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Balmer line shifts in quasars

J. W. Sulentic ¢ P. Marziani ¢ A. Del Olmo ¢
S. Zamfir

Abstract We offer a broad review of Balmer line phe-
nomenology in type 1 active galactic nuclei, briefly sum-
marising luminosity and radio loudness effects, and dis-
cussing interpretation in terms of nebular physics along
the 4D eigenvector 1 sequence of quasars. We stress
that relatively rare, peculiar Balmer line profiles (i.e.,
with large shifts with respect to the rest frame or dou-
ble and multiple peaked) that start attracted atten-
tions since the 1970s are still passable of multiple dy-
namical interpretation. More mainstream objects are
still not fully understood as well, since competing dy-
namical models and geometries are possible. Further
progress may come from inter-line comparison across
the 4D Eigenvector 1 sequence.

Keywords galaxies: active; quasars: emission lines;
quasars: general

1 Introduction: Quasars and line shifts

Internal line shifts in quasar spectra have played an
ever-increasing role in our understanding of quasar
structure and dynamics. Apart from early attempts
to explain quasar cosmological redshifts as intrinsic to
the quasar (see e.g., the historical account in Chap-
ter 2 of [D’Onofrio et al.||2012) that lead to serious
inconsistency (Greenstein and Schmidt|[1964), the real-
ization that all lines in a quasar do not yield the same

J. W. Sulentic

Instituto de Astrofisica de Andalucia (CSIC), Granada, Spain
P. Marziani

INAF, Osservatorio Astronomico di Padova, Padova, Italia
A. Del Olmo

Instituto de Astrofisica de Andalucia (CSIC), Granada, Spain
S. Zamfir

University of Wisconsin, Stevens Point, WI, USA

redshift was slow to come. Until the early 1980s and
the pioneering paper by Martin Gaskell
redshift difference between emission lines had not been
systematically studied in quasars, even if some cases
of broad line shifts (~ 1000 km s~!with respect to nar-
row lines) had been noted in Seyfert galaxies
. Gaskell’s results on the difference between
low- and high-ionization lines (LILs and HILs, repre-
sented by MgitA2800 and CrvA1549 respectively) have
remained valid since then, and have yielded the obser-
vational basis for a model that is still today providing
a basic interpretative sketch for the structure of the
broad line emitting region (Collin-Souffrin et al|[1988).
In that model, HIL blue shifts are associated with ra-
dial motion in a flattened structure (the accretion disk)
emitting mainly LILs. Later developments
[Fan| [1992}; [Marziani et al.|[1996} [Corbin and Boroson|
confirmed the earlier results. [Sulentic et al.
suggested that results were not the same for all
quasars, and that a first distinction between radio-loud
and radio-quiet quasars was necessary: blueshifts were
mostly present in radio quiet (RQ) quasars, but defi-
nitely rarer or of lower amplitudes in radio loud (RL).
This finding (confirmed in Marziani et al||1996| and
Richards et al,||[2011) has been further contextualised
within the Pop. A and B concept in the 4D Eigenvector
1 formalism (e.g. Sulentic et al[[2000} 2007, [2011)). In
the following we will focus attention on the Hf line, as
representative of LILs, and its contextualization within
4DE1 (§2). We report the observational properties in
a systematic way ( that includes a robust empirical
interpretation based on nebular physics (§3.1]), and ef-
fects of luminosity and radio loudness ( We then
discuss the physical processes that may be relevant in
line profile broadening ( We conclude with remarks
on unknown aspects and desiderata for further obser-

vations (§5] and § [6).
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2 (4D)Eigenvector 1 quasar contextualization
at low-z

The (4D) Eigenvector 1 quasar contextualization sch-
eme at low-z offers a powerful tool for interpretation of
the Hf emission line (and of LILs in general) profiles.
Eigenvector 1 was originally defined from a Principal
Component Analysis (PCA) of 87 PG quasars involv-
ing an anticorrelation between optical Fell intensity,
half-maximum profile width of HS and peak intensity
of [OmI]A5007 (Boroson and Green|[1992). E1 was af-
terwards expanded to 4DE1 with the addition of X-ray
photon index and C1vA1549 profile shift measures (Su-
lentic et al.[[2000} 2008, 2011). 4DE1 allows one to de-
fine a quasar main sequence in 4DE1 space (Sulentic
et al.|2000; Marziani et al.|2001]).
The principle parameters of the 4DE1 space are:

e Full width at half maximum of broad H (FWHM
Hp) which is our diagnostic low ionization lines ob-
servable from the ground out to z =~ 0.9 with optical
and (intermittently to z = 3.7) with infrared spec-
troscopy. It (and/or FWHM Mg11A2800) is thought
to be a measure of assumed virialized motions in
the AD and is thus crucial for estimating black hole
masses for large samples of quasars.

