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Abstract. In Active Galactic Nuclei (AGNs) the presence of a star cluster around the central black hole can have several effects
on the dynamics and the emission of the global system. In this paper we analyze the interaction of stellar atmospheres with
a wind outflowing from the central region of the AGN nucleus. Even a small mass loss from stars, as well as possible star
collisions, can give a non-negligible contribution in feeding matter into the AGN nuclear wind. Moreover, stellar mass loss can
produce envelopes surrounding stars that turn out to be suitable for reproducing the observed emission from the Broad Line
Region (BLR). In this framework, the envelope can be confined by the bow shock arising from the interaction between the

expanding stellar atmosphere and the AGN nuclear wind.
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1. Introduction

It is generally accepted that the broad emission lines present in
AGN spectra originate in numerous, small and relatively cold
gas concentrations in the neighborhood of the central black
hole, the so-called Broad Line Region (BLR). The observed
line properties directly indicate the existence of such gas con-
centrations; however, the physical nature of these structures is
still a matter of debate. Up to the present day, three possible
classes of models have been envisaged: gas clouds, accretion
disks, and stellar wind envelopes. Each scenario suffers from
still unclarified problems and we refer to the recent review by
Korista (1999) for a presentation of the problem.

In general, broad emission line regions in AGNSs turn out to
be characterized by a relatively narrow range in ionization pa-
rameter U, i.e., U = L/[4ncr’n, < hy >] = 0.01-1 (Alexander
& Netzer 1994; Peterson 1997; Netzer 1990). In this expression
r is the distance from the central black hole, n. is a represen-
tative value of the number density of the line emitting gas, L
is the ionizing radiation field luminosity from a central source,
illuminating the line emitting region, and < hv > is the average
photon energy of the ionizing radiation field. A first estimate of
the conditions of the line emitting gas, such as n, and U, can
be obtained from an analysis of the emission spectrum; cou-
pling this information with the evaluation of the luminosity and
of the ionizing spectrum, the relation above, defining U, can
be inverted to give an estimate of the characteristic size of the
BLR, or, better, the characteristic distance of the line emitting
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gas from the central continuum source, rgrr (see Wandel et al.
1999). In a first, simplistic use of photoionization arguments,
under the assumption that the ionizing continuum shape is quite
similar and both n, and U are substantially the same for all
the AGNs (see Kaspi et al. 2000), a relationship, between the
characteristic BLR size and the AGN luminosity, of the type
reLr o« L% would then be expected. Indeed, this would just
be an order of magnitude evaluation, since there are reliable
indications that the BLR material density and the ionization
parameter are not constant at all even across the BLR exten-
sion of a single AGN (see, e.g., Kaspi et al. 2000). Nonetheless,
this was actually what reverberation mapping studies of several
AGNs seemed to suggest until very recently, implying g r =
0.1 L}‘éz pc (Netzer & Peterson 1997; Kaspi 1997) (where Lag
is the AGN luminosity in units of 10*® erg/s). In a reverberation
technique study of a sample of 17 quasars, combining their data
with those available for Seyfert 1 galaxies, Kaspi et al. (2000)
propose a significantly different relationship between rgr and
the luminosity of the AGN, namely rgrr o L%7. Although the
exponent does not differ much from the previous one, it is re-
markable that the ensemble of the data fit by the latter relation,
are not fit by the one with an 0.5 exponent.

In a previous paper (Pietrini & Torricelli 2000, here-
after Paper I), motivated by recent observations supporting ra-
dial outflows even in radio-quiet AGN’s, such as Seyfert s,
(Crenshaw et al. 1999; Weymann et al. 1997), we have anal-
ysed the physical structure and characteristics of a global
AGN outflow, presumably originating in the very central re-
gions and expanding out to large distances as a kind of back-
ground/connection for various observational components of the
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AGN structure [BLR, UV absorbers, X-ray “warm absorbers™].
A solution for the wind equations, accounting for the physical
requirements typical of central regions of Seyfert-like AGN,
turned out to be possible only under rather specific conditions.
One of the resulting constraints is that the outflowing wind may
exist only if its density is rather low. The only possibility to in-
crease the wind density is to feed matter into the wind itself in
a certain range of distances from the nucleus (see Sect. 8.4 of
Paper I for details).

As far as the BLR cloud model is concerned, the presence
of a nuclear wind generally augments problems of cloud sur-
vival, rather than solving them, unless the clouds are somehow
comoving with the outflow itself. In fact, one problem for the
cloud existence is the drag force at work between the moving
clouds and a non-comoving confining medium. This drag force
would rapidly disrupt the clouds. The observationally inferred
information on the cloud kinematics indicates that this motion
is not radially directed and it must be characterized by a more
complex velocity field. Also, the possibility of a Keplerian pat-
tern has been suggested by Wandel et al. (1999). Since, for the
reasons explained above, our choice is to work within the sce-
nario of a radially directed nuclear outflow, the cloud survival
problem would inevitably be worsened by the presence of a
radial nuclear wind.

For the stellar wind envelopes, since they are continuously
fed by the stellar wind, disruption is not a problem; another
velocity component in their relative motion with respect to the
interstellar medium does not constitute a problem either. On the
contrary, we will show in this paper that this new component
in the relative motion of the envelopes with respect to the sur-
rounding medium can be a fundamental factor; in fact, it can
contribute significantly to confine the plasma envelopes via the
formation of bow-shock fronts.

The above considerations, together with the necessity of
feeding matter in the AGN wind, induce us to invoke stellar en-
velopes as a possible interpretation of the nature of BLR emit-
ting plasma. In addition, the virial assumption of Keplerian mo-
tions used to interpret the emission line width (Wandel et al.
1999) is in good agreement with the stellar origin of BLR
emission. Indeed, this possibility has been widely discussed
in the literature. In particular, after two pioneering works of
Scoville & Norman (1988) and Kazanas (1989), the star model
has been reanalyzed by Alexander & Netzer (1994, hereafter
AN1), and Alexander & Netzer (1997, hereafter AN2), who
introduce “bloated” stars as stars characterized by a very ex-
tended envelope, but, due to the specific AGN environment,
different from supergiant stars as known in the solar neighbour-
hood. We refer to AN1 for a wider presentation of the scenario
and its problems.

In their papers, Alexander & Netzer (AN1, AN2) present
different possibilities for confining “bloated” star envelopes
and conclude that the more effective one is tidal disruption by
the black hole. However, AN1 and AN2 assume in their works
that the stellar winds expand into vacuum, asserting that this
does not constitute a limitation on the validity of the analysis.
On the contrary, in this paper we analyze whether and how the
presence of a nuclear AGN wind, such as the one described in
Paper I, can have an influence on the BLR physical structure.
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In particular, by inserting mass losing stars in their specific en-
vironment and investigating the interaction of the stellar wind
with the AGN wind, we introduce another confining mecha-
nism for the star envelopes. We then compare it to both the tidal
one and to the other possible confinement mechanisms investi-
gated by AN1 and AN2. Finally we analyze the consequences
for BLR parameter values.

In Sect. 2, we discuss confinement of the expanding stellar
envelopes and introduce the bow-shock formation mechanism
as a further means of defining an outer boundary for these en-
velopes. Section 3 is devoted to the connection and interaction
between the AGN nuclear wind, as developed in Paper I, and
the central star cluster, with colliding and mass losing stars, in
terms of the resulting mass deposition into the AGN nuclear
wind. In Sect. 4, we describe the physical parameters that turn
out to be involved in the computation of the model, their signif-
icance in the outcome determination and the general properties
of a stellar envelope necessary to produce the observed line
emission. We then identify a sort of “observational test” for the
results of a BLR model, through the comparison with typical
values inferred from observations of global BLR parameters,
such as the covering factor, the characteristic BLR radius, the
ionization parameter, and the fact that no broad forbidden lines
are observed. Section 5 discusses how the identified general re-
quirements put physical limitations on our model parameters.
The general results of our model are presented in Sects. 5.1—
5.3 for three distinct cases, that differ basically in the choice of
the mass loss rates for the various types of stars in the central
cluster. Section 6 is devoted to general discussion of the main
results, including a comparison with the works of other authors
applying different models to infer the general properties of the
BLR of a specific source, NGC 5548, which is well represen-
tative of the Seyfert 1 class of AGNs. Finally, in Sect. 7 we
summarize our results and the general features that character-
ize our interpretation of the BLR, highlighting the qualities and
the limitations of the model.

2. Confinement of the stellar envelopes:
Bow shocks around moving stars versus other
mechanisms

When a mass-losing star moves rapidly through the interstel-
lar medium, its wind interacts with the surrounding plasma,
giving rise to an elongated bow shock. The physics of these
shock fronts has been widely studied in different contexts (see
e.g. Perry & Dyson 1985; van Buren et al. 1990 and references
therein) for different purposes. In general, we expect that the
expanding stellar wind can develop a shock front, in which the
wind kinetic energy is partially converted and radiated away.
Therefore, in a stationary configuration, the shock position is
determined by the equilibrium of the external pressure and that
of the stellar wind. The resulting shock geometry is a cometary-
like tail elongated in the direction opposite to that of the star
motion.

In our case the situation is more complex since stars move
around the AGN nucleus with a velocity V(r) and are em-
bedded in a radial nuclear wind characterized by a number
density ny(r) and expanding with velocity vy (r) = vy (r)é;.
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The AGN wind velocity vy, (r), number density ny,(r) and tem-
perature T, (r) profiles are those computed through the resolu-
tion of the system of stationary hydrodynamical equations, de-
scribed in Paper I, including the appropriate mass deposition.
The nuclear wind velocity vy undergoes the transition from
sub-sonic to super-sonic at a distance r. from the AGN nu-
cleus, where r./ry > 1/4(c/ cs)?, with ¢ being the local sound
speed, c the light speed, and r, = 2GMgy/c? the black hole
Schwarschild radius.

For the stellar velocity we adopt a Keplerian motion
(consistent with recent interpretations of emission line width
Wandel et al. 1999):

V() = GM(r) ’

— (1)
where M(r) is the total mass (central black hole plus star clus-
ter) within the radius r, assuming its distribution is spherically
symmetric. The velocity of the stars is generally supersonic in-
side the nuclear wind sonic radius, while, of course, vy, 1S su-
personic outside. Hence, in our case the bow shock will have a
different geometry depending on the regime in which it is com-
puted: cometary-like shocks with the tail in the direction oppo-
site to the star motion (when the ram pressure contribution is
induced by the star motion, muny V?); or with the tail extend-
ing radially outwards from the central black hole (when the ram
pressure contribution is due to the AGN wind: mHnwv%v); ora
combination of the two. It is beyond the scope of this paper
to investigate the detailed physics and geometry of this con-
figuration; instead, what is important in this context is the ex-
istence of a region around the star where the stellar wind can
be confined by this mechanism. For the sake of simplicity we
have chosen to represent this complex wind envelope region
schematically as a quasi-spherical structure, so that its geomet-
rical extension can be characterized simply by a radius defining
the radial distance of the envelope boundary from the star.

In order to derive this envelope radius, first we have to pa-
rameterize the physical properties of the expanding envelope,
namely give a prescription for the density of the gas in the en-
velope itself and for its expansion velocity. Our simplifying
choice is to adopt a radial power law behaviour for the stellar
atmosphere expansion velocity:

@)

*

R (07
v.(R) = v (R_) for R > R,,

where R, the distance from the star center, and R, the radius of
the star, are both expressed in the same length units; this rela-
tion is taken as independent of the distance, r, of the star from
the central black hole. Taking into account continuity equation
for the envelope gas, we can derive its density as a function of
R as well:

M* M* R —(a+2)
4m muR*v.(R) - (47T mHvoRf )(R_*) .

