 — &) — Lin),
2
HE 0 =1 . (©3)
(In€)> —In€ In(E — 1)+ Lip (é) ,
while a direct expansion of equation (C1) proves that
sins
H(E,0) + + O(s),

HE.5) = (C4)

1 2641 1
e o =),
s 452 + <s3)

for s — 0 and s — oo, respectively.
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