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Abstract. We address the effect of viewing angle of the accretion disk plane
and the geometry of the broad line region (BLR) with the goal of interpreting
the distribution of quasars along the main sequence (MS). We utilize pho-
toionization code CLOUDY to model the BLR Fell emission, incorporating
the grossly underestimated role of the form factor (f). We recover the depen-
dence of the strength of the Fell emission in the optical (Rrerr) on Lbol/Lgdd
ratio and related observational trends - as a function of the spectral energy dis-
tribution (SED) shape, cloud density, composition and intra-cloud dynamics,
assumed following prior observational constraints. With this approach, we are
now able to explain the diversity of quasars and the change of the quasar prop-
erties along the Main Sequence (MS). Our approach also explains the rarity of
the highest Fell emitters known as the extreme xA sources and can be used
as a predictive tool in future reverberation mapping studies of Type-1 AGNs.
This approach further justifies the use of quasars as ‘cosmological probes’.
Key words: Physical data and processes — Accretion, accretion disks — Line:
formation — Radiative transfer — Turbulence — Galaxies: active — quasars: emis-
sion lines

1. Introduction

From a theoretical scenario, a quasar spectrum can be modelled using 4 basic
ingredients: (a) black hole mass; (b) mass accretion rate; (c¢) viewing angle; and
(d) black hole spin (see Campitiello et al. (2018) for a recent review). Boroson
& Green (1992) incorporated the principal component analysis (PCA) to study
the systematic trends between the numerous observed parameters of quasars.
A long-standing issue in quasar astronomy has been the connection between
observational and physical parameters (D’Onofrio et al., 2012). The eigenvector
1 of the original PCA paved way for the quasar main sequence picture as we
know it today (Sulentic et al., 2000; Shen & Ho, 2014). The main sequence (MS)
connects the velocity profile of ‘broad” H3 with the strength of the Fell emission
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(Rper1), i-e., the intensity of the Felr blend within 4434-4684 A normalized with
the ‘broad’ HS intensity.

Felr is a complex ion that comprises of numerous multiplets and transitions.
These transitions are produced via a number of line excitation processes (e.g.
photoionisation, continuum fluorescence, collisional excitation, self-fluorescence
within Ferr fluorescent excitation by Lya and Lyg lines). The local physical
conditions shape the spectrum and to make a deduction of these physical con-
ditions, e.g., density, temperature, and iron abundance of the emitting regions,
we require a complete simulation incorporating the various physical mecha-
nisms that affect the Fell spectrum (Verner et al., 1999). In the new version
of CLOUDY (Ferland et al., 2013, 2017), the Fell emission is modelled with
371 levels up to 11.6 eV, including 68,535 transitions based on the Fell model of
Verner et al. (1999), which is a big improvement from the previous versions. The
number of transitions is so large that the blended lines of Fell take the form of a
pseudo-continuum, in which only few features can be unambiguously resolved.
The modelled Felr pseudo-continuum shows quite good agreement with many
observational Fell templates in the optical (Boroson & Green 1992; Véron-Cetty
& Véron 2003; Kovacevié et al. 2010).

In our previous works (Panda et al., 2017, 2018, 2019a) we were successful
in modelling almost the entire MS diagram constructed for over 20,000 SDSS
quasars. In the past studies, we had incorporated only two of the aforementioned
physical parameters of the super massive black hole i.e., black hole mass and
accretion rate. The modelling was affected also by the cloud density, metallicity
and microturbulence.

In Panda et al. (2019b), we have shown that taking into account the view-
ing angle along with systematic trends in Lyo1/Lgda, local cloud density, cloud
chemical composition and the shape of the ionizing continua which are known
from prior observations, we can (a) explain the quasar main sequence starting
from the low- Rperr high FWHM sources (Population B, FWHM Hj3 > 4000 km
s™1) to the high-Rper low FWHM sources (Population A, FWHM HB < 4000
km s71); and (b) explain why the highly accreting sources are also high-Ferr
emitters. These sources are of special importance in view of their potential use
as Eddington standard candles i.e., sources for which the Lyo1/Lraqa and not the
luminosity can be assumed to scatter around a well-defined value (Wang et al.,
2013; Marziani & Sulentic, 2014).