e Ratio of the equivalent width of the 4570 A opti-
cal Fell blend and broad HB (Rper= W 4570 Fell
blend/W Hp). It is sensitive to the ionization state,
the electron density and column density of the BLR
gas arising, as far as we can tell, in (at least part
of) the gas that produces HS (e.g., Hu et al.|2008;
Marziani et al.|[2010).

e Centroid shift at FWHM of the high ionization line
C1vA1549 (at half, maximum, c¢(1/2)). It is a strong
diagnostic of winds/outflows (e.g., [Marziani et al.
1996; |Leighly and Moore|[2004).

e Soft X-ray photon index (I's). Most likely an indi-
cator of optically thick Comptonized radiation, and
probably a diagnostic of the thermal emission from
the AD or of a Compton-thick corona above the disk
(Done et al.[|2012; Haardt and Maraschi [1991} |Jin
et al.|[2009).

The 4DE1 approach allows the definition of spectral
types following source occupation in the optical 4DE1
plane FWHM(HS) vs Rperr (Sulentic et al.|[2002) and
can be extended to include all four dimensions (e.g.,
Bachev et al.| 2004, for CivA1549). It is possible to
identify two populations along the sequence: Popula-
tion A with FWHM(H3)< 4000 km s™!, and a second
Population B of sources with broader lines (see |Sulentic
et al.|[2007, |2011}, for the rationale behind two distinct
quasar populations).

3 The phenomenology of the H3 emission line
profile in the 4DE1 context

It is customary to distinguish between broad and nar-
row components of Balmer lines, with Type 1 AGN
showing a non-zero broad component (the case clos-
est to type 2 is type 1.9, for which the BC is visible
in Ha but not in HB |Osterbrock| [1981)). It is widely
believed that the emitting region of these sources suf-
fers heavy obscuration (Antonucci and Miller|1985; |An-
tonucci|1993)). In some cases — but apparently not in all
sources (Pappa et al.|2001; [Wolter et al.|2005; [Bianchi
et al.||2008; [Petrov|2009) — a BC becomes visible in po-
larised light. In the following we restrict attention to
sources that do not show strong evidence of obscuration
in their line profiles (i.e., we will exclude type 1.5, 1.8
and 1.9 sources of the old Osterbrock’s classification).

Before 4DE1, several workers provided excellent data
on HP (e.g., Shuder||1981} |Stirpe |[1990) but their in-
terpretation was limited by the lack of any contextu-
alization. Without contextualization every quasar is
an island under itself without a clear understanding of
how it fits into the general population. The FWHM
Hg distribution is puzzling since its includes profiles
over a very wide range of widths, from less than 1000
to more than 20000 km s~'. These line width limits
can be related to physical processes, although under
several assumptions (Laor{[2003)) that may be justified
only after a first organization of empirical properties
is accomplished. A first attempt to describe in a sys-
tematic way the shape of broad lines in low-z quasars
devised a qualitative assignment based on peak shift
and shape asymmetry: for example, a redward asym-
metric profile with a redshifted peak would be classified
as AR,R, a symmetric unshifted as S, etc. (Sulentic
1989). This and more quantitative analyses of the line
wing shape stressed the systematic changes occurring
in large samples (Boroson and Green! {1992; [Robinson
1995). Further work of our group involved the analysis
of observations collected over a decade and presented
in |Marziani et al.|(2003a). Results from the analysis of
those data were later confirmed by a larger sample of
470 bright quasars from SDSS DR5 (Zamfir et al.[2010)).
The main findings can be summarised as follows:

e There is a trend in Hf line profile properties that
is correlated with the 4DE1 sequence (Sulentic et al.
2007)). Line profile shapes change along the sequence,
from a Lorentzian with a blue shifted excess at the
line base to a redward asymmetric profile best fit
with 2 Gaussian components. The latter profile is
typical of the larger FWHM > 4000 km s~ !. Fig.
shows the spectral types at the opposite ends of the
sequence. In spectral type A4 (at the high Fell end
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Fig. 1 Median composite HB profiles at the extreme ends of the 4DE1 sequence: spectral type A4 (left), spectral type
(B14++), from the sample of Marziani et al|(2013a)). The full specfit model of the spectrum is traced by the magenta
dotted line. Narrow lines are colored yellow, the BC black, the blue shifted component blue, and the VBC red. The Fe I1op¢
emission (very strong in A4 but almost undetectable in B1++) is coloured pale green. Abscissae are rest frame wavelength
in A and radial velocity from the peak position of HBxc. The bottom panels show the difference between the spectrum

and its model.

of the 4ED1 sequence) the blue excess of Hf is es-
pecially evident, as the shallow, redward very broad
profile is for B1++ (at the opposite end of the se-
quence, with broadest lines and very weak Fell emis-
sion).

Peculiar, double- or multiple peaked profiles are more
frequent toward the extreme Pop. B spectral types
i.e., Bl++ with FWHM (H3) > 12000 km s~ 1.
Radio loud sources are predominantly Pop. B
(Marziani et al| 1996, [2001; |Sulentic et al.|2003;
Rokaki et al.||2003} |Zamfir et al.|2008); radio core-
dominated (CD) sources show systematically nar-
rower profiles (and distribute in 4DE1 spaced like
radio-quiet sources), while lobe-dominated (LD as-
sumed to be Fanaroff-Riley II,FRII) are frequently
associated with very broad profiles (almost exclu-
sively Population B).

Peculiar profiles can be empirically grouped in three
large categories: (1) double peaked profiles with small
peak separation (< 103 km s=!). These sources are
apparently rare, since only a handful are known. We
stress the apparently since some cases could be masked
by the blending of HSgc and HfBnc. Prototypes include
Akn 120, IC 4329A, and OX 169 (Marziani et al|[1992));
(2) wide separation double peaked profiles (Av 2 103
km s™1), whose prototype are Arp 120B and 3C 390.3

(Chen et al.||1989; Zhang|2011)). An example is shown
in Fig. (3) Single peaked profiles with a large shift,
either to the blue or to the red (two examples, one
for each case, are also shown in Fig. . A prototyp-
ical source, Mkn 668 (Marziani et al.|[1993), shows a
peak displacement of +3000 km s~!. [Strateva et al.
found that class (2) profiles are also relatively
rare ( < 2%, considering that most of thew
sources are not actually double-peaked sources).
The prevalence is higher among RL but significant also
among RQ sources.

3.1 Empirical Interpretation of the Hf emission line
profile along the 4DE1 sequence

Attempts at interpretation of single emission lines are
doomed to provide rather ambiguous results. The emit-
ting region is not spatially resolved, and the profiles
are usually smooth. They can be described by sim-
ple functional forms (logarithmic, or Lorentzian), and
these profile can be modelled assuming widely different
structural and dynamical conditions. On the converse,
comparison of representative HILs to representative
LILs (HS and MgitA2800) provides important insights
(Marziani et al|[1996)). Some Hp profiles show a sig-
nificant excess with respect to a symmetric Lorentzian
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especially in the spectral types associated with the high-
est L/Lgqq (Marziani et al|[2013b). The blue shifted
emission has been interpreted as an outflowing compo-
nent which has a physical correspondence if there is e.g.
a non-rotating radiation driven wind .
Further interpretation of the broad profiles involves
“stratification” of the emitting region: we associate
(likely an over-simplification of a continuous radial
trend) the broad component with a lower ionization
Broad Line Region (BLR), where line broadening is
predominantly virial, and where Fell, Call are also
emitted ( Martinez-Aldama et al|2015] and references
therein). Consistently, there is no significant shift
( £ 200 km s™!) between HB BC and Felr optical emis-
sion (Sulentic et al|2012). The very broad component
is associated with an inner region of higher ionization,
the Very Broad Line Region (VBLR) emitting no Ferl
and showing lower continuum responsivity
land Gaskell|2007; |Goad and Koristal[2014). The typical
decomposition BC/VBC is shown by the mock profile
in Fig. [3 as well as by the composite profile in Fig.
[[l LIL profiles often show asymmetries but the ampli-
tude of the asymmetries and shifts is usually much less
than their FWHM (Sulentic|1989; Marziani et al.[2003a;
|Zamfir et al.|2010). The stratification view is consistent
with virial motions dominating both the core and the
wings of the Pop. B LILs, although the redward asym-
metry of Balmer and other LILs is difficult to explain.
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3.2 Luminosity and radio-loudness effects on the Hj
line profile

