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ABSTRACT

In recent years the short-time X-ray variability of AGNs has been interpreted in terms of varying absorption from the temporary
occultation of the primary X-ray source itself owing to the passage of absorbing clouds. Detailed analyses have shown that these
clouds are located in the same region and have physical properties similar to those of broad line region (BLR) emitting clouds. The
aim of this paper is to investigate in detail whether the same group of orbiting clouds can account for BLR emitting cloud properties
and X-ray eclipsing cloud properties as well. To this purpose we looked for a distribution in size for the cloud number density capable
of fulfilling the observational requirements of the two groups. The existence of such a distribution not only proves that BLR clouds
and eclipsing clouds can be part of the same “family”, but also allows us to estimate the total mass content in clouds orbiting around

an AGN black hole.
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1. Introduction

Broad emission lines (BLRs) and X-ray absorption variability
are common in active galactic nuclei (AGN). While the ori-
gin of broad lines from gas condensations surrounding the cen-
tral black hole has been examined for a long time (Peterson
2006; Ruffetal. 2012 and references therein), the observed
X-ray variability has only recently been ascribed to absorption
by a clumpy medium made of clouds orbiting around the central
black hole and partially covering the X-ray source when cross-
ing the line of sight to the source itself (see e.g. Risaliti et al.
2007). Several time-resolved spectral studies of a few AGN
in hard X-rays performed in recent years on a small num-
ber of sources (Risaliti et al. 2009, 2011; Maiolino et al. 2010;
Nardini & Risaliti 2011; Puccetti et al. 2007; Bianchi et al. 2009;
Sanfrutos et al. 2013) confirm this hypothesis.

From these studies, X-ray obscuring clouds turn out to have a
column density Ny ~ 10} cm~2. Assuming Keplerian motion of
the clouds around the central black hole, the typical parameters of
the clouds responsible for the broad lines observed in the AGNs
optical and ultraviolet spectra can be retrieved. Hence, on the basis
of the above-mentioned results, a general scenario for AGN X-ray
variability has been proposed: BLR clouds in Keplerian motion
temporarily occult the primary X-ray source while crossing the
line of sight to the source, thus producing changes in the observed
X-ray spectrum and causing its short-term variability.

More recently, the presence and properties of occultations
have been analysed in a statistically representative sample of
AGN X-ray light curves (Torricelli-Ciamponi et al. 2014, here-
after referred to as Paper I) to estimate how common X-ray
eclipses are and whether the properties of the X-ray source and
the absorbing clouds inferred from previous studies are general
in AGNs. In this framework, the aim of this paper is to test in
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a more general way whether BLR clouds and X-ray eclipsing
clouds belong to the same population. If this is the case, the same
population of clouds, interacting with the radiation from the cen-
tral source, must be capable of producing both the physical phe-
nomenologies, namely capable of both efficiently contributing to
broad line formation and absorbing X-rays when occulting the
X-ray source. However, even if emission lines and X-ray occul-
tations are originated by clouds that are part of the same “fam-
ily”, some sort of distribution in physical properties within the
family itself must be expected and clouds of different size and
located at different distances from the central black hole would
have different effects on the central source emission. In fact, for
example, clouds located too far from the central source do not
receive enough ionising photons to maintain an ionised shell that
is efficient in contributing to broad lines emission, whereas the
same clouds can produce X-ray eclipses.

In our working scenario, clouds of different sizes exist
and they can be located at different distances from the cen-
tral black hole. This is in agreement with the BLR picture
according to which different lines form in clouds located at
different distances (see e.g. Kollatschny et al. 2014; Peterson
2006; Peterson & Bentz 2011). Cloud geometry is unknown and
indeed it may be far from being very regular. However, a rel-
evant feature regarding the capability of contributing to broad
line emission is the extension of the cloud section perpendicu-
lar to the radial direction from the AGN centre; this is a mea-
sure of the impact area for energetic ionising photons from
the central source. In this work, this section is approximated
as circular, even though more complex geometries are possible
(Maiolino et al. 2010). For simplicity, we assume spherical BLR
clouds with radius r in the range r; < r < r, and located at about
or within distance ~Rpr so that a portion of each cloud can be
ionised.
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As for the capability of clouds to produce observable X-ray
obscuration effects, again the crucial size is perpendicular to the
radial direction to the AGN centre, in this case also perpendic-
ular to the line of sight to the X-ray source, but in this case this
size only refers to the cloud “neutral”, X-ray absorbing portion.
In our picture, the absorbing neutral portion of the cloud is char-
acterised by its projected radius r, that is the radius of its circu-
lar projection on the plane of the sky. We assume that r is in the
range rix < r < ryx and that potentially eclipsing clouds with
such a neutral absorbing portion are located in a range of dis-
tances from the central black hole between a lower limit g;,Rp1 r
and an upper limit gexRpLr, Where gi, and gex are free parame-
ters. We introduce this parametrisation for the boundaries of the
spatial region populated by potentially eclipsing clouds to make
it possible to test the effects and potential importance of chang-
ing the expected location of the population of clouds capable of
producing the eclipse phenomenon with respect to the nominal
position of BLR emitting clouds. None of the above parame-
ters is fixed a priori and in principle the possibility of clouds
that produce the two distinct phenomenologies (X-ray eclipse
and broad line emission) and have the same characteristic size
or the same typical position is allowed. For instance, in general
the radial dimension of the cloud neutral portion is smaller than
that of the whole cloud, i.e. r < r;x < r,. But we can certainly
have ryx = r; in the external region, far from the central source,
where ionisation is negligible.

Summarising, in our framework, we suppose that there is
a system of cloud-like gas structures (referred to as “clouds”
throughout this work) in Keplerian motion in a region around
the central black hole and that these clouds can both contribute to
broad line emission and produce X-ray occultations, even though
we expect efficiently line emitting clouds to be located in the
region that we shall define as the proper BLR (see Sect. 2). In
contrast the clouds that can act as detectable X-ray occultators
are distributed on a range of distances from the AGN centre
{ginRBLR, gexRBLR}, Which may be more extended than, or may
not coincide with, the proper BLR.

In this work our first step is on the one hand to remind the
observationally inferred properties of BLR line emitting clouds
that are relevant to discuss the scenario above, and, on the
other hand, to gather the observationally inferred information on
X-ray eclipsing clouds, as it comes from the analysis of Paper 1.
From these properties, we derive constraints characterising each
of the two phenomenological classes of clouds. We then attempt
to combine these inferred constraints, demanding that a popu-
lation of clouds located in a (possibly) rather extended region
around the nominal characteristic BLR radius, Rgir, and orbit-
ing around the central black hole with Keplerian velocity, fulfils
both classes of constraints. The analysis of the consequences of
this requirement may finally give us further insight in the issue
of the nature of BLR line emitting and X-ray absorbing clouds,
imagining them as a part of a unique greater population with
possibly distributed properties.

The paper is organised as follows. Sections 2 and 3 discuss
constraints that are relevant to our analysis derived from BLR
studies and from the analysis of detected X-ray eclipses, respec-
tively. In Sect. 4 we introduce a distribution in size for all the
clouds belonging to the system orbiting around the central black
hole, independent of the phenomenology produced by the clouds
(contribution to broad line formation or X-ray temporary occul-
tation); we examine and define the characteristics required for
such a distribution when we demand that the choice of the distri-
bution and its consequences satisfy both the constraints on BLR
clouds and those on clouds capable of eclipsing the AGN X-ray
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source. In Sect. 5 we derive conditions on the maximum size for
a cloud in the adopted distribution, again requiring the fulfilment
of the constraints identified in Sects. 2, 3, and 6 combines the
results of the previous sections to explore possible further con-
ditions on the cloud population parameters. In Sect. 7 we briefly
discuss the type of cloud number density distribution in size that
stems from the previous analysis. Section 8 is then devoted to
the derivation of an estimate both of the total mass in the global
system of clouds and the gas mass content in the BLR; the lat-
ter is then compared with a previous estimate of Baldwin et al.
(2003). Conclusions are presented in Sect. 9.

For the sake of clarity and for reference purposes, in
Appendix B all the parameters introduced and discussed in the
present and in the following sections are collected and sum-
marised in Table B.1.

2. Constraints from BLR line emitting clouds

The analysis and diagnostics of broad emission lines (BELs)
observations, within the interpretative framework of a BLR con-
sisting of an ensemble of cloud-like single components, allow
us to extract information on several physical properties of the
clouds and their possible distribution. In the present context,
we focus our attention specifically on the following properties,
which are relevant to our purposes:

(a) Standard parameter values inferred from modelling
the BLR and its observed emission lines are column density
Ny ~ a few 102-102cm™2 (Peterson 2006; Netzer 2015)
and number density in the range 1083cm™ < n < 10"2cm™3
(Baldwin et al. 1995; Korista & Goad 2000; Netzer 2008, 2015;
Elvis 2017); coupling these ranges for Ny and n, the expected
thickness of the gas layer associated with a single cloud should
be larger than ~ a few 10'9 cm. Hence, a reasonable condition
for the radius r of clouds whose emission contributes to observed
lines can be set as r 2 3 X 10'? cm. From this we can infer an
estimate of the lower limit for the size of a cloud effectively con-
tributing to line emission in the BLR, which in our picture is
represented by r|; accordingly, we choose r; = 3 x 10'? cm.

