
����������
�������

Citation: Marziani, P.;

Deconto-Machado, A.; Del Olmo, A.

Isolating an Outflow Component in

Single-Epoch Spectra of Quasars.

Galaxies 2022, 10, 54.

https://doi.org/10.3390/

galaxies10020054

Academic Editor: Santanu Mondal

Received: 15 February 2022

Accepted: 17 March 2022

Published: 24 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

galaxies

Article

Isolating an Outflow Component in Single-Epoch Spectra
of Quasars
Paola Marziani 1,* , Alice Deconto-Machado 2 and Ascension Del Olmo 2

1 National Institute for Astrophysics (INAF), Astronomical Observatory of Padova, IT-35122 Padova, Italy
2 Instituto de Astrofisíca de Andalucía, IAA-CSIC, Glorieta de la Astronomia s/n, E-18008 Granada, Spain;

adeconto@iaa.es (A.D.-M.); chony@iaa.es (A.D.O.)
* Correspondence: paola.marziani@inaf.it; Tel.: +39-0498293415

Abstract: Gaseous outflows appear to be a universal property of type-1 and type-2 active galactic
nuclei (AGN). The main diagnostic is provided by emission features shifted to higher frequencies
via the Doppler effect, implying that the emitting gas is moving toward the observer. However,
beyond the presence of blueshift, the observational signatures of the outflows are often unclear, and
no established criteria exist to isolate the outflow contribution in the integrated, single-epoch spectra
of type-1 AGN. The emission spectrum collected the typical apertures of long-slit spectroscopy or of
fiber optics sample contributions over a broad range of spatial scales, making it difficult to analyze
the line profiles in terms of different kinematical components. Nevertheless, hundred of thousands of
quasars spectra collected at moderate resolution demand a proper analysis of the line profiles for
proper dynamical modeling of the emitting regions. In this small contribution, we analyze several
profiles of the HI Balmer line Hβ from composite and individual spectra of sources radiating at
moderate Eddington ratio (Population B). Features and profile shapes that might be traced to outflow
due to narrow-line region gas are detected over a wide range of luminosity.

Keywords: active galactic nuclei; optical spectroscopy; ionized gas; broad line region

1. Introduction

Type-1 active galactic nuclei (AGN) are characterized by the presence of broad and nar-
row optical and UV lines (for introductions, see, e.g., [1–6]). Spectra show a mind-boggling
variety of broad emission line profiles not only among different objects but also among
different lines in the spectrum of the same object. Sulentic [7] carried out measurements of
spectral shifts and asymmetries exhibited by the broad lines relative to the narrow ones,
proposing an empirical classification scheme for the broad HI Balmer line Hβ. Among the
classes identified by Sulentic [7], two stand out: AR,R and AR,B, where AR means red-ward
asymmetric, and the letter after the comma indicates either a shift of the line peak toward
red or blue.

Fast forward more than 30 years, type-1 quasars are now being contextualized on the
basis of the main sequence (MS) trends (e.g., [1,8,9]). Type-1 AGNs have been grouped into
two main populations, Population A and B, defined on the basis of Balmer line widths (more
specifically of Hβ: FWHM Hβ . 4000 km s−1 for Population A; FWHM Hβ & 4000 km s−1

for Population B [1,10] at low and moderate luminosity log L . 46 (erg s−1)). The classifi-
cation of the quasar population along MS has its main physical foundation on systematic
differences in Eddington ratio [11]: Population A sources typically have L/LEdd & 0.2,
with extreme Population A sources reaching L/LEdd& 1 [12], values close to the expected
theoretical limit for super-Eddington accretion rate [13–15]. Usually, Pop. B sources present
lower values of the Eddington ratio when compared with the ones of Pop. A. The governing
parameter of the MS itself appears to be an Eddington ratio convolved with the effect of
orientation (e.g., [16,17]).1
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Sources showing prominent Hβ red asymmetries (i.e., AR,R according to Sulentic [7]) are
classified as belonging to Population B [10,11]. The red asymmetry itself can be considered as
a defining feature of Population B sources, hinting at the presence of a “very broad component”
(VBC) at the line base [18–23]. The physical properties of the region associated with VBC are
largely undetermined (e.g., [24]) but the general consensus is that the region is located at the
innermost radii of the broad line region (BLR), closest to the central continuum source. This
inference follows from the deduction of a velocity field dominated by virial motions, at least for
several population B sources [25,26]. The dynamical conditions of the “very broad line region”
(VBLR) are the subject of current debate [27]. Two main alternatives have been proposed: infall
and obscuration [28], or gravitational and transverse redshift [27,29–33]. Both mechanisms
are, however, still consistent with a virial velocity field as the main broadening factor.