The main luminosity effect on HS is a systematic in-
crease in the minimum FWHM (Marziani et al.|2009)
which has been shown in several papers since 2009 and
will not be shown again. At the same time we see
that shifts toward the red close to the line base, at 1/4
fractional intensity become more frequent in higher L
sources (this is reflected in an increased redward asym-
metry). At present we do not see any strong RL ef-
fect on HB. The median Hf line profiles for RL and
RQ Pop. B sources are practically indistinguishable
(Marziani et al|2003b; Zamfir et al.2008). Extreme
cases of redward asymmetry are found among radio
loud quasars but there is no doubt that Pop. B RQ
sources are also capable of impressive redward asym-
metries (especially at high luminosity) with Al~ 0.5.

Most of the quasars in our high L sample
2009) are RQ quasars (Fig. E[)

As mentioned, RL effects on LILs can be viewed as
second order, if they exist at all. In the plane c(1/4)
vs FWHM Hp the bulk of the radio loud sources oc-
cupies the same area of RQ Pop. B, with some CDs
trespassing to the Pop. A side, most likely because of
an orientation effect, as they are viewed close to the
radio axis (Fig. [5)). The distribution of redshifts at
1/4 peak intensity shows no difference for Pop. B RQ
and RL, if measurements uncertainties are taken into
account (lower panel of Fig. |5). There is no correlation
with radio-loudness parameters. The panels of Fig. [f]
shows that the HB AI does not depend neither on Rk
nor on specific radio power.

The behaviour of LILs is definitely different from
the one of HILs, where the suppression of CivA1549
blueshifts occurs mainly in RL sources, making the red-
ward asymmetry associated with the VBC more promi-
nent. In RQ sources, the redward asymmetry is masked
by some blue shifted emission. The VBLR is believed
by some to be a source of strong CivA1549 emission
(Marziani et al.[2010). The difference between the HfA
and CivA1549 profiles can be explained, at least in
part, by adding blue shifted C1vA1549 emission in RQ
sources.

4 The physical and dynamical interpretation of
line shifts

4.1 Atomic physics

Line broadening and shifts can be produced because
of particular physical conditions, for example, for a
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Fig. 4 Luminosity effects on line profiles shapes: the HB
AT behaviour as a function of bolometric luminosity in ergs
s~!. Black symbols: RQ, red symbols: RL, squares: Pop.
B, circles: Pop. A. from the sample of |Zamfir et al.| (2010).
The magenta points at high Ly, represent the sample of
[Marziani et al| (2009). The shaded band width is set by
the uncertainty at a +20 confidence level in individual Al
measurements. Within this band, profiles can be considered
symmetric.
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medium at very high pressure such as in white dwarf at-
mospheres (Halenka et al.[2015, and references therein)
by quantum mechanical effects (Wiese and Kelleher|
[1971). Such shifts are however rather modest even at
the highest density. Generally speaking natural and
collisional broadening produce Lorentzian profiles (e.g.,
. We find many Balmer line profiles in Pop.
A sources that are Lorentzian-like (to be more precise,
they are Voigt due to the convolution with the (Gaus-
sian) instrumental profile). The width is however too
large to be produced by collisional effects; Lorentzian
profiles are possible also for processes associated with
gas motion and geometry.

In principle, thermal broadening could yield a Gaus-
sian line with FWHM= /8kT, In 2/m.c?)\, where k is
the Boltzmann constant T, the electron temperature,
me the electron mass, and A\g the line rest frame wave-
length. For a typical FWHM HB = 4000 km s~!, the
electron temperature needs to be ~ 10° K, too high.