(b) The global covering factor for the system of BLR clouds,
derived in terms of the fraction of the ionising continuum
that is converted in line emission, can be evaluated around
30% as a general estimate for any AGN (Baskin & Laor 2018;
Maiolino et al. 2001). Also assuming as a zero-order represen-
tation of the problem that the ionising radiation is essentially
isotropic, this estimate of the BLR covering factor is equal to the
geometrical covering factor for the BLR structure. Hence, we
adopted a covering factor value Cy ~ 0.3. Several recent stud-
ies on the BLR geometry (see for example Pancoast et al. 2014;
Baskin & Laor 2018) suggest a flattened structure rather than a
spherical structure.

(c) The number of clouds necessary to originate the observed
smooth profile of observed emission lines is high (see Laor et al.
2006). For the few analysed cases in the literature (Laor et al.
2006 and references therein) the estimated cloud number, Ntgr,
is different for each source: Laor et al. (2006) reported the esti-
mate of Nror for NGC 4395 as 10* + 10° and mentioned some
results from other authors, namely Ntor 2 3 X 10° for MRK 335
(Arav et al. 1997) with log(Mpu/My) =~ 7.23 (Bentz & Katz
2015), Ntor ~ 3 x 107 for NGC4151 (Arav et al. 1998) with
log(Mgy/Ms) =~ 7.555 (Bentz & Katz 2015), and Ntor = 108
for 3C 273 (Dietrich et al. 1999) with log(Mgy/M;) ~ 8.84
(Bentz & Katz 2015). The resulting trend is that sources with
a larger central black hole mass, Mgy, have a larger number of
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clouds, which is consistent with the fact that the system dimen-
sions scale with Mpy.

(d) The typical distance at which line emitting clouds are
present, Rpir, can be related to the mass of the central black
hole, Mgy, as can be inferred from the analysis of the diagram
we obtain by plotting the BLR radius versus the AGN black
hole mass for our sample of bright X-ray sources. In fact, for
the sources of Paper I sample we derived the value of Rprgr
from Bentz et al. (2013) radius luminosity correlation, Rgir =
33.65[Ls100/10%41%333 light days (where Lsjgo = Al(ergs™) at
A = 5100 A). We adopted, when available, the values of Lsjg
reported in the literature and, instead, derived Ls;qo as an extrap-
olation from the monochromatic 2 keV flux when the value of
Ls100 was not available in the literature (see Paper I for details).
The derived values for log(Rgr) are shown in Fig. 1 as functions
of the logarithm of the central black hole mass, Mgy, in units of
the solar mass, for all the sources of Paper I sample, represented
by black dots. The black dots with plotted error bars represent
the sources for which we have detected reliable eclipse events
in the work described by Paper I and whose corresponding val-
ues of log(Rprr) and log(Mpy /M) are reported in Table 1 with
their uncertainties. The vast majority of the points lie in a strip-
like region whose inclination defines a dependence on the central
black hole mass, which is ~ M%3 . so that we can infer the fol-

BH’
lowing relation:
0.5 0.5
M M
25x 102|221 < Rpir <4.x 108 222 (em). (D)
Mo Mo

It is significant that, if in order to support our deduction of rela-
tion (1) we also plot points referring to other AGN sources for
which both Mgy and Lsoy are available in the literature, again
the vast majority of these falls within the same strip defined
above; in fact, in Fig. 1 we plot in green the points represent-
ing AGN sources of the AGN black hole mass Database of
Bentz & Katz (2015) and their distribution does confirm our
assertion. Unlike constraints (a)-(c), which are derived from
BLR properties well-defined and discussed in the literature, con-
straint (d) is of a different category (derived by our own anal-
ysis of data referring to our bright X-ray sources). Neverthe-
less, also considering that our analysis is supported and con-
firmed by the addition of other data available in the literature
(see Bentz & Katz 2015, mentioned above), we take constraint
(d) and treat it in the same way and at the same level of confi-
dence as constraints (a)—(c).

In the following we describe the geometry for the BLR
adopted in this work. To represent and exploit the constraints
of point (b), we adopt a schematic description of the structure
of the BLR; thus, we suppose that BLR clouds are located and
distributed in the region defined by the portion of a sphere of
radius Royr o« Rprr subtended by a central angle 2 (where the
semi-aperture @ is measured from the accretion disc equator),
as sketched in Fig. 2. Following Baskin & Laor (2018), for the
outer radius Royt, which is related to the characteristic radius of
the BLR, Rprgr, we adopt Royr =~ 1.5 Rgrr. The region where
clouds that can effectively contribute to broad line formation
are located is indeed also characterised by an inner boundary
radius RN, which we take as Ry =~ 0.1 Rgrr in the following.
This choice is qualitatively in agreement with the estimate of
Ry ~ 0.18 Rprr determined by Baskin & Laor (2018); within
our present approach, the precise evaluation of the inner bound-
ary of the BLR does not seem to influence our general purposes
(as we also verified by changing this boundary in the computa-
tions), provided it is not a significant fraction (i.e. close to unity)
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Fig. 1. log(Rp1r [cm]) as a function of the logarithm of the central black
hole mass in units of solar mass. The black points represent the sources
of Paper I sample; errors are also plotted for the sources showing reli-
able X-ray occultations and listed in Table 1. To support our assertion,
we also show in green the points referring to AGN sources of the AGN
black hole mass database (Bentz & Katz 2015). The two dashed blue

lines depict the relationship Rpir ~ M3}, as defined in Eq. (1).

of RpLr. Assuming an isotropic ionising continuum, null cover-
ing in the region outside the BLR and a coverage fraction 5y < 1
within the BLR solid angle, the geometrical covering factor can
be evaluated as

Cr = BoQprr/4m = o sina,

since Qg r, the solid angle subtended by the BLR region in the
chosen geometry, can be expressed as a function of the semi-
aperture angle « as

QBLR =4rsina.

Taking Cy ~ 0.3 as representative of the BLR covering factor
for all AGNs, we can thus derive an estimate of the angle «,
depending on the chosen coverage fraction within the BLR, Sy,
from

Cr 03

=—, 2
Bo  Bo @
so that, with the assumed geometry for the BLR, the represen-
tative value for the covering factor Cy = 0.3 (see point (b) of
Sect. 2) defines a constrained range for the coverage fraction of
the BLR solid angle, Sy, that must be 0.3 < 8y < 1 and, more
generally,

Cr<fo<1; 3)

we choose as representative value 8y = 0.5, obtaining @ ~ 36.9°.
In fact, the specific choice of the combination of Cy and « values,
within reasonable limits pertaining to the BLR case, does not
significantly affect our results in Sects. 5 and 8, as we briefly
discuss in those sections.

With this geometrical structure the resulting volume of the

BLR is
4n . Ry \
— (1.5 Rpr)’ 1-
3 ( BLR)~ Sin ¢ [ (ROUT)

VBLR

1

“
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Table 1. Parameters and derived quantities for sources with reliable occultations detected.

Source name logj"lM—BoH Nea ZAtyr  log[Rpir(cm)]  log[poxeps(cm™)] log[ra(cm)] longg—gR Refs. for
Ksec logﬂfu—“o”
NGC4395 5.14 £ 0.07 3 110 14.68 £ 0.27 -39.30+0.17 13.04 +0.19 -3.67+0.40 (1)
NGC4051 6.13+0.14 4 885 15.85+0.13 —-42.15+0.22 13.73 £0.11 -0.63 +£0.20 2)
MCG 06-30-015 6.20+0.10 13 1030 16.24 £ 0.14 -42.01 +£0.16 13.13 £0.11 -0.46 +£0.22 3)
NGC 1365 6.65 +0.09 9 1388 16.20 £ 0.23 -42.95+0.18 13.66 + 0.17 —0.005 £0.35 (1)
Mrk 766 6.82 +£0.05 6 881 16.15 £ 0.09 —-43.16 + 0.09 13.76 + 0.07 0.024 £0.132 2)
NGC 5506 6.86 +0.09 3 315 16.83 £0.22 -43.41 +£0.18 13.29 £ 0.16 0.87 +0.34 (1)
NGC 3227 6.77 £ 0.10 3 245 16.00 + 0.08 -42.76 £ 0.15 13.55 £ 0.08 -0.52+0.14 2)
NGC 4593 6.82 +£0.09 1 235 16.34 £ 0.10 —-43.46 £ 0.15 13.86 + 0.09 0.47 +£0.16 2)
IGR J21277+ 7.18 +0.34 2 286 17.00 £ 0.22 —-44.11 +0.52 13.49 £ 0.23 1.43 +0.38 4)
NGC3516 7.39 +0.05 4 830 16.26 £ 0.12 -44.22 +0.09 14.13 £ 0.09 0.59 +0.18 2)
NGC 3783 7.37 +0.08 8 785 16.17 £ 0.11 —-43.81 +£0.13 13.84 + 0.09 0.11+0.17 2)
NGC4151 7.55 +0.05 4 335 1592 £0.13 -43.90 + 0.10 13.99 £0.10 -0.24 +£0.20 2)
Mrk 79 7.61 £0.12 1 225 16.73 £ 0.04 -44.82 +0.18 14.05 £ 0.07 1.43 +0.08 2)
PG 1501+106 8.05 £0.02 2 859 16.68 £ 0.02 —-45.73 £ 0.03 14.569 = 0.017 1.86 £ 0.03 (®)]

