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ABSTRACT

We examine the spatial extent of the narrow-line regionsRB)Lof a sample of 30 luminous obscured
guasars at @ < z< 0.7 observed with spatially resolved Gemini-N GMOS long-sfiectroscopy. Using the
[Oll] A5007 emission feature, we estimate the size of the NLR usgusmology-independent measurement:
the radius where the surface brightness falls t0'%16rg s* cm™ arcsec®. We then explore the effects of
atmospheric seeing on NLR size measurements and concladditbct measurements of the NLR size from
observed profiles are too large by 0.1 - 0.2 dex on averageprapared to measurements made to best-fit
Sérsic or Voigt profiles convolved with the seeing. Thesadahich span a full order of magnitude in IR
luminosity (log Ls.m/ergs?) = 44.4-45.4) also provide strong evidence that there is a flatteningefre-
lationship between NLR size and AGN luminosity at a seeiagexrted size of- 7 kpc. The objects in this
sample have high luminosities which place them in a preWowsder-explored portion of the size-luminosity
relationship. These results support the existence of amabdize of the narrow-line region around luminous
quasars; beyond this size either there is not enough gds gast is over-ionized and does not produce enough
[Oll1] A5007 emission.

Subject headings: cosmology: observations — galaxies: evolution — galaxaetive galactic nuclei

1. INTRODUCTION work was later confirmed by Schmitt et al. (2003) using HST
imaging of a larger sample of Seyfert 1 and Seyfert 2 galax-
ies at lower luminosities, and then at high luminosities in
both Greene et al. (2011), Liu et al. (2013), and Hainlind.et a
(2013) who examined samples of Type Il quasars using both
long-slit and IFU spectroscopy to carefully probe NLR emis-

Current theories of galaxy formation and evolution imply
a role for Active Galactic Nuclei (AGNs) which are powered
by accretion from a supermassive black hole. The intense ra
diation from the disk around an accreting supermassivekblac
hole will ionize the surrounding gas, producing charasteri
tic emission features in an AGN spectrum that can be mea-S'0": T
sured in spatially resolved images and spectroscopy, even Historically, [Oll[]A5007 emission line strength has been
out at large galactocentric distances (Boroson & Oke [1984; Used as both a proxy for the size of the NLR and a measure of
Stockfon & MacKenty 1987). Early research uncovered re- the intrinsic AGN luminosity. In Hamllne. et al. (2013, here
gions of ionized gas at kpc scales around radio-loud quasar&fter H13), the authors compared NLR size to AGN luminos-
(Wampler et all. 1975: Stockton 1976), and more recently, the!ty @S derived from mid-IR photometry gathered by the Wide
size of extended narrow-line emission has been explored as & €!d Infrared Explorer (WISE, Wright et al. 2010). For pow-
function of AGN luminosity] Bennert et al. (2002) used Hub- €'Tul AGNs, the mid-IR traces emission from warm to hot
ble Space Telescope (HST) imaging for a sample of radio-dUSt, near the central supermassive black Hole (Pier & Krolik
quiet quasars to describe a relationship between the size ot923), and AGN IR luminosity has been shown to cor-

; : late with AGN soft X-ray luminosity (e.d. Krabbe et al.
the AGN narrow-line region (NLR) (as traced by the nar- &'ate i } \e.g T n PR
row emission line [OIIIN5007) and AGN luminosity. This 200%; Luiz etal. 2004; Horst etal. 2008; Asmus etal. 2011;

