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ABSTRACT

We use the Hubble Space Telescope to analyse the extended [O 1] 5007 A emission in seven bright radio-quiet type 1 quasars
(QSOls), focusing on the morphology and physical conditions of their extended Narrow-Line Regions (NLRs). We find NLRs
extending 3-9 kpc, with four quasars showing roughly symmetrical structures (b/a=1.2-1.5) and three displaying asymmetric
NLRs (b/a=2.4-5.6). When included with type 1 and type 2 AGNs from previous studies, the sizes of the extended [O 111]
regions scale with luminosity as Rjomy ~ L([)(fHH, consistent with photoionization. However, when analysed separately, type 1s
exhibit a steeper slope (y; = 0.57 & 0.05) compared to type 2 AGNs (y, = 0.48 £ 0.02). We use photoionization modelling to
estimate the maximum NLRs sizes, assuming a minimum ionization parameter of log(U) = —3, an ionizing luminosity based on
the Lo mm-derived bolometric luminosity, and a minimum gas number density ny ~ 100 cm~, assuming that molecular clouds
provide a reservoir for the ionized gas. The derived sizes agree well with direct measurements for a sample of type 2 quasars, but
are underestimated for the current sample of QSOl1s. A better agreement is obtained for the QSO1s using bolometric luminosities
derived from the 5100 A continuum luminosity. Radial mass profiles for the QSO1s show significant extended mass in all cases,
but with less [O IT]-emitting gas near the central AGN compared to QSO2s. This may suggest that the QSOls are in a later
evolutionary stage than QSO2s, further past the blow-out stage.

Key words: galaxies: active —quasars: emission lines.

properties of the host (e.g. Merritt & Ferrarese 2001; Giiltekin et al.

1 INTRODUCTION 2009), the halting of star formation and death of massive galaxies

The evolution and growth of massive galaxies are intricately con-
nected to their active galactic nuclei (AGN) through the interplay
between gas feeding (e.g. Storchi-Bergmann & Schnorr-Muller
2019) into the nuclear super massive black hole (SMBH), star-
formation activity, and AGN feedback to the host galaxy. These are
key to explaining (e.g. Fabian 2012; King & Pounds 2015) present-
day empirical scaling relations between the mass of the SMBH and
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(e.g. Behroozi et al. 2019).

There are three main forms for AGN feedback onto the host
interstellar medium (ISM): radiation, jets and winds. There is plenty
of radiation available, but most of it escapes. Jets are powerful, rela-
tivistic and highly collimated, but only occur in up to ~10 per cent of
the AGN population (Rafter, Crenshaw & Wiita 2009). Meanwhile,
winds are present in many, and perhaps most, AGN (e.g. Mullaney
et al. 2013; Woo et al. 2016), and are potentially universal in radio-
quiet sources. AGN winds may be observed as blue-shifted UV and
X-ray absorption lines, moving with relativistic velocities, up to
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Table 1. PG QSO1s sample: coverage and observations summary. Note: (1) Galaxy name; (2-3) Galaxy coordinates, from NED; (4) redshift, from NED;
(5) scale, from NED; (6) luminosity distance, from NED; (7) date of observation; (8) HST filter; (9) exposure time of observation; (10) spectral band.

QSOls R.A. Decl. z Scale  Distance Observation Filter Exp time Band

(2000) (2000) (kpe/”) (Mpc) date (s) (rest)

PG0026+129 00:29:13.702 +13:16:03.89 0.140 239  6374+44  2018-08-30 FR551N 1710 [O 1]
FR647M 200 Continuum 5675 A

PG0052+251 00:54:52.131 +25:25:38.94  0.154 256 678 +48  2018-11-06 FR601N 1156 [O1m]
FR647TM 180 Continuum 5607 A

PGO0157+001 01:59:50.254 +00:23:41.00  0.163 269 717+50  2018-06-12 FR601N 1124 [0
FR647M 180 Continuum 5563 A

PG0953+414 09:56:52.392 +41:15:22.17 0234 360 1039+72  2018-11-12 FR60IN 1234 [O 1]
FR647M 180 Continuum 5243 A

PG1012+008 10:14:54.902 +00:33:37.55 0.187 3.03 831+58  2018-12-03 FR601N 1122 [O1m]
FR647M 180 Continuum 5451 A

PG1049-005 10:51:51.440 —00:51:17.73 0360 487 1593+ 111 2018-11-26 FR656N 1684 [Om]
FR647M 220 Continuum 4757 A

PG1307+085 09:56:52.392 +41:15:22.17 0.154 260 685+47  2018-12-21 FR60IN 1132 [O 1]
FR647M 180 Continuum 5607 A

~0.3¢, within tens of parsecs from the central SMBH (Crenshaw,
Kraemer & George 2003; Tombesi et al. 2010; Kraemer et al. 2012;
King & Pounds 2015). These may also be observed as ionized
emission-line gas in the narrow-line region (NLR), on larger scales
(100-1000s of pc), and with velocities reaching up to ~2000 km
s~! (Crenshaw & Kraemer 2005; Crenshaw et al. 2010; Fischer et al.
2013; Bae & Woo 2016; Revalski et al. 2018; Trindade Falcdo et al.
2021; Molina et al. 2022).

Fischer etal. (2018) characterized the [O 111] 5007 A gas in the NLR
of twelve nearby and obscured quasars. They used Hubble Space
Telescope (HST)/STIS to examine the extent and kinematics of the
ionized gas, reporting the presence of ionized outflows in all twelve
targets of their sample, with an average maximum outflow radius of
~600 pc. Our follow-up study on the same sample (Trindade Falcao
et al. 2021, hereafter Paper 1) was focused on the characterization
of the physical properties and energetics of these outflows. Our
results showed that the ionized outflowing winds in the sample
lack the necessary kinetic power to deliver effective feedback to
their host galaxy (Di Matteo, Springel & Hernquist 2005; Hopkins
& Elvis 2010). These results, combined with the findings of other
similar high-resolution kinematics studies of nearby Seyferts (e.g.
Das et al. 2005; Crenshaw et al. 2010; Storchi-Bergmann et al. 2010;
Fischer et al. 2018; Revalski et al. 2021), question the effectiveness
of AGNs in being capable of clearing ISM material from their
hosts.

In the current work, we present HST/ACS imaging of seven of the
brightest (log Ly, > 46ergs™') PG quasars from the Bright QSO
Survey, obtained through Hubble Program ID 15 281 (PI: Kraemer),
at ~200 pc resolution. We map the morphology of the extended
[O11] emission as a function of distance from the central SMBH,
and examine the relation between the extent and luminosity of their
[O 1] NLRs. By extending our analysis to such sample of nearby,
unobscured quasars, we aim to shed light on the presence and nature
of AGN feedback processes in quasars, potentially revealing how
these objects evolve over time.

The current paper is organized as follows: Section 2 discusses our
observations, the sample, data reduction, and analysis; Section 3
presents our results on the morphology of the ionized NLRs in
individual targets; Section 4 discusses these results, including the
relation between ionized NLR sizes and luminosities (Section 4.1),
our models for estimating ionized NLR extents (Section 4.2),
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bolometric luminosity calculation (Section 4.3), and ionized gas mass
profiles (Section 4.4); finally, Section 5 presents our conclusions.

For this sample, we have also obtained HST/STIS spectroscopic
observations of the ionized gas. All the spectral and kinematic
analysis will be presented in a subsequent paper.