Notes. For each source showing reliable occultations the following quantities are reported: the logarithm of mass of the central black hole Mpy
in solar mass units; the total number of eclipses detected in Paper I, N, ; the cumulative observational time XAf.q; the value of log(Rgr); the
logarithm of the occulting cloud number density as derived from Eq. (5) for the case gex = 3.0, gin = 0.1; the logarithm of the radius of the largest
cloud in the source, r, (defined in Sect. 5.1); and the logarithm of the mass of the ensemble of clouds in the BLR, measured in units of the solar

Mg
M

mass, log(

;“) (defined in Sect. 8). The last two quantities refer to the case w = 2 (see Sect. 4) and the same choice of of {g., gin} parameters

quoted above (see Sects. 5 and 7 for details). References for logMM—T values are reported in the last column: (1) Ricci et al. (2017), (2) Bentz & Katz
(2015), (3) Bentz et al. (2016), (4) Malizia et al. (2008), (5) Winter et al. (2010).

Fig. 2. Sketch of the BLR geometry as described in the text.

showing that, with an approximation of less than 0.03%, the
introduction of an inner radius for the BLR does not significantly
change the global volume.

3. Constraints from X-ray eclipses

We now turn our attention to the reliable eclipse events detected
in Paper I. For each of the AGN sources exhibiting such events,
in Table 1 we report the number, N, of significant (i.e. null
probability value F,, < 0.001 and fractional hardness ratio varia-
tion AHR/HR > 0.1; see Paper I) eclipses as revealed in Paper I,
together with the AGN central black hole mass and the Rpir
value estimated using the radius-luminosity relation described
in the previous section. Table 1 also shows, for each source, our
estimate of the maximum cloud size r,, derived in Sect. 5.1, and
our evaluation of the BLR mass, Mgy r, discussed in Sect. 8.
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To extract information from the Paper I analysis and derive
constraints on eclipsing clouds, we reiterate our basic assump-
tions from Paper 1. We suppose that each detected eclipse is due
to the passage of a single cloud (i.e. a cloud with a neutral X-ray
absorbing portion) across the line of sight to the source, that the
obscuring cloud is moving with Keplerian velocity, and that the
size of the X-ray central source is Rx = 2.5 Rschw = S(GMpg)/ c?
as in Paper I. With these assumptions, we proceed to iden-
tify constraints on clouds from the analysis of detected X-ray
eclipses (Paper I).

First, as its stems from Paper I analysis, for an X-ray tempo-
rary occultation event to be reliably classified as an eclipse, the
resulting temporary fractional variation of hardness ratio must
be AHR/HR > 0.1, where HR = F(5-10keV)/F(2-4keV) and
F represents the photon flux in the specified ranges. This con-
dition turns out to have consequences on the eclipsing cloud
size with respect to that of the X-ray source, Rx. In fact, in
Paper I we studied the hardness ratio resulting from the con-
volution of several theoretical model spectra (with varying both
X-ray absorbing column density and absorber covering factor)
with the response matrices of the X-ray observing instruments
(XMM-Newton-EPIC/PN and Suzaku-XIS). From this analysis,
for the typical range of absorbing column density values of inter-
est (around 102 ¢cm™2, see references in Sect. 1), we can relate
the observed fractional hardness ratio variation AHR/HR to a
corresponding estimate of the covering factor of an eclipsing
absorber. Taking this into account, the condition for the reli-
ability of a fractional hardness ratio temporary variation as an
indicator of an eclipse event, AHR/HR > 0.1, implies an eclipse
covering factor >0.15; this, in turn, can be translated in a condi-
tion on the minimum size for the possibly eclipsing cloud, that is
r 2 0.4 Rx. Thus, Paper I condition AHR/HR > 0.1 ultimately
defines a first constraint for potentially eclipsing clouds, specifi-
cally on their minimum size.

Again following the assumptions above, it is also possible to
evaluate an eclipsing cloud number density, pxops, for each AGN
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source in Table 1. For each source, a number N, of reliable
occultations were observed during the whole time interval sum-
ming up the effective duration of all the observations analysed
Y At.q; the effective duration of each observation, At.g is defined
as in Paper L.

The total volume of space hosting absorbers that passes
across our line of sight to the X-ray source during the total time

interval At is
G M,
BH ——3Y At
g RpLr

= 4R\(GMpp)* R2,  Shteglg!? — g

where we suppose that (1) eclipsing clouds are endowed with
keplerian velocity and (2) eclipsing clouds are located at dis-
tances R = gRpLr from the central black hole in the range
[ginRBLR] < R < [gexRpLr]- The inner and outer values of the
non-dimensional distance g [= (R/RgLr)], gin and gex respec-
tively, are taken as parameters of the problem: changing their
values allows us to change the location of the region where
eclipsing cloud are distributed, so that it is possible to compare
their spatial distribution with that predicted for BLR line emit-
ting clouds (for which we would expect gi, < 1 and gex = 1).
In fact, for instance, the Markowitz et al. (2014) work seems to
indicate that in several sources eclipsing clouds are located at
larger distances than the typical BLR radius, i.e. g =~ 1 and
gex > 1.

For each of the sources listed in Table 1, the eclipsing cloud
space number density is

Nt l 2632 ]
= 72 _ 1 2
Vo [20(ge” - g;07)

Jex
V=Q2Rx)
Jin

Rpirdg

1/2]

in ?

PXobs =

ecl —

|:2A[ ﬂf:| [RBI{/}QZ BIS—I/z] cm 3’ (5)
where the dimensional quantities are expressed in CGS units. In
Eq. (5), we have isolated constants and parameters, the eclipse
frequency (=Neq/ZAt.), and the characteristic AGN source
quantities. This obscuring cloud number density is clearly a
mean density, averaged over the whole region in which the
potentially eclipsing clouds are distributed, defined by the choice
of {gin, gex}, regardless of any possible dependence on distance
from the central black hole within the region itself. From Eq. (5)
it is clear that the values of pxops depend on the choice of the
region over which we assume eclipsing clouds to be spatially
distributed through {gex, gin}. The resulting values of pxobs, for
the sources in Table 1 are plotted as functions of Mpy/Mg in
the log—log graph of Fig. 3 for {gex = 3.0,gin = 0.1}. The
uncertainty on log(pxops(cm™>)) is evaluated propagating errors
on log(Mpn /M) and log(Rpr r) taken as independent quantities.
With this choice of {gex, gin}, the region over which we suppose
potentially eclipsing clouds are distributed is more extended than
the BLR and contains it entirely. Sources with a more massive
central black hole have a lower obscuring cloud number density.
The resulting relation pxebs = Pxobs(MBH/M) can be fitted with
a power law, so that it is

Mgy
Mo ) ©

where z is the absolute value of the slope of the linear log—log
relationship and where

1 ( A ) @)
ay =log| ——
o’ — i)

log(pxobs) = ap — 2 10g(
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Fig. 3. Obscuring cloud number density as it results from the number of
observed X-ray occultation events in the case gex = 3.0, gi, = 0.1.

is the constant term defined as the ratio of a constant A, with
the same physical dimensions as pxobs, to the dependence on the
parameters {gex, gin} from Eq. (5). A variation in the choice of
the parameters {gex, gin} produces values of pxobs, Which turn out
to be fitted with a log—log linear relationship of unchanged slope
(—2z), but with a “constant” term ag that changes because of the
change in the factor l/(g]/2 glln/z)

Adopting the choice of parameters gi, = 0.1 and gex = 3.0,
we report and show in Fig. 3 the best fit evaluated by rep-
resenting our data in the form log(oxops) = 7y — zx, where

(log(MB“) 7. 0) We fitted the data both with a stan-

dard least-squares minimisation technique, and by maximising
a modified likelihood which allows for an intrinsic dispersion
of the relation; the squared dispersion is added to the variance
of each point and fitted as a free parameter. We obtained fully
consistent results, in which the intrinsic dispersion is consistent
with zero. Since log Mgy = 7 is the mean of the logarithmic
masses in our sample, the two parameters y and z have no covari-
ance, so their errors are not correlated. From the fit we obtain
v =-43.4+0.1 and z = 2.00 + 0.09; the value of a in Eq. (6) is
thus ap = —29.4 + 0.6. From the value derived for ag and using
Eq. (7), we estimate A = 5.6 x 10730 cm™3,

Summarizing, coupling this result with the outcome of
Paper I analysis, we can conclude that any cloud producing
X-ray occultations must have (at least) the following properties:

(1) The X-ray absorbing portion of the cloud must have a
radius, projected on the plane of the sky, r > 0.4 Rx; this condi-
tion, in fact, defines the lower limit for the projected radius of the
X-ray absorbing portion of any eclipsing cloud as rx = 0.4 Rx.