Gaseous outflows appear to be ubiquitous in type-1 AGN, although their traceability
and their kinetic power varies greatly along the main sequence [34,35]. The signature of
outflows in the optical and UV spectra is provided by the blueshift of emission lines with
respect to the rest frame, under the assumption that the shift is due to a Doppler effect on the
wavelength of lines emitted by gas moving toward us and that the receding side of the flow
is mainly hidden from view (e.g., [36]). While there is unambiguous evidence of outflows
from the emitting regions of quasars radiating at high Eddington ratios, the situation is
by far less clear for Pop. B where the accretion rate is modest, as implied by a Eddington
ratio . 0.2. High-resolution X-ray and ultraviolet (UV) observations of the prototypical
Population B source NGC 5548 reveal a persistent ionized outflow traced by UV and X-ray
absorption and emission lines [37]. However, the CIV emission line profile lacks strong
evidence of such an outflow also because of the prominent red line wing merging with
HeIIλ1640 [38].

In this short note, we address the very specific issue of the origin of sources showing a
blueshift at the peak of the Hβ emission line, e.g., of the AR,B classification. The focus is on
the Hβ line because the line is a singlet, and its peak is isolated from other contaminants,
offering a clear view of its broad and narrow components. The [OIII]λλ4959,5007 lines
recorded along with Hβ help assess the nature of the Hβ line profile. In addition, the nar-
row, high-ionization [OIII]λ5007 emission lines are known to be affected by outflows,
as indicated by the frequent blueward asymmetries and even systematic shifts [39–43].
Section 2 presents the data used in this work, which comprise a set of composite spectra
covering a wide range in luminosity and redshift, for which Hβ and [OIII]λλ4959,5007
emissions have been covered with optical and IR spectroscopic observations. Details on
how the spectral analysis was performed are shown in Section 3. The main results come
from the profile comparison of Hβ and [OIII]λ5007 (Section 4) and are briefly analyzed
in terms of the physical conditions of the line emitting gas, as well as of the dynamical
parameters of the outflow (Section 5).

2. Data

The data analyzed in this paper refer to the most widely populated spectral type of
Population B, B1, defined by FWHM Hβ in the range of 4000–8000 km s−1 [44]. Median
composite spectra covering the Hβ range were computed over spectral type B1 sources
belonging to two samples of low-to-moderate redshift and luminosity [44,45], and one
sample of intermediate z and high luminosity [46]. The [44] composites are based on
the individual observations of Marziani et al. [47] that involved 97 B1 spectra. The [45]
composites are SDSS spectra in the redshift range of 0.4–0.7, covering both MgIIλ2800 and
Hβ. The radio-quiet B1 composite was computed over 179 spectra, while CD and FR-II
composites involved 16 and 23 spectra, respectively. The [46] B1 composite included 22
high-luminosity, Hamburg ESO (HE) quasars. Median composites were constructed from
continuum-normalized (at 5100 Å) spectra, after a determination of the heliocentric redshift
based on [OII]λ3727 or a narrow component of Hβ, two low-ionization narrow line that
provide the best estimators of the systemic redshift of the host galaxy [48]. The accurate
redshift correction allowed for the preservation of the spectral resolution of the individual
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spectra. The [45] composites should, therefore, have a resolving power λ/δλ ∼ 2000.
The resolving power is only slightly lower for [44], λ/δλ ∼ 1000. The HE ISAAC near-IR
observations were all collected with a narrow slit (0.6 arcsec) that yielded λ/δλ ∼ 1000,
comparable to the spectra of the samples observed with optical spectrometers. The main
physical properties associated with the composite spectra are summarized in Table 1, where
the first column lists an identification code, and the following columns list the redshift range
and the median values of bolometric luminosity, black hole mass MBH, and the Eddington
ratio L/LEdd. In addition to the composite spectra, the spectra of two quasars of extreme
luminosity at intermediate redshift (Deconto-Machado et al. 2022, in preparation) provide
examples of two opposite cases: One where a prominent outflow signature is detected
(Q0029+079), and one in which there is no obvious evidence of outflow (HE0001-2340).
The last two lines of Table 1 consider composites for core-dominated (CD) and Fanaroff–
Riley (FR) sources belonging to spectral type B1 from the [45] sample. These two composite
were defined to address the somewhat controversial issue of the mild-ionized outflow
presence among radio-loud, jetted AGN.2 The data of Table 1 confirm that the empirical
selection of spectral type B1 corresponds to the selection of modest L/LEdd radiators. At the
higher redshift and luminosity, L/LEdd appears somewhat higher (L/LEdd ≈ 0.3) because
of the preferential selection of higher L/LEdd for a fixed black hole mass in flux limited
surveys [51].