Throughout this work, we adopt Wilkinson Microwave Anisotropy
Probe (WMAP) 12-year results cosmology, a flat Lambda cold dark
matter cosmology with Hy = 71km s~ Mpc™!, Q¢ = 0.28, and Q;,
=0.72.

2 SAMPLE, OBSERVATIONS, AND ANALYSIS

2.1 Sample selection

The PG QSOls in our sample are listed in Table 1, and comprise
seven of the brightest (logLy, > 46 erg s~!) radio-quiet PG quasars
z < 0.5 from the Boroson & Green (1992) sample. Table 1 also lists
their respective positions, redshifts, angular scales, and luminosity
distances, obtained from the NASA/IPAC Extragalactic Data base
(NED). The angular scale and luminosity distances were corrected
to the cosmic microwave background radiation reference frame, and
the shown uncertainties correspond to the maximum errors arising
from the uncertainties in Hy and z.

The choice of redshift threshold ensures that we will map the
[O 1] structures on scales of several 100s pc for the most distant
targets, while analysing the most luminous quasars ensures that the
AGN:ss in our sample are more luminous than Seyfert galaxies studied
in previous works (e.g. Fischer et al. 2013). The QSOls in our
sample encompass a somewhat wider range in redshift compared
to the QSO2s studied in Paper 1, but fall within a similar range in
bolometric luminosities (see Section 4.3).

2.2 Observations and data reduction

The observations used in this study were obtained with the Ad-
vanced Camera for Surveys (ACS).!/Wide-Field Channel (WFC;
~0.05”/pixel spatial resolution) onboard of the HST. We employ
the FR551N, FR601N, and FR656N filters (Table 1) to characterize

Thttps://www.stsci.edu/hst/instrumentation/acs
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the morphology of the emission-line gas, and determine the ionized
gas mass. For the continuum observations, we use the FR647M filter,
selected to encompass a broad continuum region without prominent
emission lines (Table 1). Data reduction and analysis of both on-
band and continuum images follow the standard procedures in the
HST pipeline.

We use IRAF (Image Reduction and Analysis Facility) for align-
ment of on-band and continuum images (imalign), and subsequent
continuum subtraction (imarith). We then divide the images by their
respective exposure times, available in the headers, and convert them
to units of ergcm~2s~! A~! using the header keyword photflam. To
determine [O111] 5007 A fluxes, we integrate the [OIII] continuum-
subtracted images within apertures encompassing the full extent of
the optical NLRs in these targets.

The continuum images are also employed to determine the AGN
flux at 5100 A (see Section 4.3). These QSO1s were observed around
arest wavelength of 5500 A (Table 1), free from significant emission
lines, making them particularly suitable for our analysis. For each
source, we measure the 5500 A continuum fluxes within circular
apertures centred at the nuclei, with radii increasing from 1 to 10
pixels, in steps of 1 pixel. These fluxes are used to calculate the
fluxes inside annuli of increasing radii with a width of 1 pixel, to
determine the light profile of the nuclear emission. We find that,
with the exception of PG0157+001, these profiles deviate by less
than <5 percent relative to that of the corresponding filter PSE.
After subtracting the emission from the host galaxy, estimated using
the emission from the largest annuli, we use our flux measurements
and the ACS encircled energy observed through filter F625W, which
corresponds to a wavelength similar to that used in our observations?,
to apply an aperture correction and extrapolate the observed flux at a
radius of 5 pixels, to the total flux encircled by a PSF corresponding to
the nuclear emission at 5500 A. PG0157+001 shows a ~30 per cent
excess in the encircled flux value from small to large apertures,
consistent with the presence of a significant host galaxy. In this case,
we use the measurements from the smaller apertures to determine the
AGN flux. The measured fluxes are calibrated using the PHOTFLAM
keyword available in the image headers and subsequently converted
to the 5100 A, assuming a spectral slope of V=0 (Koraktar 1999),
the wavelength needed for our calculations (see Table 5).

3 RESULTS

3.1 Morphology of the extended ionized emission

The continuum-subtracted [O I11] images for the type 1 quasars in our
sample are shown in Fig. 1. White crosses mark the position of the
nuclei, adopted as corresponding to the peak of the continuum flux in
each image. The fluxes shown in each panel range from 30y, to the
the maximum flux value in the galaxy. We overplot n =10 equally
spaced contours, ranging from 3oy, to 3oy x 2.

All galaxies show extended [O 111] emission, up to several kpc in the
plane of the sky. An elongated structure resembling ionization cones
is clearly observed in one target, PG0157+4001 (Fig. 1), while the
remaining targets show a more ‘face-on’ morphology. We measure
the total projected NLR extent of the ionized emission in the [O 1I1]
continuum-subtracted images as the distance between individual
continuum centroids (white crosses) and the farthest radial extent
in each image, as determined by 3oy, flux contours (excluding any

Zhttps://www.stsci.edu/hst/instrumentation/acs/data-analysis/aperture-
corrections
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contribution from diffraction spikes). Table 2 lists the measured NLR
sizes, Rjomr, and 3oy values for each target.

The uncertainties in the measurements are estimated as the
difference between the values measured using contours at 20, and
404y, following Storchi-Bergmann et al. (2018). Among the seven
quasars in the sample, four objects (PG0026+-129, PG0953+414,
PG1012+4-008, and PG1049—005) show relatively symmetric mor-
phologies, with b/a between 1.2-1.5, where b reflects the major
axis (maximum measured radius, Rjonr), and a is the minor axis
(minimum measured radius measured in the perpendicular direction).
The remaining three targets (PG00524-251, PG0157+001, and
PG1307+4085) display more asymmetric, extended [O ITT] emission,
with b/a in the 2.4-5.6 range. Individual b/a values are listed in
Table 2.

We note that our measurements of NLR radii do not take into
account any emission contribution from CTE (charge transfer effi-
ciency), and/or point-spread function (PSF), which in turn do not
affect our values of Rjom. In the case of CTE, electrons from the
pixels corresponding to the nuclear PSF get trapped when moved in
the instrument readout, creating a long streak, usually to the top of
the image. These features have low-surface brightness, and do not
contribute to our measurements of the extended [OII] emission.
Meanwhile, performing a very accurate PSF subtraction is not
possible for the available data. However, given that the continuum
and line images used in this work were observed with similar
wavelengths, one should in principle be able to achieve a very good
PSF subtraction by just subtracting the continuum from the emission
line image, but residuals are always expected. These residuals are
taken into account when performing our measurements, and the
affected regions are disregarded from the final NLR size values.

3.2 Ionized gas luminosity

The total [O 111] luminosities, Lo, as derived from the continuum-
subtracted images (see Section 2.2) are obtained by integrating
individual fluxes values above 3oy, and the distances listed in
Table 1. The resulting values are listed in Table 2.

3.3 Individual targets

In this section, we summarize our main findings concerning the NLR
morphologies of individual targets.

PG0026+129: This target displays a symmetric (b/a = 1.4) NLR,
with Riomn = 4.7kpc, and Lionn = 3.7x10* erg s~!. The extended
[O 1] emission (Fig. 1) shows two elongated and narrow structures to
the south and west of the nucleus, possibly due to diffraction spikes.
An elliptical [O 1] structure is detected within the south ‘arm’.

PG0052+4251: The [O 1] NLR in PG00524-251 has a measured
radial extent of Rjony = 5.0kpc, with a luminosity Liom =
3.8x10%ergs™!, and b/a = 2.4. As shown in Fig. 1, three ‘blob-
like’ structures are observed to the east of the nucleus, embedded
in a region of lower surface brightness. The farthest blob is located
~4.3 kpc from the AGN. Diffraction spikes are also observed in this
target, in this case, extending to the north of the nuclear source.