In the current work, we present the model which incorporates the viewing
angle effects in a much more careful way. Instead of discreet values of the density
and metallicity, fixed for each AGN spectral type along the main sequence,
we now allow for a range of densities and metallicities in each bin. We also
analyze the effect of the SED, microturbulence and the black hole mass. The
method allows to obtain more generic constraints for a viewing angle for each
spectral type class. However, the method is now much more computational time
consuming so at present we show the full results only for one representative
spectral bin A1. In Section 2, we describe the derivation of the form factor and
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how it is incorporated in our modelling. In Section 3, we describe the outcomes
from these photoionisation simulations performed with CLOUDY in terms of (a)
viewing angle, (b) shape of the SEDs, (c¢) micro-turbulence, and (d) increasing
black hole mass. We show the relevance of this model to be used as a predictive
tool to estimate the BLR sizes. In Section 4, we summarize the results and
provide a road-map for the future work.

2. Method and Analysis

We perform the theoretical modelling of the quasar properties assuming, as
in Panda et al. (2017, 2018), that the central black hole is surrounded by an
accretion disk which provides the optical/UV continuum, and a hot corona,
which is the source of the X-ray radiation. This continuum illuminates the BLR
clouds located at a distance given by the BLR size. Photoionization modeling
allow us to calculate BLR line intensities, and the BLR radius is reflected in the
kinematic line width under the assumption of the Keplerian motion.

However, there are several new elements in the current study. First, we now
allow for the dependence of the AGN appearance on the viewing angle, instead
of using universal (average) viewing angle for all objects as in Panda et al.
(2018, 2019a). Second, we approximate the trends noticed before between the
model parameters and the source location in the Rper; - FWHM(HS) plane,
and we model separately the spectral bins of the quasar MS plane assuming the
representative values appropriate for each bin. Below we describe step by step
our new approach to quasar MS modelling.

2.1. Effect of viewing angle on the main sequence

The virial relation is used to estimate the inner radius (rgrr) of the broad,
ionized cloud (Woltjer, 1959):

TBLR X 3 (1)
line

where, G is the Gravitational constant, Mppy is the mass of the black hole,
and, ofmc is the square of the velocity dispersion of the emission line that is
considered. This velocity dispersion can be replaced with the line’s full-width at
half maximum (FWHM) which is the radial velocity projection of the the ” true”
Keplerian velocity (vi). Replacing the proportionality sign with a constant, we

can write
r _ (L 7GMBH (2)
BLR =\ ¥ ) FWHM?

The line FWHM can be expressed as:

FWHM? = 4 (v, + vi sin® 0) (3)
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where vis, is the isotropic velocity component and 6 is the viewing angle (Collin
et al., 2006). The viewing angle is defined as the angle between the axis perpen-
dicular to the disc and the line of sight to the observer. The full range of the
viewing angles considered for the modelling is 0-60 degrees. This range is chosen
to select only those sources that are un-obscured in accordance with unification
schemes (Antonucci (1993); Urry & Padovani (1995), see Padovani et al. (2017)
for a recent review). The FWHM is related to the v by

vi = fFWHM? (4)
This proportionality constant has been a factor of debate (see Yu et al. 2019
for a recent review and references therein). Known as form factor (or structure
factor or virial factor), f depends on the structure, kinematics, and inclination
of the BLR (Collin et al., 2006). Combining Equations 3 and 4, we get
1 1
=— | 5
! 4{m2+sin2€} ®)
where, k is the ratio between v, and vk, which decides how isotropic the
gas distribution is around the central potential. If the value is close to zero, it
represents a flat disk with thickness almost zero. On the other hand, if the value
of k is close to unity, it represents an almost spherical distribution of the gas.

2.2. Photoionisation modelling of the main sequence

We use the latest version of the publicly available photoionisation code CLOUDY
(Ferland et al., 2017) to solve the radiative transfer under local thermodynamic
equilibrium (LTE), satisfying ionization balance under a plane-parallel approx-
imation. We assume a single cloud model where the density (ny) of the ionized
gas cloud is varied from 10 em™2 to 10'% em™3 with a step-size of 0.25 (in
log-scale). We utilize the GASS10 model (Grevesse et al., 2010) to recover the
solar-like abundances and vary the metallicity within the gas cloud, going from
a sub-solar type (0.1 Zg) to super-solar (100 Zg) with a step-size of 0.25 (in
log-scale). The size of the BLR is estimated from the virial relation, assuming a
black hole mass, a distribution in the viewing angle [0-90 degrees] and FWHM
as described in Section 3.2. The total luminosity of the ionizing continuum is
derived assuming a value of the L1/ Lraq and the respective value for the black
hole mass. We utilize different SEDs to highlight the differences in the shape of
the ionizing continuum that is found to be relevant for the recovered values of
the intensities of the line emissions (see Panda et al. (2019b) for more details).