Table 1. Physical parameters.

Spectrum z log L log MBH
a

log L/LEdd(erg s−1) (M�)

Composite spectra

B1 [44] 0–0.7 45.63 b 8.52 −1.07
B1 [45] 0.4–0.7 46.31 b 9.19 −1.06
B1 [46] 0.9–2.6 47.29 c 9.63 −0.51

Individual, high-L quasars

HE0001–2340 2.2651 47.09 c 9.78 −0.86
Q0029+079 3.2798 47.43 c 9.95 −0.70

Composite spectra, jetted

B1 [45] CD 0.4–0.7 46.51 b 9.39 −1.05
B1 [45] FRII 0.4–0.7 46.62 b 9.44 −1.00

a: Black hole mass computed from the Hβ scaling law provided by Vestergaard and Peterson [52], using the Hβ full
profile FWHM. Applying the average correction suggested for spectral type B1 would lower the mass by a factor 0.64
and increase the L/LEdd ratio by the inverse of this factor. b Bolometric correction assumed a factor 10; c Bolometric
correction assumed a factor 4, as appropriate for very high luminosity sources following Netzer [53].

3. Analysis

The non-linear multicomponent fits were performed using the SPECFIT routine from
IRAF [54]. This routine allows a simultaneous minimum-χ2 fit of the continuum approxi-
mated by a power law and the spectral line components yielding FWHM, peak wavelength,
and intensity of all line components. In the optical range, we fit the Hβ profile as well
as the[OIII]λλ4959,5007 emission lines and the FeII multiplets accounted for by a scaled
and broadened template [55]. The details of multi-component analysis has been provided
in several previous papers (e.g., [56]) and will not be repeated here. Suffice to say that
the broad profiles of Pop. B sources can be successfully modeled with two Gaussians:
(1) one narrower, unshifted or slightly shifted to the red; and (2) one broader, with FWHM
∼ 10,000 km s−1, and shifted by few thousands km s−1 to the red [57]. This model ac-
counts for the AR,R profile type. In addition to the model decomposition, we measured
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several parameters on the full broad profile [58]. The definitions of the centroids and of the
asymmetry index A.I. are reported below for convenience:

c(
i
4
) =

vr,B(
i
4 ) + vr,R(

i
4 )

2
, i = 1, 2, 3;

i
4
= 0.9, (1)

where the radial velocities are measured with respect to the rest frame at fractional intensi-
ties i

4 for each value of the index i on the blue and red side of the line with respect to the
rest frame.

A.I.(
1
4
) =

vr,B(
1
4 ) + vR(

1
4 )− 2vr,P

vr,R(
1
4 )− vr,B(

1
4 )

. (2)

Note that the A.I., unlike the centroids, is defined as a shift with respect to the line
peak radial velocity vr,P (vr,P is measured with respect to rest frame; a suitable proxy is
provided by c(0.9)).

4. Results
4.1. Broad Hβ

Figure 1 shows the continuum-subtracted spectra and their models for the [44–46]
composite spectra (top, middle and bottom panel, respectively). The measurements of
the broad Hβ line parameters are reported in Table 2. For each spectrum, Table 2 lists the
normalized flux F of the Hβ full broad profile (HβBC + HβVBC+ HβBLUE), its equivalent
width W Hβ in Å, and the normalized fluxes of HβBC and HβVBC separately. The following
columns report several parameters for the Hβ blue-shifted excess with respect to the
standard Population B decomposition involving only HβBC and HβVBC: normalized flux,
equivalent width, peak shift, FWHM, and skew. The last columns yield the normalized
flux and the equivalent width of the FeIIλ4570 emission blend, as defined by Boroson and
Green [55]. The equivalent width values correspond roughly to the normalized flux so that
they are reported only for the main features. The normalized fluxes can be approximately
converted into luminosities by multiplying them by the luminosity values reported in
Table 1 divided by the bolometric correction and by 5100, i.e., by the wavelength in Å
at which the continuum was normalized. Table 3 reports FWHM, A.I., and centroids
as defined in Section 3 for the broad Hβ profile (HβBC + HβVBC+ HβBLUE i.e., without
considering the narrow (HβNC) and semi-broad (HβSBC) components associated with
narrow-line region emission). Only at the highest L blueshifted emission with a broad
profile (HβBLUE) is detected in the Hβ profile: In this case, the HβBLUE contribution is .5%
of the total line luminosity for the [46] composite and reaches about 1/3 of the total line
luminosity in the admittedly extreme Q0029 case. In no case, however, was HβBLUE able
to create a significant shift to the blue close to the line base: red asymmetry dominates
and even the Q0029 Hβ broad profile is “symmeterized” toward the line base, with a
centroid at 1