PG0157+4001: Among the PG QSOs in our sample, PG01574-001
has the most extended optical NLR, Riom = 9.1kpc, with Loy
=2.8x10"ergs™!, and b/a = 5.6. The bulk of ionized emission is
located north-east of the nucleus, where a region of enhanced [O 111]
emission is observed ~2.8 kpc from the AGN (Fig. 1). Atlarger radii,
we observe an ‘L-shaped’ structure located ~9 kpc from the nuclear
source. A VLA-A 8.4-GHz radio map of PG01574-001 shows a triple
radio source extending over ~6.8 kpc, and oriented along the same
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Figure 1. Continuum-subtracted [O 1] images for the PG QSOls in the sample. The flux contours start at 3oy over background, increasing in powers of
3osky x 2", for n up to 10. The nucleus position is measured at the continuum flux peak, and shown as a white cross. Solid lines represent Rjonr, while
dashed-dot and dotted lines mark » = 1 kpc and r = 2 kpc, respectively. Note that several of the images have diffraction spikes that affect the shapes of the

contours.

NE-SW direction (Leipski et al. 2006), and clearly related to the
optical features shown in Fig. 1.

PG0953+414: This target has a NLR with Riomy = 3.2kpc,
Liom = 1.0x10¥ ergs™', and b/a = 1.5. In Fig. 1, the elongated
and narrow structure observed to the north of the central source is
attributed to diffraction spikes.

PG1012+008: PG10124-008 is part of an interacting system
(Bahcall et al. 1997), with a neighbouring galaxy located ~10.5 kpc
from the nucleus (not shown). The [O11] NLR has a radius of
Riomn = 3.0kpc, showing a somewhat ‘pear-shaped’ morphology
(b/a=1.2; Fig. 1), and a luminosity Loy = 2.5% 10”2 erg s~!. We
also observe [O111] diffraction spikes extending to the north of the
nucleus in this object.

PG1049—-005: This galaxy has the highest redshift among the
QSOls analysed in this work, z = 0.360. The optical NLR has a
radius of Rjony = 3.4 kpc (Fig. 1), b/a = 1.2, with Lig = 1.1x 104
erg s~', showing diffraction spikes to the south of the AGN.

PG1307+085: This target features an NLR with a radius Riomn =
8.1 kpc, making it the second most extended NLR in our sample, with
Lo =3.9x 10* ergs~!, and b/a = 3.1. The continuum-subtracted
[O 1] image (Fig. 1) reveals the presence of diffraction spikes to the
north of the AGN, and the bulk of the extended emission is observed
to the south of the nuclear source.

MNRAS 535, 621-633 (2024)

Among the QSOls in our sample, PG0157+001 is the only
object that shows a clear spatial correlation between optical and
radio (Leipski et al. 2006) NLR morphologies. Fischer et al. (2021)
suggests that extended radio structures observed in radio-quiet AGNs
may arise from interactions between AGN-driven winds and dense
dust lanes within the galaxy. In this scenario, the winds may not
efficiently displace the dense dust lanes, leading to shock generation
and the production of synchrotron emission as a byproduct. Enhanced
synchrotron radiation may also arise from relativistic particles
through cosmic ray accelerations at the shock front (Fischer et al.
2021). Thus, while the radio structure observed in the 8.4 GHz map
of PGO157+4001 by Leipski et al. (2006) could potentially be a jet,
it is equally plausible it is associated with its distinct and extended
NLR (Fig. 1), a characteristic more commonly associated with type
2 AGNs.

The seven PG QSOls in our sample were previously observed
by Bennert et al. (2002) with the Wide Field Planetary Camera 2
(WFPC2) onboard HST. While PG00264-139 was observed with the
Planetary Camera (PC) with a resolution of 0.0455”, the other six tar-
gets were imaged with the Wide Field Camera at a resolution of 0.1”.
However, the data set used by Bennert et al. (2002) lacked a consistent
set of continuum images for on-band subtraction. Specifically, useful
continuum images were only available for two targets in the sample,
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Figure 1. (Continued.)

Table 2. Imaging measurements for the PG QSO1s from this work. Note: (1) Galaxy name; (2) [O 111] integrated flux measured in the HST image within

apertures encompassing the full extent of the optical NLR; (3) total [O 111] 5007 A luminosity, integrated above 3oy ; (4) NLR radius; (5) 3o standard deviation

of the sky value in the [O 11I] image, as used for our measurements of Rjom and Liom; (5) NLR asymmetry measurement.

QsOls Flom Liom Riom 305Ky flux Asymmetry
(ergs™ em™2) (ergs™h) (kpc) (ergs—! cm=2) (b/a)
PG0026+129 7710410714 37101 5 10% 47701 44%10-18 14
PG0052+251 6.9551 %1071 38701 x10% 50703 47x10718 24
PGO157-+001 46557 x 1071 2801 x 102 9.1703 5.9x10-18 56
PG0953+414 7.9%07x 1071 10701 x10% 32104 3.8x1018 15
PG10124-008 3.0101 %107 25101 10% 30103 5451018 12
PG1049-005 3570 %1071 L1501 x10% 34703 29%10718 12
PG1307+085 6.9%57 x 1071 39101 10%2 8.1793 5.1%10718 3.1

PGO0157+001, and PG0953+414. For PG1049—005, the continuum
image was contaminated by line emission, for which they corrected
by scaling the continuum. For the other four targets, Bennert et al.
(2002) used a scaled stellar PSF for continuum subtraction instead.
Comparing our results to those of Bennert et al. (2002) shows that,
although they did detect extended [O111] emission in all QSOls in
the sample, their individual Rjoy values are not generally consistent
with the results from this study shown in Table 2. However, a direct
comparison between the results from this work and those of Bennert

et al. (2002) can only be performed for 2 sources, PG0052+251, and
PGO0157+4001, given that these are the only two objects for which
they published their images. For PG0052+251, Bennert et al. (2002)
found Riom = 5.6J_r8j§ kpc, while this work finds Riomy = S.Ofgjg
kpc, and thus the numbers are consistent within the uncertainties.
In the case of PGO1574001, Bennert et al. (2002) measured a
NLR extent of Romy = 5.3t8;3 kpc, while this work measures
Riom = 9.1703 kpe, a factor of ~1.7 larger. We attribute this

MNRAS 535, 621-633 (2024)
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difference to the difference in sensitivity between ACS and the
WFPC2.?

For the remaining five sources, we find a larger NLR extent
than that of Bennert et al. (2002) for two sources, PG0026+129
(~1.6 times larger), and PG1307+4085 (~2.0 times larger), which
we attribute to the higher sensitivity of ACS compared to WFPC2.
This is illustrated by the large lower limit of uncertainty in Rjo
for PG13074-085 (—2.9 kpc, Table 2), which was calculated con-
sidering values measured at 2o, (Section 3.1). For PG0953+414,
PG1012+008, and PG1049—005, however, the NLR sizes in Bennert
et al. (2002) are ~2-3 times larger than the ones measured in this
work. We note, however, that visual inspection of the HS7T/ACS
images used in this work, both before and after continuum subtrac-
tion, indicates that there is no line emission at the scales reported
by Bennert et al. (2002), which were measured at radii of 1.5,
1.6”, and 2.0” for PG0953+414, PG1012+4-008, and PG1049—-005,
respectively. Given that these images were not published in their
manuscript, we cannot confirm what may have caused such a
difference.