3. Results and Discussions

3.1. Interpretation of the quasar main sequence

As an initial test, we assume a fixed black hole mass (Mpgy = 108My). Two
Populations are identified in Figure 1 — the quasar main sequence diagram: Pop-
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Figure 1. The diagram shows the optical plane of the Eigenvector 1 MS, FWHM(Hp)
vs. Rrer1. Circled symbols identify radio-loud sources. The thick horizontal dot-dashed

line separates populations A and B. The plane has been further subdivided in spectral
bins as defined by Sulentic et al. (2002). The vertical dot-dashed line marks the limit for
extreme Population A (xA) sources with Rrert 2 1, whose data-points are in dark-green
colors. The large black dots mark the average values in each spectral type which are

incorporated in the modelling. The diagram is adapted from Fig. 2 of Marziani et al.

(2018).
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ulation A with FWHM Hf < 4000 km s~!, and Population B of sources with
Hg broader than 4000 km s~* (for a rational justification about the distinction
between the two populations and a description of the main systematic differ-
ences, see Marziani et al. 2018, 2019b). We consider the mean FWHM values in
each spectral type depicted in Figure 1 to see the effect of changing the FWHM
across the main sequence plane i.e., going from the lowest FWHM to the ex-
treme Population B sources that have the highest values of FWHM 2 10000
km/s. Hence, as a first test, we take the mean values in each spectral bin For
the Population A spectral types, we use FWHM = 2000 km s~ '; for Population
B spectral type B1, FWHM = 6000 km s~! and for B1t FWHM = 10000 km
s~1. We also investigate the B2 spectral type and use FWHM = 5000 km s~ in
this case. This is justified as the source count in this spectral bin (B2) is quite
low (~3%) and spans out the lower triangular region. The rationale to separate
two quasars populations stems from the spectral differences recognizable by eye:
Pop. A sources usually show low [OIII] emission, the strongest Fell emission;
Pop. B sources give the impression of a much higher degree of ionization, with
weak Fell, prominent [OIIl] and CIVA1549 emission. By considering trends in
metallicity, density, and Eddington ratio derived from earlier work, we were able
to account for the Rpey values (even for the highest ones!) in the spectral bins
of the MS, and gain constraint on the viewing angle assuming an appropriate
value of the BLR radius. These results are presented and discussed in Panda
et al. (2019b). For the purpose of this paper, we will only concentrate on a
representative case i.e., spectral type Al.

3.2. Constraints on the viewing angle

The use of angle-dependent form factor (see Eq. 2 and 5) is a crucial extension
of the quasar MS modelling done by Panda et al. (2017, 2018, 2019a). Viewing
angle directly affects the line width, and the object luminosity, and indirectly
the estimated distance to the BLR and the location of an object on the quasar
MS diagram. Inverting this dependence, we can obtain interesting constraints
on the viewing angle of a source if its the location on the quasar MS diagram
and the BLR size are known.

In Figure 2, we show two consecutive snapshots from one of the simulation
results (f = 18° and 6 = 24°). The plots show the distribution of Rperr as a
function of gas density (nyg) and cloud composition (in terms of the metallicity,
Z). The colorbar represents the values of Rpey1 which are also reported in the
form of overlaid contours of the 2D distribution of Z and nyg as a function of
Rrer1. The case shown is for a black hole mass, Mpy = 108 M, and for a bolo-
metric luminosity, Ly, = 0.2Lgqq. To obtain the monochromatic luminosity at
5100A, we utilize the mass and the Eddington ratio and compute the bolometric
luminosity. Using the normalization coefficient as a function of mass and accre-
tion rate, we estimate the monochromatic luminosity at 5100A (see Equation 5
in Panda et al. (2018) for details).
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Figure 2. Constraints on the viewing angle. The figure shows two 2D density plots
which map the distribution of the cloud density as a function of the metallicity. The
colorbar depicts the value of Rperr . The plots show the results from a set of CLOUDY
simulations for consecutive cases in viewing angle (18 degrees and 24 degrees). Pa-
rameters shown correspond to Mgg = 10% M, at zero turbulence, and using an SED
shape taken from Korista et al. (1997). The plots shown are for a representative case
of the spectral type Al where the mean of the FWHM is assumed at 2000 km s~*
with an assumed Eddington ratio, Agqaq = 0.2. The corresponding values of the rsLr
computed from Equation 2 and the respective rprLr from the standard rsrLr-Lsi00
relation are shown in the title of each plot. (link to the animation)

The simulations were performed with a step size of 6 degrees in the viewing
angles. Yet, they already show the tight constraints in the viewing angle that
can be inferred for a fixed black hole mass. The viewing angle is correspond-
ingly connected to the radius of the BLR (rprr) that is derived from the virial
relation. In the simulation arrays of Fig. 2, the rgLr from the virial relation
imposed to be close to the one predicted from the standard rgr,r-Ls100 relation
(Bentz et al., 2013)!.