4 peak intensity close to 0 km s−1.
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Figure 1. Analysis of the Hβ + [OIII]λλ4959,5007 region for [44] (top), [45] (middle), and [46]
(bottom) B1 composite spectra. Continuum subtracted spectra are shown in the rest frame, over the
range 4550–5300 Å (left panel), with an expansion around [OIII]λ5007 (right panels). Thin solid
lines: continuum-subtracted spectrum; dashed magenta line: model spectrum; thick black line:
Hβ broad component; red thick line, Hβ very broad component; thin smooth black lines: narrow
components of Hβ and [OIII]λ5007; blue lines: blue shifted components. Green lines trace the scaled
and broadened FeII emission template. The lower panel show the observed minus model residuals in
radial velocity scale.
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Table 2. Broadline properties measurements.

Spectrum Hβ HβBC HβVBC HβBLUE FeIIλ4570
F W a F F F Shift b FWHM b Skew c F W

Composite spectra

B1 [44] 95.3 86.7 49.8 45.4 . . . . . . . . . . . . 18.1 14.6
B1 [45] 122.3 126.5 52.5 69.8 . . . . . . . . . . . . 47.8 43.0
B1 [46] 123.3 129.1 19.6 99.1 4.6 −1535 3611 0.5 39.2 34.1

Individual, high-L quasars

HE0001 99.3 95.1 26.7 72.7 . . . . . . . . . . . . 20.6 16.3
Q0029 69.8 66.4 13.9 32.2 23.7 −2097 4711 1.2 25.8 21.4

Composite spectra, jetted

B1 [45]
CD 113.8 118.5 42.9 70.9 . . . . . . . . . . . . 35.6 32.7

B1 [45]
FRII 129.8 131.1 57.5 72.3 . . . . . . . . . . . . 24.6 21.9

a: In units of Å; b: in units of km s−1. c skew as reported by the SPECFIT routine; it is equal to the conventional
definition of skew [59] + 1.

Table 3. Hβ profile properties measurements.

Spectrum FWHM a AI c(1/4) a c(1/2) a c(3/4) a c(0.9) a

Composite spectra

B1 [44] 5560 ± 170 0.12 ± 0.03 680 ± 230 250 ± 80 160 ± 70 130 ± 50
B1 [45] 6540 ± 210 0.12 ± 0.06 740 ± 340 150 ± 110 50 ± 90 40 ± 60
B1 [46] 6010 ± 450 0.28 ± 0.06 2120 ± 490 −50 ± 220 −230 ± 70 −270 ± 50

Individual, high-L quasars

HE0001 6510 ± 690 0.29 ± 0.09 2700 ± 560 1310 ± 340 900 ± 170 830 ± 110
Q0029 6200 ± 380 0.18 ± 0.10 430 ± 500 −380 ± 190 −500 ± 160 −500 ± 110

Composite spectra, jetted

B1 [45] CD 6880 ± 240 0.23 ± 0.06 1520 ± 380 270 ± 120 70 ± 90 20 ± 60
B1 [45] FRII 6790 ± 220 0.10 ± 0.06 820 ± 330 320 ± 110 240 ± 90 230 ± 60

a In units of km s−1.

4.2. [OIII]λ5007 and Hβ Narrow-Line Emission

Table 4 summarizes the measurements of the components associated with the narrow-
line region (NLR) emission, i.e., narrow and semi-broad components of Hβ and [OIII]λ5007
(HβNC, [OIII]λ5007NC, and HβSBC and [OIII]λ5007SBC), for which normalized flux, equiv-
alent width, shift, and FWHM are reported. The skew parameter is reported only for
semi-broad components, as the narrow components are assumed to be symmetric Gaussian,
within a few tens km s−1 from the rest frame [48].