Matsuta et al. 2012). Importantly, as IR luminosity does not
depend on properties of the NLR, the relationship between th
! Hubble Fellow NLR size and the AGN luminosity as traced by IR emission
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TABLE 1
SAMPLE AND OBSERVATIONS
SDSS Name z Obs. Date Seeing Exp. Time PA
(arcsec) (s)
J005621.72+003235.7 0.484 2007 Jan 27 0.63 5400 345
J013416.34+001413.6 0.557 2006 Dec 25 0.52 3600 90
J015716.92-005304.6 0.422 2007 Jan 01 0.56 5400 100
J020655.71+010826.6 0.471 2009 Aug 22 0.51 3600 352
J021047.00-100152.9 0.540 2007 Jan 25 0.58 3600 180
J030425.70+000740.8 0.556 2009 Sep 25 0.29 3600 75
J031449.09-010502.2 0.558 2009 Sep 25 0.48 1800 228
J031909.61-001916.6 0.635 2009 Sep 25 0.38 1800 206
J031950.52-005850.4 0.626 2006 Dec 27 0.36 3600 130
J075944.64+133945.5 0.649 2009 Oct 21 0.95 3600 212
J080154.25+441233.9 0.556 2006 Dec 29 0.93 3600 0
J080754.51+494627.5 0.575 2009 Nov 11 0.93 3369 309
J081404.55+060238.3 0.561 2009 Nov 20 0.59 3600 45
J081507.41+430426.9 0.510 2009 Nov 20 0.95 3600 50
J082313.50+313203.7 0.433 2006 Dec 29 0.80 3600 115
J083134.21+290239.4 0.568 2009 Dec 15 1.04 1800 214
J084339.47+290124.5 0.686 2009 Nov 20 0.71 3600 130
J085231.35+074013.4 0.420 2009 Nov 22 0.68 3600 87
J091819.66+235736.4 0.419 2009 Nov 22 0.62 3600 154
J092152.46+515348.0 0.588 2009 Dec 12 0.54 3600 8
J094312.81+024325.8 0.592 2009 Dec 14 0.63 4320 346
J094311.57+345615.8 0.530 2006 Dec 31 0.71 3600 115
J095019.90+051140.9 0.524 2006 Dec 31 0.70 3600 210
J101322.12+272209.4 0.666 2009 Dec 15 0.87 3600 238
J102746.04+003205.0 0.614 2009 Dec 16 0.82 3600 220
J103822.08+523115.8 0.599 2009 Dec 11 0.54 3600 322
J104210.19+382255.3 0.608 2009 Dec 16 1.02 3600 20
J104402.39+300834.0 0.497 2009 Dec 25 0.85 3600 286
J104731.84+063603.7 0.435 2009 Dec 25 0.55 3600 42
J105056.15+343703.3 0.491 2009 Dec 18 0.78 3600 27

2 1n degrees east of north.

provides important insights into both the mechanism and the 2. QUASAR SAMPLE, OBSERVATIONS AND DATA REDUCTION
physical extent of the power of a given AGN. H13 reporta  rhe sample of objects examined in this work were se-
steep trend to this relationship at the low-luminosity easl,  |octed from the SDSS Type Il quasar sample first described
well as a possible flattening at the high luminosity end, Whic , 73 amska et all (2003) ahd Reyes étlal. (2008). From this
they claim results from the most powerful AGNs effectively gampje we chose 30 luminous quasars with redshifts in the
ionizing all of the available gas above a given density. EVi- an06 o1 -7 2 0.7 with log(Loin xs007/L) > 9.4 in order to
dence for this flattening, however, was primarily based on a55imize the likelihood of detecting spatially resolved RIL
small sample of IR-luminous AGNs from the literature. o ission at large galactic radii. Five objects were setttttat

In this paper, we improve our measurement of the high- o\ ejap with the sample from Liu etlal. (2013): J0210-1001,
luminosity end of the NLR-size-dey_relationship, exam-  303719.0019, J0319-0058, J0759+1339, and JO807+4946. We
ining a sample of 30 luminous Type Il quasars from se these objects to compare our size measurements with pre-

the [Zakamska et al! (2003) and_Reyes etial. (2008) SDSSy;iosly published results. Finally we used observatiorisét

selected sample using long-slit spectroscopy with the GMOSGy; rom the FIRST survey (Becker et al. 1095; White ét al.

instrument on Gemini-N, following the method presented in 1997) to determine that all but two objects (J0843+2901
Greene etall (2011) and H13. This sample spans awide ranggnq j0943+0243) are radio-quiet based on their position on
in IR luminosities, and by measuring the spatial extent ef th o Liow versusvL, (1.4 GHz) diagram[(Xu et al. 1999:

NLR in these objects, we can better describe the flatteningzaiamska et al. 2004). We will include these objects in our
of the relationship between IR luminosity and NLR size, par- analysis, but mark them separately in our plots.

ticularly at the high-luminosity end. Importantly, we diss The full sample of objects was observed with the GMOS
how measurements of the size of the NLR can be affected by;,<irument on Gemini-N in two queued campaigns, one in
atmospheric seeing, and introduce a surface brightneiepro 56 (GN-2006B-Q-101, PI: N. Zakamska), and the’other in
modeling procedure to account for seeing effects. 2009 (GN-2009B-Q-55, PI: X. Liu). For both campaigns, the
We describe our Type Il quasar sample and Gemini GMOS a5 were observed in GMOS slit mode with the R400-
observations in Sectiddl 2, discuss the measurements of thesg30g grating (at a resolution &~ 1900) and an observed

spatial sizes of the observed NLRs in Sectign 3, examlneWavelength range of 50668000 A. At the average redshift of

the relationship between NLR size and AGN IR luminos- our sample, this range corresponds to rest-frame wavédiengt
ity in Section[4, and discuss the excitation properties ef th Pe, 9 P 9

guasar NLR observations in Sectioh 5. Finally, we present3200' 5200 A. Each object was observed for a minimum of

our conclusions in Sectidd 6. Throughout, we assume a stan3600s (except for J0807+4946, which was observed for only
dard ACDM cosmologice(ljlﬁmodel Witlhg'lo =71km S—l Mpc—l 3369s, and J0314-0105,J0319-0019, and J0831+2902 which

- — : p . were only observed for 1800s). For the 2006 observations, a
{m =027, and2, =073 (Komatsu etl. 2011). slit of width 0.5” was used, while for the 2009 observations,
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FIG. 1.— Our modeling procedure starts with a two-dimensionafase brightness profile (left), which is then convolvedhaa two-dimensional Moffat
profile matched to the seeing (in this example, the FWHM ofattmospheric seeing isT) to produce a convolved profile (middle). In the middle pamwe
also overplot the @5” slit used in the bulk of our observations. To match the-tirmensional profile with the observed one-dimensionafiles we averaged the
convo(l\(egt)profiles across the slit, and plot both the rawdineensional Sérsic profile as well as the convolved profigetioer with arbitrary surface brightness
units rgnt).
a slit of width Q75” was used. At the average redshift of the = We can use the spatially resolved GMOS spectra to mea-
sample, ¥ corresponds to 6.3 kpc. For each observation, the sure the spatial extent of the [OINJ007 emission line fea-
slit was first centered on the quasar, and then oriented ®rcov ture, which provides us a measure of the NLR size that
a nearby neighboring object. For these observations, #re av we can compare to other studies. We first collapsed each
age and median seeing, as measured from acquisition imagetsvo-dimensional spectrum in the wavelength direction aver
taken before the spectra, was a Moffat FWHM dfQ with a wavelength range with a width twice the FWHM of [Olll]. We
range between'{3 and 1'0. We spatially resolve all but five of  used the same procedure on the corresponding spectroscopic
the quasar NLRs in our sample, and report upper limits on thestandard two-dimensional spectrum, measured the total flux
NLR sizes for the unresolved objects. The full sample of ob- in this region (corrected for slit losses), and, along wiflua
jects, including redshifts, observation dates, expoduoreq, calibrated reference spectrum for the standard star, viie est
seeing, and position angles is described in TRble 1. We alsanated a flux correction factor which we applied to the quasar
observed two white dwarfs as flux standards, G191B2B andspatial profiles to convert from the observed units to étg s
EG131. _ _ o cm? arcsec®. As in H13, in order to properly compare the