Figure 2 only shows a representative case with SED shape taken from Korista
et al. (1997) and for a representative spectral type A1 (FWHM = 2000 km s~1).
In Panda et al. (2019b), we confined the physical parameters in each spectral
bin (see Table 1 in Panda et al. 2019b), for example, in Al, the cloud density
(ng) was assumed to be 101%% cm™3, the metallicity was fixed at 5Z¢ and the
bolometric luminosity was 0.2Lgqq. In this paper, we remove these restrictions

1The viewing angle, rgp,r from the virial relation and the corresponding rgr,r from the Bentz
et al. (2013) relation are reported in the title of each plot in the Figures 2, 3, 4 and 5.
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and consider the full parameter range with respect to density, metallicity and
Eddington ratio.

From Figure 1, we can obtain the range of the Rger for the spectral type Al
- [0,0.5]. Taking this upper limit and comparing it with the panels in Figure 2,
we see that contrary to our previous assumption — the local cloud density is an
almost constant entity within each spectral type, the density actually shows a
broad distribution. In the considered grid on local densities i.e., from 10 cm™3
to 1013 cm ™3, the corresponding value of the Rg.11 ([0,0.5]) can be recovered. But
we find that there exists a coupling between density and metallicity that was not
studied in the previous works, that is, relatively higher densities require slightly
super-solar metallicities (~3-5Z ), while for the lower density cases the metal-
licity can be as high as ~100Z¢. This suggests that the BLR cloud can indeed
exist at densities higher than those predicted from radiation-pressure confine-
ment estimates, i.e. ~10'* cm~3 (Baskin et al., 2014). With an increase in the
viewing angle under the same parameterization, we see that there is a require-
ment of higher metallicities, especially for the higher densities (> 10 cm™3)
which goes up by a factor ~2.

We have made an extensive set of simulations with a broad range of param-
eters and we will discuss this in detail in a forthcoming paper (Panda et al. in

prep).

3.3. Comparison of the spectral energy distributions

Motivated by the fact that there is a broad distribution of quasars in the main
sequence and that no singular ionizing continuum shape can effectively explain
all the quasars, we have used 4 different spectral energy distributions that are
appropriate for explaining the sources based on their spectral types. In Panda
et al. (2019b), each spectral type in the MS diagram, namely in Population A
(A1, A2, A3, A4 and A1*) and in Population B (B1, B1+ and B2) is modelled
with a specific SED shape. In this paper, our approach is different and we
incorporate the four SEDs for spectral type Al to understand the effect of
the shape of the ionizing continuum which affects the recovery of the Rper.
These SEDs are adopted from Mathews & Ferland (1987), Korista et al. (1997),
Laor et al. (1997) and Marziani & Sulentic (2014). Figure 1 in Panda et al.
(2019b) shows the differences in these SED shapes, especially in the 1 - 25
Rydberg energy range which corresponds to the the optical-UV bump feature
in a characteristic quasar SED i.e. the Big Blue Bump (Czerny & Elvis, 1987;
Richards et al., 2006).

Figure 3 compares the effect on Rge1 due to the four different SEDs used in
the modelling. It shows four 2D shaded contour plots which map the Rpqrr values
as a function of cloud density and metallicity for a black hole mass 108 M.
The colorbar depicts the values of Rperr . This is shown for a representative case
at a viewing angle (18 degrees) that corresponds to a radius of the BLR which
is in close agreement to the radius estimation from the standard rgrr-Lsi00
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Figure 3. Comparison between the four SEDs (Korista et al., 1997; Laor et al., 1997;
Mathews & Ferland, 1987; Marziani & Sulentic, 2014) used in the modelling. The
figure shows four 2D density plots which map the distribution of the cloud density
as a function of the metallicity for a black hole mass 10® M. The colorbar depicts
the value of Rperr . This is shown for a representative case (spectral type Al with
FWHM = 2000 km s™') at a viewing angle (here 18 degrees) that corresponds to
a inner radius of the BLR which is close agreement to the radius estimation from
the standard rsLr-Ls100 relation (Bentz et al., 2013). The bolometric luminosity is

assumed at 0.2Lgq4q.

relation (Bentz et al., 2013). The bolometric luminosity is assumed 0.2Lgqq.
The effect of the SEDs we have considered is modest over the full density-
metallicity parameter plane. For example, for ng = 10.6, and log Z ~0.7 [Z5],
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Rperr ranges between 0.4 and 0.6. The largest achievable Rperr values are also
similar, in the range 2.2 — 2.5.