The [44] composite shows a broad + narrow component profile that is very well
represented by three Gaussians: the symmetric unshifted HβNC, unshifted HβBC and the
HβVBC with a significant shift to red. A small blue-shifted excess appears at the interface
between HβNC and HβBCand has been modeled by an additional Gaussian. Its intensity
is so low that a very good fit with no significant worsening in the χ2 can be achieved
also without it. Most notably, the [OIII]λ5007 profile (enlarged in the right panel) is also
fairly symmetric: A small centroid blueshift ∼ −50 km s−1is detected only at 1

4 peak
intensity (Table 5, where the [OIII]λ5007 full profile parameters are reported as in Table 3
for Hβ). The relatively large shift reported for [OIII]λ5007SBC is compensated by a red-ward
skew (Figure 1, right panel on top row). In this case, the decomposition [OIII]λ5007NC-
[OIII]λ5007SBC is especially uncertain, and a more reliable measurement is provided by
the centroid.
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Table 4. Narrow line measurements.

Spectrum HβNC HβSBC [OIII]λ5007NC [OIII]λ5007SBC
F W a Shift b FWHM b F W a Shift b FWHM b Skew c F W a Shift b FWHM b F W a Shift b FWHM b Skew c

Composite spectra

B1 [44] 3.33 3.00 −9 492 0.59 0.53 −349 881 . . . 14.6 14.0 12 499 8.86 8.45 −307 881 1.47
B1 [45] 1.45 1.45 −8 450 0.83 0.85 −480 1054 0.26 8.9 9.7 11 513 2.76 3.00 −417 1054 0.26
B1 [46] 0.65 0.70 −25 508 0.06 0.07 −752 932 1.46 1.6 1.8 −15 528 2.68 2.97 −688 932 1.46

Individual, high-L quasars

HE0001 0.11 0.10 −25 2202 1.05 0.99 −133 1301 0.41 2.6 2.7 239 592 4.39 4.43 −69 1301 0.41
Q0029 1.00 0.95 −6 1181 0.00 0.00 . . . . . . . . . 4.9 4.9 −728 1181 3.36 3.30 −2051 1340 1.12

Composite spectra, jetted

B1 [45]
CD 1.92 1.96 −25 662 0.00 0.00 . . . . . . . . . 6.8 7.4 20 497 5.17 5.62 39 1439 0.10

B1 [45]
FRII 0.94 0.98 −25 300 0.00 0.00 . . . . . . . . . 13.5 13.0 11 360 7.65 8.11 −279 585 2.12

a: In units of Å; b: in units of km s−1. c skew as reported by the SPECFIT routine; it is equal to the conventional definition of skew [59] + 1.
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Table 5. [OIII]λ5007 profile measurement.

Spectrum FWHM a AI c(1/4) a c(1/2) a c(3/4)a c(0.9) a

Composite spectra

B1S02 580 ± 30 −0.10 ± 0.08 −40 ± 40 −10 ± 20 0 ± 20 0 ± 10
B1M13 560 ± 40 −0.23 ± 0.11 −80 ± 50 −20 ± 20 10 ± 10 30 ± 10
B1M09 1100 ± 120 −0.43 ± 0.05 −380 ± 40 −280 ± 60 −60 ± 20 −40 ± 10

Individual, high−L quasars

HE0001 900 ± 70 −0.26 ± 0.07 −100 ± 40 0 ± 30 70 ± 30 80 ± 10
Q0029 2120 ± 140 −0.37 ± 0.04 −1360 ± 60 −1240 ± 70 −860 ± 50 −830 ± 30

Composite spectra, jetted

B1M13CD 490 ± 40 −0.18 ± 0.12 −90 ± 50 −70 ± 20 −10 ± 20 −10 ± 10
B1M13FRII 440 ± 30 −0.10 ± 0.09 −20 ± 30 10 ± 10 10 ± 10 10 ± 10

a: In units of km s−1.

The [45] composite spectrum appears as a “goiter” at the top of the HβBC broad profile.
The [OIII]λ5007 profile is also fairly asymmetric, and it can be modeled by a narrower, al-
most unshifted component and a skewed Gaussian displaced to the blue by ≈ −500 km s−1.
The top of the Hβ profile is well fit by assuming two components with the same shift, width,
and asymmetry of the model components’ [OIII]λ5007 line. The consistency between the
model of HβSBC and [OIII]λ5007SBC provides evidence that the Hβ blueshifted, and the
skewed component is associated with a NLR outflow. The [46] composite can be equally
modeled with the same skewed and blueshifted component for Hβ and [OIII]λ5007. How-
ever, this model would require an implausibly strong [OIII]λλ4959,5007 emission. The fit
shown in the bottom panel of Figure 1 assumes a broader component for Hβ emission.