Optical depth effects may also produce shifts and
absorptions dips in the emission profiles. Narrow dips
and not widely-spaced double peaks are sometimes ob-
served in HfA profiles (typical cases: IC 4329A, Akn
120, and OX 169 [Marziani et al|[1992} Koristal[1992;
Halpern and Eracleous|2000), but optical depth effects
are usually not considered as a possible cause of the
absorption, even if the Balmer line optical depth is
T ~ 102 > 1. Self-absorption requires that the emitting
gas cloud is seen through the line of sight (Smith/[1980)),
which may occur occasionally but not very frequently
(a case known for many years involves the Ha profile
of NGC 4151, |Anderson and Kraft|[1969)). Accordingly,
only a few cases of HB BAL profiles are known (e.g.,
|Aoki et al.|2006; Ji et al.|[2012}, and references therein).
The rarity of these sources is most likely a consequence
of the physical conditions needed to produce signifi-
cant absorption: the maintenance of a large population
of HI atoms with electrons excited to level n = 2 via
Lya resonance scattering, so that the n = 2 level can
become a pseudo-ground level and Hf itself “behave”
like a resonant line.

4.2 Scattering processes

The BLR is believed to be optically thin for electron
scattering (Davidson and Netzer|[1979). However it is
still possible that broad line photons are scattered by
hot electron surrounding or embedding the line emit-
ting gas (Shields and McKee|[1981)), as in the case of
an hot inter cloud medium or of an ionised atmosphere
above a dense accretion disk. Support for the latter hy-
pothesis has been found by spectropolarimetric analysis
of the broad Ha profile: in about ten objects, the PA of
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at 20cm for Pop. B sources in the sample of
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slope of the straight line is 0.14+0.10, again not significantly
different from 0.

the polarisation vector rotates across the profile, reach-
ing opposite PA in the red and blue wings (Smith et al.
, as expected if light is scattered from a rotating
disk. Since the emitting region radius is now believed
to be much smaller than in the past (the inner radius
might be less than 100 Ry), it is possible that the inner-
most broad line emission, already associated with gas
in rapid motion, is further broadened by a screen of hot
electrons . It is intriguing that
found lower polarisation in the line core. This
is consistent with a two component model (i.e., BC +
VBC) where the core is emitted further out than the
line wings, possibly outside of the screen of scattering
material.

Other scattering processes might be operating as
well. Rayleigh scattering could be relevant if there is
neutral material of high column density, as might be
present in an accretion disk or a molecular torus. It
could be more important than electron scattering in
the UV (Gaskell and Goosmann|2013). Rayleigh scat-
tering could contribute the broadening of the extended
line wings in Lya if Ly« is emitted above the disk and
scattered towards the observer by the dense accretion
disk (Led2005).

Fast (relativistic) electrons moving in a dense med-
ium could be give rise to Cerenkov line-like radiation
(You et al||1986} |Cheng et al.|[1990). Densities above
ni>, 101 ecm™3 are required for a significant effect.
This may be the case for an accretion disk as well as
for dense gas clumps emitting the LILs in extreme Pop-
ulation A sources (Negrete et al2012). Shifts on the
order of ~ 1000km s~ !should appear as a net redshift

in the Balmer and Lyman lines (Liu et al.|[2014).

4.3 Gravitational redshift

An early analysis of gravitational redshift in the con-
text of broad line emission was given by (1977).
A detailed discussion of gravitational redshift effects on
the Balmer line profiles is provided by Bon et al. (sub-
mitted for this volume). Here we just recall that grav-
itation can induce a shift Az =~ G%‘SH = %% where
Mgy is the black hole mass, and Rg the Schwarzschild
radius (2GMpp/c?). This relation is valid with an ap-
proximation of 4% down to a 20 Schwarzschild radii.
The total shift of line profiles would include the effect of
transverse Doppler redshift, so that the expected shift
is Az~ 385 Two considerations are in order:

e the most massive BHs may be associated with
the strongest red-ward asymmetries in the HS line
(Marziani et al.|[2009);

e ray tracing in Kerr metrics produce red wings that re-
produce fairly well the observations of observed pro-
files in several high-luminosity sources.