(i1) The cloud must belong to a cloud population whose mean
spatial number density (over the whole volume occupied by the
cloud system) follows the relationship with the black hole mass
shown in Eq. (6).

X =

4. Cloud size distribution

We seek to devise a population of clouds that share both X-
ray absorbing cloud and BLR line emitting cloud properties. We
wonder whether the constraints defined by BLR emitting cloud
properties {(a), (b), (c),(d)} (Sect. 2) are consistent with those
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Fig. 4. Sketch of possible cloud size distributions.

following from the properties of clouds producing X-ray occul-
tations, {(i), (ii)} of Sect. 3.

This analysis can be performed only making an assumption
on the possible distribution of cloud size. We analyse two possi-
ble scenarios:

Case I: in each source clouds of different sizes exist and the
cloud size (radius) is monotonically distributed;

Case II: in each source clouds of different sizes exist with a
preferred range of cloud radii, so that the distribution has a peak.

The working hypothesis that clouds of different sizes exist in
each source is the most reasonable one. We do not address the
issue of cloud formation; however, regardless of the expected
typical range of size of newly formed clouds, immediately after
their birth clouds begin to interact with the external medium.
In fact, gravitational and radiative forces act in a different
way on the two plasma phases (cloud-intercloud medium), thus
generating a relative motion which allows the development of
Rayleigh-Taylor instability (Mathews & Ferland 1987). Fast rel-
ative motions also induce shocks, which contribute to strip and
fragment cloud plasma. Several numerical analyses have been
performed on this subject (see e.g. Pittard et al. 2009, 2011),
which are all in agreement on the fact that clouds change their
shape and size during their probable short life. Therefore, the
idea of the simultaneous presence of clouds of different sizes,
smaller than the initial one, is perfectly plausible.

A sketch of the two different distributions analysed is shown
in Fig. 4. The drawing has free scales, but the ordering of the
different relevant radii values is correct. In fact, we have r; ~
3 x 10'%cm < r;x = 0.4 R for all the sources in our sample and
itis ryx < 1y, as explained in the introduction (Sect. 1).

We make another simplifying assumption, namely that the
distribution of cloud size does not depend on cloud location with
respect to the central black hole. This assumption is consistent
with the data available from Paper I, which only enable a “mean”
Pxobs to be derived; this mean represents an average value on the
whole space over which the eclipsing clouds are distributed.

A first test for the two different distributions can be per-
formed by checking whether each of these distributions can
fulfil conditions (a), (c), (d) and (i), (ii) of Sects. 2 and 3,
respectively. In order to do this, we assume a specific form of
cloud distribution in size, dN(r)/dr (number density per unit
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radius), for the two cases mentioned above and then compute,
for each of these, the corresponding average cloud number den-
sity for clouds that can produce X-ray occultations, by integrat-
ing between the lower and upper limits in size specific for this
type of clouds, r;x and r,x (see Sects. 1 and 3), as

12X dN
= —dr.
p L dr 4

X

®

This number density should be equal to that inferred from X-ray
occultations, Pxobs-

We use this equality, p = pxobs, and the expression derived
by the observation fit to Fig. 3 data given in Eq. (6) for pxops to
determine the distribution normalisation parameter. We can then
use dN(r)/dr to estimate the total number of clouds contributing
to BLR emission, Ntor, by integrating dN(r)/dr over the whole
range of possible radii, {r, r,}, and over the volume, Vg g, of the
BLR region, defined by Eq. (4) in Sect. 2. We obtain

"2 AN
Nror = VLR Edr
r

4

)
= —(1.5Rgr)’ sina f dﬂdr,

— 9
3 n dr ©

where we used the approximate estimate of the BLR volume
ViLr from Eq. (4), where sin « is determined by expression (2)
[here a(Ct = 0.3, 8y = 0.5) =~ 37°]. With this evaluation of Nrtgr,
condition ¢) on BLR clouds (see Sect. 2) can be tested, also using
the expression for Ry r defined by Eq. (1).

In the following we explicitly show the application of this
test to the Case I monotonic distribution, while we refer to
Appendix A for the discussion of Case II. In fact, the result is
that distributions of Case II type in general do not satisfy the
constraints identified in Sects. 2 and 3 and therefore such dis-
tributions cannot be representative of the physical frame defined
by the ensemble of those constraints. The only exception to this
conclusion is the Case Il distribution for which the peak occurs
(very) close to the lower limit of cloud radii 7| (ry < rg < rix, see
Appendix A); however, as discussed in Appendix A, this case
is to a large degree equivalent to the monotonic distribution of
Case L.

We note that from our analysis we can also exclude the case
of a system of clouds of very similar size, or of basically the same
size, since such a distribution could be represented as a particular
type of Case Il distribution (see Appendix A), strongly peaked
around the specific value of ry representing the “common” size of
the clouds. Such a distribution would not meet the constraints of
Sects. 2 and 3, exactly as Case Il distributions do not.

We now turn our attention to the Case I monotonic distribu-
tion of cloud radii. In this scenario we suppose the existence of
a cloud number density distribution of the type

% = K()V —w’
where K is a normalisation constant and the exponent w is a pos-
itive constant parameter; the physical dimension of K, depends
on the actual value of the exponent w and from simple dimen-
sional analysis it is [Ky] = [L"“~9].

The distribution extends over the range r; < r < ry. We
evaluate a cloud number density to be compared and equated to
the observational cloud number density pxobs, therefore we must
select the range of size appropriate to clouds that can produce the
X-ray occultations and so must require that » > rx = 0.4 Ry,
since smaller clouds would not produce detectable changes in

(10)
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the observed X-ray hardness ratio light curves, and we can rea-
sonably assume rx = 10 Rx. We tested different values for ryx
and concluded that final results do not change appreciably for
any rx > 3 Rx.

Integrating dN/dr over [r1x, r2x] [see Eq. (8)], we derive the
cloud number density referring to clouds that are capable of pro-
ducing observable occultations of the X-ray source as

X AN (rz—x)l_w -1
= —dr = K l—wrlx—;
P f,.lx dr " 07ix 1-w

an

then, requiring that this number density is equal to pxops, as
expressed by relation (6), we have

(B) -0 A M
Korix" r1x1 VRV [ MBH] ; (12)
-w Gex _gin o
writing rix = 0.4Rx explicitly with our choice of Rx =

(5GMgp)/c? (see Sect. 3), from Eq. (12) we can derive the nor-
malisation constant K for the cloud number density distribution,
obtaining

_[QGMy)/A  w-1) A Mgy "™
L= (/)™ gl _ g2 | M

w-1-z

, 13)

in
Mgy

= D) |5

where we define

[QGMo)/1" ' w=1) A

1= (rx /i)™ gli2 _ giln/2

D(w) =

(14)

and where, given our definitions for rjx and ryx in terms of the
X-ray source radius Rx = Rx(Mpy), (r2x/rix) = 25. Once K
is determined, we can use dN/dr to estimate Ntor by using its
expression as defined by Eq. (9). The result is

47T é_w _ r}—w
Nror = 5 sina (1.5 Rpir)® Ko

4 1-w
~ T Gina(1.5RgR)® Ko——,
3 w-—1

s)

where the second passage only holds if we suppose w > 1 and if
we make the reasonable assumption r, > r;. If we further take
into account the condition on Rgyr described by expression (1),
we can write

3
4 M 0.5 rl—w
5P sinad25x 102|280 L g
3 M w

(0]

3
4 M 0.5 r
< %(I.S)SSina{4x10'3[%] } Ko

©

1-w
1

-1’

(16)

where Ky and r; must be thought as expressed in CGS units,
since relation (1) defines the limits on Rg; g in cm and as a con-
sequence the numerical coefficients 2.5 x 10'? and 4 x 10'3 are
also values incm. As Ky oc [MWB;]””I’Z, expression (16) implies
that

0.5+w-z
M,
BH ) (17)

N
TOT & ( Mo

and hence its value can increase, with increasing Mpy, as
requested by condition ¢) of Sect. 2, provided

05+w—-2z>0, thatis w>z—-0.5. (18)

If condition (18) is fulfilled, the choice of the monotonic distri-
bution and its consequences comply both with properties (a), (c),
(d) relative to BL emitting clouds and with properties (i), (ii) for
clouds capable of eclipsing the X-ray source.