At very high luminosity (Figure 2), a prominent outflow is apparently absent in one
Pop. B Hβ profile (HE0001) but very prominent in another (Q0029). If the classification
of Q0029 as a Population B source is correct, the model of the blue “goiter” at the side of
the Hβ profile implies a strong contribution of blueshifted emission with a broad profile.
The [OIII]λ5007 profiles are also different: the equivalent width W is higher and the shift is
lower in the case of HE0001, where no significant Hβ outflow is detected. By all means,
the properties of Q0029 appear more extreme. We predict that this source will show
extreme CIV blueshift, with an amplitude of several thousands km s−1.

Figure 2. Cont.
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Figure 2. Analysis of the Hβ + [OIII]λλ4959,5007 region for two high-luminosity, high-z quasars be-
longing to the B1 spectral type. The top one, HE0001-234, shows no appreciable evidence of blueshift,
while the bottom one (HB89) 0029+073 requires a stronger blue shifted excess for [OIII]λλ4959,5007
and an even stronger and broader one to fit Hβ. Color coding of the components is the same as in the
previous Figure. The shaded area identifies a spectral region affected by atmospheric absorptions

The [OIII]λ5007 shift and the A.I. become more negative, and the equivalent width
decreases with increasing luminosity. This is a pure luminosity effect that proceeds in the
same sense of the effect of an increasing Eddington ratio in sample covering the full span of
L/LEdd∼ 10−2 − 1, and it can be interpreted as a result of NLR evolution with redshift [35].

4.3. Jetted Sources

The CD and FR-II composites from the [45] sample (Figure 3) show that the [OIII]λ5007
blueshifted and skewed component is not detected in Hβ, implying that the intensity ratio
is [OIII]λ5007/Hβ� 1 for this component. In addition, the [OIII]λ5007 profile for the FR-II
composite spectrum is much more symmetric than that of the CD composite, for which
its A.I. and centroid shifts are more consistent with the RQ composite of the same sample.
This systematic difference may arise because of the different viewing angles expected for
CD (seen almost pole on) and FR-II sources (seen at a viewing angle ≈ 40–60 [60]).
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Figure 3. Cont.



Galaxies 2022, 10, 54 11 of 17

Figure 3. Analysis of the Hβ + [OIII]λλ4959,5007 region for the RQ composite spectrum of Marziani
et al. [45] (top), and for the CD and FR-II composite spectra (middle and bottom, respectively). Color
coding of the components is the same as in the previous Figures.

5. Discussion

The analysis performed above has been focused on sources radiating at relatively
modest L/LEdd (Population B) but covering a wide range of redshifts (0 . z . 3) and
luminosities. Significant outflow features have been detected in NLR, as traced by Hβ and
[OIII]λλ4959,5007 blue shifted components. At high luminosity, significant blueshifts are
found not only in the [OIII]λλ4959,5007 lines but also with a broader profile, hinting at an
association with BLR emission.

5.1. How Important Is the Outflow Component?

The present analysis relies on the important assumption that the Population B profile
at Hβ low-z and luminosity is not significantly affected by any outflowing gas. Reverbera-
tion mapping campaigns in the early 2000s provided evidence that the main broadening
mechanism is indeed provided by a virial velocity field of gas orbiting around a point-like
mass. More recent works point toward a more complex situation ([61–63] Bao et al., 2022,
in preparation), although the main inference from velocity-resolved reverberation mapping
studies for the sources with the red Hβ asymmetry is that the velocity field is predomi-
nantly virial, with the frequent detection of infall motions. The detection of infall is based
on the shorter time delay of the red wing and not on the response of the line core.

5.2. Identifying an Outflow Component

The Hβ profile of Population B presents a clear inflection between HβBC and HβNC
that can be explained on the basis of the expected radial emissivity of Hβ [64]. The identifi-
cation of an outflow component may be achieved by considering the following options:

• No significant centroid blueshift in the broad profile of Hβ and symmetric appearance
at the interface between HβNC and HβBC, with the peak of the broad profile showing
no shift or a slight redshift: no evidence of outflow.

• No significant centroid blueshift in the broad profile of Hβ and “goiter” appearance
at the interface between HβNC and HβBC: If the [OIII]λ5007 line shows a significant
blueward asymmetry and a model of the [OIII]λ5007 line profile with a core and
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semi-broad component is applicable to the Hβ profile, then it is likely that the outflow
is mainly associated with NLR emission.