4 DISCUSSION

4.1 Relation between R[() 1] and L[o 1]

The relation between the size of the extended NLR (Rjomm) and
its [O111] luminosity (Ljomm) has been analysed in several studies
(e.g. Bennert et al. 2002; Schmitt et al. 2003a, b; Fischer et al.
2018; Storchi-Bergmann et al. 2018). Schmitt et al. (2003a, b)
used HST observations of the [O I1I] emission in 60 low-luminosity
(Liom < 104 ergs s~1) AGNs and found that Riomr scales with
Lo to the power of 0.33. This was interpreted as consistent with
photoionization and a roughly constant density throughout the entire
NLR, analogous to a Stromgren sphere — an ionized region where
the rate of ionization balances the rate of recombination, resulting
in a radius that depends on the luminosity of the ionizing source.
This suggests that the size of the ionized region increases with AGN
luminosity, similar to the way the Stromgren radius depends on the
ionizing source in H1I regions.

Ground-based studies of QSO2 NLR sizes (e.g. Greene et al. 2011;
Liu et al. 2013) have also explored the relationship between NLR
radius and luminosity. These studies, utilizing data from imaging and
long-slit spectroscopy, found a scaling exponent of y = 0.22. This
suggests that the size of the NLR may be limited by ionization state
and density rather than the number of ionizing photons (i.e. a matter-
bounded scenario). Note that Greene et al. (2011) and Liu et al. (2013)
used different observational setups, potentially affecting the accuracy
of their measurements. While Greene et al. (2011) employed a 1”7 x
4’ slit at the Magellan/Clay telescope, with a seeing of approximately
17 over the two runs, Liu et al. (2013) used GMOS-N IFU (seeing
< 0.75” with IQ = 70 per cent or 1Q = 20 per cent, or 1.5” with IQ
= any*) with a two-slit mode covering a 5x7 arcsec? field of view.
In both cases, the accuracy of their results was affected by the size of
their slits and the seeing conditions, which are not limitations with
the HST imaging used in this work.

Recently, Storchi-Bergmann et al. (2018) used HST/ACS [O111]
imaging to analyse the NLR of 9 luminous (Liom; > 10%ergss™)

3https://hst-docs.stsci.edu/acsihb/chapter- 5-imaging/
5-2-important-considerations-for-acs-imaging#id-5.
2ImportantConsiderationsforACSImaging-5.2.35.2.3LimitingMagnitudes
“https://www.gemini.edu/instrumentation/gmos/capability
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QS02s (0.1<z<0.5). Combining their results of Rjony and Lo
with those from previous studies targeting lower redshift and lower
luminosity AGNs (Bennert et al. 2002; Schmitt et al. 2003b; Fischer
et al. 2018), they obtained three linear relations, varying with AGN
type. For type 1 AGNs they found a slope of y; = 0.57 £ 0.05; for
type 2 AGNs, y, = 0.48 £ 0.03; and considering all AGNSs, ya =
0.51 +£0.03.

With our results, we can now revisit the observed Rjom—Liomm
relation between NLR size and [O111] luminosity. Our results are
compared to the results from Schmitt et al. (2003b), Fischer et al.
(2018), and Storchi-Bergmann et al. (2018). The new relation is
shown in Fig. 2, in which different colours differentiate type 1
(orange) and type 2 (purple) AGNSs, and different samples are plotted
with different markers.

The size of the NLR increases with increasing luminosity, until
the maximum luminosity considered, Lo = 1023 ergs™!. As in
Storchi-Bergmann et al. (2018), we apply a linear least-squares
regression to the data, and find three linear relations to account
for variations in AGN type. The first relation is restricted to type 1
AGNSs:

10g(R[om])1 = (057 + 0.0S)IOg(L[OHI]) —20.86 £2.35 (1)

shown as an orange line in Fig. 2. The second relation is for type 2
AGN:ss:

lOg(R[Om])z = (048 + 0.02)10g(L[0m]) —17.13 +£1.07 (2)

shown as a purple line in Fig. 2. The third relation considers all
AGNSs:

log(R[OIIIJ)all = (051 + 0~03)10g(L[OIIlJ) —18.13 +1.06 (3)

shown as a green line in Fig. 2. We show the 1o confidence interval
of each linear regression fit as shaded regions, calculated using the
bootstrap method to estimate confidence intervals.’

The slope found in equation (3) for all AGNs (y,; = 0.51) is
consistent with photoionization, as we demonstrate in Section 4.1.1.
When considered separately, type 1s show a steeper dependency of
the NLR (equation (1)) extent on the [O 1] luminosity than type
2s (equation 2), with overall larger NLRs. We revisit this point in
Section 4.2.

4.1.1 Photoionization of ISM clouds

The ionization state of a slab of gas can be generally described using
the dimensionless ionization parameter, U:

0

e ngr?’

“

where Q is the number of ionizing photons emitted by the AGN per
second, r is the distance to the AGN in cm, ny is the hydrogen number
density in cm™3, and c is the speed of light in cms~!. Rearranging
this equation, we obtain:

[ 0
"= 4rc nyU’ ©

Paper 1 shows that the number of ionizing photons per second (Q)
is proportional to the bolometric luminosity (L) of the AGN, when
a consistent SED is used (see Section 4.2.1). It also shows that Loy
can be used to estimate Ly, after applying a bolometric correction

Shttps://seaborn.pydata.org/generated/seaborn.regplot.html
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Type 1: Schmitt et al. (2003) e
Type 1: This Work *
4.0 ¢ Type 2: Schmitt et al. (2003) *
' #® Type 2: Storchi-Bergmann et al. (2018) L 3
§3  Merger: Storchi-Bergmann et al. (2018) -#‘
B Type 2: Fischer et al. (2018)
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L[0|||]A5007 (erg s_l)

Figure 2. Relation between the extent of the NLR and its [O 111] luminosity, combining the measurements from this study (orange circles), along with the results
of Schmitt et al. (2003b; orange and purple diamonds), Storchi-Bergmann et al. (2018; purple X’s), and Fischer et al. (2018; purple squares). We also show the
results of the linear regressions for each type of AGN (see text), with 1o confidence intervals shown as shaded regions. The AGNs in Storchi-Bergmann et al.
(2018) that appear to be in interaction are highlighted with blue contours. Note the larger Rjonm values for the QSO1s (this work) compared to QSO2s of similar

L[O Jing| (Fischer et al. 2018).

factor (Lamastra et al. 2009). Thus, from Paper 1, Loy is also
proportional to Q[omm- We note that there is a considerable debate
surrounding the proper bolometric luminosity correction factor that
may be applied to Loy to obtain Ly, including, but not limited
to, the role of internal extinction, and whether such a correction is
luminosity-dependent (e.g. Netzer et al. 2006; Lamastra et al. 2009;
Stern & Laor 2012). We further discuss this point in the context of
the PG QSOs in this work in Section 4.3.

For photoionized gas in the ISM, equation (5) shows that the radial
distance r scales with the square root of Q, for a gas characterized
by a specific combination of density and ionization parameter.
This suggests a direct relationship between NLR sizes and [O 1]
luminosity: Rjomr ~ L{yy. consistent with the slope found for
all AGN in equation (3). Note that this approach solely applies a
correction factor to Lo to obtain L,[ngm] (and thus Qo). and does
not rely on specific gas properties, such as density (ry), or ionization
parameter (U). In other words, we focus on the direct relationship
between r-Q in equation (5), rather than calculating the actual size
of the ionized regions, for which we would need constraints on U
and ny(r).