Is this enough to justify the claim that grav z produces
the redward asymmetry in Pop. B sources? The answer
is "No”. The problem is that the models assume disk
emission with steep emissivity laws that give a signif-
icant weight to the inner disk regions. Since the radii
needed to explain the centroid shifts at 1/4 or the VBC
displacements are ~ 100 Rg, there is not likely to be
enough cold gas to explain the most luminous sources.
A more detailed model that includes both kinematics
and emitting gas physical conditions (assuming, for in-
stance, that the gas in confined to a dense disk) is
needed before a conclusion can be reached (Bon et al.).

4.4 Doppler effect due to an ordered velocity field

There are several lines of evidence supporting virial mo-
tion as an important source of line broadening:

e velocity resolved reverberation mapping studies (Ko-
ratkar and Gaskell |1991; |Grier et al|2013) exclude
outflows as the broadening source at least in the LILs
of Population B sources.

e an anti-correlation between size (derived from re-
verberation mapping) and line width found for sev-
eral lines in the same sources (Peterson and Wandel
1999): a central massive object gravitationally dom-
inates cloud motions, with the lines emitted by ionic
species of higher ionization potential due to gas mov-
ing faster, and emitted closer to the central massive
object.

e a fairly symmetric profile is by far the most frequent;
apart from the peculiar cases, shifts are usually less
than 0.1 of the line width at the same fractional
height (Sulentic|[1989).

e HS and MgiiA2800 show a trend in line width
consistent with the domination of virial motions.
Mg1iA2800 is preferentially emitted at slightly larger
distance than Hf from the continuum source (Mar-
ziani et al.||2013a));

e there is a gradient in ionization level (approximated
in the decomposition BLR/VBLR) that is consistent
with a virial velocity field.

Extreme population A sources (spectral type A3 and
A4) often show a blue-shifted excess indicative of ra-
dial motion and most likely associated with an outflow.
This said, the geometry of the gas is not yet clear. The
fundamental issue of whether the gas is associated with
a disk or with a system of clouds is still not settled.
Clouds models are still formulated at the time of writing
perhaps by authors unaware of the confinement prob-
lems that cloud models face (Shadmehri|2015)), of which
the most serious remains the expected decay time due
to the viscous attrition with some putative “inter cloud

medium.” Disk + wind models provide some consis-
tency with ideas about Pop. B sources (Flohic et al.
2012)), but they still fail to reproduce a typical Pop.
B Hg profile. At the same time, a Lorentzian profile
might be reasonably associated with an extended disk,
but other models can also produce Lorentzian or almost
Lorentzian shapes, most notably a system of clouds
under the combined influence of gravity and radiation
pressure forces (Mathews||1993; |[Netzer and Marziani
2010)).

4.5 Peculiar profiles: Binary BLR, disks and/or
outflows?

Binary BH The search for binary black holes is still
in its infancy. Apart from a few very special cases such
as OJ 287 (Sillanpaa et al||1988), evidence in favour
of sub-parsec binaries that could significantly affect the
broad line profiles is still sparse, and has been hard to
find (Bon et al.[2012). Some of the most classical dou-
ble peaked sources (Arp 102B, Halpern and Filippenko
1988) show remarkable stability of the peak positions
over decades, ruling out a binary system with reason-
able masses (Gezari et al.|2007)). Similar considerations
were made for OX 169 (Halpern and Eracleous|2000)).
Sub-pc BBH should be numerous at high z but rarer
in the local Universe (Volonteri et al.[[2009). It is still
unclear whether we should look for a sizeable minority
population or for extremely rare event, as coalescence
times depend on the evolution of the binary orbit ec-
centricity, and circularised orbit are “stiff” since they
do not yield to orbital losses due to gravitational radia-
tion. Profiles with large shifts are perhaps more promis-
ing (Boroson and Lauer||2009)), and extensive searches
for eventual monitoring are being carried out (e.g., |[Ju
et al.[2013)).

The accretion disk explanation that fits Arp 102B so
well fails for other double peaked sources for which a
more suitable model may be offered by elliptical disks
(Eracleous et al.|[1995). Accretion disk emission has
been postulated for the broad line wings (Bon et al.
2009). Modelling of a disk may require abandoning the
weak field treatment in order to model the red asym-
metry of Balmer line profiles in Pop. B (Bon et al.
submitted).