• Even modest centroid blueshift in the broad profile of Hβ at fractional intensity 3
4 or

0.9, the outflow might involve BLR emission. In this case, HβBLUE corresponds to
the prominent blueshifted emission of the CIV line observed at high luminosity [56].
The detection of HβBLUE is made more difficult by the CIV/Hβ ratio expected to be
� 1.

5.3. Location and Physical Nature of the Outflow

Even in case of modest accretion rate, the outflow can be radiatively driven [65].
The ratio between the radiation and gravitation force can be written as arad/agrav ≈ 7.2
L/LEdd N−1

c,23 where Nc,23 is the Hydrogen column density in units of 1023 cm−2 (e.g., [66]).
For L/LEdd ∼ 0.1, the gas of moderate common density Nc,23 ∼ 0.1 could be accelerated to
arad/agrav ∼ 10 (c.f. Equation (6) of Netzer and Marziani [65]) [67]. The first underlying
assumption is that all of the photon’s momentum in the ionizing continuum is transferred
to the line-emitting gas. The second assumption is that the gas is optically thick relative
to the ionizing continuum, and this condition is more easily verified if the ionization
parameter is low, implying that the low column density gas located farther out from the
AGN continuum source might be preferentially accelerated. This might explain why we
see a signature due to a semi-broad component in Hβ, HβSBC, which is in turn associated
with the [OIII]λ5007 semi-broad component, likely at the inner edge of NLR, and it may be
the main signature of outflow in low L/LEdd sources.

Regarding BLR, at low luminosity, there is no signature of outflow, if our interpretation
of the profile is correct. For Population B sources, however, the observed spectrum can be
explained by the locally optimized cloud (LOC) scheme, in which a range of ionization
parameters, density, and column density is assumed, and the emerging spectrum is set
by the parameters at which lines are emitted most efficiently [68,69]. This is to say that
there might be always gas as “light” as needed for an outflow; however, the outflow may
not produce a significant signature in the emission line spectrum. A powerful outflow
at a modest Eddington ratio may become possible only at high luminosity (e.g., [70–72]),
as predicted from wind theory and confirmed by observations [56,73–75].

5.4. The Fate of the Outflowing Gas: No Feedback Effects at Low L

The mass outflow rate at a distance r can be written as follows if the flow is confined
to a solid angle of Ω of volume 4

3 πr3 Ω
4π : Ṁion

o = ρ Ωr2vo = Mion
o

V Ωr2vo ∝ Lvor−1 [76];

it implies Ṁion ∼ 30L44vo,1000r−1
1kpc

(
Z

5Z�

)−1
n−1

3 , where the mass of ionized gas can be

directly estimated from the line luminosity: Mion ∼ 1 · 107 L44

(
Z

5Z�

)−1
n−1

3 .3 The low-
luminosity cases [44,45] imply that the outflow velocity is vo,1000 ∼ 1 from the peak
shift of [OIII]λ5007SBC, and the [OIII]λ5007SBC luminosity is log L[OIII] ∼ 42. Assuming
Z ≈ 1Z� as appropriate for Population B sources [27], Mion ∼ 5 · 105n−1

3 and Ṁion ∼
0.15r−1

1kpcn−1
3 . By the same token, the thrust and kinetic power can be written as Ṁv ∼ 1.9 ·

1035L44v2
o,1000r−1

1kpc

(
Z

5Z�

)−1
n−1

3 and ε̇ ∼ 1043L44v3
o,1000r−1

1kpc

(
Z

5Z�

)−1
n−1

3 , which become

Ṁv ∼ 1 · 1034r−1
1kpcn−1

3 and ε̇ ∼ 5 · 1041r−1
1kpcn−1

3 . Even assuming that we are observing a

flow at r ∼ 10 pc, the kinetic power is ε̇ . 1044 erg s−1, a factor ≈ 100 below the bolometric
luminosity and ≈ 1000 the Eddington luminosity of the [45] case. The emitting gas might
be beyond or at the limit of the black hole sphere of influence given by r ≈ GM/σ2

? ≈
8 · 1019M9,�/σ2

?,400 cm, where σ? is the velocity dispersion associated with the bulge of the
host galaxy in units of 400 km s−1. At this radius, the escape velocity is expected to be
vesc ∼ 500 km s−1 for a 109 M� black hole. It is, therefore, doubtful whether the outflowing
gas might be even able to escape from the sphere of influence of the black hole. Even less
likely, the outflowing gas might “wreak havoc” galaxy-wide in the bulge and the disk of
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the host due to the small amount of gas masses involved in the outflow, and due to the
escape velocity that can be as high as vesc & 1000 km s−1 in the inner regions of a massive
spheroid or in a giant spiral such as the Milky Way [77].