A size-luminosity slope of 0.5 was also identified by Bennert
et al. (2002) when examining a sample of quasars (the PG QSOl1s in
this study) and Seyfert 2 galaxies (Falcke, Wilson & Simpson 1998).
Their analysis covered a range of 3 orders of magnitude in luminosity.
As Bennert et al. (2002) explained, this slope is anticipated if all
AGNS share, on average, the same density, ionization parameter, and
SED. This suggests a self-regulating mechanism that governs the
size of the NLR to scale with U, expressed as U & Q /(R ),
with Q o Lo, resulting in Rjomy o L([)(‘)Sm], for a given ny and U.

The relationship between NLR size and luminosity observed here
and in Bennert et al. (2002) indicates that all AGNs possess a similar

value of (ny x U) at the boundary of their NLR. This results in
efficient [O 111] emission originating from regions where ny x U ~
0.1.° This is independent of the specific spatial values of U and ny.

4.2 Constraints on NLR Sizes

Now, we analyse whether equation (5) can be used to estimate a
‘maximum’ NLR size, Rp,x, when applied constraints on the density
and ionization state of the gas.

Specifically for [O111] 5007 A, Revalski et al. (2022) have shown
that production of [OII] gas occurs within a limited range in
ionization parameter. While the strongest emission arises from gas
with U~ 1072, there can be contributions to [O11] from lower
ionization gas. Therefore, here we consider U~ 107 as the ‘lower
limit” for production of [O I11]-emitting gas. Meanwhile, for the gas
density, Fischer et al. (2017) have shown that much of the gas found
in the NLR originates from the dissociation and photoionization
of molecular cloud reservoirs. These typically have densities ny ~
100cm™3 (e.g. Peterson 1997; Lequeux 2005). Therefore, Ry« (in
cm) can be estimated as:

/ 0 [ Q
Ronax 47¢(102)(1073) 3.8 x 1010° ©®

Physically, equation (6) gives the maximum radial distance at
which the ISM can be sufficiently ionized to emit [O 1] 5007 A,
which scales with ~Q%3. In Section 4.2.1, we test the accuracy of

SBennert et al. (2002) defines the NLR outskirts as having ng ~ 10>~3 cm~3
and U ~ 107C~3),
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Table 3. Imaging measurements of the QSO2s in Paper 1. Note: (1) Galaxy name; (2) total [O 111] 5007 A luminosity, integrated above 30oyky; (3) number of

ionizing photons per second emitted by the AGN; (4) measured NLR radius; (5) total ionized gas mass; (6) maximum NLR radius estimated using Lo (7)
ratio between measured NLR size and estimated maximum NLR size. Targets marked with a T are described as compact sources by Fischer et al. (2018).

QS02s Lioun Qrom Riom Mioun Rmaxo Riom
(ergs™") (photons s~ ) (kpe) (10°Mo) (kpe) Rmaxiomm)
SDSS J11524 3.5 x 10 4.8 x 10% 3.6 0.17 3.6 0.99
B2 1435 7.1 x 10%? 9.6 x 10% 3.8 0.04 5.1 0.75
2MASX J07594F 8.6 x 10%2 1.2 x 10 32 4.44 5.7 0.57
2MASX J08025 8.0 x 10%2 1.1 x 10% 3.6 11.8 5.4 0.67
MRK 34 5.7 x 10%? 7.8 x 104 22 337.0 43 0.51
2MASX J11001F 8.5 x 10% 1.2 x 10% 3.0 25.6 4.7 0.64
FIRST J12004 1.3 x 10% 1.7 x 107 6.1 140.0 6.8 0.89
2MASX J14054% 4.6 x 102 6.2 x 10°* 1.0 8.94 4.1 0.25
MRK 4771 4.0 x 10*? 5.4 x 104 2.7 152.0 3.8 0.72
2MASX J16531 1.1 x 1043 1.5 x 107 6.5 2.54 6.4 1.01
2MASX J17135% 6.1 x 102 8.3 x 10°* 1.8 24.4 4.7 0.38
2MASX J13003 4.8 x 10% 6.5 x 10°* 4.7 0.11 42 1.11
3.5 Table 4. Properties for the PG QSO1s from this work. Note: (1) Galaxy
—e— QSO1 Rio /R name; (2) number of ionizing photons per second emitted by the AGN; (3)
3.01 e— QSO01 Ryp m/R31004 bolometric luminosity estimated from Liomm; (4) maximum NLR radius
—e— QS02 Riom/RIZM- all estimated using L{om); (5) ratio between measured NLR size and estimated
2.51 —s— Q502 Rio m/RI2M - non-compact maximum NLR size.
>
£ 2.0 QSO1ls Qo LL%"” RO Riomm
E._ 1.5 (photons s7h (erg s7h (kpc) ,[,%)I(H]
S 10! PG0026+129 2.5x10% 8.4 x 10* 2.6 1.81
= ' PG00524-251 5.3x10%* 1.8 x 10% 3.9 1.28
051 PG01574-001 3.4x10% 1.1 x 10% 3.1 2.93
' PG0953+414 1.3x10% 42 x 10% 6.0 0.53
0.0! PG1012+008 3.0x10% 1.0 x 10% 29 1.03
PG1049—005 1.6x10% 5.6 x 10% 6.8 0.50
-0.5 5 ;s p z z T PG1307+085 4.8x10% 1.6 x 107 3.7 2.19
Index

Figure 3. Deviation plot for the different Rjor/Rmax ratios for the PG
QSOls, and QSO2s. The x-axis represents the index, which corresponds to
the position of each data point within the data set (i.e. the order in which the
values appear in the data set). The y-axis indicates how far each value deviates
from Rjo11)/ Rmax = 1 (Tables 3, 4, 5). These reveal differences in the R,[“cz,,l(m
distributions between the samples. Specifically, using [O111] to estimate the
NLR sizes results in significantly larger (overestimated) sizes for QSOls
(in blue). Estimating the bolometric luminosity from the 5100 A continuum
luminosity (in orange) yields a more similar distribution between the samples.
We show R0/ Rmax = 1 as a black dashed line, for comparison.

equation (6) in predicting the sizes of the NLR by applying it to the
QSO02s in Paper 1, and to the PG QSO1s studied here.

4.2.1 NLR sizes in type 1 & type 2 AGNs

In Paper 1, we used the observed NuSTAR X-ray luminosity for the
QSO2 Mrk 34 (Gandhi et al. 2014) to estimate Q for this AGN
(Table 3). We assumed an SED described by a number of broken
power laws of the form L, ~ v™*, where «, the spectral or energy
index, is a positive number (e.g. Meléndez et al. 2011). Specifically,
our models used:

1.0, hv < 13.6 eV
a=1< 14,13.6eV < hv <0.5keV
0.5,0.5keV < hv < 100 keV.
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The derived Q/Loy ratio for Mrk 34 was then used to estimate
Qiom for the remaining QSO2s in the sample (Table 3).

Now, we use the values of Qo from Paper 1 (listed in Table 3) to
estimate RICM for the QSO2s, according to equation (6). However,

there is a caveat: Fischer et al. (2018) divided the QSO2s in Paper 1
into two groups based on [O II] NLR morphology.

Compact sources: These tend to have broader nuclear FWHMs
(>1500kms™!).

Extended sources: These objects have narrower nuclear FWHMs
(<900kms™).