5. Maximum cloud size

Taking into account the results of the previous section and
Appendix A, we assume now a monotonic distribution of cloud
radii to describe both BLR clouds and X-ray eclipsing clouds.
We derive an approximate estimate of the covering factor of BLR
line emitting clouds using Eq. (10) for dN/dr and the expres-
sions following from this equation in Sect. 4 and by taking into
account the assumptions on the BLR geometry mentioned in
Sect. 2. We can then require that this approximate covering factor
of BLR line emitting clouds is in agreement with the representa-
tive “universal” value representing condition (b) of Sect. 2, that
is

Rout ra AN dv R
0.3 ~ Cf = f f n.,.zd_ r BLRg )
RN r r 47TR

[ r 3-w
()]
r
where dVg r = 47 sin@ R2dR.
Recalling our choices for Royr =~ 1.5Rpir and Ry =
0.1 RgLr, We can write the expression above as

3-w

= msin a(Routr — Rinv) Ko 3 2_ w

r3—w 3-w
0.3 ~ Cf =14 nsina/RBLRKo 2 I:l - (r—l) 5 (19)
3-w 12

where r; = 3 x 10/%cm (as in discussed in condition (a) of
Sect. 2) and Kj is the normalisation constant given by Eq. (13).
Since our choice of the geometry of the BLR described in Sect. 2
gives sin @ = C¢/By [Eq. (2)], the value of the covering factor C¢
cancels out in Eq. (19); however, the specific value of C; that
is adopted still affects Eq. (19) in that it constrains the range of
the BLR solid angle coverage fraction Sy, as defined by condi-
tion (3), Cr < By < 1. In the computations we present we chose
to adopt the representative value Cy = 0.3 [according to con-
straint b) of Sect. 2] and By = 0.5.
Provided the following conditions are satisfied,

rn<rn w<3, (20)
we use Eq. (19) to derive r; as
/(3-w)
G-wp| .
ry= |CB0l (Ry k) 0 @)
1.4n7

defining an estimate of the upper limit of the cloud size range,
73, as a function of the quantities Ko, Rgp g, w.

In Sect. 4 we identified two conditions on the slope w of
dN/dr, namely w > 1 and z - 0.5 < w < 3; for the value
z = 2.00 derived from the fit of the relation between pxops and
Mgy (see Eq. (6)), these conditions can be safely summarised as

7-05<w<3. (22)
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Fig. 5. Allowed range for the upper limit for cloud size distribution, r,,
is shown as a function of Mgy (black lines) as derived in Eq. ( 23) for
the cases w = 2.0, z = 2.00, and {gex = 3.0,g;, = 0.1}. The red line
shows the lower limiting condition on r,, again as a function of Mgy,
holding for sources in whose light curves we detected reliable X-ray
eclipses and defined by Eq. (26). Green points show the values of r,
directly computed according to the procedure described in Sect. 5.1 for
the sources of Table 1. See the text for details.

5.1. Sources of our sample

For each source listed in Table 1 the normalisation constant K
can be derived equating Eq. (11) to the value of pxqbs derived
from Eq. (5). We obtain

(w—1) riy 1

i 1 ’
-()
where we have rix = 0.4 Rx and r,x = 10 Rx. Using the expres-
sion above for K and the values of Rg; g given in Table 1, r, can
be computed from Eq. (21). The resulting values for the cloud
maximum possible extension, for the case w = 2.0, gi, = 0.1 and

gex = 3, are reported in Table 1 and shown as green points in
Fig. 5.

Ko = pxobs

5.2. General formulation

If the relationship, defined by expression (6) and Fig. 3 holds
for any AGN whose central region hosts a system of clouds in
motion around the central black hole, then limits on the BLR
maximum size, r,, can be derived. With this assumption, we can
use the general expression for Ky (Eq. (13) of Sect. 4) in Eq. (21)
to derive the upper limit of r;.

We can extend the constraints on Rprr (defined by Eq. (1))
to any AGN with a BLR cloud system. This is a reliable choice
since, as apparent Fig. 1, the definition of upper and lower
boundaries of the strip-like region in a log—log plot, where vir-
tually all the points {RgLr, Mpy} representing the sources in the
sample of Table 1 are located, applies to all the points for AGNs
with estimates of Rgr g and Mgy available in the literature (see
Bentz & Katz 2015).

Using Eq. (13) for K, and Eq. (1) constraining the values
of Rprr, Eq. (21) gives a range of acceptable values for r;, the
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upper limit of the cloud size range

1
2.5%x 102 [ M, w—0.5-z153
2o X W™ ( BH) 1 (o)

B(w) Mo
1
13 w-0.5-zw=3
> 4 %10 Mgy
B(w) Mo

1/2 1/2
Bo 3—w 1= (rax/rix) " il — gV

(23)

where we define

Bw) =127 w1 2oy A
BB-w) 1
" l1l4n Dw) 24

and D(w) is given by Eq. (14). As in relation (16), the numerical
coefficients are values in cm and hence all the physical quan-
tities are in CGS units. Equation (23) shows that the value of
r, depends on the choice of the parameters w, z, gex, and giy.
The value of the upper limit of cloud radius, r,, is crucial to this
computation, since large clouds give a strong contribution to the
global BLR covering factor (even though only a small shell of
the cloud is ionised and contributes to line emission).

Figure 5 illustrates the range of r, values determined by
Eq. (23) as a function of Mpy for a specific choice of the param-
eters, namely w = 2.0, z = 2.00, gi, = 0.1, and gex = 3.

Expression (23) shows that r, increases with Mpy if [(w —
0.5 - 2)/(w — 3)] > 0. Considering condition (22) we obtain
w — 0.5 — z < 0. Therefore, the range for w values that also
ensures an increase of r, with increasing Mgy would be further
restricted to

7-05<w<z+0.5. 25)

The estimates of r, for all of the sources listed in Table 1 are
shown in Fig. 5 as green circles and they turn out to be consis-
tent with the range of values allowed by the constraint defined
by expression (23). In addition, as explained in Sect. 3, X-ray
eclipses can be observed only if the cloud size, r, is large enough,
specifically if r > r;x = 0.4 Rx. This condition must apply even
more strictly to r,. The corresponding absolute minimum value
of r, is shown as a red line in Fig. 5 as a function of Mpy. All
the estimates of r, for the sources of Table 1 sample are con-
sistent with this condition (see Fig. 5). The region of the plane
(log(Mpu/My),log(r,)) to the right of the red line itself corre-
sponds to clouds that do not allow an observable and reliable
X-ray eclipse. In Fig. 5, with the specific choice adopted for the
parameters of the problem ({w = 2,9 = 3.0,gin = 0.1}) and
with our choice for By (By = 0.5), the red line intersects the
estimated range for , when Mpy/My > 107 and with Mgy fur-
ther increasing, there is a decrease in the range of corresponding
possible r, values that are compatible with the condition of exis-
tence of clouds capable of producing observable X-ray eclipses.
This is consistent with the observational lack of X-ray eclipses
detections for Mgy > 1089 M, in our analysis of Paper 1.

Changing the assumed value of the parameter 5, within the
range Cr < By < 1, both the values of r, for the sources
and the upper and lower limiting conditions on r;, defined by
Eq. (23), are modified by the same factor (since r, o ,8(1)/ =) in
both cases). The effect in Fig. 5 is just a global upward shift
(for an increase of By) or downward shift (for a decrease of
Bo) of the whole system of points and limiting condition lines.
For instance, using 8y =~ 0.3, the lowest possible value of S
for Cy ~ 0.3 (implying @ =~ 90°, i.e. a spherical BLR), source
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points and black lines in Fig. 5 (drawn for w = 2) would be
all shifted downwards by 10g(0.5/0.3) ~ 0.22. On the contrary,
the red line defining the limiting condition for occultation effects
detectability of course remains unchanged; therefore, a decrease
in By would produce a decrease of the black hole mass at which
the red line starts to intersect the region of possible values for
r, and viceversa. Nevertheless, even in the limiting case of the
example above (8y ~ 0.3) all the points representing our eclipsed
sources would consistently remain well above the red line.

6. Defining a range for the cloud size distribution
exponent w

Figure 5 shows the results for a specific set of free parameters.
It is interesting to investigate how the results of Fig. 5 change,
when varying the parameters values and also to investigate the
range of w for which the BLR and X-ray eclipsing clouds can
be the same. In this section we discuss the results maintaining
Lo =0.5.