The data were reduced in IRBRising the Gemini GMOS  extent of the [OIll] emission line with those measurements
reduction package, in a manner similar to the analysis offrom other authors, we follow the prescription from Liu et al
Livetal (2009). The primary steps that were undertaken (2013) and parameterize the NLR size WRh, calculated as
on the data were bias subtraction, flat fielding, interpofati  the size of the NLR at a limiting surface brightness corrécte
across the chip gaps, cosmic ray and bad pixel cleaning, anggy cosmological dimming of 1G5 erg st cm 2 arcsec?. As
wavelength calibration using arc exposures taken befalle an this measure of the NLR size is not dependent on the depth of
after each observation. The end product was a fully reducedine gpservations, it is ideal for comparing size measurésnen
two-dimensional spectrum from which a spatial profile of the ,53de with different instruments and exposure times.
[O1] A5007 could be extracted. Ground-based measurements of spatial profile sizes can be

For all but one of the objects in our sample, we found the 4ffected by atmospheric seeing, which, even in spatially re
corresponding WISE source from the WISE All-Sky Source gpjyed observations, will artificially increase observedR\
Catalog. At the redshift range of the sample, we estimate thegjzes. The seeing, then, must be carefully accounted for
rest-frame IR luminosity using the WISE [4.6], [12], and[22 i order to compare sizes measured under different observ-
bands, which we interpolated in log-log space to estimae th ing conditions. Previous studies of the NLR size, including
flux and luminosity at rest-framegn (Ls,.m) for each object.  |Greene etal[(2011) and Liu et I, (2013), provide NLR size
Similar to the procedure in H13, we model the AGN mid-IR  gstimates measured directly from the observed spatialgrofi
emission with a power law and do not account for the indi- \yhere the observations resolve the NLR above the measure-
vidual filter response functions, although, based on theBVIS ent of the seeing. Since these measurements are not cor-
colors for these objects, any flux corrections would be on the rected for the seeing, they represent an upper limit on the po
order of a few percent (Wright etial. 2010). We also assumetentia| size of the NLRs for a given quasar. For the objects
that the flux is measured at the central wavelength for eachi oy sample, we perform an equivalent measurement on the
filter. For the quasar J0157-0053, the WISE photometry is opserved spatial profiles. The NLR sizes we measure in this
contaminated by the presence of a nearby bright star, and syay span a similar range compared to those reported for sim-

we do not report 8m luminosities for this object. ilar objects if_Greene etlal. (2011) and Liu et al. (2013)hwit
an average (median) logf: / pc)=41(4.0)+0.1.
3. NARROW-LINE REGION SIZES Here, we use our GMOS spectra to carefully examine

the effect that seeing can have on NLR size measurements
S _ _ and demonstrate the size discrepancy between measurements
2 IRAF is distributed by the National Optical Astronomy Obsstory, made directly from the observed spatial profile and thosa fro
which is operated by the Association of Universities for &esh in Astron- models for the intrinsic spatial profile In H13. the authors

omy, Inc., under cooperative agreement with the Nation#@r®e Founda- S . - .
tion)f P g modeled the intrinsic one dimensional surface brightnéss o



4 HAINLINE ET AL.

L T T T ‘ T T T ‘ i 15 T T T T T T T T T T T T T
@ | J1013+2722 i COlN | ]
o 2 |- seeing: 0.87" - o i ]
n 8 L | n Voigt
n 2 o S R
g © - B 2 © 10 | Sersic [ —
= r 7 2 ¥ | Top—Hat ]
2 E - 1 5 g i
m . 1 = w0 ° i 7
‘ | 1 2 - L i
S LS -
20 i 7 ) L i
=Sy | i v g )
5 © g o t / \ ]
n =2 i 1 € = - / \ .
‘3 0 26 f ) 5 i
ot - RS0 ) s S
1 ‘ 1 Il ‘ Il Il ‘ Il Il 1 1 1 1 ‘ 1 11 1 ‘ Il 11 Il ‘ Il 11 Il
—4 -2 0 2 4 -2 -1 0 1 2
Spatial Position (arcsec) Spatial Position (arcsec)
— ‘ L ‘ L ‘ T T T 7T ‘ L ‘ -\ T T T T 1 T T 1 T T 1 T
:\\2 ™ 7 —
o L J0319-0058 [A i D B 7]
7 ing: 086” & [ Voigt 1
0 E]O |_seeing: 0. — o | VOIg 1
n Q - .
v © F b |- Sersic -
'E :\\! = — % :a 20 - e | m
,ED = | | gt\g | Top—Hat [ ]
£ ° =5 | [ ]
Mo 1 =»° |
o 5 - AT I T
S w | | ®m w0 \ —
L B‘ [OR=T] L / \ u
= O =
U:.'J © [ N E (] - ':‘ 4
5o 1 g} -
=N : 1 ne ¢ J \ -
O O A B - 0ot =t
—2 -1 0 1 2 -2 -1 0 1 2
Spatial Position (arcsec) Spatial Position (arcsec)