3.4. Effect of microturbulence

The effect of micro-turbulence to model the MS has been shown to be of impor-
tance (Panda et al., 2018, 2019a), where the optical plane of quasars is indeed
positively affected by inclusion of modest values of micro-turbulence?. In Figure
4, we show the 2D shaded contour plots for 4 different values of microturbulence
values, starting from zero turbulent velocity up to 100 km s~'. We recover the
trends that were first estimated in Panda et al. (2018) where we found that the
maximum Rpery is recovered for the case with a modest value of microturbulence
(1020 km s71). Increasing the microturbulence any higher than these values
suppressed the Fell emission and thereby resulting in a decrease in the Rperr -
It was also found that for viyrs = 100 km s™! , the Rpery reverts to the values
that were obtained for the case with zero microturbulence.

The effect of the inclusion of microturbulence can be especially important
for retrieving the Rperr values that correspond to the high accretors - the xA
quasars. Also, we have found that there is a intrinsic coupling between the
metallicity and microturbulence. In Panda et al. (2019b), we have also shown
that for theoretical templates that are generated using CLOUDY for the Feir
pseudo-continuum, there is quite good agreement with the overall line profiles of
Fert when compared with templates derived from observation (we have currently
tested with two sources: an Al spectral type — Mrk 335, and a A3 spectral type
—1Zw 1). To retrieve the closest agreement to the spectral line profiles and the
corresponding Ryer; between the observed and theoretical Fell templates®, there
is a requirement to combine a realistic value of metallicity confirmed from the
observations with a certain value of microturbulence. The value of microturbu-
lence varies from case to case and we infer that it is linked with the spectral
types. In Panda et al. (in prep.), we will also test the effect of conjugating the
increase in mass of the black hole on the MS and the effect that the microtur-
bulence has on it.

3.5. Effect of increasing Mpy

Another interesting inference that was drawn from the analyses in Panda et al.
(2019b) was that the higher FWHM sources (2 6000 km s~1) couldn’t be ex-
plained assuming a fixed mass of 102 M. The issue becomes relevant for spec-
tral type B1T and above. These sources are with the broadest line profiles and
this can be accounted for with increase in the viewing angle although with

2there is a ~ 50% increase in the Rperr when the turbulent velocity is increased to 10-20 km
—1

S

3for the comparison between the templates, we have applied a Gaussian broadening of ~800

km s—1.
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Figure 4. Effect of microturbulence — The figure shows four 2D density plots (for 4
different values of microturbulence: 0, 10, 50 and 100 km sfl) which map the distribu-
tion of the cloud density as a function of the metallicity for a black hole mass 10% Mg
The colorbar depicts the value of Rrerr . This is shown for a representative case (spec-
tral type Al with FWHM = 2000 km s™') at a viewing angle (here 18 degrees) that
corresponds to a inner radius of the BLR which is close agreement to the radius es-
timation from the standard rgrr-Lsioo relation (Bentz et al., 2013). The bolometric
luminosity is assumed at 0.2Lgqq and a representative SED from Korista et al. (1997)

is used.
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implausibly large values, 2 60 degrees. Such large 6 values are problematic be-
cause the MS is made of the Type-1 sources i.e., sources that offer an unimpeded
view of their central core. There is another way high FWHM values can be ac-
counted for — a higher mass of the black hole. We have tested this possibility
by considering a case with Mpy = 10'° Mg alongside the original case with
Mpg =108 M), and comparing the Rpery distribution as a function of the view-
ing angle and correspondingly the radius of the BLR in the vertical bins (see
Figure 4 in Panda et al. 2019b). We find that increasing the Mpp to such masses
(consistent for quasars in evolved systems) increases the net Fell emission, and
yields viewing angles within the acceptable range for un-obscured sources.