Fischer et al. (2018) propose that the differences in NLR morphol-
ogy observed in the QSO2s may be caused by more gas near the AGN
in compact targets, which would attenuate the ionizing radiation and
prevent it from reaching further into the NLR of these targets, thus
leading to smaller NLR sizes. Therefore, to compare the measured
Riomn (Table 3) to those estimated using equation (6), we consider
only the QSO2s described as ‘non-compact’ by Fischer et al. (2018),
as shown in Table 3. This yields ratios Rjomy/ROM ~ 0.51-1.11
for the non-compact QSO2s in Paper 1, with a mean value = 0.85,
and a standard deviation = 0.21 (Fig. 3, in red). If considering the
compact targets, this ratio is Rjony /RO ~ 0.25-1.11 (mean value
= 0.71, and standard deviation = 0.26, Fig. 3, in green).

Given their comparable luminosities (see Tables 2 and 3), we use
the same Q[omm/ Lo ratio used for the QSO2s to estimate Qom,
L™ and RIOM for all PG QSOls in this work (Table 4). The

max

Riomy/ RO ratios for the PG QSOs range from 0.50 to 2.93 (mean

max
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value = 1.47, and standard deviation = 0.90, Fig. 3, in blue). While
still reasonable, these ratios show a larger overall deviation from the
‘ideal’ value of 1 compared to the QSO2s in Paper 1 (Table 3, and
Fig. 3), which points to a larger scattering of the RIO™ values for
the QSOls.

Giving that R, (equation (6)) solely depends on the number of
ionizing photons Q, the resulting scattering of RI2!M for the QSO1s
points to a similar trend in the values of Qo for the sample, which,
in turn, depends on Liony (Table 2). Below, we discuss possible
explanations for this:

i) [Om] measurements affected by extinction? Since optical
spectra covering both Ho and H S are not available for all PG
QSOls in the sample, we opted not to correct the [O111] fluxes for
extinction. However, in principle, using extinction-corrected [O I11]
fluxes would yield larger Loy, which could explain the differences
between measured (Rjomy) and predicted (RO NLR sizes. To
check the magnitude of such effect, we examine existing SDSS
spectra for 3 QSO1s in the sample: PG0157+4-001, PG1049-005, and
PG1307+085. PG1049-005 and PG1307+085 have Ha/H =~ 3.3.
Assuming an intrinsic Ha/H B ratio of 3.1 (e.g. Dong et al. 2008),
and the extinction curve from Cardelli, Clayton & Mathis (1989), we
obtain E(B-V) ~ 0.057, which would increase the measured [O 1I1]
fluxes in Table 2 by a factor of ~1.14 (following Seaton 1979).
For PG1057+4001, the H « is contaminated by absorption from the
atmospheric O, Fraunhofer A band. However, from the observed
HpB/Hy ~ 2.47 we obtain E(B-V) =~ 0.14, and an increase factor
of ~1.38 in the measured [O111] fluxes listed in Table 2. The new
(corrected for extinction) Riomy/RIOM values would range between
0.42-2.50 (for E(B-V) =~ 0.14) for the QSO1s. Thus, uncorrected
extinction would be insufficient to account for the differences in the
measured and predicted NLR sizes.

ii) NLR over-ionized (Baldwin 1977) in the PG QSOls? Over-
ionization would reduce the amount of [OIT]-emitting gas in the
NLR of these objects, yielding smaller Loy values, and therefore
underestimated Q[omr. However, this possibility seems unlikely
given the similar range in bolometric luminosity between the samples
(see Table 4 and Paper 1).

iii) Differences in viewing angle (face-on versus edge on)?
According to the Unified Model for AGNs (e.g. Antonucci & Miller
1985), the QSO1s would be observed ‘face-on’, therefore showing
‘rounder’ and smaller NLRs (given the expected foreshortening
effects and viewing angle for type 1s, e.g. Mulchaey, Wilson &
Tsvetanov 1996), as observed for PG0026+129, PG0953+414,
PG1012+008, and PG1049—005 (Fig. 1). Meanwhile, the NLRs of
type 2s would typically be observed as more ‘biconical’, and more
spatially extended in the sky (e.g. Mulchaey et al. 1996). Projection
effects arising from these differences would yield smaller NLR sizes
for those targets seen ‘face-on’, the PG QSOls. However, as shown
in Fig. 2, the observed NLRs of these targets are larger than those
found for the QSO2s in Paper 1.

iv) Matter bounded versus radiation bounded? If the ionizing
bicone preferentially points into or out of the host galaxy plane in
one of the samples, we should expect to observe either larger or
smaller NLR sizes for such targets, respectively, depending on the
amount of available [O1I1]-emitting gas. However, given that the
QSO2s in Paper 1 were assumed to be pointing into the plane of the
galaxy, but show smaller NLRs compared to the QSO1s in this work,
this possibility seems unlikely.

v) The overall spatial distribution of the [ O ni1]-emitting gas within
the NLR is different between the samples. Given that the bolometric
correction factor applied to Lo ny) in Paper 1 was empirically derived
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for type 2 objects (Lamastra et al. 2009), if the NLR gas in the QSO1s
have overall different morphologies and distributions, then the same
correction factor should not be used to estimate Qonr for the PG
QSOls.

In summary, using photoionization modelling and equation (6) to
estimate the maximum NLR sizes in the QSOls and QSO2s, we
find size estimates that agree well with direct measurements for the
QS02s from Paper 1, but are generally underestimated for the current
sample of QSOls. Such an underestimation may arise from different
spatial distributions of the [O111]-emitting gas within the NLR of
these samples, which in turn would affect estimates of the bolometric
luminosity and number of ionizing photons in these sources.

4.3 Bolometric luminosity

In the previous section, we examine the possibility that the NLR gas
in the QSO1s may show different spatial distributions than in the
QS02s from Paper 1. A direct consequence of this is that estimating
the ‘true’ AGN ionizing power (Q[omm and L{glm]) from Liony and
a bolometric correction factor for the QSO1s may yield inaccurate
results. Fortunately, for type 1 objects, the AGN ionizing power can
be measured directly from the radiation arising from the nucleus. In
this case, the AGN’s continuum luminosity can be used to estimate
Q, and Lbol.

In this study, we adopt the formalism from Netzer (2019) to
derive a bolometric correction factor for the QSOls in our sample.
This correction factor (kyo) Was developed combining observed X-
ray AGN properties and theoretical calculations of optically thick,
geometrically thin accretion discs, and is valid over a wide range of
black hole mass, spin, and accretion rate. For the QSOls, we use
the simple power-law approximation of k., for the observed 5100 A
continuum luminosity, Ls;q 4, from Netzer (2019):

Ls1004 2
kool = 40 —_— 7
ol X (1042 erg/sec) @

This method has the advantage of relying solely on accretion disc
properties, and it does not depend on specific properties of the NLR
gas.

The 5100 A continuum luminosities for the QSO1s are measured
as discussed in Section 2.2, and the new derived bolometric luminosi-
ties from Lo 4, L3004 are listed in Table 5. The values of L34 in
Table 5 are consistently larger than those derived from [O 111] (L{,(O)IHH,
Table 4), which supports the idea of different spatial distributions for
the [O 11]-emitting gas between the QSO1s and QSO2s samples.