FiG. 2.— Example surface brightness profile for the quasars3@122 ¢ = 0.666, top) and J0319-0058% 0.626, bottom). The left plots show the observed
surface brightness profiles in black, overplotted with tastHitting models convolved with a Moffat profile scaled tatoh the seeing. The right plots show the
intrinsic top-hat (blue), Sérsic (light blue), and Voiged) models, along with the surface brightness limit down IictvR;,; was measured (dashed line). For
J1013+2722, the top-hat model results in a smaller NLR siae the Sérsic or Voigt profile models, while the effect of¢keing is to produce similar observed
profiles. For J0319-0058, which represents the majorithefdbjects in our sample, the best-fit top-hat model doesauouat for the extended wings, leading
to an underpredicted NLR size.

each object with a Sérsic profile convolved with a Moffat dimensional surface brightness profiles on the right.
profile scaled to match the seeing for the individual observa  For this procedure, we assumed that the true surface bright-
tion. A Moffat model of the seeing was chosen as this profile ness profile is circularly symmetric on the sky, which is sup-
has been shown to robustly model astronomical point-spreadported by resolved IFU observations of these objects given i
functions (PSFs, e.q. Trujillo etial. 2001). Liu et all (2013). As we do not actually know the form of the
As the Gemini observations were taken under much bet-intrinsic NLR surface brightness profiles, we chose to model
ter seeing conditions than the SALT observations in H13, we the NLRs with three different analytic functions: a “toptha
have expanded this procedure in a few key ways. First, in-profile, a Sérsic profile and a Voigt profile. The top-hat peofil
stead of performing the convolution with the seeing in one assumes that the NLR occupies a circular region of constant
dimension, for each quasar in our sample we created a twosurface brightness, and at a specified radius the profilesdrop
dimensional profile with units of surface brightness. These to 0. While this is an unphysical model, for each object, it
two-dimensional profiles were modeled with finer precision provides a lower limit on the NLR size for a given observed,
than the actual pixel scale of the observations. We then con+esolved profile. It is important to note that for the majprit
volved the intrinsic profile with two dimensional Moffat pro  of the objects, a top-hat profile convolved with the seeiray pr
files matched to the seeing to replicate the observed pro-vides a poor fit to the data, as the seeing alone cannot account
file. From here, we averaged across the slit to create onefor the extended wings of the observed surface brightness pr
dimensional profiles in units of surface brightness that we files. For this reason, we also model each object with both a
compared to the observed profiles. This process is illestrat  Sérsic profile and a Voigt profile. Both the Voigt and Sér-
in Figure[1, where we show a two-dimensional intrinsic pro- sic profiles provide equally good fits to the data, based on the
file on the left, the convolved profile (with our average see- reducedy? values we measured. From each fit, we then calcu-
ing of 0.7”) in the middle, and then the corresponding one- latedR,; using the intrinsic surface brightness profile, before
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it is smeared out by the seeing. and J0807+4946. As the Liuetial. sizes are not corrected
We show the surface brightness profile for two represen-for the seeing, we compare the sizes for these objects with
tative objects, J1013+2722 £ 0.666, seeing = @7"), and the sizes we derive directly from the observed spatial pro-
J0319-00584 = 0.626, seeing = B6"), in Figure[2. In files. Overall, the sizes agree to within 0.1 dex, and the dif-
this figure, the left plots show the observed profile (Rg(/ ferences are most likely due to the differences in the seeing
pc)=401 for J1013+2722, and l0Bf: / pc)= 40 for J0319—  between the observations. For an object where we have sim-
0058) with the best-fit models overplotted, and the corre- ilar estimates for the seeing, J0210-1001, Liu et al. measur
sponding intrinsic profiles are shown in the right plots. On log(Rin/pc)= 42, while we measure lo&/pc)=41. When
this figure, we also show the surface brightness limits (cor- we account for the seeing, however, we estimate a smaller
rected for cosmological dimming) used to meadgpewith a size of only logRin/pc)~ 3.7, highlighting the importance of
dashedline. ForJ1013+2722, all three fit the data equally we this correction. Another potential source of error on sizam
when the seeing is applied, but while the Voigt and Sérsie pro surements made from long-slit spectroscopy arises from the
files result in sizes that are very similar (I6% / pc)~ 3.8), a fact that the geometry of the NLR in our sample of quasars
top-hat profile results in sizes that are 0.2 dex smalle(Rgg may not be perfectly round, and the sizes measured from an
/ pc)=36). For J0319-0058, while the convolved Voigt and individual slit can suffer from projection effects. Evidmn
Sérsic profiles fit the data well, the top-hat profile does not fi from [Liu et al. (2018) suggests that the hosts of these ob-
the wings of the observation, leading to an artificially dmal scured quasars are round ellipticals, and H13 find that NLR