Once these quantities are defined, the order of magnitude of
the distance from the star, Ry, at which the bow shock can be
formed, can be determined by using the standard methods, that
is from the two equations describing the stellar mass loss rate

Neny(R)=

3
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(i.e., continuity equation again) and the balance between the
total pressure (thermal+ram pressure) of the stellar wind and
that of the ambient medium, all evaluated at Ryoy:

M, = 47 my Rﬁownenv(Rbow)U*(Rbow)

“
&)

P+ mHnenv(Rbow)vz(Rbow) = Py + Prm.
Here we assume that P, = nenwkT./u,. and Py, = nykTy/pw
are the thermal pressures of the star and of the AGN winds,
respectively, where n; = p;/my (for i = env,w), with p; the
mass density. We have taken w. = uy = 0.6, as expected for a
fully ionized plasma with cosmic abundances (see Allen 1985);
note that in the following we indicate both pu. and p,, as u.
Also, v, is the expansion velocity of the stellar atmosphere as
given by Eq. (2) for R = Ryow- The ram pressure of the external
medium can be identified with the maximum of that due to the
star motion and that due to the AGN wind:

_ 2 27 _ 2
P = Max [mHnWV s mﬂnwvw] = MYy [y -

The two equations above (Egs. (4) and (5)) turn out to depend
on the distance of the star (whose envelope we are describ-
ing) from the central black hole, r, since they contain physical
quantities depending on r itself. These are the ones defining
the AGN nuclear wind (ny(7), Tw(7), vw(7)), and the Keplerian
velocity of the star in the local gravitational field, as given by
Eq. (1). Also, these quantities can be combined so as to define
global envelope properties as functions of r as well. In fact,
Eq. (4) can be rewritten as

M,

1:(r) = Hepy(Rpow) = ———————— 6
( ) e V( bo' ) 4 mHRﬁOWU* ( )
and, making use of Eq. (6), Eq. (5) becomes
M, muv? + kT, /u
2, (1) = - )

47 myny (r)v. mHvﬁ/laX(r) + kTW/,u’

where v, indicates the value of the stellar atmosphere veloc-
ity at its boundary Rpow, as in Eq. (5). Note that in Eq. (6) we
have redefined reny(Rpow), the density of the stellar envelope
at its external boundary, as n.(r), explicitly showing its depen-
dence on r, since its value does depend on the distance of the
envelope from the black hole, as mentioned above. In the fol-
lowing, unless otherwise specified, we use n.(r) to indicate a
reference number density value characterizing the stellar atmo-
sphere. As for the stellar atmosphere gas temperature, here we
assume for simplicity that it is constant, i.e. independent both
of r and of R; this assumption and its validity within the present
framework are briefly discussed in Sect. 5. The two relation-
ships shown above define the density and the extension of the
stellar wind envelope as functions both of the stellar wind ve-
locity and temperature, and of the external confining plasma
parameters. Since the stellar wind velocity depends on Rpoy,
Eq. (7) is in general an implicit equation.

As Alexander & Netzer (AN1, AN2) have shown, several
other mechanisms in principle can be competing for the def-
inition of the physical extension of the stellar wind envelope.
In the following we briefly outline them, in order to compare
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the characteristic envelope radius values defined by each mech-
anism at any given radial distance r from the black hole with
Ryow, 1.€. the distance from the star at which the bow shock,
due to the interaction of the stellar wind with the nuclear AGN
outflow, would form. The various physical processes that are to
be examined produce a stellar wind envelope extension that is
characterized by a different dependence on the radial distance r
from the central black hole. Therefore, for each value of r, we
shall finally identify the effective extension of the envelope it-
self with the smallest radius obtained, thus selecting the most
efficient mechanism for stellar wind confinement.

A first effect we need to take into account is the possibility
of tidal disruption of the outer layers of the stellar envelope,
due to the black hole gravitational pull. In this case the size of
the stellar envelope is given by (see AN1)

M\
Ridar = 2 Man r,

showing a simple linear dependence on the distance from the
black hole.

Another possible definition of an upper limit to the stellar
wind extension can be determined by the reasonable assump-
tion of the existence of a finite mass in the stellar wind. Again
following AN1, we suppose that the total mass in the stellar
wind must not exceed 0.2 My; this leads to the condition

®)

R R y
mass mass M*
M.dt = f dR = 0.2 M, )
R, R,

Vs
which, for a given stellar wind velocity field v.(R), defines Ryass
as the maximum stellar wind size allowed for, due to the limit
on the stellar wind mass content. Assuming that Eq. (2) defines
the velocity profile v.(R) for the stellar wind, we can explicitly
solve the integral to obtain
1/(1-a)
+ R*) R;"] ;

[((1 - @)0.2M vy
Rmass = || —————

M.
notice that in this specific case the stellar envelope extension
would not depend on the radial distance r from the central black
hole.

Comptonization effects, due to the central ionizing contin-
uum heating the outer layers of the stellar envelope, should
also be taken into account in the determination of the exter-
nal boundary of the envelope itself. This process (see Kazanas
1989, and AN1) induces complete ionization of the outer lay-
ers of the stellar wind, that become part of hot “Comptonized”
phase. It is effective on the denser stellar wind down to lay-
ers in which the density of the envelope material reaches a
critical value, ncomp, above which, that is deeper into the en-
velope, a “cool phase” is still allowed (Kazanas 1989; Krolik
et al. 1981), and therefore the stellar wind survives as such.
This density value is defined by a critical value, Z, of the “ion-
ization” parameter Z = Lio, /(4nr’cnkT) for the existence of a
“cool” phase, for a given ionizing radiation field, and it is

1 Lion 1
= 4nckT, r?
This critical value of the density defines a boundary radius
for the stellar wind, that we can call “Comptonization” radius,

(10)

(1)

”Comp(r) =
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Rcomp, by setting neny(R) = ncomp in the continuity equation
(see Eq. (3)). We thus obtain
E M. kT |7

#] ) (12)

Rcomp =
P myvoR;? Lioy

In Eqgs. (11) and (12) the quantities 7. and E cannot be freely
chosen, since they depend on each other, their specific rela-
tionship, 7..(Z), deriving from the analysis of possible equilib-
rium configurations existing in a photoionized gas (Krolik et al.
1981). Since T.(Z) depends on the assumed continuum radia-
tion illuminating the gas, as well as on other heating mecha-
nisms possibly present and on cooling processes, its resulting
detailed shape turns out to be different in literature depending
on the specific assumptions of the authors. Krolik (1999) shows
a T(E) curve, obtained with the composite continuum spectrum
from Elvis et al. (1994), in which &, ~ 10 and the correspond-
ing cool phase limit temperature is ~5 X 10* K. In other studies
(see Krolik 2002), the “cool” phase (T < 10° K) exists for
& < 28 for the continuum spectrum considered by Kaspi et al.
(2001), whereas for Krolik & Kriss (2001) it is present only for
E < 12. The temperature corresponding to these upper limits
for the ionization parameter Z is around 5 x 10* K for the two
cases. Itis somehow difficult to make a consistent choice for the
values of E. and T to be used in Eq. (12) without computing
directly the specific equilibrium, therefore we choose to rely
on the assumptions of one of the papers in literature, namely
the one of Kazanas (1989). In this work, the author computes
the critical density for the transition to the Comptonized phase
(see Eq. (11)) taking the critical value of the ionization param-
eter as . = 10 and a temperature (7. in our notation) equal to
3x10* K (Kazanas 1989). Given the results of most recent stud-
ies and calculations (some of which have been cited above),
these values can be regarded as sort of “lower limits” for the
possible range of critical ionization parameter and/or tempera-
ture. However, in the present context we maintain this choice as
representative of the critical condition, since, owing to the func-
tional dependence of the limiting radius, Rcomp, as expressed in
Eq. (12), “lower limit” values for E. and the corresponding 7.
guarantee a “lower limit” value for the Comptonization radius
as well. In fact, we are evaluating this radius to compare the
efficiency of this confinement mechanism with that of the other
relevant ones. If indeed Comptonization turned out to be the
effective confinement mechanism for the stellar envelopes con-
tributing to the line emission in the BLR, a more accurate anal-
ysis of appropriate parameters to be used in the precise eval-
uation of Rcomp Would be required. Nevertheless, if, as it will
be proved to be the case in all the conditions of interest for en-
velopes contributing to the construction of our BLR model, the
physical extension of the stellar envelopes is not determined by
Rcomp, the present evaluation is fully representative. Also, it is
important to note that, if this is the case, the Comptonization
radius limitation itself is no longer physically relevant to the
problem. In fact, outside the otherwise confined stellar enve-
lope, the gas is mixed up with the surrounding nuclear wind
and shares its physical properties.

Finally, AN1 mention another limit for the external radius
of the stellar wind envelope, deriving from the requirement that
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the stellar wind velocity, when it is increasing outwards, does
not reach values larger than 0.1c. This is a rather artificial con-
straint, defining a radius Ry, which, for our choice of the expan-
sion velocity of the stellar atmosphere, is Ry = R, (0.1c/ vo)/?,
and should apply only in extreme cases.

In summary, we define the effective stellar envelope exten-
sion at each distance r from the central black hole as the small-
est of the various radii determined above:

Rext = min[Ryow, Riidal, Rmass» RComp7 R,]. (13)

From our computations, for appropriate BLR models the most
efficient confinement mechanism turns out to be the bow-shock
formation, thus selecting Ryoy as the stellar envelope extension
in the equation above. In this case, for larger distances from the
star center, i.e. for R > Ry, the gas physical properties are
just those of the nuclear wind gas (i.e.,n = ny and T = Ty,),
since the shock transition is a sharp one. Using the notation of
Eq. (6), the characteristic number density n. can be derived
from the continuity equation (Eq. (6) with Rex the place of
Rbow)

M,

—
4m myRZ, v,

n.(r) = (14)
In the current framework, the stellar wind gas generates the line
emission via central radiation re-processing, hence the quanti-
ties Rexe and n, determine the observed properties of the emis-
sion lines. An AGN wind which generates suitable values of the
quantities 7, and Ry through Eqs. (14) and (13) can then rep-
resent the requested link between the central engine and other
structural components of the AGN itself, such as the BLR.

3. Mass deposition in the AGN wind

In a picture where the AGN wind expands among mass-losing
stars, the presence of the stars will influence the AGN wind
dynamics by adding mass to the wind itself. Two different
sources of mass deposition are possible: the mass directly lost
by the stars and that stripped by star collisions. This implies
that nuclear wind models in such a framework must allow for
mass deposition increasing the total mass flux along the ra-
dial coordinate. Indeed, this possibility has been taken into
account in Paper I, in order to maintain the mass density in
the wind at non-negligible levels in the outer region, by ac-
counting for a possible mass source along the wind. In this
case the total mass flux (mass/time, dimensionally) is not a
constant, but is rather a function of the radial coordinate r,
namely My, = 4namyngvyr? = 4nA(r) = 4nAgfn(r). In this
expression, A(r) and the constant Ay are dimensionally mass
per unit time per unit solid angle, whereas f,(r) is a dimen-
sionless function of radial distance from the central black hole
(see Paper I, Sect. 3 for details). The constant Ag is defined as
Ao = nemyrics., where ¢y is the sonic speed at the critical point
r. and n. is a characteristic value of the wind number density,
which is related to the number density value at the critical point
by the following relation: ny(r.) = ncfm(rc). With the notation
defined above, the mass source term [mass/time/volume/solid
angle)] is V - (mpnyvy) = (dA/dr)/r2.

419

In order to evaluate the amount of mass fed into the wind by
stellar mass loss and by star collisions, we have computed the
contribution from each process as described in the following.
The total contribution, up to a distance r from the central black
hole, to the mass flux in the nuclear wind from these external
sources is

Minp = 47[A(r) = A(r0)], 15)

where 7 is the radius at the base of the wind, and, consequently,
47A(rp) is the “intrinsic” mass flux in the nuclear wind, at its
starting point.