In Figure 5, we show an example of how an increase in the black hole mass
(going from 10% M, to 100 M) affects the parameter space. For this exemplary
case, we have assumed a FWHM=2000 km s~! and Eddington ratio, L1/ LEdd
= 0.2. Yet, this simple test already reveal quite interesting preliminary conclu-
sions. First, due to this increase in the black hole mass, we obtain a much larger
rpLr from the standard Bentz et al. (2013) relation. To be consistent with our

angle = 18°; log Rgr (cm) = 17.1434; log Rgent; (cM) =17.1822 angzle = 6° log RgLr (€M) = 18.4409; log Rgent; (cM) =18.5445
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Figure 5. Effect of increasing Mpu. The figure shows two 2D density plots which
map the distribution of the cloud density as a function of the metallicity. The colorbar
depicts the value of Rper1 . The plots show the results from a set of CLOUDY simu-
lations for two cases of black hole mass (Mpn) (left panel) 108 My, and (right panel)
10'® Mg. This modelling is performed at zero turbulence, and using an SED shape
taken from Korista et al. (1997). The plots shown are for a representative case of the
spectral type Al where the mean of the FWHM is assumed at 2000 km s~ with an
assumed Eddington ratio, Agaq = 0.2. The corresponding values of the rgr,r computed
from Equation 2 and the respective rgrLr from the standard rgLr-Ls100 relation are
shown in the title of each plot.
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approach, we find the solution for the rgrr from the virial relation that is clos-
est to the rprr-Ls100 relation, and retrieve back the corresponding value for
the viewing angle. We see that the viewing angles in the case of higher black
hole mass (here, 101 M) are relatively smaller. From the point of view of the
recovered Rper1 values, there is a ~30-40% drop, when we go from 10% Mg to
1019 M. But, these results are driven by our assumption of fixed FWHM value
and the Eddington ratio. In principle, we need an extensive study of the evolu-
tion of the parameter space as a function of increasing FWHM and Eddington
ratio. This will be reported in Panda et al. (in prep.).

Similar to the interpretation in Section 3.2 and Figure 2, we find that with
an increase in the black hole mass under the same parameterization, we see
that there is a requirement of higher metallicities for the higher densities (>
1097 ¢cm~3) which goes up by a factor ~2. But, in the lower density regime
(< 10975 cm_3)7 the metallicities required to recover the optimal Rgey; are lower
by factor ~2.5 when going from 10% Mg to 1010 M.

4. Conclusions and the Future: a predictive tool to estimate
BLR size?

We addressed the effect of viewing angle in the accretion disk plane and the
geometry of the BLR in the context of the distribution of quasars in the plane
FWHM Hp — Rpenn- Treating the viewing angle along with a broad range of
physically motivated parameters that affect Fell emission in Type-1 AGNs i.e.,
Eddington ratio, local cloud density, metallicity, microturbulence and the shape
of the ionizing SED, we have covered the full extent of the quasar main sequence.
The values of these physical parameters were known from prior studies.
In this paper, we summarily described the following results:

1. We are now able to constrain the viewing angle for each spectral type cor-
responding to these sources.

2. We have incorporated four different SEDs to justify the differences in the
ionizing continua observed for a broad distribution of quasars.

3. The inclusion of the turbulent velocity inside the cloud (microturbulence)
recovers the trends that were obtained in Panda et al. (2018): the maximum
Fell emission and the maximum Rpge; values correspond to the case with
modest values of microturbulence (10-20 km s™1).

4. We briefly described the effect of increasing black hole mass to explain the
sources with high FWHM.

In Panda et al. (2019b) and in this paper, we have explored the possibility of
constraining the viewing angle for the broad distribution of quasars. Our model
can also explain the physical parameters responsible for high accretors which
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turn out to be predominantly strong Fell emitters (the xA sources in Fig. 1).
With this model, we can test for reliability by comparing the results with real
sources*. The results we have shown here are a ‘snapshot’ and more detailed
analysis will be shown in a forthcoming work (Panda et al. in prep.).

The parameter Rper which can be estimated from a single epoch spectrum
for a given source and the metallicity from the line diagnostics from emission
lines mostly in the UV (Hamann et al., 2002; Marziani et al., 2019a). These
data make it possible to extend our analysis. Values of Rperr and metallicity can
be projected in the parameter space maps (see Figure 2) to ultimately recover
the virial radius of the broad-line region. Although this possibility needs robust
testing, it might be applicable as a predictor for future reverberation mapping
studies. The prediction would be specially valuable for high accretors that show
high Rperr(2 1) shorter time delays with respect to the ones derived from the
scaling law of Bentz et al. (2013). By the same token, we may become able
to constrain the rgLr-Lsi100 relation that has been shown to offer prospects of
application for cosmology by building the Hubble diagram for quasars (Risaliti
& Lusso, 2015; Martinez-Aldama et al., 2019).