intrinsic profile. sizes measured for the same objects at different positien an
We report the calculated sizes for the objects in our samplegles are very similar. Nonetheless, NLR projection effects
in Table[2. In this Table, we give our estimated valueksgf, could lead to sizes which are underestimated.

along with the sizes measured directly from the observed pro
files as well as the sizes derived from fitting with a top-hat 4. THE RELATIONSHIP BETWEEN NLR SIZE AND AGN IR
profile, a Voigt profile, and a Sérsic profile. For those olgect LUMINOSITY
where we do not resolve the spatial profile above the seeing, We can use the size measurements made for our full sam-
we only report the upper limits derived from directly measur ple of Type Il quasars to better explore how the size of the
ing Ry without fitting the data. It can be seen from Takle 2 NLR scales as a function of AGN luminosity. We plot the
that the sizes measured using a \Voigt profile are similar, butmeasured values d%; for our sample on the NLR size vs.
slightly larger (by 0.07 dex on average) than those measured-s,m diagram from H13 in Figurgl3. In this figure, we use
using a Sérsic profile. In H13, the authors find that Sérsie pro light blue squares to mark the objects from our sample, us-
files result in significantly smaller sizes than those measur ing the sizes derived from fits using a Sérsic profile. We also
from Voigt profiles, but this is due to the much larger see- plot Type Il Seyferts and quasars taken from the literature
ing (~ 2") in their data. Most importantly, the difference be- as described in H13. We plot the objects from Greenelet al.
tween the sizes measured directly from the observed profiled2011) and_Liu et al.[ (2013) with downward facing arrows,
and those measured from the best-fit Voigt or Sérsic profilesas these measurements were made without accounting for the
is 0.1-0.2 dex, although there is considerable scatter. Finally, seeing. We also use colors to flag galaxies that may have a
while we again caution that the top-hat profile fits are signif substantial contribution from star formation, as in H13irgs
icantly worse for the majority of the objects (as seen in the the criteria described in_Wright et/al. (2010) and Stern et al
bottom-left corner of Figurgl2), overall, these lower-lisio (2012), we mark objects with WISE color .[§[4.6] < 0.8
the NLR size are @-0.4 dex smaller than the sizes derived Wwith a light gray circle. We also mark those objects with
from Voigt or Sérsic fits. [3.4]1-[4.6] < 0.6 (a more relaxed demarcation) with dark
As a further test of the discrepancy between sizes measuregdray circles. The objects in our sample span a range of
directly from the observed spatial profile and those measure log (Lg,m/ergs?) = 44.4-45.4, and the measured sizes sup-
with Sérsic fits, we have re-measured the sizes of the ob-port the idea that for luminous Type Il quasars there is a
scured quasars from H13 directly from the observed Southerrilattening of the relationship between NLR size dngm, at
African Large Telescope (SALT) spatial profiles. The sizes quasar luminosities. The maximum NLR size and the lumi-
that we measure are, on average, 0.2 dex larger than the sizewosity at which the flattening is observed, however, depend o
reported using a one dimensional Sérsic fit convolved with the method used to calculate NLR sizes.
a Moffat profile, in agreement with the difference we report In order to examine the flattening of the relationship be-
for the Gemini sample. We also re-fit the data from H13 us- tween NLR size and AGN luminosity, we fit the NLR size data
ing our two-dimensional procedure outlined above, and re-following the method used in H13. The results of the fitting
cover sizes for the objects that are within 0.1 dex of thessize are presented in Figufé 4, where we focus on the luminous
reported in H13. While H13 used a one-dimensional fitting end of the relationship. Our fitting method uses regression t
procedure, the seeing was significantly larger(') than the fit the relationship piecewise: linear at low luminositiéerey
size of the slit (125") for their observations, so accounting with a function that flattens at some radilg) to stay at a
for the slit width does not significantly affect the NLR size “maximum” luminosity. Because the data from the literature
measurements. When we include the SALT data in fits to was measured under different observing conditions, it is im
the size-luminosity relationship (Sectibh 4), we will ubet  portant to carefully choose which objects to include in our
two-dimensional Voigt and Sérsic fit size measurements forfits so as to include only objects where the sizes were mea-
consistency with the Gemini observations and size measuresured in a similar way. Accordingly, in each portion of Figur
ments. M, we show the Gemini sample with colored symbols, while
In lLiuetal (2018), the authors derive measurements of the points included (excluded) in the fit are plotted withkdar
Rnt using GMOS IFU data. Five of the objects in our (light) grey symbols. While we include the lower luminosity
sample of quasars overlap with the sample fiom Liu et al. points from_Fraguelli et al! (2003) and Bennert et al. (2006)
(2013): J0210-1001, J0319-0019, J0319-0058, J0759+1339in order to constrain the luminosity at which the relatiapsh
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TABLE 2
AGN LuMINOSITY AND NLR SIzES