Before proceeding, we need to define a schematic descrip-
tion of the spherically symmetric compact dense stellar cluster
that we suppose to be located at typical BLR distances from the
central black hole of the AGN. In the present work, we assume
to represent it in a strongly simplified way, that is consider-
ing just three different stellar components for it, main sequence
stars (MSs), red giants (RGs), and supergiants (SGs). These
three stellar components lose mass to the external interstellar
medium, which is here the nuclear wind plasma, both due to
their own stellar winds, whose relevance depends of course
on the specific stellar component, and because of the possible
collision-like encounters that the stars undergo. We also define
the relative percentage of RGs and SGs, with respect to the total
stellar number density of the cluster, p., as frg and fsg respec-
tively, so that (0.)rg = frop- and (p.)sc = fsgp«, Whereas,
for reasonably small values of the fractions frg and fsg, we
can take (0.)Ms = P, i-e., fus = 1. In the computation of our
models, we have usually assumed a “standard” value for the
relative fractions of RG and SG stars, that is frg = 0.01 and
fsc = 107 (see AN1), but we keep those fractions generically
as parameters of the problem in what follows.

As for the stellar mass loss from the stars of a central clus-
ter characterized by a stellar number density p.(r) and a com-
position as defined above, the total contribution to the AGN
nuclear wind mass loading rate, up to a radial distance r can be
expressed as

M wing(r) =

[ 10 5 + (0 i + (3. il 4mr. 16

where (M.,); represents the mass loss rate in the wind of the
“i’th stellar component of the cluster. For reasons that will be
extensively discussed in the next sections and are related to
the very specific and extreme environment in which the cen-
tral stellar cluster is located (see, for example, Taylor 1999),
here we allow for a possible non-negligible contribution from
main sequence (MS) stellar winds.

As already mentioned, the other contribution to mass depo-
sition into the AGN nuclear wind comes from stellar collisions.
Following AN1 and Murphy et al. (1991), we only take into ac-
count collisions between stars of the same type, thus neglect-
ing the contribution due to MS-RG and MS-SG star collisions,
which are characterized by a much smaller fractional mass loss
with respect to collisions between same type stars. In the hy-
pothesis that for each collision a fraction f; (that we take to be
0.1 following AN1 and Begelman & Sikora 1992) of one so-
lar mass of matter is stripped from the colliding stars and fed
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into the wind, the total mass deposition rate due to collisions
occurred up to radial distance r, M.cou(r), is

Mcon(r) =

0-1[(Tcou)MS(r) + (Teol)rG(F) + (Tcoll)SG(r)]MG/yrs (17)
where (To11); 18 the star collision rate (here expressed as number
of collisions per year) for the stellar component “i”” defined as:

(Teon)i(r) = 47*(R.)} f r(ﬁp*frzvmdr (18)

with (R,); the stellar radius of stars of type “i”, and f; the frac-
tion of stars of type “i”, that is assumed to be equal to unity for
the case “i”’= MS, that is for the main sequence star component.
For the definition given above of M,—np(r), the following re-
lationship must hold
Minp(r) = M*wind(r) + M*coll(r)o (19)
Indeed, we are interested in the equation that can be obtained
from the previous one by deriving it with respect to r and di-
viding by 4, and that represents the equation for the sum of
the mass sources from stellar matter expulsion processes at dis-
tance r, giving the total mass source function per unit solid an-
gle (dA(r)/dr)/r? = (Ag/r*)dfy/dr for the nuclear wind (see
Paper I). This equation turns out to be the following:

dfu() 1
a2 F0

Ag (20)

where the function F(r) is defined as follows

F(r) [(M*)Ms s + (M*)RG Jra + (M*)SG fSG]

() + 0.1 MorV(r)p2(r)
(Rﬁ) fuis + (Ri) frg + (Ri) fszcy] :
[ MS RG SG

From Egs. (20) and (21), given p.(r), it is evident that for a
given choice of the physical parameters of each stellar com-
ponent, A(r) can be derived by solving the equation itself. As
it will be discussed in a following section, the prescription of
ps(r) is constrained by several factors, but p,(r) must be cho-
sen so as to obtain a mass source function with a sufficiently
smooth behaviour. This is relevant for the successful integra-
tion of the nuclear wind equations. Of course, the resulting
mass source function depends on the mass loss rates that we
adopt for our model cluster stars, as well as on the chosen val-
ues of (R,);, and of the population fractions f;, for the three
stellar components of the cluster; this is also extensively dis-
cussed in the following sections.

A numerical comparison of the two terms on the right hand
side of Eq. (21) can show whether one of the two processes
of mass deposition in the nuclear wind predominates and, in
that case, which one it is, as a function of r. For a given p.(r),
the result of this analysis strongly depends on the choice of the
mass loss rates of the various types of stars in the model cluster.

X

X

1)
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4. Model parameters
4.1. Free parameters in the model

As it is apparent from the discussions in Sects. 2 and 3, in order
to derive the effective stellar envelope extension and its density
through Egs. (14) and (13), the wind model of Paper I must
be extended to take into account the mass deposition function
(as derived from Egs. (20) and (21)) and to include the com-
putation of Ry (r) and n.(r). This process implies the intro-
duction of a number of parameters that can be divided in three
classes, each associated with a different aspect of the problem.
These parameters are summarized in the following for the sake
of clarity. As described below, some of these parameters have
almost no influence on the final results, some have been fixed
to standard values and some other represent the control keys to
variations in the outcome of our model.

a) Parameters related to the AGN nucleus and its wind:
central radiation field luminosity, L, characteristic number den-
sity, n¢, and temperature, 7., of the wind plasma at the critical
point (that is at the distance at which the wind outflow changes
its character from subsonic to supersonic). For a given lumi-
nosity the choice of T, does not affect the results since a dif-
ferent temperature value essentially shifts the critical point po-
sition leaving all physical quantities profiles almost unaffected.
We have shown in Paper I that the characteristic wind number
density, n. (related to the number density at the critical point,
as defined in Sect. 3) is a critical parameter, and the system is
very sensitive to its variations. Indeed, a solution for the nuclear
wind equations is possible and characterized by a total electron
scattering optical depth of the wind plasma <1 (see Paper I)
only over a rather narrow range of values for n.. Variations of
n. within this range could in principle affect the BLR model
and consequently might change the emission line properties;
we discuss this issue in Sect. 5.

b) Parameters characterizing the nature of the stellar clus-
ter orbiting around the nucleus: star number density distribu-
tion p.(r), mass-loss rate and radius (M., R.) for each type of
star (SG, RG, MS), and percentage of each type of stars present
in the cluster (f; for stellar type “i”’). These parameters enter the
computation of stellar envelope properties, but also contribute
to determine the mass deposition function f,(r) and hence in-
fluence the nuclear wind integration (see Sect. 3). Some param-
eters have been fixed to their “standard” values. This is the case
for the star percentages and radii which are set as fsg = 1074,
frg = 1072, fus ~ 1 and (R.)sg = 100 Ro, (RIrc = 10 Ro,
(R.)ms = 1 Ro. For others, namely p.(r) and (M.);, different
possibilities have been analysed. In particular for stellar mass
loss rates the assumed values and their influence on the final
results are described in the following sections.

As far as the star number density distribution is concerned,
there is no observational information about its detailed profile
in regions so close to the central nucleus, the only possible in-
dications come from theoretical work. Therefore, we have cho-
sen p,(r) profiles in accordance with two main suggestions de-
rived from the results of David et al. (1987a, 1987b) analyses
of a star cluster evolution around a black hole. The first sug-
gestion regards the peak value for the star number density in an
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Fig. 1. Star number density as a function of the distance r from the
AGN nucleus. We also show the abscissa axis for the corresponding
dimensionless distance x = r/r, for the case of a central black hole
of mass 5.6 X 10" M, that we have chosen to associate to a central
luminosity L = 10* erg/s (see Paper I). Label meaning is explained in
the text.

evolved cluster, that turns out to be around 10! stars/pc®. The
second one is that an evolved star distribution is concentrated
in a range of distances from 10'* cm up to 10'® cm from the
central black hole and steeply decreases both for shorter and
for longer distances. We have analysed several different p.(7)
profiles obeying these criteria, and present here the results for
the stellar distribution profiles that seem to best represent our
working scenario. The selected curves are shown in Fig. 1. In
this figure the curve labeled “1” is representative of the class
of star density distribution which gives the best results for our
model. All the results presented in the following sections re-
fer to this particular choice of p.(r). The other two curves have
been illustrated since an analysis of the consequent results al-
lows us to highlight separately the effects of increasing p.(r) in
the external region (curve “2”) and those of decreasing p.(r) in
the intermediate region (curve “3”).

Possible differences in the stellar distribution profiles in the
region r < 2 x 10> cm have proved to be unimportant in
the present context, owing to the fact that our integration of
the nuclear wind equations stops at around that distance. We
elected to retain the same profiles p.(r) as shown in Fig. 1,
when analyzing configurations with different central black hole
masses (that we associate with a different central luminosity,
see Paper I), thus implying different values for r,, and, conse-
quently different resulting profiles as functions of the dimen-
sionless distance x = r/7.

c) Parameters defining the physical properties of the stel-
lar envelopes: stellar wind velocity profile (see Eq. (2)) and
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temperature value (vy;, @;, (T);), for each type of star (“i’= SG,
RG, MS). This group of parameters only influences the proper-
ties of the line-emitting regions.

In summary, once we have chosen the luminosity of the
AGN for which we want to build up a model, the free param-
eters we can work with turn out to be the following quantities:
He, (1), (M.);, voi, a; and (T,);. The “observational require-
ments” on the BLR described in the following subsection dic-
tate further limitations to the number of parameters that signif-
icantly influence the model.

4.2. BLR parameters and observational requirements

Not every combination of the above listed free parameters can
reproduce the observed BLR general properties. Observative
and interpretative work has shown that definite ranges of pa-
rameters and/or quite specific features are common to the BLRs
of most AGNSs. In this section these observational requirements
are “translated” in terms of our model variables.

From the observational and interpretative points of view,
our spherical stellar atmospheres can contribute to the BLR
emission only if Re(r) and n.(r) satisfy the following
conditions:

a) Rexi(r) = AR = 10?*U/n, cm, since photoionization
equilibrium requires that emission lines are generated in shells
of thickness AR, which is at least AR = 102*U/n, cm (see e.g.
Peterson 1997). The definition of an emitting shell then allows
an estimate of the mean density of the emitting plasma in the
shell itself. Since the density inside the stellar expanding en-
velope varies as shown in Eq. (3), the mean density can be
evaluated as

. M. Rew (R \™*? 4R
) =\——— — —
iV mHU()R* Rei—AR R. AR

where both the integration limits and possibly the mass loss
rate depend on r. In terms of the quantity just defined, the other
conditions a BLR emitting plasma must satisfy read:

b) A.(r) > 10% cm™3, since broad forbidden lines are not
observed (Netzer 1990; Peterson 1997);

¢) if the line width is due to thermal effects only, it must
be 71.(r) < 1 x 102 cm™ to avoid line thermalization, i.e., for
line emission to be effectively significant (see Rees et al. 1989;
Kaspi & Netzer 1999; Korista & Goad 2000).

In our model Rex(r) and 7.(r) will attain different values
at different distances from the central black hole, hence condi-
tions a), b) and c¢) will be satisfied only in a specific range of
distances. We call r; and r, the distances which delimit this in-
terval. Stellar envelopes satisfying points a) to c) contribute to
build up the total covering factor. Here we define

(22)

T
Ci(r) = f( ) 7(Rex)); fipsdr, (23)
i
as the covering factor accumulated at distance r from the cen-
tral black hole due to contributions from star type “i”” (“i”’= SG,
RG, MS), obtained using Rex(r) computed for that specific star
type. To obtain the total contribution to the covering factor due
to a given stellar type, in Eq. (23) we have to integrate up to
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r = rp, i.e. up to the external boundary of the interval defining
the broad line contributing region for each stellar type, that is
we have to compute C;(r;) for “i”= MS, RG, SG. Finally, we
define the total covering factor Cy for a given BLR model as

the sum of the total contributions, that is
Ciot = Cys(r2) + Cra(r2) + Cs(r2).