The sources for which X-ray eclipses have been observed
must be surrounded by clouds of size r > r;x = 0.4 Rx (con-
dition (i) of Sect. 3) Hence, noting that Rx = 2.5Rs =~ 7.4 X
10°(Mgn /M) cm, the maximum cloud size r,, must satisfy the

condition
M

> 2.96 x 103 [ﬂ} cm (26)
My

The maximum value for r, rom(Mpg) (defined by expres-
sion (23)), must thus be larger than this limiting value. In the
(Mgy, r2) plane for any value of Mgy, this condition is expressed
as

M
BH @7

2.5 % 102 [ Mgy
nME\"F%H < M
0]

w-0.5-z u%%
>2.96x10°
B(w) M@] } *

where ry) is again expressed in cm. The limiting condition is the
intersection between the two curves

1

2. 1 12 M, w—0.5-zY) w3 M,

2.5x 107 { Mg =296 10° | ZBH (.
B(w) Mo Mo

(28)

This can be cast into a limiting condition for the parameter z as
a function of w, gex, and gy, , where the latter two parameters
appear in B(w), Eq. (24), for any given value of Mgy, i.e.

_ [547 G = w) + 1240 - log(B@))] |
°s log (Mgu/Mo)

From this relation we can derive the limiting curves w = w(z),
in the (z, w)-plane, for each choice of the parameters {gex, gin}
and of Mpy. In Fig. 6 these limits are plotted for My =
1.12 x 108 M. This is the largest mass value among the sources
in Table 1. The curves are derived for different values of gex and
Yin-

We are interested in values z < 2.5 (from our fit it is z =
2.00, see Sect. 2). Only z values larger than that obtained from
relation (29) satisfy condition (27) and, as a consequence, the
“allowed” region in the w — z plane is to the right of the curve
w(z) that can be derived from Eq. (29). The largest black hole
mass in Table 1 corresponds to the most restrictive condition for
w as a function of z in the (z, w) plane.

The case z = 2.00 (see Fig. 3, Sect. 3) is shown in Fig. 6 as
a vertical dashed blue line. Figure 6 also shows two dotted black

2.5.

(29)

log(Mg,/M,)=8.05

2.5

1.5

V]
LA L L L L L L L L L L LB B

Lo |

T T

2.1

o
[

Fig. 6. Limits for the values of parameter w as a function of z for the case
log(Mpu /M) = 8.15. The black dotted lines show the limits defined by
condition (25); the vertical blue dashed line represents z = 2.00, which
is our fit value of the slope for log(pxobs) as a function of log(Mpy /M)
defined by Eq. (6). The curves w = w(z) are derived from condition (29)
for different choices of the parameters {gex, gin} characterising the region
in which eclipsing clouds are located; the various cases shown are iden-
tified by the following code: black refers to g, = 3.0, the solid line
indicates gy, = 0.1, the dashed line refers to g;, = 0.3, dot-dashed line
indicates g;, = 0.8, and red refers to gex = 1.5; the gj, values have same
line-type code. The region of allowed values for w is between the two
black dotted lines and on the right of the w(z) curve for each case.

lines, obtained from condition (25) and representing the lower
and upper limits on w. For the lower limit, the condition comes
from the requirement for Nror to be increasing with increasing
Mgy. For the upper limit, the condition comes from 7, increasing
with black hole mass.

The intersection of z = 2.00 with the lower and upper limits
on w (dotted black lines) defines a range for w: 1.5 < w < 2.5.
The most limiting curve w(z) among those drawn in Fig. 6 (cor-
responding to gi, = 0.8,gex = 1.5) intersects the vertical line
z=2.00 at w = 2.5 and defines the same range of allowed values
for w. Larger values of gj,, that is even narrower ranges of dis-
tances for the spatial distribution of potentially eclipsing clouds,
would lead to an effective upper limit for w smaller than 2.5; the
value is derived from condition (25).

Therefore, provided gi, < 0.8, then for 1.5 < w < 2.5, the
same distribution for the cloud size can be adopted for all the
sources in Table 1, independent of the location of the region
where the X-ray eclipsing clouds are distributed.

Hence, apart from the condition g;, < 0.8, no further infor-
mation on the location of X-ray absorbing clouds can be inferred.
In the Markowitz et al. (2014) study of a dozen of eclipse events
detected in eight sources, the distance of eclipsing clouds cor-
responds to the external border of the BLR or even farther in
several cases. On the basis of the present analysis, we cannot
comment on the location of eclipsing clouds. The issue of the
location of these clouds will be addressed in more detail in a
forthcoming paper.

7. Cloud distribution

The w = 2 distribution in cloud size is shown in Fig. 7 for two
different values of the central black hole mass and for the case
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Fig. 7. Cloud distribution for w = 2.0, gox = 3. and ¢, = 0.1
for two different black hole masses: Mgy =~ 2 X 10°M, in red and
Mgy = 3.2 x 10’ M, in green. For each Mgy value, all the clouds in
the entire size range shown in the figure can contribute to broad line
formation, whereas only the portion of the distribution drawn as a solid
line corresponds to clouds potentially producing X-ray occultations.

w = 2.0, gex = 3, and gj, = 0.1, where K is given by Eq. (13).
The whole extent of the line (both dashed and solid portions)
represents clouds which contribute to BLR emission, i.e. clouds
with 3 x 10'cm < r < rap. The solid line shows the part of the
cloud distribution that contributes to both BLR emissions and to
detectable X-ray eclipsing clouds.

The different values of the black hole mass show how K and
the maximum allowed r, value, )y [condition (27)], change for
different central black hole mass values. The larger the central
black hole mass is, the smaller the number density of potentially
eclipsing clouds.

The form of the distribution also induces another selection
effect decreasing the number of observed occultations. Assum-
ing that w ~ 2 is a reasonable value for the absolute value of the
distribution slope, the number density of the smallest “observ-
able” X-ray eclipsing clouds is [(0.4 Rx)/ (I0Rx)]'™ ~ 25,
i.e. ~25 times larger than the number density of clouds with
r = 10 Rx. Hence, the detection of X-ray eclipses produced by
large clouds is disfavoured because large clouds are far less com-
mon and demand long observation times to be revealed.

8. Total mass in orbiting clouds

A large portion of the cloud distribution (the one represented by
the dashed line in Fig. 7) does not contribute to detectable X-ray
occultations. Therefore the cloud density pxqbs (Sect. 3) does not
represent the total cloud density. To derive the total mass both of
the clouds of the proper BLR (M5 r) and of the whole ensemble
of orbiting clouds (M.jouq), the entire range of radius, r; < r < 1,
must be taken into account.

The total mass in BLR orbiting clouds can then be derived
integrating the cloud distribution

1) 4
MBLR = VBLRf (—ﬂmHl’l) Kor3_'”dr, (30)
n

3

where n is the gas number density in each cloud, my is the
hydrogen atom mass, and Vg g = 47”(1.5 Rpir)’ sin @ (Eq- 4
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of Sect. 4) is the volume of the BLR, where clouds significantly

contributing to broad line formation are located. We thus obtain
. 3 p3 T §_w

sina (1.5)” Ry g mun Ko4 ,

2

Moix = oom (1)
where we required 7, > rj and z - 0.5 <w < z+0.5.

For the sources in Table 1 we estimate Mg, the mass in
BLR line emitting clouds, with Eq. (31), making use of Rprr
(values in Table 1) and of Kj (Sect. 5.1). For the gas num-
ber density of BLR clouds, n, given that the characteristic val-
ues typically reported in the literature are n = 10'°cm™ or
10" cm=3 (see e.g. Elvis 2017; Netzer 2013; Peterson 1997,
2006; Schnorr-Miiller et al. 2016), we choose n = 5 x 10'9 cm™3
(see also Baskin & Laor 2018). We also assume {gex = 3, gin =
0.1, w = 2.0} and sin @ = 0.6, following from the assumption of
Ct ~ 0.3 (as required by condition (b) of Sect. 2) and the choice
of By = 0.5 (see Eq. 2 of Sect. 2). The values of Mpr that we
have thus derived for our sources are listed in Table 1. The uncer-
tainty on log(Mprr/Ms) is evaluated propagating errors on the
two basic physical quantities that we consider as independent,
log(RpLr) and log(Mpu/Mo).

An independent estimate of BLR cloud mass is based on
the observed luminosity of emission lines. The method only
takes into account the ionised part of the gas in the clouds.
Baldwin et al. (2003) compared different expressions present in
literature and performed a detailed analysis, obtaining an esti-
mate for the mass of the ionised plasma in the BLR, i.e.