The scenario might radically change at high luminosity: considering the [46] composite,
the velocity of [OIII]λ5007SBC is higher by a factor ≈ 2, and the line luminosity is higher
by a factor ∼ 10, implying a 20-, 40-, and ∼100-fold increase over the [45] case in mass
flow, thrust, and kinetic power, respectively. In the [46] case, the kinetic power would be
comparable to the Eddington luminosity. An even more powerful outflow is expected
for Q0029.

6. Summary and Conclusions

The analysis of outflow signatures carried out in the present paper has been focused
on three samples of type-1 AGN covering a wide range of luminosity.

The detection of different kinematic components in single epoch profiles is a com-
plicated issue. The apertures and slit widths used in ground-based observation add up
the emission from the AGN continuum, BLR, NLR, and host galaxy, which are associated
with widely different spatial scales. The case of Population B sources of spectral type B1 is
particularly well-suited to analyze the presence of an outflow component in the Balmer Hβ
line for sources that are radiating at modest Eddington ratios.

Generally speaking, the detection of significant systematic blueshifts in the centroid
measurements can be taken as a signature of outflow. If the blueshift/blue asymmetry
is confined at the top of the Hβ line and the Hβ narrow emission can be modeled as
[OIII]λ5007 assuming a semi-broad and a narrow component with a similar parameter,
then the evidence of the outflow (the “goiter” in the line profile) remains confined to
the NLR. However, if the Hβ centroid at 3

4 or at lower fractional intensity is also blue
shifted, it is likely that a BLR outflow is being detected. Low column density gas can be
driven into an outflow by radiation forces. Blueshifts in the line core can be, therefore,
straightforwardly interpreted by an outflow component, without invoking binary BLR,
in turn pointing toward sub-parsec binary black holes. Other spectral types along the MS
have been identified as frequently involving binary black hole candidates [78,79].

The estimates of mass flow, thrust, and kinetic power are highly uncertain because
of the lack of spatially resolved data. This situation might be changing soon with the
development of integral-field spectrographs. Nonetheless, even when maximizing the
coarse estimates reported above, it is unlikely that the thrust and the kinetic power (only
∼ 10−2 the Eddington luminosity as derived for the [44,45] samples) might have a strong
impact on the host galaxy’s evolution and not to mention the possibility of driving the black
hole mass—bulge correlation (e.g., and references therein [80]). Even if the [OIII]λ5007
samples only emission from mildly ionized gas and the mass flow might be dominated by
the higher-ionization gas, for low luminosity AGNs such as the prototypical Population
B Seyfert-1 NGC 5548, kinetic luminosity remains a very small fraction of the Eddington
luminosity [37,81]. The situation is expected to change at the “cosmic noon” at redshifts
in the range of 1–2, when the most luminous quasars are observed, and of which the [46]
composite provides a representative spectrum.
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Abbreviations

The following abbreviations are used in this manuscript:
AGN Active Galactic Nucleus/i;
BLR Broad Line Region;
BC Broad Component;
CD Core Dominated;
FR-II Fanaroff-Riley II;
FWHM Full Width Half-Maximum;
HE Hamburg-ESO;
ISAAC Infrared Spectrometer And Array Camera;
IR Infrared;
LOC Locally Optimized Cloud;
MDPI Multidisciplinary Digital Publishing Institute;
MS Main Sequence;
NC Narrow Component;
NGC New General Catalogue;
NLR Narrow Line Region;
RL Radio loud;
RQ Radio quiet;
SBC Semi-Broad Component;
SDSS Sloan Digital Sky Survey;
UV Ultra-violet;
VBC Very Broad Component;
VBLR Very Broad Line Region.

Notes
1 In flux limited samples, Pop. A and B may have similar luminosity distributions. If this is the case, Pop. B sources are expected to

host more massive black holes, considering the systematic differences in the Eddington ratio.
2 We consider the attribute “radio-loud” as a synonym of relativistically jetted [49,50].
3 Note that the filling factor is not appearing explicitly because, by using line luminosity, we already are considering the volume of

the line-emitting gas. The fraction of volume that is actually occupied by the line emitting gas then depends on its density.
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