Single peaked profiles with large shift can be ex-
plained by radially moving gas. However, inferences on
the direction of radial motions are affected by isotropy
of line emission: if the line is anisotropically emitted as
expected for the Balmer lines in the physical conditions
of the BLR (Ferland et al.[1992)), then a redshift corre-
sponds to inflow (accretion?), and a blueshift to outflow
(winds?), although it is still possible that we see emis-
sion mainly from the shielded face of clouds (Ferland
et al.[[2009).
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5 How can LIL shifts and other profile
properties help build a physical scenario

Line profiles of Balmer lines are orientation depen-
dent. This result emerges on a statistical basis by com-
paring the average line widths of lobe-dominated and
core-dominated radio-loud sources (Wills and Browne
1986; McLure and Dunlop|[2002; [Sulentic et al.[[2003)).
Conservation of angular momentum accounts for the
the spherical symmetry break that leads to the forma-
tion of a Keplerian (or quasi-Keplerian) accretion disk
around the black hole. Not surprisingly, a flattened
configuration was already “in place” in the minds of
astronomers from heuristic considerations during the
1970s (e.g., |Osterbrock| |[1978)). However, the viewing
angle is a parameter that is generally unknown for RQ
sources and can be estimated only for superluminal ra-
dio loud sources on an individual basis (Rokaki et al.
2003} [Sulentic et al.|2003]). Approaches using polarime-
try (Afanasiev and Popovi¢|2015) and gravitational red-
shift (if found appropriate) can in principle lead to an
estimate of the viewing angle (Gavrilovi¢ et al. [2007;
Kollatschny||2003)). A flattened or a “bowl”-shaped ge-
ometry (Kollatschny and Zetzl [2011} |Goad et al.[2012)
is suggested by the dependence of line width on viewing
angle. |Goad et al. (2012) suggested that line emission
may occur in the outer region of the accretion disk,
where it should merge with the surrounding molecular
torus, and were able to obtain Lorentzian profiles for
the integrated emission from that region. This model
is intriguing and may well be applicable to extreme Pop.
A sources.

Heuristic considerations and black hole and Edding-
ton ratio estimates suggest that the main driver of the
quasar main sequence is Eddington ratio (e.g., Marziani
et al.||2001} |2003b; |Kuraszkiewicz et al.[2009)). Popula-
tion A and B are distinct in terms of Eddington ratio:
the boundary value (for BH mass of 10 M) is esti-
mated to be L/Lggq~ 0.2+0.1 (Marziani et al.[2003b]).
It is interesting to note that this is the limit at which the
transition from a geometrically thin to a geometrically
thick disk is expected (Abramowicz et al.||{1988; Frank
et al.[[2002, and references therein). So, any model of
the BLR should be based on this constraint, with mod-
els valid for Pop. A including a geometrically thick
disk, its anisotropy and shadowing effects. A first at-
tempt to include a geometrically thick disk in a BLR
model has been carried out by |Wang et al.| (2014), but
the predictions until now contradict the observations.

6 Key Open issues and conclusions

It is perhaps disappointing that after 40 years of effort
the structure and dynamics of the regions emitting the

LILs are poorly understood. However, on the bright
side, some key points have been clarified:

e we now have a contextualization which allows us to
relate, and discriminate between source classes;

e a trend in Balmer line shapes is systematic along the
4DE1 sequence;

e Lorentzian (Pop. A) or double Gaussian (Pop. B) are
by far the most frequent HS and MgiiA2800 profiles;

e only a minority of sources show very broad profiles
that are immediately consistent with accretion disk
emission;

e the wide range of HIL FWHM suggests that black
hole mass estimates using this measure as a virial es-
timator must be treated with caution. No model can
explain this range invoking only line of sight orienta-
tion of a flattened disk. The rules for mass estimation
are likely different for Pop. A and B sources.

The profile differences may be associated with an
accretion state transition.

Degeneracy of the regular profile with respect to
competing models is still a major problem. Knowing
however that L/Lggq is a major driver in HIL profile
diversity along the 4DE1 sequence will help building
more focused models.

AdO and JS acknowledge the support by the Junta
de Andalucia through project TIC114,and the Spanish
Ministry of Economy and Competitiveness (MINECO)
through project AYA2013-42227-P.
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