L1450

(Mpir)p ~ (10° = 10%) (—)M (32)

1044
where lj4s50 is the monochromatic luminosity at 1450 A, in
ergs™' A~'. To compare the Baldwin et al. (2003) results with
the BLR cloud mass Mg r obtained with our method, we derived
1450 for each source of Table 1, from the source 5100 A luminos-
ity, Lsjgo(ergs™"), adopting for this the value present in the lit-
erature, when available (Winter et al. 2010; Bentz et al. 2013),
or, otherwise, evaluating Lsjpp with the method described in
Sect. 5 of Paper I and using the optical-to-Xray spectral index
given by Young et al. (2010). With Ls;go(erg s™!), we determined
lisso(ergs™ A1) as

Lasoergs™ A1) = Lsioo(ergs™)

1450 A \ 1450
and then we used this estimate of the specific luminosity /450 in
Eq. (32). The range of BLR clouds mass values thus obtained
for each source of Table 1 is shown in Fig. 8, represented as a
dashed green vertical bar.

The estimates of Mg g (Table 1) are shown as red points
in Fig. 8. These values are generally consistent with the range
derived from Baldwin et al. (2003). Our estimates are higher or
lie close to the upper limit of the Baldwin et al. (2003) range. This
result is expected, since the Baldwin et al. (2003) analysis takes
into account only the mass of the ionised gas, while in our com-
putation the whole amount of gas in each cloud is considered.

For values of w corresponding to r, decreasing with increas-
ing Mgy (z+ 0.5 < w < 3, see Sect. 5.2), the resulting values of
Mg r would show a distribution inconsistent with the estimates
from Baldwin et al. (2003) relation.

As for possible effects of BLR covering factor, C¢, and/or
of BLR geometrical parameters variations (see Sect. 2) on our
estimates of Mpyr for the sources of Table 1, we note that from
Eq. (31),

Mgir o sin(@)By ™" = CeBy "

1 (5100)“‘0'4‘”
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Fig. 8. Values of the total mass in BLR clouds as a function of Mgy for
gex = 3.0, gin = 0.1 and w = 2.0. Green vertical bars show the BLR
mass range estimated according to the relation of Baldwin et al. (2003)
derived from line emission.

Thus, for instance, a decrease of Cy value by a factor of 2 (from
Cs = 0.3 to C¢ = 0.15), maintaining Sy = 0.5, would produce
a decrease by the same factor in Mprr values; however, this
would have the side effect of changing the BLR half-opening
angle to @ ~ 17.5°. If, on the contrary, we choose to keep
unchanged (~36.9°, as in Sect. 2), assuming Cy = 0.15 would
require By = 0.25 and, maintaining w = 2, our estimates of Mg g
would all be decreased by a factor of 4 (shifting downwards by
~ —0.6 in Fig. 8). In both cases, the outcome of our comparison
with Baldwin et al. (2003) results would not be affected because
our estimates would still be consistent with Baldwin et al. (2003)
estimated ranges.

We can also derive M o4, the total mass in the whole ensem-
ble of orbiting clouds, which can be distributed on a region more
extended that the proper BLR, if gex > 1.5 = (Rour/RpLR); for
our present choice, where ge.x = 3, this is just the case. To evalu-
ate M.joud, We use again the same form of Eq. (30), but substitute
Verr with the volume Vror of the entire region over which the
whole system of clouds (producing whatever physical effect) are
spatially distributed; this is, in its most general form,

(Rmax )3 _ ( Rmin )3

RpLR Rpir) |
where Rpax = max{Rout, gexRpLr} and Ryin = min{Riy,
ginRprr} With the exemplifying choice adopted throughout the
computations in the previous sections, {gi, = 0.1,gex = 3} and
{Rin/ReLr = 0.1,Rour/RpLr = 1.5}, it is Ryin = 0.1 Rprr and
Rmax = 3 RpLr; we thus also include a region “external” to the
BLR. In this region, we assume clouds to be still present, but
not significantly contributing to broad line formation, whereas

possibly capable of producing occultations (see Sects. 3 and 4).
Our general expression for the total mass in the global system of

orbiting clouds is then
3 3 4-w
R X R 1 3 rz
( ma) _( mn)]RBLRmHnKO4 w,

4 R
VTOT = gﬂ' sin @ RBLR

Rpir Rpir -
(33)

16
Mcloud = (?71'2 sin a/)

with the same conditions assumed for Eq. (31), r» > ry, z —
0.5 <w < z+ 0.5 and sina = 0.6, for our choice of parameters,
{gin =0.1, Jex = 3}, we have Mcjoua =~ 8MpLR.

For NGC 1365 we can also compare our result with the
value of the mass in absorbing clouds M,,s =~ 0.004 M, derived
by Maiolino et al. (2010) in their analysis of the source X-ray
occultations. We obtain a much larger value, M joua =~ 7.9 Mo,
since our derivation from the overall cloud distribution takes into
account all the clouds orbiting around the black hole and not only
the X-ray occulting clouds.

We can also derive a more general expression both for the
total mass amount in orbiting clouds, M juq, and for Mg g, sub-
stituting, in Egs. (33) and (31), respectively, for 7, using Eq. (21),
for Ky using Eq. (13), and for Rgrr with expression (1) con-
straining its values as a function of Mpy. The result of these
substitutions is that both the total mass in clouds and the mass in
clouds of the BLR proper show the same behaviour with Mgy,
that is

Mgy \’
Mcious, M s 34
loud> MBLR OC(M@) 34
where
6—(7+2Z_4w)'
T 2B3-w)

taking into account condition (25) on w, for any w in that range
the exponent ¢ of the ratio (Mpy /M) is positive (for w = 2, the
exponent value is ¢ = 1.50). This is indeed a reasonable infer-
ence and a BLR mass increasing with Mgy is in good agreement
with the trend of the estimate of the BLR mass content given
by Baldwin et al. (2003), as can be seen from the exemplifying
Fig. 8.

9. Conclusions

In this paper we have tested whether an ensemble of clouds orbit-
ing around the central black hole can produce both large emis-
sion lines observed in AGN spectra and obscuration of the cen-
tral X-ray source, thus inducing the X-ray observed variability
in the hardness ratio. Starting from this scenario, we required its
compatibility with constraints defined both by BLR properties
and observed X-ray occultations and explored the consequences
of this request on a first physical description of the global cloud
system orbiting the central black hole. The main results of this
work are the following:

1. We found that the scenario above is viable if clouds fol-
low a distribution in radius, r, which is monotonic in shape
(or monotonic except for low cloud radii, where a peak
may exist). Therefore the idea that the same clouds are at
the origin of both the observed features, broad lines in the
UV-optical spectra and short time variability in the X-rays,
seems to be reliable. We have found that, for a monotonic
distribution in cloud size of the type ~r " to be actually
descriptive of the problem, the exponent w must be in the
range 1.50 < w < 2.50.

2. Exploiting the results of the X-ray occultation search per-
formed in Paper I, the number density of occulting clouds,
derived from detected X-ray occultations for the sources of
our sample, turns out to decrease with increasing black hole
mass (see Fig. 3); this anti-correlation has proved to be a strong
constraint to get information about the cloud size distribution.
In fact, the derived trend pxops < M. ~2.00 g strictly linked to

BH
the existence of a lower limit to the radius of a cloud that can
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be deemed to be observable with the method of X-ray occul-
tations described in Paper I. Indeed, the specific procedure
of this method prevents the detection of clouds with radius
smaller than ~0.4 Rx. Hence, there is a sort of selection effect
related to the value of Myy. This fact is apparent in Fig. 7
where the solid line portion of each distribution shown iden-
tifies the range of radius for clouds with size suitable for pro-
ducing X-ray occultations. In the case of the larger black hole
mass most clouds are too small for their passage across the
line of sight to the X-ray source to be detected as a reliable
X-ray eclipse, and those which in principle are detectable as
X-ray occultators are by far less abundant.

3. In this analysis we also found that, for each central mass
Mgy, a maximum possible cloud extension, ry, exists and
this does not scale linearly with Mgy. Since typical AGN
scale dimensions are linked to the Schwarzschild radius
Rschw, 1.€. to Mpy, this result suggests that the cloud size
also depends on other physical parameters of gas clouds,
such as gas density and temperature, which appear to
assume values in a rather narrow range in any AGN BLR
(Osterbrock & Ferland 2006); this may affect the maximum
extension of clouds modifying the simple linear scaling with
MBH-

4. The cloud distribution in size derived from our analysis
allows the evaluation of the global amount of gas in orbiting
clouds, independent of the phenomenology that they produce
(line emission or X-ray eclipse). The resulting values for the
gas content in the spatial region from which the contributions
to broad line emission arise (as shown in Sect. 8) turn out to
be compatible with the upper limit of the range derived from
line analysis by Baldwin et al. 2003 or slightly larger than
that. This is consistent with the fact that in the present line of
work we also include the neutral portion of each cloud in the
computation.