Our model can now be compared with observations, testing the
following points:

1) reasonable values should be recovered for the covering
factor Cyt, whose estimates range from about 0.05 up to 0.25
(Baldwin 1997);

2) the typical distance characterizing the BLR, namely rgyr
(see Sect. 1) must be contained in the intervals [, r;]; relative
to the stellar types contributing to the definition of the value
of Ciot;

3) the covering factor relative to “broad” forbidden emis-
sion lines, Crorp, must be vanishing. In our model, we define

Cionp = Z(Cforb)i = Zf ﬂ(kext)l‘zﬁp*dr» (24)
i i V7
where
(ié ) = (Rex)i if N[ (Rex)i] < 108 cm™
o0 if n.[(Rext)i] = 108 cm™

(see Peterson 1997; Krolik 1999), therefore, a contribution to
Ctorb comes only from those envelopes whose photoionized
shell interior to the confining bow shock has a density appro-
priate for forbidden line emission.

4) the ionization parameter should be in in the range
0.01-1. Assuming < hv >= 2.7 Ryd as in ANI, and with L
in erg/s, i, in cm~> and r in cm, the expression for U shown in
the Sect. 1 becomes
U(r) =4.5x 1072 L

A

i, r?

(25)

The above general requirements allow us to evaluate the valid-
ity of our model and to restrict the range in which free param-
eters described in the above subsection can vary.

5. Model results

In Paper I, we have defined a model for an AGN nuclear wind,
that turned out to be essentially determined by the choice of
the central radiation field luminosity, L, of n., the characteristic
number density of the wind plasma (see Sect. 4.1), and of the
mass deposition function f;,,(r) (see Sect. 3 and Paper I). As it
is discussed in Sect. 3, the mass source function (and therefore
ultimately fi,(r)) for the nuclear wind depends on the choice of
both the star number density distribution of the central cluster,
px(r), and the star cluster composition and properties (such as
mass loss rates, radii and percentages of the three different star
types that we assume as components of the stellar population
of the cluster; see Sect. 4.1 for details). As a consequence, the
choice of all the cluster parameters mentioned above strongly
influences the general properties of the solution for the nuclear
wind as well. These, in turn, enter the determination of the
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physical quantities characterizing the stellar envelopes that we
consider to be the line emitting sources.

The above described complex interplay between star and
interstellar medium properties makes it difficult to predict our
model results. While it is obvious that the validity of our model
could be proved only by the detailed comparison of predicted
and observed line profiles, it seems of primary importance to
understand which are the relevant parameters in our picture.
Hence, due to the large number of parameters and the com-
plexity of the model, a general analysis aimed at performing
a first selection among all the present parameters is prefer-
able, in order to get a deeper insight into the flexibility of the
model itself. Therefore, as a first step in the comparison be-
tween observed BLR features and our model results, we have
analysed in detail the influence that each free parameter has in
the fulfillment of the observational requirements presented in
Sect. 4.2. The results of this analysis are presented hereafter.
We refer to Sect. 4.1 for the specific definition of the values
chosen and fixed as “standard” for stellar radii and percentages
in the cluster.

Effects of changing the star density distribution p..

As we have mentioned in Sect. 4.1, point b), our system is
very sensitive to the choice of p.. Indeed, the results obtained
by using the three stellar distributions shown in Fig. 1 turn out
to be significantly different. The “small” differences among p.
profiles are sufficient to exclude the star distribution labeled
with “2”. In fact, any stellar distribution p.(r) that is more ex-
tended in the “external” region (i.e., for » = 10'® cm) than the
one characterized by profile “1”) can reproduce a covering fac-
tor in accordance with point 1) of Sect. 4.2, but also shows a
resulting non-negligible forbidden line covering factor, so that
it cannot satisfy point 3) of Sect. 4.2. On the other hand, for
profiles similar to the one labeled with “3”, i.e. characterized
by a smaller amount of stars, the forbidden covering factor is
negligible, but Cy turns out to be too low with respect to the
range of values inferred from observations if suitably high val-
ues of stellar mass loss rates are not used. This is apparent from
Eq. (23), taking into account that R, is generally proportional
to the ratio M/vy (see Eq. (7)). Accounting for the consider-
ations above, in the following we have chosen to discuss the
results pertaining to the the star number density profile labeled
with “1” in Fig. 1, as representative of a possible cluster star
distribution for broad line emitting AGNS.

Effects of changing the nuclear wind density parameter n.

As shown in Paper I (Egs. (14) and (15)), the AGN wind
integration system depends on the quantity f; /fm, which can
be easily derived as

E _ r2F(r)
o Aofu(ro) + [ P2F(r)dr

(26)

where it is f = r*F(r)/Ao from Eq. (20). Here the parameters
of the star cluster define the mass source function per unit solid
angle, that is the function F(r), through Eq. (21) and f,(ro)
is an integration constant. Once chosen a specific model, i.e.
for fixed F(r), the relative weight of the terms Agfin(r9) and
fr : r2F(r)dr defines the amount of of mass flux characterizing
the nuclear wind at its base with respect to that fed by stars.
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Hence, changing n., which enters the definition of Ay,
changes the function f,/fm mainly in the “internal” region
(r ~ rp) where the term Agfp,(ro) is non-negligible with re-
spect the integral term. Increasing n., the intrinsic mass flux of
the nuclear wind becomes more important with respect to the
mass flux fed by stars and the electron scattering optical depth
may become too large (as discussed in Paper I). For r >> ry, in
the region where the BLR is located, the integral fr : r?F(r)dris
the predominant term in the mass flux definition and a change
in the critical density value does not have a significant effect on
the final result. A numerical analysis confirms the present ana-
lytical discussion, therefore we conclude that, once 7. is chosen
in the restricted range allowed by the nuclear wind integration
(as explained in Sect. 4.1 a), its changes do not affect the BLR
properties as derived from our model.

Effects of changing the velocity profile of the stellar wind,
i.e. the value of @, in Eq. (2).

Several integrations of our model, carried on with different
a values, have shown that the specific velocity profile does not
have a strong influence on the results. However, positive a val-
ues are generally preferable, since the corresponding models
are characterized by lower values of the forbidden line cover-
ing factor with respect to those with negative « values. Perhaps,
the most straightforward way to understand this is to go along
the following line of reasoning. When the stellar envelope ex-
tension is delimited by the bow shock (which is the case under
most of the conditions of physical interest), the density of the
envelope at its boundary, n., is determined by the local density
of the AGN nuclear wind plasma, since n. « ny, as it can be
realized by inserting Eqgs. (7) in (6). This implies that, going far-
ther from the AGN central black hole, n, decreases, like n(r)
does. Accounting for this condition in Eq. (6), it is easy to see
that, for a given M, R, increases with r, and it increases faster
for negative values of @. As a consequence of this last point, for
negative « values non-negligible contributions to the covering
factor are expected to come from regions that are far enough (in
the computations that we present in the following subsections,
this is generally for r X 2—3 x 10* r,) from the center of the
AGN, so that the stellar envelope density is sufficiently low to
be suitable for forbidden line emission.

Effects of changing the star envelope temperature.

Values of the temperature in the range 1-3 x 10* K, appro-
priate for BLR emission, have been tested, obtaining no sig-
nificant change in the results. This fact supports our simplify-
ing assumption of a constant temperature profile for the overall
stellar expanding envelope.

Taking into account all the above points, we conclude that
in our BLR model only a specific class of star number density
profiles meets the observational requirements, while changes in
the values of the parameters n., @ and T do not have a relevant
influence on the quality of the reproduction of BLR properties.
For this reason, in the following we illustrate the general results
of our exploration of physically reasonable ranges of the pa-
rameters whose changes turned out from our analysis to signif-
icantly affect the results as for BLR global properties, namely
stellar mass loss rates and expansion velocity of the stellar at-
mospheres (see end of Sect. 4.1). To do this, we have chosen to
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discuss separately three different choices for the definition of
the mass loss rates in the envelopes of the different stellar types
composing the cluster, and to examine the effects of changing
the expansion velocity of the envelopes on a significant quan-
tity such as the resulting covering factor of the proposed BLR
model. Before entering the details of the discussion, we just
want to remind that all the results that we show and comment
in the following, unless otherwise specified, refer to a specific
choice for

(i) the central source luminosity, L = 10* erg/s;

(ii) the black hole mass, Mgy = 5.6 X 107 M, (thus defining
rg);

(iii) the envelope temperature, T, = 2 x 10* K (see Sect. 4.2);

(iv) the expansion velocity power law exponent, & = 0.75 (see
Sect. 4.2);

(v) the star number density, p.(r), labeled “1” in Fig. 1,

where choices (iii), (iv) and (v) are justified by the above
discussion.

As for the stellar mass loss rates, we have chosen to discuss

a) the simple case of “standard” mass loss rates for stellar
winds of stars of a given type, as known from galactic studies
(see below for the details and values, Sect. 5.1);

b) a case in which we try to account for the possibility of
“enhanced” mass loss of MS, RG, and SG stars, due to the very
specific context in which they are set, namely a strong X-ray
illumination from the central source in the AGN (see Sect. 5.2);
this would lead to an expected enhancement of mass loss rates
increasing with decreasing r, with a behaviour following the
radiation flux increase going inwards, that is ocr 2,

¢) a third case in which we suppose the mass loss rates do
again depend on the distance from the central black hole r, but
with a flatter increase going inwards (Sect. 5.3). The physical
mechanism responsible for this configuration is not specified
in this case, but we refer to Sect. 6 for a brief discussion of
possible processes.

5.1. Standard mass loss rates

The first reasonable step is that of assuming “standard” mass
loss rates for the stars in the cluster (see, for example, Lamers
& Cassinelli 1999), that is

(M)sg = 107° Mo /yr,
(Mrg = 107 Mo/yr,
(Moms = 107" Mo/yr.

With this choice for the mass loss rates of the stars in the cen-
tral cluster, from Eq. (20) it turns out that, in the inner region
of the cluster (i.e., for r S 10* ry), the mass flux input in the
nuclear wind is strongly dominated by collisional effects (i.e.,
mass loss from collisions between stars). On the contrary, far-
ther from the AGN center there is a vast region in which pre-
dominance of the stellar wind mass loss sets on. We then derive
the corresponding AGN nuclear wind model, and, consistently,
the main physical parameters of the BLR emitting envelopes.
For each stellar type these are: i) the evaluation of
the characteristic extension for the expanding envelope, Rex
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(see Eq. (13)), and the physical mechanism defining it; ii) the
average density of the envelope over the emitting region of the
envelope itself, 7., (see Eq. (22)); iii) the resulting ionization
parameter U (Eq. (25)); iv) the covering factor, as a function of
the distance » from the black hole in the interval [ry, r»] defin-
ing the BLR (see Eq. (23)). A typical behaviour (which, we
want to stress, is generally common to the three cases for stel-
lar mass loss rates that we present in this work) corresponds to
an increasing envelope extension, and to a decreasing density
with r increasing. Of course, the covering factor C;(7) is an in-
creasing function of r over the model BLR range of distances,
since the contributions from the stars in each shell at a given
distance from the black hole accumulate in the integral defined
by Eq. (23).

First, we want to focus our attention on the results we ob-
tain from the model in terms of global parameters of the BLR,
such as the integrated covering factor, defined as C;(r,) for each
stellar type “i”. We briefly describe the r dependence of the
first three physical quantities mentioned above later on in the
present section and in Sect. 6.