SDSSName z  log(lsum) l0g(Rint/pc) logRint/pc) logRint/pc) logRine / pc)

erg st No Fit Top-Hat Voigt Sérsic
J0056+0032 0.484 45.09 3.91 3.47 3.80 3.76
J0134+0014 0.557 45.02 3.96 3.50 3.95 3.79
J0157-0053 0.422 a. 3.95 3.38 3.91 3.85
J0206+0108 0.471 44.65 3.95 3.33 3.90 3.75
J0210-1001 0.540 44,98 4.09 3.41 3.72 3.65
J0304+0007 0.556 45.00 3.84 3.42 3.75 3.74
J0314-0105 0.558 44.78 3.99 3.42 3.79 3.71
J0319-0019 0.635 44.94 3.98 3.48 3.94 3.81

J0319-0058 0.626 44.80 3.96 3.44 3.97 3.87
JO759+1339 0.649 45.28 <4.10 - -

J0801+4412 0.556 44.93 <3.95 - -
J0807+4946 0.575 45.20 4.20 3.60 4.06 4.01

J0814+0602 0.561 44.93 4.07 3.57 4.04 3.97
J0815+4304 0.510 45.39 4.26 3.61 4.05 3.95
J0823+3132 0.433 44.80 4.08 3.65 3.95 3.93
J0831+2902 0.568 44,71 4.15 3.58 4.01 3.91
J0843+2901 0.686 45.01 3.97 3.62 3.81 3.82
J0852+0740 0.420 45.28 4.02 3.33 3.69 3.70
J0918+2357 0.419 44.64 <3.89 - - -

J0921+5153 0.588 45.06 3.92 3.40 3.64 3.64
J0943+0243 0.592 44.36 3.95 3.49 3.80 3.74
J0943+3456 0.530 45.20 4.06 3.30 3.80 3.58
J0950+0511 0.524 45.11 4.04 3.56 3.97 3.86
J1013+2722 0.666 45.59 4.01 3.56 3.77 3.78
J1027+0032 0.614 44.98 4.08 3.52 3.86 3.79