The aim of the present analysis was restricted to the assessment
of the global and general properties of the system of orbiting
clouds that can both contribute to the emission of broad lines and
produce temporary X-ray source occultations. Our conclusion is
that indeed such a system of clouds can exist with the above
characteristics, but more detailed study is of course required.
From the analysis of AGN X-ray spectral properties an esti-
mate of the X-ray absorbing neutral gas column density Nyx
can be inferred (Bianchi et al. 2012). The resulting value is in
the range [5 x 10?? = 2 x 10?*] cm™2, defining the mostly neutral
portion of the cloud. For a given cloud the actual value of Nyx
depends on the cloud ionisation condition. If clouds are located
at a distance 2RpyRr, they only have a thin ionised layer, while
for clouds located at distances <Rppr only a small portion of the
cloud would be neutral. Therefore, the value of Nyx depends on
the actual cloud distance from the central black hole. The intro-
duction of two more variables, i.e. the neutral portion column
density, Nyx, and the cloud distance, in our investigation can-
not be addressed without the inclusion of the ionisation balance
for the gas clouds in the analysis. In this framework it is consis-
tent that the present analysis can give no information regarding
the dependence of cloud properties on the spatial location. This
point will be addressed in a forthcoming paper. All the above
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conclusions hold for all the sources for which X-ray eclipses
have been observed, but they can be extended to all AGN sources
showing BLR emission even though no X-ray eclipse has been
detected.
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Appendix A: Case Il cloud size distributions: a
preferred range of cloud radii for each source

We discuss the case of cloud size distributions dN/dr with a pre-
ferred cloud size at r = ry (lower panel of Fig. 4). We assume
the following form of the distribution:

dN/dr = Kyry"' ™" 1"

= Klr_w‘

for r < ry

for r > ry, (A1)

where again K, is a normalisation constant and w; and w, the
absolute values of the slopes of the function on the two sides of
the peak of the distribution.

We assume, as a zero-order working hypothesis, that the
same distribution applies for any source, i.e. the peak position
ro is independent of the specific AGN. Hence, we can identify
two different types of distribution depending on the value of ry:

Case II5 for which the peak position falls within the range
[r1x, r2x] of the expected radii for potentially X-ray occulting
clouds and which is that depicted in Fig. 4,

CaseHA: r <nrnx <rgp<nmx <rnr,

Case I in which the distribution peaks at a value of cloud radius
lying out of the range [rx, r2x] of eclipsing cloud size; for this
case, we can distinguish two possibilities:

Case Ilg;
Case IIz,

In this appendix we analyse whether all the possible shapes
of Case II distribution are compatible with conditions (a), (c),
(d), (i), (i1). Our hypothesis is that the same distribution is valid
for every source in our sample, so that, for each source, the peak
in the size distribution must be equally placed with respect to
typical cloud dimensions.

For all the three possible cases we follow exactly the same
procedure of Sect. 4 to derive the eclipsing cloud density,
obtaining

N<rop<rnx<mx<n

r <rx <mnx <rp<nm.

pa =K, F(l,_w'FA, (A.2)
po1 = Kir|y" Fg1. (A3)
T w
pea = Kirg "' (225! F, (A4)
0
where
Fo = 1= (rax/ro)'™ 1= (rix/ro)' ™=
A=
w — 1 wy + 1
and
Foo = 1 — (rax/rix)' ™ L= (rx/rx)'™
Bl = —————————— =

w; —1 wy + 1

As it appears from Egs. (A.2) to (A.4), the leading term in the
derived density of X-ray eclipsing clouds involves the radius
for which the number of this type of clouds is larger, i.e. ry in
Case Il, r1x and rpx in Case IIg; and Ilg,, respectively.

On the other hand, if we compute Ntor as in Eq. (9), we get
the same expression for the three cases, namely

1
wy + 1 ’

4
Nror = K| V(])_w' ?ﬂ (1.5 RgrRr)’ sin a] [

+
wy — 1
(A.5)

since the peak of the distribution, which determines the amount
of orbiting BLR clouds, is the same for the three cases.

Comparing the expressions for p; and Nyor we can come to
the following conclusions:
— In Case II5 we have that both ps (Eq. (A.2)) and Ntor
(Eq. (A.5) ) depend on the same expression (K r(')_'”‘) and,
as a consequence, from the condition pxops. = pa We get

Nror ~ R]33LR [Kl r(l)_u)l] ~ R%LR:OA

MBH}_Z

A (A.6)

3 3
~ RBLRpXObs. ~ RBLR [

from which, since Rp g ~ [’VIM—B:]O'5 as defined in Eq. (1), we
can deduce that for this distribution Ntor depends on the cen-
tral black hole mass as [MM—‘Z‘]”‘Z. The value that we deter-
mined for z (see Sect. 3) is = 2.0, which implies that Ntor
decreases with Mgy, in contrast with condition (c). Hence,
this distribution does not satisfy the condition requested. The
reason lies in the fact that for this distribution the analytically
derived expressions for pa and Ntor have the same depen-
dence, whereas observations demand an eclipsing cloud den-
sity pa decreasing with Mgy and a total number of BLR
clouds Ntor increasing with Mpy .

— In Case Ilp,, applying the same procedure as the previous
case gives

’ 1+w,
3 1-w; 3 0
o~ i 1071 < R 2

MBI—[}_WZ_l N [MBH

1.5-z—w,—1
—_— A7
i i ] L@

~ R%LRpXobs |:
where the dependence rx o [MM—BG‘:] has been used and where
0.5 — z — wy < 0. Hence, this distribution does not satisfy
condition c).
— In Case Ilg;, on the contrary, Egs. (A.3) and (A.5) do not
contradict each other because

l—w1
3 1-w, 3 ro
Nror ~ Ry g [Kl o ] ~ Ry rPBI [_le

wy—1 1.5—z+w; -1
MBH] [MBH]

— A8

~ R%LRPXobs |:
where again the dependence rix o [MM—?] has been used. In
conclusion Ntor increases with Mgy, as requested by con-
dition (c), provided that 0.5 + w; — z > 0, identical to con-
dition (18). In addition, comparing Case IIg; with the case
of the monotonic distribution of Sect. 4, we see that we
have the same expression for p in the two cases and that
Nror is the same but with rq instead of r;. So Case IIg; is
analogous to that of the monotonic distribution. In fact, the
two distributions are identical except for the portion of very
small clouds sizes, i.e. for r; < r < ry. In the Case Il
distribution, more realistically than in Case II,, the cloud
number decreases for r < ry, which implies that very small
clouds tend to disappear giving rise to a peak in the dis-
tribution. This difference does not affect our computation
because the fact that the distribution peaks at ry instead of
r only affects the value of Nrgr and we do not discuss its
value in this work, but only impose its correct dependence on
MBH-
Distribution B1 is therefore the only one in accordance with our
requirements, however it is basically equivalent to the monotonic
decrease Case I discussed in Sect. 4 and adopted throughout the
rest of our work, in Sects. 5-8.
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Appendix B: Parameters used in the text

For reference purposes, we group all the parameters introduced
and used in the text in Table B.1.

Table B.1. List of parameters introduced in the text.

Parameter Symbol  Adopted value Sect.
in calculations

BLR global structure

BLR region inner radius Rin 0.1 Rgir 2, Fig. 1
BLR region outer radius Rour 1.5 Rgir 2, Fig. 1
BLR semi-aperture angle a 2, Fig. 1
Volume of the BLR proper VBLR 2
Coverage fraction of BLR solid angle Bo 0.5 2
BLR global covering fraction Cy 0.3 2,5
Occultation related parameters
X-ray source radius Rx 2.5 Rschw 3
Number of detected occultations for a source Negr 3, Table 1
Single observation duration Ategr 3
Total observation time for a source Ateg 3, Table 1
Inner radius of potentially eclipsing cloud spatial distribution in units of Rg g Jin 0.1 1,3
Outer radius of potentially eclipsing cloud spatial distribution in units of Rg; g Jex 3.0 1,3
Absolute value of slope of linear relationship log(pxobs) = f(log(Mpu/Ms)) z 3
Constant term of linear relationship log(oxobs) = f(log(Mpu/Ms)) for {gin, gex} chosen ag 3
Cloud size distribution parameters
Minimum cloud radius in the distribution 7 3x10"%cm 1,4
Maximum cloud radius in the distribution 7 1,4
Minimum radius for clouds potentially producing reliably detectable eclipses rix 0.4 Rx 1,3
Maximum radius for potentially eclipsing clouds 72X 10 Rx 1,4
Absolute value of exponent in adopted cloud size distribution power law w 2 4
Normalisation constant of cloud number density distribution dN/dr Ky 4
Global system of clouds parameters
Maximum cloud distance from central black hole = max{Rour, gex RBLR} Rinax 8
Minimum cloud distance from central black hole = min{Rx, ginRpLr} Ruin 8
Volume of the whole region where clouds producing any phenomenology are located Vror 8

Notes. Column 3 defines the adopted values for the calculations shown in the text and the resulting figures; col. 4 specifies the section in which
the parameter is first introduced. See the text for details.
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