The general outcome for this case is exemplified in Fig. 2,
showing the resulting covering factor contributions (computed
from Eq. (23) with r = r;) for the modeled BLR, as functions
of the terminal velocity vierm = v«(Rext), characterizing the stel-
lar envelopes that are assumed to contribute to the broad line
emission. We also plot the sum of the contributions due to
the different stellar types composing our model central clus-
ter as Cyo, again as a function of vi,. We obtain the varia-
tion of vy for each stellar type, by varying (vo);, which, in
turn, also induces variations in the extension of the envelope,
at least when the confinement mechanism for the envelope it-
self is the bow shock (see Sect. 2, Egs. (7) and (12)); chang-
ing this parameter is therefore significant to the determination
of the covering factor. To give an idea of the range of (vy);,
we report here the values corresponding to the terminal ve-
locities vem = 0.1 and 2.1 km s™!, which are close to the
extremes of the terminal velocity range plotted in Fig. 2 and
representative of “low” and “high” terminal velocities respec-
tively. In the present case, for the star types that do give contri-
bution to the covering factor, the values of vy are (vg)rG(Vierm =
0.1kms™) =1.6x1073 kms™!, (v9)sg(Wierm = 0.1 kms7!) =
3.7 x 1073 km s7!, and (v)rGg(Veerm = 2.1 kms™) = 1.8 x
102 km s™!, (v0)sg(Vierm = 2.1 kms™') =4.2x 102 km s~

It is important to note that the plotted value of Cyy is the
one that we obtain when we suppose that the three different
star type envelopes are endowed with the same value of the ter-
minal velocity, which is not necessarily the case. In fact, one
can obtain different values for the total covering factor for the
BLR model, with respect to those that we present in the plot,
by assuming different vy, values for each single species of
stars, that is picking contributions from the various star types
at different vy, along the curves defining the specific cover-
ing factor for a given stellar type. However, we want to stress
that, due to the fact that the profiles C;(vim) for the three stellar
types show a similar behaviour, which is generally decreasing
for increasing vy (apart from the very low velocity end of
the range shown in the figures), it turns out that for any cho-
sen value of vy the total covering factor we plot in Fig. 2
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Fig. 2. The total value of the covering factor, C,, defined as the sum of
the contributions due to the envelopes of different stellar types, as well
as the distinct contributions to this value from the various stellar types,
are shown as functions of the terminal velocity of expansion v, (in
km s71), characterizing the contributing envelopes. The present figure
refers to the case for “standard” mass loss rates. Notice that the con-
tribution due to main sequence stars in this “standard” case does not
even appear in the plot, since it is absolutely negligible with respect to
those due to RG and SG stars.

is the maximum value that can be attained if we suppose that
the different contributing stellar type envelopes are character-
ized by terminal velocity values that are possibly different, but
in any case larger than the one chosen. On the contrary, larger
Ciot values can be obtained by allowing for different terminal
velocities of different stellar type envelopes, provided the vierm
value of at least one of the contributing types is lower than the
one chosen for the exemplification. These are general consid-
erations and they refer both to the present and to the other two
cases we discuss in the following subsections.

An inspection of the solutions for the BLR physical pa-
rameters shows that the bow shock mechanism is in general
the most efficient in confining the stellar envelopes and, con-
sequently, determines their extension for all the three differ-
ent stellar types. As a consequence, for this specific choice of
the stellar mass loss rates, the envelope radii for RG stars and
SG stars turn out to scale so as to give essentially the same
contribution to the total covering factor for the BLR. As it is
apparent from Fig. 2, this is no longer true for low velocities
(£0.12 km s7!), when the contribution to the covering factor
due to SG stars “decouples” from that of RGs. The physical
reason for this is in the fact that at these low velocities the
most efficient confining mechanism for SGs all through the
BLR extension becomes tidal disruption of the envelope be-
yond a given radius (see Eq. (8)), whereas for RGs the bow
shock mechanism is still dominant.
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Fig. 3. Physical parameters characterizing stellar envelopes contribut-
ing to the BLR as functions of the normalized distance r/r, from the
central black hole; these are the mean density of the envelope, 7.(r),
the estimate of the envelope extension, Rey(r), and the ionization pa-
rameter, U(r). The interval over which the physical quantities are plot-
ted represents the “BLR” interval [r, r,] as defined in Sect. 4.2; the
labels 0.1 and 2.1 identify the specific value (in km s~!) of the termi-
nal velocity parameter for which they are computed. The upper panel
refers to RGs’ envelopes, while the lower one shows the results per-
taining to the envelopes of SG stars, in the case of “standard” mass
loss rates.

To illustrate the behaviour of the BLR physical quantities
and the characteristic extension of our BLR model (i.e., the
[r1, r2] interval over which conditions a) to ¢) of Sect. 4.2 for
the emitting gas structures are fulfilled), we have chosen to plot
in the two panels of Fig. 3 (each one referring to one of the
two stellar types that give substantial contribution to the broad
line formation, namely RGs and SGs in this case) the three
quantities Rext, 7. and U. These are functions of the distance
from the central black hole r, and we plot two curves for each
quantity, corresponding to the two representative values of the
expansion velocity parameter vy, previously defined, namely
Verm = 0.1 km s™! and viern = 2.1 km s~!, close to the extremes
of the velocity range plotted in Fig. 2. For the sake of clarity, we
note that the v, values chosen refer to those attained for en-
velopes at r = r,, that is at the external border of the broad line
emitting region. For each BLR physical parameter the curves
obtained for intermediate terminal velocity values typically lie
in the region between the 0.1 and 2.1 curves. Therefore, each
of the two panels of Fig. 3 essentially shows the ranges of val-
ues for the BLR parameters for the models corresponding to
the present choice of mass loss rates for the stars of the cen-
tral cluster. It is interesting to notice that for RGs the extension
of the BLR contributing region is independent of the terminal
velocity value, whereas this is not the case for SGs. This is
again due to the fact that for RGs the envelope radius is defined
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Fig.4. Temperature (dashed line) and number density (continuous
line) profiles for the AGN nuclear wind solution obtained for the case
of mass deposition defined by the choice of “standard” mass loss rates
for the cluster stars. For comparison, we also plot as the dotted curve
the “most extreme” density profile that we have obtained, namely the
one resulting from the solution for the nuclear wind with the mass de-
position defined by the choice of mass loss rates described as case c)
in Sect. 5 and discussed in detail in forthcoming Sect. 5.3.

by the bow-shock mechanism, whereas at low vy, it becomes
(Rext)sc = (Riga)sg- Indeed, it is easy to see that, when the
bow-shock is the confining physical mechanism for the stel-
lar envelope, and the expansion velocity is subsonic, n.(r) (see
Egs. (6) and (7)) is essentially independent of the stellar wind
velocity itself. Moreover, when the envelope gas temperature
is chosen to be the same for the three stellar types, n.(r) is in-
dependent of the stellar type as well. The same considerations
do hold for the average density in the emitting portion of the
envelope, 71, (see Eq. (22)), which is the quantity that we plot
in Fig. 3, since in general it turns out that 72, = n,. In fact, our
computations have shown that the emitting shell of an enve-
lope is characterized by a size AR << Re, so that, perform-
ing an analytical integration of Eq. (22) and using a first order
approximation in AR/Rex (<< 1), one ends up with . = n,.
As a result, the limiting conditions on 7, for line emission
(points b) and c) of Sect. 4.2) are met at the same distance from
the black hole, r, independently of the chosen value for the ve-
locity parameter, since (see Egs. (5) and (6)) they only depend
on the nuclear wind physical properties, namely n(r), the nu-
clear wind density, T(7), its temperature profile, and on the ve-
locity defining the ram pressure at the envelope boundary (see
Sect. 2). We want to stress here that these same considerations
do hold independently of the choice of mass loss rates, there-
fore they similarly apply to the cases discussed in the next sub-
sections as well. For completeness, in Fig. 4 we show the be-
haviour of the AGN wind physical quantities ny(7) and Ty (7),
as obtained from the nuclear wind system resolution for this
specific choice of the mass deposition. For this density profile
the resulting total optical depth to electron scattering for the nu-
clear wind plasma is 77 =~ 0.12. Note that, for comparison, we
have also plotted in Fig. 4 the ny, density profile (dotted curve)
resulting from the computation of the solution for the nuclear
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wind with a different mass deposition, that is the one that will
be extensively discussed in Sect. 5.3, and corresponds to our
“most extreme” (i.e., strongest Miy,) choice for mass deposi-
tion in the present work; the temperature profile corresponding
to this latter case is not shown, since the differences with the
dashed curve of Fig. 4 are qualitatively irrelevant.

Going back to the limiting conditions (points b) and c) of
Sect. 4.2) for the BLR contributing envelope density 7., for the
present case they define the interval [ry, 72]rc = [237rg, 1.7 X
10* rg] = [3.95 % 10" cm, 2.8 x 10'7 cm], thus including any
reasonable estimate of the characteristic size rgir for our cho-
sen value of L.

From Fig. 2, it is apparent that, within the “standard” mass
loss rate case defined above, significant covering factors can be
recovered only when the terminal velocities of expansion for
the stellar envelopes are quite low, as compared with the typ-
ical sonic speed for the envelope gas (for 7, ~ 2. x 10* K,
we get ¢g =~ 21 km s71). To obtain Cyt = 0.1, vemm should
be around 0.027 km s~!. Indeed, this is a very low value for
the expansion velocity of a “normal” stellar expanding atmo-
sphere. However, we would like to mention that similarly low
values have been presented in AN2 (1997) in their own attempt
to model the BLR structure as an ensemble of expanding stel-
lar envelopes. In fact, transposing their notation to ours, these
authors (AN2) assume a = —0.5, a decreasing function of dis-
tance from the star surface for the stellar wind velocity, and
they choose to analyze models with vy =~ 0.1 km s~!, where the
value of vy is, in their case, the peak value of the stellar wind
velocity.

We want to note that the present case of “standard” mass
loss rates seems to be not very much relevant to the construc-
tion of a physical BLR model for another reason, namely the
fact that the calculation of the resulting covering factor for for-
bidden lines, which are actually not seen in the BLR, gives un-
comfortable results. In fact, the global value of Cyy, (as defined
in Eq. (24)) turns out to reach a significant fraction of the ob-
tained Ci,. For example, when Cy, =~ 0.1, we get for the present
case Ciop =~ 0.037, which is not negligible. This is related to
the characteristics of the nuclear wind solution for the present
case, in which not much mass is input in the nuclear wind as
a consequence of stellar mass loss, and, therefore, the nuclear
wind plasma density n,, is rather low in the “external” (i.e., at
r 2 10 rgLr) region; this allows for the formation of larger
expanding envelopes, characterized by density values that are
sufficiently low to contribute to the increase of the covering
factor for forbidden lines (see the trends shown in Fig. 3 for the
envelope physical parameters).

As a final remark, we note that the total number of stars
contributing to the BLR, that is essentially the number of RGs
in the interval of distances [ry, 2] for this case, turns out to be
2 x 10°. The total number of stars present within the bounds of
the BLR for this case is therefore ~2 x 107,

5.2. Enhanced mass loss rates

It is by now well known that in a close binary system,
intense X-ray illumination from the primary star can have
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noticeable effects on the secondary star. The best studied exam-
ple is that of HZ Her (in the system HZ Her/Her X-1), whose
illuminated face originates an ‘“X-ray-excited” wind (see e.g.
Hameury et al. 1993). The effect is related to the intensity of
the X-ray flux at the stellar surface, and from this intensity it is
possible to estimate, through an efficiency factor, 7, the frac-
tion of luminosity that gets transformed in kinetic power of
the wind. By physical analogy, we suppose that the stars of
the AGN central cluster may suffer from a similar effect, since
they are strongly illuminated by the hard radiation of the cen-
tral radiation field of the AGN itself (see, for example, Taylor
1999). We can therefore try an analogous (see Hameury et al.
1993) estimate of the transfer of kinetic power into the stellar
wind of stars belonging to our central cluster in a radio-quiet
AGN, from the X-ray luminosity, Lx, of the radiation field of
the AGN central source, as follows:
Ly (R . M.