We now recalculate Rp.x (equation 6) for the QSOls using the
bolometric luminosity values derived from the continuum luminosity
at 5100 A, L3194 (Table 5). We also compute new Rjom/ Ril]a()’?/&
values, which range from 0.35 to 1.86 (mean value = 0.89, standard
deviation = 0.56, Fig. 3, in orange), and show smaller deviation
than those derived using Lio™ (Table 4, Fig. 3, in blue). The
lowest Riomn/ R;IZ&OA ratios are observed for PG0026+29 (0.63),
PG0953+414 (0.35), PG1012-+008 (0.49), and PG1049—005 (0.49).
These are the four AGNs with more symmetric NLRs (see Table 2),
and in which we expect to see more significant projection effects (i.e.
their deprojected NLR sizes are expected to be larger than measured
in Table 2).

Comparing the different Rjomm/RICM trends in Fig. 3 (blue for
the QSO1s and red for the non-compact QSO2s), the different curves
reveal differences between the samples. Specifically, using RIO!M
to estimate the NLR sizes for the samples results in significantly
larger sizes for the QSO1s. However, when estimating the bolometric
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Table 5. Continuum (5100 1&) measurements for the PG QSO1s.

QSO1s Lsj04 Os100 L™ RyOM Riom
(erg s (photons ) (erg ) (kpe) R;{,&OA
PG0026+129 5.4 x 10% 1.9x10% 6.2 x 10% 7.2 0.63
PG0052+-251 2.5 x 10% 9.9x10%* 3.3 x 10% 5.2 1.06
PG01574001 2.1 x 10% 8.7x10% 2.9 x 10% 4.9 1.86
PG0953+414 1.2 x 10% 3.6x10% 1.2 x 10% 10.0 0.35
PG1012+008 3.6 x 10% 1.3x10% 4.4 % 10% 6.1 0.49
PG1049—-005 1.0 x 10% 3.0x10% 1.0 x 10% 9.1 0.49
PG13074085 3.4 x 10% 1.3x10% 42 x 10% 5.9 1.37

luminosity from the 5100 A continuum luminosity for the QSOls
(Riom/ Rﬁlla()’?‘\, in orange) yields a distribution that more closely

aligns with that of the QSO2s.

4.4 Tonized gas masses

We examine the morphology and spatial distribution of the NLR
gas in the QSO1s by means of [O 11I] mass distribution profiles. We
first use the continuum-subtracted [O 1] fluxes (see Section 2.2)
to construct [O111] flux radial profiles for each QSO1. We then
compute the masses of [O1lI] gas within each annular region, by
assuming a density radial profile. As discussed in Paper 1 and
Revalski et al. (2022), gas densities in the NLR can be estimated
via spatially resolved images or spectra, combined with single-
component photoionization models.

In Paper 1, we used a single-component model with log(U) = —2
to model the [O111] gas in the QSO2s. However, for the QSOl1s in
this work we assume that the NLR extends up to the distance where
gas with log(ny) = 2 is characterized by log(U) <—3 (following
equation 6). Therefore, for consistency, we build photoionization
models assuming log(U) = —2 up to where the NLR gas has
log(ny) = 2, after which we keep log(ny) = 2 while the ionization
parameter is decreased to log(U) = —3. Our photoionization models
use CLOUDY (Ferland et al. 2017), and consider the same SED
and abundances as in Paper 1 (see Section 4.2.1). We assume that
the emission-line gas is radiation-bounded, with model integration
stopping when the electron temperature drops below 4000 K. As the
temperature drops below 4000 K the gas becomes molecular, hence
there is very little atomic line emission.

Following Paper 1, we obtain the emitting area of the emission-line
gas at each annulus position,

Liom

A(r) = O ®)
F[Olll](r )

where Lionp is the observed [O11] luminosity in erg s~!, and

Fioun(r) is the emitted flux estimated by CLOUDY at a given radius

r.
The column densities, Ny (cm™2), computed by the models are

then used to calculate the mass of emitting gas at each radius r:

M(r) = Ny 1.4my (ﬂ) : ©)
Fou(r)

where my is the atomic mass of hydrogen and the factor of 1.4

accounts for the contribution from helium.

The uncertainties inherent to this method are discussed in detail
in Paper 1. Among them are the assumptions that the SEDs and
elemental abundances of the two samples are the same as those used
for Mrk 34 in Paper 1. In addition to the uncertainties in our models,
there are inherent uncertainties due to resolution limits and projection
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effects. Nevertheless, the resulting mass profiles allow us to probe
differences among the PG QSOls in the sample.

The resulting mass profiles are shown in the left panel of Fig. 4. All
seven PG QSO1s show significant spatially extended mass profiles
(>2kpc). Such extended mass profiles are similar (i.e. extending to
distances >2kpc) to those derived for Mrk 34 (dashed cyan line
in Fig. 4) and Mrk 78 in Revalski et al. (2021), the two highest
luminosity AGNss in their sample.

Compared to the QSO2s in Paper 1, the PG QSOls show even
more extended NLRs than that of Mrk 34 (~2 kpc, dashed cyan line
in Fig. 4), and Mrk 477 (dashed olive line), even for PG1012+-008,
which has the smallest NLR in our sample (3.0kpc, Table 2).
However, when considering their integrated gas mass, the QSO2s
show larger ionized gas masses than the QSOls. For example, the
total mass of ionized gas in the NLR of Mrk 34 (within 2kpc) is
~3.4 x 107 Mg, which is much larger than the gas masses obtained
for any of the PG QSOls in our sample (Fig. 4).

Fig. 4 (right panel) shows a mass histogram of the results presented
in the left panel for the QSO1s, including the total mass of ionized
gas, as well as the percentage of gas mass at different radii from
the AGN, r < 1kpc (blue), 1 <r < 2kpc (orange), and r >2kpc
(green). PG1049—005 has the largest mass of ionized gas, M ~
1.8 x 10’Mg, with the highest fraction (~47 per cent) located at
distances r >2 kpc. Four of the other PG QSOls, PG0026+129,
PG0052+251, PG0157+001, and PG1307+4085 show similar mass
distribution (see Table 6).

4.5 Type 1 versus Type 2 dichotomy

Our results in Sections 3 and 4 suggest differences between the
QSO1s analysed in this work, and the QSO2s in Paper 1:

(1) The type 1 objects in Fig. 2 follow a steeper Riou—Liom
relation than that of the type 2s analysed, y; = 0.57%0.05, and
y» = 0.48+£0.02 (see equations 1 and 2). This suggests larger
NLRs for the type 1s than the type 2s considered in Section 4.1.
This is also evident when comparing the measured NLR sizes for
the PG QSOls (Table 2) with those for the QSO2s in Paper 1
(Table 3);

(2) When calculating Ry« in Section 4.2, we estimate Qo
for the QSO2s from Ljomm, which returns an excellent agreement
with the measured NLR sizes (i.e. a Rjony/RIOM ratio close to 1,

max

see Fig. 3), Rjo m]/R[OHH =0.51—1.11. However, the same approach

max
applied to the PG QSO1s returns more scattered values for NLR sizes
(Fig. 3, in blue), Riony /RN = 0.50—2.93. A better agreement (i.e.
closer to the ideal value of 1) is obtained for the QSO1s when Ly,
(and Q) is derived from the 5100 A continuum luminosity instead
(R[OH[J/RYSnIa?(OA = 0.35—1.86, Fig. 3, in orange). These suggest

differences in the spatial distribution of the NLR gas between the
two samples;
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Figure 4. Left: spatially resolved [O111] gas mass profiles for the PG QSOls in our sample. The masses are the masses in each radial bin. We also show the
mass profiles of 2 QSO2s from Paper 1. Right: histogram of the spatial distribution and total ionized gas masses for the PG QSOl1s in our sample. The values
within the bars are the fraction of total mass from 0-1 kpc (blue), 1-2 kpc (orange) and >kpc (green). The values above the bars are the total mass in unit of
10° M.