Acknowledgements. The project was partially supported by the Polish Funding
Agency National Science Centre, project 2017/26/A/ST9/00756 (MAESTRO 9) and
MNiSW grant DIR/WK/2018/12. PM acknowledges the Programa de Estancias de
Investigacién (PREI) No. DGAP/DFA/2192/2018 of UNAM, and funding from the
INAF PRIN-SKA 2017 program 1.05.01.88.04. SP and PM would like to acknowledge
the organizers of “Breaking the limits 2018: Super-Eddington accretion onto compact
objects” where this project was first realized. SP would like to acknowledge Mary Loli
Martinez Aldama, Deepika Bollimpalli and Abbas Askar for fruitful discussions that
helped in the realization of the project. We thank the anonymous referee for useful
comments that helped to improve the content of the paper.

References

Antonucci, R., Unified models for active galactic nuclei and quasars. 1993, ARA&A,
31, 473, DOI: 10.1146/annurev.aa.31.090193.002353

Baskin, A., Laor, A., & Stern, J., Radiation pressure confinement - II. Application
to the broad-line region in active galactic nuclei. 2014, MNRAS, 438, 604, DOI:
10.1093/mnras/stt2230

Bentz, M. C., Denney, K. D., Grier, C. J., et al., The Low-luminosity End of the
Radius-Luminosity Relationship for Active Galactic Nuclei. 2013, ApJ, 767, 149,
DOI: 10.1088/0004-637X/767/2/149

Boroson, T. A. & Green, R. F., The emission-line properties of low-redshift quasi-
stellar objects. 1992, ApJS, 80, 109, DOI: 10.1086/191661

4We checked this for two sources — for Mrk 335: 0-10 km s—! ; T Zw 1: 40-50 km s~! with
super-solar metallicities 1-2.5 Zg and 4.8-5.4 Zg), respectively (see Panda et al. 2019b)



Main trends of the quasar main sequence - effect of viewing angle 307

Campitiello, S., Ghisellini, G., Sbarrato, T., & Calderone, G., How to constrain mass
and spin of supermassive black holes through their disk emission. 2018, A&A, 612,
A59, DOI: 10.1051/0004-6361/201731897

Collin, S., Kawaguchi, T., Peterson, B. M., & Vestergaard, M., Systematic effects in
measurement of black hole masses by emission-line reverberation of active galactic
nuclei: Eddington ratio and inclination. 2006, A&A, 456, 75, DOI: 10.1051/0004-
6361:20064878

Czerny, B. & Elvis, M., Constraints on quasar accretion disks from the opti-
cal/ultraviolet/soft X-ray big bump. 1987, ApJ, 321, 305, DOI: 10.1086/165630

D’Onofrio, M., Marziani, P., & Sulentic, J. W. 2012, Fifty Years of Quasars (Springer,
https://doi.org/10.1007/978-3-642-27564-7)

Ferland, G. J., Chatzikos, M., Guzman, F., et al., The 2017 Release Cloudy. 2017,
RMzAA, 53, 385

Ferland, G. J., Porter, R. L., van Hoof, P. A. M., et al., The 2013 Release of Cloudy.
2013, RMzAA, 49, 137

Grevesse, N., Asplund, M., Sauval, A. J., & Scott, P., The chemical composition of
the Sun. 2010, Astrophys. Space Sci., 328, 179, DOI: 10.1007/s10509-010-0288-z

Hamann, F., Korista, K. T., Ferland, G. J., Warner, C., & Baldwin, J., Metallicities
and Abundance Ratios from Quasar Broad Emission Lines. 2002, ApJ, 564, 592,
DOI: 10.1086/324289

Korista, K., Baldwin, J., Ferland, G., & Verner, D., An Atlas of Computed Equiv-
alent Widths of Quasar Broad Emission Lines. 1997, ApJS, 108, 401, DOLI:
10.1086,/312966

Kovacevi¢, J., Popovi¢, L. C., & Dimitrijevi¢, M. S., Analysis of Optical Fe II Emis-
sion in a Sample of Active Galactic Nucleus Spectra. 2010, ApJS, 189, 15, DOI:
10.1088,/0067-0049/189/1/15

Laor, A., Fiore, F., Elvis, M., Wilkes, B. J., & McDowell, J. C.;, The Soft X-Ray
Properties of a Complete Sample of Optically Selected Quasars. II. Final Results.
1997, ApJ, 477, 93, DOI: 10.1086/303696

Martinez-Aldama, M., Czerny, B., Panda, S., et al., Can reverberation-measured
quasars be used for cosmology? 2019, Accepted for publication in ApJ,
arXiv:1903.09687