X (Zr) = Ol

The value of  computed for Her X-1 is 3 x 107> and it must be
in any case 17 < 0.1 (Hameury et al. 1993). Taking into account
that Lx < L, we assume nlLx =~ 1073L. We notice here that,
in order to produce BLR models that meet the general observa-
tional requirements discussed in Sect. 4.2, the resulting veloc-
ities for the expanding stellar envelopes are significantly lower
than the sonic speed (by an order of magnitude or even more).
Therefore, it seems appropriate to derive an estimate of the “en-
hanced” mass loss rate for any given type of stars in the cluster
with a v, value close to the ones that correspond to models that
better fulfill the observational conditions on the BLR. In fact,
we choose to use v, ~ 3 km s~! to infer an order of magnitude
value for the induced mass loss rate of a star in the central clus-
ter of the AGN from relation (27). For L = 10* erg/s, we thus
find an estimate for the enhanced mass loss rates

27)

(Mms = 8 X 1072(r/re) 2 Mo/yr, (28)
(MOrg = 8(r/re) % Moy, (29)
(M)sG = 8% 10%(r/ry) > My/yr. (30)

We have computed models using for the three types of stars
considered the mass-loss rates given by Egs. (28) to (30) for
r such that those relations give values larger than the “stan-
dard” ones defined in Sect. 5.1, and maintaining, on the con-
trary, those same “standard” values when the equations above
would determine smaller values. At r ~ rgLr the above es-
timates would give (M.)ms =~ 2.4 x 1078 My/yr, (M.)rg =
2.4x107% My /yr, and (M,)sg ~ 2.4 x 10™* My /yr. These eval-
uations point out an interesting consequence of this enhance-
ment mechanism for stellar mass loss rates. In fact, at distances
comparable to the characteristic BLR radius, this process does
change substantially the “intrinsic” red giant and supergiant
mass loss rates, by a factor 2102, but, in the specific environ-
ment considered here, it has much more influence on the ef-
fective mass loss rate of main sequence stars, that turns out
to be increased by more than a factor 10° at these distances,
relevant to the BLR. Therefore, the first important difference
with respect to the “standard” mass loss rate case presented in
Sect. 5.1 is that the contribution of MS stars to the total cover-
ing factor is no longer negligible for any value of the expansion



G. Torricelli-Ciamponi and P. Pietrini: Star envelopes as sources of BLR emission

0.00 g—= \ \ \

—1.00
3
Qp
2
!
—2.00 (-
[l
|
i 4
|
|
! ]
|
! ]
' \ \ \ \
7300 Il Il Il Il Il Il Il Il
0.50 1.00 1.50 2.00
Viermlkm/s)

Fig. 5. The total value of the covering factor, C, defined as the sum of
the contributions due to the envelopes of different stellar types, as well
as the distinct contributions to this value from the various stellar types,
are shown as functions of the terminal velocity of expansion vy, (in
km s™!), characterizing the contributing envelopes. The present figure
refers to the case for “enhanced” mass loss rates, and, differently from
the case shown in Fig. 2, the contribution due to main sequence stars
is quite significant, and actually predominant with respect to RG and
SG contributions.

velocity of the emitting envelopes. This is immediately appar-
ent at a glance from Fig. 5, which is the analogous to Fig. 2 dis-
cussed in the previous Sect. 5.1 for the case of “standard” mass
loss rates. The plot in Fig. 5 shows that the strong increase in
mass loss rate for MS stars produces as a consequence a signif-
icant contribution to the covering factor. In fact, the extension
of the emitting stellar envelopes of MS stars is determined by
the bow shock mechanism for basically any expansion veloc-
ity and the envelope radius is determined by Eq. (7); therefore,
main sequence star envelopes turn out to be much larger than
in the case of Sect. 5.1, due to the strong increase in (M, )us.
Again, the number density ny(7) and temperature T () of the
nuclear wind are computed as the consistent solution of the nu-
clear wind system of equations with the present mass deposi-
tion choice. In this case, the total optical depth to electron scat-
tering for the nuclear wind plasma turns out to be 71 =~ 0.15.

It is interesting to note that, due to the =2 decrease in (M.);
moving outwards from the central radiation source, the MS star
envelope extension, Ry, shows an extremely slow increase (if
not a similarly extremely slow decrease locally) with increas-
ing r. This can be seen directly from Fig. 6, similar to Fig. 3
for the “standard” mass loss case discussed in Sect. 5.1 (and
we refer to that section for a detailed explanation of the no-
tation and of the choice of the curves plotted); only, in the
present case, we show the results referring to MS stars and
RG stars in the upper and lower panel respectively, since these
two types of stars are the ones that mostly contribute to the
present BLR model. As for RG envelopes, their extension is
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Fig. 6. Physical parameters characterizing stellar envelopes contribut-
ing to the BLR as functions of the normalized distance r/r, from the
central black hole; these are the mean density of the envelope, 7.(r),
the estimate of the envelope extension, Rey(r), and the ionization pa-
rameter, U(r). The interval over which the physical quantities are plot-
ted represents the “BLR” interval [r, r,] as defined in Sect. 4.2; the
labels 0.1 and 2.1 identify the specific value (in km s~!) of the termi-
nal velocity parameter for which they are computed. The upper panel
refers to main sequence star envelopes, while the lower one shows
the results pertaining to the envelopes of RG stars, in the case of “en-
hanced” mass loss rates.

mostly bow shock determined, apart from the very inner shells
of the BLR, in which the envelope radius is “tidally” defined;
this “tidally dominated” portion of the RGs contribution to the
BLR slowly extends to larger r distances with decreasing the
expansion velocity parameter. We note that this does not in-
fluence the behaviour of the curve Crg(verm), since the por-
tion of BLR over which the envelope radius turns out to be
“tidal” is in any case not much extended in r and, especially,
it is restricted to the inner region of the BLR contributing in-
terval, whereas most of the contribution to the integrated cov-
ering factor Crg(r2) accumulates at larger values of the dis-
tance r, in the “bow shock dominated” portion of the interval
[71, 2]rG. Analogously to the MS envelopes’ case, in the “bow
shock dominated” region the envelope radius of RG expanding
atmospheres is more or less constant with r, and this can be
seen from the lower panel of Fig. 6. The resulting interval of
distances defining the extension of the MS stars contribution to
the BLR is [ry, r2lms = [2397,,2.2 X 10%r,] = [4. X 10" cm,
3.7x10'7 cm]. RG stars contribute in a region [7|, 72]rg Whose
extension shows a dependence on the velocity parameter vierm,
as it can be seen from Fig. 6, but it does anyway contain the
estimated value of rgyr, independently of vy, itself. As for
the mean envelope density 7., for the conditions in which the
envelope radius is Rexy = Rpow, We refer to the considerations
presented in Sect. 5.1, that still hold.
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From Fig. 5 it is apparent that, at any value of the ex-
pansion velocity, the contribution to the total covering factor
due to MS stars is dominant, but comparable in order of mag-
nitude with the RG contribution. On the contrary, the con-
tribution of SG envelopes turns out to be much less signifi-
cant in this case. An analysis of the SG envelope extension
as a function of r shows that when the velocity parameter
Uerm becomes very small (<0.2 km s™1), the dominant confine-
ment mechanism for the envelopes becomes generally differ-
ent from the bow-shock one, similarly to what was discussed
for the “standard” mass loss case in Sect. 5.1, thus leading
to the change in slope of the curve Csg = Csg(Uerm) Ob-
served in Fig. 5. As for the definition of the range of values
for the velocity parameter (vg); for the present case, we re-
port representative values that are analogous to those defined
in Sect. 5.1 for the “standard” mass loss rate case, namely
(00)Ms(Vierm = 0.1 km s™') = 1.4 x 1072 km 57", (0)rG (Vierm =
0.1 kms™") =1.4x1073 kms™, (v9)sg(Verm = 0.1 kms™!) =
1.4 x 1073 km s7!, and (vo)ms(Verm = 2.1 kms™!) = 8.8 x
102 km 57!, (00)rg(Vierm = 2.1 kms™)) = 8.8 x 1072 km s7!,
v0)sG(Werm = 2.1 kms™!) = 8.8 x 1072 km s~!. Notice that
here we have given the values for main sequence stars as well,
since they do contribute to the covering factor in this specific
case. Also, the values we report are exactly the same indepen-
dently of the stellar type and this is due to the specific choice of
the mass loss rates for the three stellar types, which turn out to
give (M, /R?)ms = (M./R?)rg = (M./R?)sg, thus resulting in
the same (R.x/R.) value at the BLR external border, defined by
the condition ., = 10% cm™ for any stellar type (see Eq. (3)).

Itis easy to see that in the present case, we can build models
corresponding to values around 0.1 for the total covering fac-
tor for envelope expansion velocities significantly larger than
what results in the case of “standard” mass loss rates. In fact,
we obtain Cioy =~ 0.1 for verm ~ 0.4 km s~!, which is more
than one order of magnitude larger than the result obtained in
the case discussed in Sect. 5.1. However, this velocities still are
in a strongly subsonic range of values. Another improvement,
with respect to the global results of the first case (discussed in
Sect. 5.1), is the fact that for the present choice of stellar mass
loss rates, the ratio Cgo /Cior turns out to be quite smaller, typ-
ically ranging between 0.02 and 0.04 for the range of velocity
parameter shown in Fig. 5, thus setting the value of Cyo, sig-
nificantly close to “vanishing”.

Finally, we want to stress another important difference with
respect to the case of the standard mass loss model, namely the
fact that in the present scenario we have a much larger number
of distinct emitting units constituting the BLR structure, since
we can include all main sequence stars of the central cluster
characterized by distances r from the central black hole that
fall in the BLR contributing interval [, r;]ms. For example,
for models giving Cy,c =~ 0.1, we get an estimate of the total
emitting units in the BLR (N, ) =~ 2.7 x 107.

5.3. “Intermediate” mass loss rates

As a third case for stellar mass loss rates, we have chosen an-
other set of r-dependent (M.,.);. In this case, however, we do not
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specify the physical motivation lying beneath the choice, like
in Sect. 5.2, and we only rely on the fact that other mechanisms
could be responsible of generating a condition in which mass
loss rates of stars in the central cluster of an AGN could be al-
tered (and enhanced) with respect to the “standard” values (see
Sect. 6 for a brief discussion). This possibility has been taken
into account also in previous analyses of BLR models based
on stellar envelopes as individual contributors to the line emis-
sion. We refer, for instance, to the work of Scoville & Norman
(1988), in which the authors consider giant star envelopes in a
central cluster as emitting units; they suppose that for the gi-
ant stars an “induced” mass loss, that turns out to depend on
the distance r, is generated by some unspecified external heat-
ing from the central source. Therefore, our choice in the present
section is similar to the one of Scoville & Norman (1988), since
we do not analyse the physical mechanism responsible for af-
fecting the stellar mass loss rates.

We have thus parameterized the mass loss rates that we take
into account in the present section as follows:

—-B

(Moys = 9% 107°(——) Mo /yr, 31)
106rg

. 7 ro\7P
M. = 3x10" M, 8 32
(M)ra X (106rg) of/yr (32)

. 6 ro\7P
M. = 3x10" M, 8 33
(M.)sG X (106rg) of/yr (33)

where we have chosen 8 = 0.3. For any type of star, the equa-
tions above define the mass loss rate that we use for the models
we discuss in this section for r up to the distance at which the
value of the mass loss rate itself (which is a decreasing func-
tion of r) reaches the “standard” value mentioned at the be-
ginning of Sect. 5.1, whereas for larger distances we discard
Egs. (31)-(33) and we assume that the mass loss rate is con-
stant and given by the “standard” values of Sect. 5.1. As for the
nuclear wind number density and temperature profiles (ny(7)
and Tw(r)) derived from the nuclear wind solution referring to
the present case for mass deposition, we remind that ny(7) is
shown in Fig. 4 as the dotted curve. The nuclear wind tempera-
ture profile shows no significant differences with respect to the
one shown in Fig. 4, from a qualitative point of view. The re-
sulting total optical depth to electron scattering for the nuclear
wind plasma is here 7t ~ 0.4.