Table 6. [O11I] gas masses for the PG QSOs in our sample. Total [O I1I] gas masses and enclosed mass fractions for the PG QSOs in our sample. We show
the bulk of gas mass in boldface for each object.

QSOls Total ionized gas mass Enclosed mass fraction Enclosed mass fraction Enclosed mass fraction
(106M@) (r <1 kpe) (1 <r <2kpc) (r >2kpc)
PG0026+129 59 19 per cent 22 per cent 59 per cent
PG0052+-251 12.9 16 per cent 18 per cent 66 per cent
PGO157+001 12.7 17 per cent 22 per cent 61 per cent
PG0953+414 6.9 42 per cent 20 per cent 38 per cent
PG1012+008 4.5 31 per cent 44 per cent 25 per cent
PG1049—-005 16.5 32 per cent 21 per cent 47 per cent
PG1307+085 9.6 22 per cent 17 per cent 61 per cent

(3) The mass profiles for the PG QSOls (Fig. 4, left) reveal scenario, strong outflows (if present) could drive the most of the
significantly extended radial profiles for the PG QSOls, with most inner gas away from the inner regions (Das et al. 2005), reducing
of their mass concentrated at larger radii in five of seven AGNs the amount of emission-line gas at small radii. Fischer et al. (2018)
(i.e. not for PG 0953+414, and PG 10124-008). When compared suggest that this could explain the observed transition seen in the
to the QSO2s in Paper 1, the PG QSOls show larger NLR sizes sample, from targets with spatially compact NLRs, such as Mrk 477
(by a factor of ~3, see Tables 2 and 3), but smaller gas mass (~1kpc, Fig. 4 and Paper 1), to those with more spatially-extended
(see Fig. 4, and Tables 3, 6). The lower gas mass may arise NLRs, such as Mrk 34 (~2kpc, Fig. 4 and Paper 1).

from underestimating Ly, for the PG QSOls, when applying the With our results for the PG QSOls, we now propose a comple-
bolometric correction from Lamastra et al. (2009) to Liouy (see mentary interpretation to that of Fischer et al. (2018). The differences
Section 4.2.1). observed here between QSO1s and QSO2s suggest that we may be

Assuming a direct proportionality between bolometric luminosity observing these objects at different times in their evolution. Given
(Lyor) and the ionizing luminosity (Q), the underestimation of LLCO)IHH that QSO1s seem to have more extended, albeit less-massive NLRs,

suggests less [O 111] gas in the NLR of the QSOl1s. To test this, we use it is possible these AGNs have already passed their ‘blown-out’

L3IOA (Taple 5) to estimate the ‘true’ Loy for the PG QSOs, by stage, in which gas concentrated in the inner regions of the AGN has

scaling it by the Lamastra et al. (2009) correction. This effectively now been ionized and driven away to larger radii. In this scenario,

calculates the Loy that QSO1s would have if their NLR showed AGNs with more compact NLR morphologies, such as the QSO2

the same [O 111] distribution as the QSO2s (see Fig. 2). The resulting Mrk 477 (Fischer et al. 2018), will eventually turn into AGNs with

slope of y; = 0.4940.05, aligns with both the QSO2s slope and the more extended NLRs, such as the QSO2 Mrk 34 (Fischer et al. 2018)

overall AGN slope in Fig. 2. and the QSO1 PG0026+129, and ultimately into AGNs with very

As discussed in Section 4.2, Fischer et al. (2018) identify two extended, but less massive NLRs, as seen for PG0157+001.

different groups of QSO2s within the full sample in Paper 1.

They suggest that the differences found among the QSO2s are a

consequence of different concentrations of gas in the inner region 5 CONCLUSIONS

around the AGNs, which would affect the degree of attenuation

of the ionizing radiation to the NLR (Fischer et al. 2018). In this We present HST [Om1] 5007 A narrow-band images of the seven
brightest PG QSO1s from the sample of Bright QSO Survey (Schmidt
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& Green 1983; Kellermann et al. 1989). Our main findings are
summarized below:

1) We detect spatially extended NLRs in all seven sources, from
3-9kpc. The largest NLRs are observed for PG13074-085 (R0
= 8.1kpc), and PGO157+001 (Rjomy = 9.1kpc). Regarding their
morphology, PG QSO1s showing more compact NLRs (<5 kpc) also
show more round gas distribution around the central nucleus, while
those showing more extended NLRs (>5 kpc) have more asymmetric
and elongated gas distributions.

2) Overall, when combined with results for lower redshift and
lower luminosity AGNs, we find that the size of the NLRs scale with
luminosity in these objects. We find that the size of the NLR increases
with L[OHI] as IOg(R[om])a]] = (051 + 0.03)lOg(L[0m]) —18.13 +
1.06, over the range 39.5 < log Liomuy < 43.4erg s~'. However,
when analysed separately, type 1s show a much steeper depen-
dence (log(R[om])l = (057 + 0.0S)log(L[om]) —20.86 + 235) of
NLR extent on [O 111] luminosity than type 2 AGNs (log(Rjom)2 =
(0.48 £ 0.02)log(Liomy) — 17.13 £ 1.07, see also Fig. 2), suggest-
ing larger NLRs, but somehow lower gas masses.

3) We use CLOUDY photoionization models to obtain upper limits
on NLR sizes. We constrain the ionization parameter (logU =
—3), and density (ng ~ 100 cm™3) of the gas, and use an ionizing
luminosity derived from Ljony (Lamastra et al. 2009). Compared
to measured NLR sizes, our estimates agree well for the QSO2s
(Riomy/ROM = 0.51—1.11, Fig. 3), but overestimate those in

max

the PG QSO1s (Riom/RESM = 0.50—2.93, Fig. 3). We find a
better agreement when estimating Ry, from an ionizing luminosity
(and bolometric luminosity) derived from the 5100 A continuum
luminosity instead (R[OIIH/R;L?(OA = 0.35-1.86, Fig. 3), pointing to
an underestimation of Loy for the QSOls.

4) We calculate spatially resolved mass profiles for all seven
QSO1s. These show significantly spatially extended NLRs in all
objects, with five of the targets showing more mass at distances
>2kpc. We derive integrated gas masses in the range 4.5x 10°Mg
(PG10124-008) - ~ 16.5 x 10°Mg, (PG1049-005). Note that the total
ionized gas mass for the QSO1s are smaller than those found for the
QS0O2s Mrk 34 and Mrk 477 in Paper 1.

5) Given our results and previous discussion, we propose an
evolutionary scenario in which compact-morphology AGNs, such as
Mrk 477 (Fischer et al. 2018), may evolve into AGNs with more
spatially-extended NLRs, such as Mrk 34, and ultimately into AGNs
with more extended NLRs, albeit with less gas mass, like the PG
QSOls analysed here.

We will analyse the HST/STIS long-slit spectroscopic data for
the PG QSOls in a forthcoming paper (Trindade Falcao et al.,
in preparation). Our analysis will yield detailed information on
the kinematics of the ionized gas, including FWHM, and outflow
velocities. We will also analyse any potential correlations between
the NLR morphology of these AGNs and their evolutionary path,
specifically focusing on the presence or absence of high [O111]
FWHM in the vicinity of the nucleus (Fischer et al. 2018). We will
compare our results to those reported in Fischer et al. (2018).
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