Marziani, P., Bon, E., Bon, N., et al., Quasars: From the Physics of Line Formation
to Cosmology. 2019a, Atoms, 7, 18, DOI: 10.3390/atoms7010018

Marziani, P., del Olmo, A., Martinez-Carballo, M. A., et al., Black hole mass estimates
in quasars. A comparative analysis of high- and low-ionization lines. 2019b, A&A,
627, A88, DOI: 10.1051/0004-6361,/201935265

Marziani, P., Dultzin, D., Sulentic, J. W., et al., A main sequence for quasars. 2018,
FrASS, 5, 6, DOI: 10.3389/fspas.2018.00006

Marziani, P. & Sulentic, J. W., Highly accreting quasars: sample definition and possible
cosmological implications. 2014, MNRAS, 442, 1211, DOI: 10.1093/mnras/stu951



308 S. Panda, P. Marziani and B. Czerny

Mathews, W. G. & Ferland, G. J., What Heats the Hot Phase in Active Nuclei? 1987,
AplJ, 323, 456, DOI: 10.1086/165843

Padovani, P., Alexander, D. M., Assef, R. J., et al., Active galactic nuclei: what’s in a
name? 2017, A&Ar, 25, 2, DOI: 10.1007/s00159-017-0102-9

Panda, S., Czerny, B., Adhikari, T. P., et al., Modeling of the Quasar Main Sequence
in the Optical Plane. 2018, ApJ, 866, 115, DOI: 10.3847/1538-4357 /aac209

Panda, S., Czerny, B., Done, C., & Kubota, A., CLOUDY View of the Warm Corona.
2019a, ApJ, 875, 133, DOI: 10.3847/1538-4357 /abl1cb

Panda, S., Czerny, B., & Wildy, C., The physical driver of the optical Eigenvector 1
in Quasar Main Sequence. 2017, FrASS, 4, 33, DOI: 10.3389/fspas.2017.00033

Panda, S., Marziani, P., & Czerny, B., The Quasar Main Sequence explained by the
combination of Eddington ratio, metallicity and orientation. 2019b, Accepted for
publication in ApJ, arXiv:1905.01729

Richards, G. T., Lacy, M., Storrie-Lombardi, L. J., et al., Spectral Energy Distribu-
tions and Multiwavelength Selection of Type 1 Quasars. 2006, ApJS, 166, 470, DOI:
10.1086,/506525

Risaliti, G. & Lusso, E.; A Hubble Diagram for Quasars. 2015, ApJ, 815, 33, DOL:
10.1088/0004-637X /815/1/33

Shen, Y. & Ho, L. C., The diversity of quasars unified by accretion and orientation.
2014, Nature, 513, 210, DOI: 10.1038 /naturel3712

Sulentic, J. W., Marziani, P., & Dultzin-Hacyan, D., Phenomenology of Broad Emis-
sion Lines in Active Galactic Nuclei. 2000, ARA&A, 38, 521, DOI: 10.1146/an-
nurev.astro.38.1.521

Sulentic, J. W., Marziani, P., Zamanov, R., et al., Average Quasar Spectra in the
Context of Eigenvector 1. 2002, ApJL, 566, L71, DOI: 10.1086/339594

Urry, C. M. & Padovani, P., Unified Schemes for Radio-Loud Active Galactic Nuclei.
1995, PASP, 107, 803, DOI: 10.1086,/133630

Verner, E. M., Verner, D. A., Korista, K. T., et al., Numerical Simulations of Fe II
Emission Spectra. 1999, ApJS, 120, 101, DOI: 10.1086/313171

Véron-Cetty, M. P. & Véron, P., A catalogue of quasars and active nuclei: 11th edition.
2003, A&A, 412, 399, DOI: 10.1051,/0004-6361:20034225

Wang, J.-M., Du, P., Valls-Gabaud, D., Hu, C., & Netzer, H., Super-Eddington Accret-
ing Massive Black Holes as Long-Lived Cosmological Standards. 2013, PRL, 110,
081301, DOI: 10.1103/PhysRevLett.110.081301

Woltjer, L., Emission Nuclei in Galaxies. 1959, Astrophys. J., 130, 38, DOL:
10.1086/146694

Yu, L.-M., Bian, W.-H., Wang, C., Zhao, B.-X., & Ge, X., Calibration of the virial
factor f in supermassive black hole masses of reverberation-mapped AGNs. 2019,
MNRAS, DOI: 10.1093/mnras/stz1766