We want to note that, with respect to the case presented in
the previous section, for red giants the present choice of mass
loss rate function has significantly larger values over most of
the region from which we expect to have BLR contributions.
A similar condition holds for MS stars as well, but the effect is
weaker than for RGs. As for SG stars, the situation is less well
defined, but (M, )sg(r) is effectively larger than what we get in
Sect. 5.2 over the outer portion of the region contributing to the
BLR emission for SGs. As a consequence of this, the resulting
contributions of the different types of stars to the total covering
factor, that we again show as functions of the expansion veloc-
ity parameter vy, in Fig. 7, turn out to have a different rela-
tive importance with respect to the “enhanced” mass loss rate
case of Sect. 5.2. In fact, in the present case RG stars are the



G. Torricelli-Ciamponi and P. Pietrini: Star envelopes as sources of BLR emission

0.00 1 \ \ \

—1.00

log(C)

—2.00

7300 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1
0.50 1.00 1.50 2.00

Viermlkm/s)

Fig. 7. The total value of the covering factor, Cy, defined as the sum of
the contributions due to the envelopes of different stellar types, as well
as the distinct contributions to this value from the various stellar types,
are shown as functions of the terminal velocity of expansion vy, (in
km s7!), characterizing the contributing envelopes. In the present “in-
termediate” case, both RGs and MSs give substantial contribution to
the definition of the total covering factor.

dominant contributors to the total covering factor, but the con-
tribution of main sequence stars is significant (~22% of Cyy) at
any value of the velocity parameter verm. On the contrary, the
contribution due to much less numerous SG stellar component
does not increase as much, and we get a Csg estimate which is
<7% of the total value of the covering factor for any vierp.

A closer inspection of the BLR models we have used to
build the curves in Fig. 7 shows again that the bow-shock mech-
anism for confinement of the stellar expanding envelopes is the
one that effectively determines the extension of the envelopes
under any condition for MS stars. For RG envelopes this is
still true, except for the very low velocity end of the interval
shown, in which case other confinement mechanisms dominate
in the inner portion (r S 5007,) of the BLR contributing region,
[71, r2]rG. On the other hand, SG envelopes are confined basi-
cally by bow-shock mechanism for vier, > 0.3 km s~!, whereas
for lower values of the velocity parameter other confinement
mechanisms become more efficient in defining the envelope ex-
tension, just like the case analysed in Sect. 5.2.

Regarding the definition of the range of values for the ve-
locity parameter (vg); for the present case, again we report rep-
resentative values analogous to those defined in Sects. 5.1 and
5.2 for the previous mass loss rate cases, namely (vo)ms (Vierm =
0.1kms™) =58x10"*km s, (v9)rGVierm = 0.1 km s71)
3.7 x 107* km s7!, (vo)sg(verm = 0.1 kms™!) = 8.8
10™* km s7', and (o)ms(Werm = 2.1 kms™) = 3.4
1072 km s™!, (00)rg(term = 2.1 kms™1) = 2.1 x 1072 km s/,
0)sg(Wterm = 2.1 km s™1) = 5.1 x 1072 km s~'. We have given
the values for main sequence stars as well, since they give a
substantial contribution to the covering factor also in this case.
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Fig. 8. Physical parameters characterizing stellar envelopes contribut-
ing to the BLR as functions of the normalized distance r/r, from the
central black hole; these are the mean density of the envelope, 7.(r),
the estimate of the envelope extension, Rey(r), and the ionization pa-
rameter, U(r). The interval over which the physical quantities are plot-
ted represents the “BLR” interval [r, r,] as defined in Sect. 4.2; the
labels 0.1 and 2.1 identify the specific value (in km s~!) of the terminal
velocity parameter for which they are computed. We show the results
for both MSs (upper panel) and RGs (lower panel), since they both
significantly contribute to the total covering factor in the present case
of “intermediate” mass loss rates.

Similarly to Figs. 3 and 6 for the previous two cases,
Fig. 8 shows the profiles of the relevant physical parameters
for stellar envelopes contributing to the BLR as functions of
the distance r. We show the results pertaining to the same two
representative values of the velocity parameter vy, namely
0.1 km s~! and 2.1 km s~!'. The extension of the BLR con-
tributing interval for MS envelopes is [r1, r2lms = [410r,, 3.2 X
104rg] ~ [6.8 x 1053 cm, 5.3 x 10!7 cm], independently of the
velocity parameter, again because of the fact that the extension
of the envelopes is always defined by the bow-shock mecha-
nism. For RG envelopes, the BLR contributing interval has the
same upper limit r, as that for MS contributors, whereas the in-
ner boundary r; shows a dependence on the velocity parameter
(see previous paragraph).

As it is easy to see from Fig. 7, the present choice of mass
loss rates for the central cluster stars turns out to be the most
favourable one from the point of view of the value of the cover-
ing factor that can be recovered with our models. In particular,
the interval of observationally inferred values for a Seyfert 1
BLR, defined in Sect. 4.2 to be ranging from 0.05 up to
around (.25, can be obtained with stellar envelopes character-
ized by expansion velocities in the range 0.5-3.0 km s~!, which
corresponds to subsonic, but physically sensible values for an
expanding stellar atmosphere. As for the values of Cyoy, they
turn out to be sufficiently small to be considered “vanishing”,
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similar to what happens in the case for “enhanced” mass loss
rates of Sect. 5.2, since they at most reach 6% of Ciy;.

As a final consideration for the intermediate mass loss sce-
nario we estimate total number of emitting units. Indeed, sim-
ilar to the case for “enhanced” mass loss rates, we can include
MS star envelopes in the total number of individual contrib-
utors to the model BLR, since their contribution to the total
covering factor is also substantial in this case. This allows an
estimate of (N, ) ~3.2 X 107 stars; this number is even a little
higher that the one estimated for the case of “enhanced” mass
loss rates; this is due to the fact that in the present case the ex-
ternal boundary of the BLR contributing interval of distances is
larger than that of the case discussed in Sect. 5.2, thus allowing
to include a larger number of stars in the computation.

6. General discussion

The results presented in the previous section show that our
model is capable of reproducing the observational requirements
listed in Sect. 4.2 (points 1-4). In fact, from Figs. 3, 6 and 8 it is
evident that the ionization parameter U is in the expected range
of values, while rggy, is contained in the intervals [r, r,] where
the conditions a)—d) of Sect. 4.2 are satisfied. As far as the cov-
ering factor is concerned, it is evident that its value strongly
depends on the choice adopted for the stellar mass loss rates
(compare Figs. 2, 5 and 7). In the case of enhanced and inter-
mediate mass loss rates, values in the range 0.05— 0.25 can be
recovered by choosing suitable values of the stellar envelope
expansion velocities, while for standard mass loss rates this is
possible only for very low velocity values. Hence, our values of
Ciot tend to exclude stellar envelopes with standard mass loss
rates as plausible emitting units for a BLR model. On the other
hand, regarding the covering factor for “broad” forbidden line
emission, we recall that the star density distribution we have
adopted has been chosen so that in all the presented cases Crop,
is minimized (see Sect. 5); in fact, it turns out to be negligible
in both the cases presented in Sects. 5.2 and 5.3. We recall here
that in the “standard” mass loss rate case, Cro, 1S not negligi-
ble and we consider this one of the reasons why that particular
model is not viable for building up a realistic BLR model.

While the analysis of this paper has produced strong con-
straints to most of the free model parameters, for some, namely
the stellar distribution, the mass loss rates and the expansion
velocity, the model cannot operate a definite choice. Any fur-
ther test of the model and selection of these parameters requires
more information coming from the comparison between the
observed line profiles and relative intensities, and those pre-
dicted by the model. As we have already mentioned, we have
planned to compute the detailed line profiles in a forthcoming
paper, having now obtained a deeper insight in the role that
different parameters play in the model. However, at this stage
we would like to compare our model with the results of some
other authors (Goad & Koratkar 1998; Kaspi & Netzer 1999;
Korista & Goad 2000) who made attempts to infer from line
profiles and intensities some “average” physical conditions in
BLR condensations.

In the last years much work has been devoted to infer the
BLR physical configuration starting from the observed BLR
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properties. Since the BLR emitting gas has been shown to be
stratified in density (see Peterson 1993 and Netzer & Peterson
1997 for reviews) the idea was to derive both the dependence
of the characteristic number density of the gas in the “cloud-
like” emitting clumps (7.(r) in our notation) and that of the
“cloud-like” structures’ distribution (p.(r) in our notation) on
the radial distance r from the central black hole. This analysis
has been applied by the authors mentioned above to the case of
the well studied and representative Seyfert 1 NGC 5548.

Combining a photoionization code with an optimization
routine, Goad & Koratkar (1998) have found that line ratios and
variability time scales can be reproduced assuming 7..(r) oc 772,
Kaspi & Netzer (1999), through the “direct” method of guess-
ing cloud properties and distribution and calculating the result-
ing emission lines, have also found that a density gradient is
necessary but their best fit is 71.(r) o« r* with 1 < s < 1.5. In
our results 7.(r) slope is variable in the interval [ry, r,] where
star envelopes contribute to build up the covering factor. For
n.(r) profiles shown in Figs. 3, 6 and 8 a piece-wise power
law approximation gives logarithmic slopes from 1.5 up to 2.
These values cannot be used to exclude or to prefer one of the
assumed mass loss profiles, since they do not contradict any of
the two previously quoted analyses.

Recently Korista & Goad (2000) have tested the “locally
optimally emitting clouds” (LOC) model, proposed by Baldwin
et al. (1995), by comparing the predicted spectrum with that of
NGC 5548. One of the results they attain is that the power law
index of the quantity they define as the radial cloud covering
fraction must be in the range —1.6 to —0.5. In our notation this
implies that the product RZ (r)p.(r) must be a function of r
which is representable by a power law whose exponent should
be in the range [—1.6, —0.5] mentioned above. Since the star
distribution function p.(r) that we have adopted has a loga-
rithmic slope ranging from —0.7 around r/r, = 10° down to
—2 around r/ry = 10, this comparison favours Rey(r) func-
tions flatter than #*7>. This fact again implies that “enhanced”
and “intermediate” mass loss rates are preferable, since in these
cases the functional form of R..(r) does indeed fulfill the re-
quirement above (in fact, it turns out that it is ocr9-%6 or flatter
both for MS and RG stars).

Both Korista & Goad (2000) and Kaspi & Netzer (1999) de-
rive an estimate for the extension of the BLR. For the first ones
the maximum BLR extension can be up to 200 light days, while
for the second ones it can be up to 100 light days. In our model,
the values for the derived external BLR radius, r,, for the case
of “intermediate” mass loss (see Sect. 5.3) are larger than those
derived for the case of “enhanced” mass loss rates presented
in Sect. 5.2; however, they are in any case consistent with the
estimate obtained by Korista & Goad (2000). Again, this com-
parison is encouraging for our model, but not definite enough
to allow for a selection of most appropriate mass loss rate val-
ues. In any case, the general comparison of our model with
the global inferred physical conditions for the BLR discussed
above favours the two configurations analyzed in Sects. 5.2
and 5.3, characterized by distance dependent stellar mass loss
rates and especially by a substantial contribution to BLR emis-
sion coming from MS star envelopes, whose mass loss rate is
strongly enhanced with respect to their “standard” value.
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Besides the X-ray illumination mechanism that we have
discussed and examined in Sect. 5.2, other mechanisms have
been analyzed in literature, that support the physical plausibil-
ity of this type of induced and r-dependent stellar mass loss
rates. Here we just want to mention a couple of these works.
For example, MacDonald et al. (1991) performed an analysis
of the effects of neutrino and high energy particle flux from
the central source on the stars of the central cluster and their
winds; their main result is that these stellar winds can be af-
fected in the sense of a mass loss enhancement. Also, Baldwin
et al. (1996) have computed the radiative acceleration on the
photospheric layers of stars at BLR distances for a number of
high-luminosity AGNs; comparing this acceleration with the
star surface gravity, they conclude that all the stars, includ-
ing main sequence ones, can indeed be affected, thus produc-
ing an enhanced mass loss. We recall that for the case of r-
dependent and enhanced mass loss rates that we have discussed
in Sect. 5.3, we have not explicitly defined the physical mech-
anism inducing the enhancement, similarly to what is done in
Scoville & Norman (1988) (see Sect. 5.3), but we just supposed
one of such mechanisms to be at work.

Going back to what we have pointed out above, the two
cases discussed in Sects. 5.2 and 5.3 fall in the same “cate-
gory” of models, characterized by strongly enhanced mass loss
rates and a significant contribution to the BLR emission com-
ing from MS stars. This is interesting from two different, but
connected, points of view. First, within this picture the large
number of individual emitting units does not imply too large
collision rates between the stars. In fact, the star collision rate
(Eq. (18)) relative to the star distribution, p.(r), for which we
have computed the models whose results are shown in Sect. 5
(the one labeled with “1” in Fig. 1) turns out to be 7 ~ 1 colli-
sions/yr. The total star collision rate is an estimate of the total
number of stellar collisions that take place in the whole clus-
ter in a year; however, to understand to what degree the clus-
ter structure is affected by stellar collisions another quantity
must be introduced, that is the time that it takes for a star to be
destroyed by collisions with other stars belonging to the clus-
ter. Following Begelman & Sikora (1992), we introduce here
the destruction time due to mutual collisions for a star in the
cluster as

10
p:(Nfi 7RI V(r)’

where the number 10 at numerator is the number of collisions
that a star has to undergo to be finally disrupted; the value used
above is estimated from the fraction of stellar mass lost per col-
lision that Begelman & Sikora (1992) evaluate as ~0.1. In our
model the destruction time per star turns out to be the same for
red giant and main sequence stars (since (R,)rg = 10 (R.)ms
and frg = 0.01 fiys) and it varies with the distance r from
the central black hole. To derive an estimate of its value, we
have computed it in the region of interest for this work, that
is at a distance which is around a half of the estimated ex-
ternal radius (r,) of the BLR model, i.e. ~104rg, obtaining
feon(x = 10%) ~ 8x108 yr. A necessary condition for our picture
to be consistent is that the MS star evolution time is shorter than
the star destruction time. Taking into account the value of #.q;

feon (r) = (34)
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derived above, this condition is verified for stars with masses
larger than 2.6 M, which, in a star cluster of 3 X 107 stars, as-
suming the Salpeter initial mass function, constitute ~3% of
the total star number. This percentage of stars can account for
the assumed quantity of evolved stars in our model. Obviously,
going closer to the cluster center, f., decreases and this
condition can no longer be fulfilled. However, there are a few
arguments that suggest that the destruction time for collisions
computed above should be considered as a sort of lower limit
evaluation. In fact, as Scoville & Norman (1988) argue, or-
dered stellar motions may result in a lower collision rate. In
addition, as discussed by these same authors, stars orbiting on
elongated elliptical orbits would spend only a short part of their
life in the inner region of the cluster and this would result in a
larger survival probability as well. Our present discussion is
centered on survival conditions for the central stellar cluster as
we have chosen to model it. Its relation to the AGN lifetime
(possibly <10® yr) and to the time at which the nuclear activ-
ity switches on with respect to the evolutionary stage of the
cluster itself would indeed deserve further insight. However,
in the present context, it is probably just the case to mention
the possible relevance of this issue and we leave its analysis to
different work. Back to the original point, even accounting for
these last considerations, the discussion above shows that the
very large values of the star number density characterizing the
stellar distribution p.(r) that we have chosen for our models
(the one labelled with 1 in Fig. 1) can be regarded as very close
to the upper limit for the maintainance of the cluster integrity.
Indeed, higher stellar densities would result in a cluster evolu-
tion much faster than what is required when the cluster star en-
velopes are believed to represent the structural components of
an AGN Broad Line Region. As a matter of fact, this is indeed
the case when the only stellar populations forming expanding
envelopes suitable for Broad Line emission (i.e., contributing to
the BLR) are those of RGs and SGs. In fact, both RG and SG
populations amount to only a small fraction of the total stellar
number in the cluster (i.e., ~1%, see Sect. 4.1); as a conse-
quence, requiring a number density of RG and SG envelopes,
as contributing emitting units, sufficiently large to justify the
observationally inferred covering factors implies a total num-
ber density of stars around 100 times larger. This would lead to
a destruction time (as estimated through Eq. (34)) unacceptably
short (see Begelman & Sikora 1992).

In addition, a second point of interest regarding the sig-
nificant contribution of MS star envelopes to the BLR emis-
sion, is that, owing to the large number of emitting struc-
tures, our model can be easily set in accordance with the
results of the studies of bright AGN spectra, performed with
cross-correlation techniques, such as those of Arav et al.
(1997, 1998), that claim to determine a lower limit on the num-
ber of individual emitting structures of the BLR, for models
based on discrete emitting units composing the region. In par-
ticular, for Mk 335, these same authors derive a lower limit
for the number of reprocessing cloud-like structures, which is
expected to be around 3 x 10°.

To compare our model to the results inferred by Arav et al.
(1997, 1998) for Mk 335, we have to take into account configu-
rations with a more powerful central AGN nucleus. Therefore,
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we have analyzed models for L = 10* erg/s, that is the lumi-
nosity of this source. To model an AGN with this luminosity,
we have chosen the same central black hole mass as that shown
in Table 1 of Paper I, namely Mgy = 1.12 X 108 M,; also, for
simplicity, we suppose that the central star cluster has just the
same profile p.(r) as the one adopted for the case of luminos-
ity L = 10* erg/s (see the curve labeled with “1” in Fig. 1).
With these hypotheses, we can test the resulting total number
of stars within a distance corresponding to the estimated exter-
nal boundary of the BLR model, comparing it with Arav et al.
(1997, 1998) lower limit evaluation of the number of individu-
ally emitting units in the source mentioned. Our result turns out
to be (Nuor)as = 3.9 x 107 stars, where we have computed this
number using the estimate we obtain for (r,)ms ~ 2.3 X 104rg,
since the total number of stars is essentially determined by the
number of MS stars in the cluster for scenarii of the type de-
scribed in Sects. 5.2 and 5.3. Our evaluation of (N )45 turns
out to be well above the lower limit found by Arav et al.
(1997, 1998), and this is another encouraging outcome. As for
other properties of broad line emitting stellar envelopes in this
same case of “high” luminosity (L = 10% erg/s) AGN, these
turn out to show behaviours that are similar to those we have
discussed in Sects. 5.2 and 5.3 for the case for L = 10* erg/s.
We note in passing that the bow shock mechanism for envelope
confinement is in general still the most efficient, although in
this higher luminosity case Comptonization confinement (see
Sect. 2, Eq. (12)) can be dominant in the inner (» < 500r,) por-
tion of the model broad line emitting zone (that is, closer to the
central luminosity source, where the radiation flux is stronger).

As a final remark, we note that the fact that the model out-
come in this scenario can be set in accordance with the very
large number of discrete broad line emitters in the region re-
quired by the analysis performed by Arav et al. (1997, 1998)
could be of relevance with respect to the BLR structure prob-
lem, because it would show that discrete emitting units models
of the BLR are not necessarily ruled out by the analysis of Arav
et al. (1998).

7. Conclusions

In this paper we have analyzed the scenario in which BLR
emission originates in expanding atmospheres of the stars of
a dense central cluster embedded in the hot, tenuous plasma
outflowing from the AGN. Immersing the central star cluster
in its specific AGN environment and investigating the interac-
tion of the stellar wind with the AGN outflow, we consider the
shock fronts generated by the interaction of the stellar wind and
AGN outflow as another confining mechanism for the stellar
envelopes. In our model, the nuclear wind structure depends on
the features of the dense stellar cluster around the central black
hole (including the mass loss rates of the stellar components
of the cluster itself). At the same time, the physical conditions
of the stellar envelopes emitting the broad lines depend on the
nuclear wind properties. Thus, looking for the stellar envelope
physical conditions that are appropriate to reproduce the gen-
eral characteristics of the BLR as they are deduced from obser-
vations, we have solved the problem consistently.
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We have identified those parameters that significantly
influence the resulting BLR model properties: these turn
out to be vy, a stellar wind velocity parameter, the set
{MMS, Mgg, Msc,} of stellar mass loss rates, and p,(r), the star
number density distribution. Indeed, we have explored differ-
ent possibilities for building a BLR composed of mass losing
stellar envelopes, determining, in the very specific and extreme
AGN central region environment, the conditions under which
different star types contribute to the observed line emission.
In summary, we have selected two main choices for the BLR
structure, namely 1) a scenario in which stars are taken as char-
acterized by their “standard” (i.e., as known from solar neigh-
bourhood studies) mass loss rate, examined in Sect. 5.1, and
2) another one in which stars are characterized by an enhanced
mass loss rate. Both cases, the “enhanced” mass loss rates
and the “intermediate” mass loss rates, examined in Sects. 5.2
and 5.3, belong to this second picture. In the first scenario, red
giant and supergiant envelopes are the foremost contributors to
BLR, while in the second, main sequence stars turn out to be
an important constituent of the BLR.

For both scenarios, we have built configurations that meet
the basic physical conditions for stellar extended atmospheres
to be able to contribute to BLR emission. As discussed in
Sect. 6, the observational requirements are much better fulfilled
by models built in the second scenario, allowing for large mass
loss rates, with respect to those that we can construct starting
from the assumption of standard stellar mass loss rates. In ad-
dition, if we compare the two scenarios with the further con-
ditions inferred from a global analysis of BLR observations
and with the deductions of Arav et al. (1997, 1998) on the
total number of individually emitting structures in the BLR,
again we find a differentiation in behaviour and outcomes.
The scenario in which main sequence stars are also endowed
with winds capable of producing stellar envelopes with a non-
negligible mass loss rate is therefore preferable. This point
shows the importance of the choice of the mass loss rate in
our model.

Besides the above general considerations, in our model the
most stringent quantity turns out to be Cy. In particular, cov-
ering factors that match the range derived from observations
are not easily obtained. To recover values of Cy as large as
those observationally inferred we need to suitably choose the
star number density p.(r) and/or the ratio M/vo. The star num-
ber density distribution of the cluster orbiting around the cen-
tral black hole turns out to be crucial in our model. In fact,
the observed BLR features can not be recovered for any given
ps«(r): while the required global amount of stars in the cluster
is not large, the star number density in the central region (i.e.
around 10'% cm) must be rather high. Also, high mass loss rates
and low outflow velocities are preferable.

Even with these limitations, the model nevertheless consti-
tutes a consistent structure for a BLR embedded in an AGN
wind-type plasma outflow, with individual emitting units char-
acterized by the appropriate values of physical quantities for
broad line emission. Of course, a more detailed compari-
son of the line shape and intensity produced by our model
would be necessary to strengthen the validity of this approach.
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As a first step, however, we can assert that the results we obtain
are encouraging, because this analysis has determined strong
constraints on the free parameters in the model. Such con-
straints will be useful in the derivation of the characteristic line
profiles that can be predicted by our model.
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