J1038+5231  0.599 44.97 4.09 3.49 4.10 3.90
J1042+3822 0.608 45.35 <3.92 - -

J1044+3008 0.497 44.80 <4.05 -
J1047+0636 0.435 44.76 3.91 3.44 3.76 3.75
J1050+3437 0.491 44.84 3.99 3.57 3.85 3.85

@ The WISE photometry for this object is contaminated with fnam a nearby star.

flattens, we note that these sizes are also not correcteldfor t brightness limit. We therefore re-calculated the NLR sizes
seeing, and as a result, we will not report the slopes to theof our objects using the same procedure described above, but
best-fit relations. with Ry, defined for cosmologically-corrected surface bright-
In the top-left corner of Figurle 4, we plot the NLR sizes for ness limits that are both brighter and fainter than*i@rg
objects in our Gemini sample measured directly from the ob- 571 cm2 arcsec? (FigureB). We did not change our fits to the
served spatial profile using blue diamonds (objects that aredata, but merely evaluated the sizes at different surfagatsr
not resolved above the seeing are depicted by green trianness limits, for the observed profiles as well as the iniwinsi
gles). For a correct comparison, we also plot the sizes wesgrsic and Voigt profiles. To determine the minimum surface
measured directly from the observed spatial profiles for the prightness that we can probe with our observations, for each
quasars observed in H13 as discussed in Section 3. For thigf our objects we calculated ther3imit for the continuum
fit, we calculate a value of logp/pc) =41 (~ 11 kpc). In on either side of the [Olll] spatial profile, yielding an aver
the top-right corner, we show the “minimum” sizes derived gge minimum detectable surface brightness 646 10715
from the top-hat fits to the data from our sample, and Mea-grg s1 cm2 arcse. The sizes measured for this limit are

sure log Ro/pc) =35 (~ 3 kpc), which should be treated as & gy by the purple points in Figure 5 (the average for these

I<Gawe( Ii_mit.dlutlrge bottolm-lfe_ft c_or:neé, we plot tfhle SiZ%S fbe  gjzes is shown with a purple horizontal line), while the grey
eminian samples fitwith a Sersic profile, and measurejineg show the average sizes for the sample at surface bright

log(Ro/pc) =38 (~ 6.4 kpc). Finally, in the bottom-right cor- L 15 1D

ner, we plot the sizes for the Gemini and H13 samples fit with ness I(|_:r2n|ts 0f 0.08, 0'18.’ 04,08 ands_k 10"~ erg s* cm

a Voigt profile, and measure 10B¢/pc) = 39 (~ 7.4 kpc). arcsec” (from the top line down). Figurgl 5 shoyvs_rt_asults

The resulting flattening of the relationship between NLRsiz [OF ”:e ()Ibfierve(;jihun\c/o.rrtictei.lprofllet(left), Ht‘e %ersng:tm:o

and AGN luminosities implies that galaxy gas content, netth (Center-left) and the Voigt profile (center-right). We ntta
this exercise is not applicable to the top-hat profile measur

amount of ionizing photons from the AGN, is what limits the ; " . )
size of the NLR in the brightest quasars, supporting thetesu ments, since the profile drops directly to zero at its outer ex

from H13 tent and so the size is independent of the surface brightness
We note that the sizes we estimate for the NLR depend on!Mit In the right panel, we show the average sizes measured

the (arbitrary) surface brightness limit used to defag The asa ;‘tunctlon ?f surface brightness limit for all three melho

limit of 1025 erg st cm2 arcsed? for this analysis was cho- > o an€ousy. -

sen in order to compare to previous studies in the literature These results indicate that regardless of the method used

that probe AGN over a wide range in luminosity (Greene et al. and the surface brightness limit adopted, the NLR sizes are

2011;/Liu et all 2013, H13), however it is instructive to ex- still roughly constant with luminosity over the range prdbe

: by our sample. While the sizes estimated using a Sérsic pro-
plore how the NLR sizes depend on the adopted surfaceﬁle are larger at fainter limiting surface brightness valuae
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FiG. 3.— Radii of the [OlII\5007-emitting region plotted against the AGN IR luminosityhe NLR size is represented By, which is defined as the size
of the object at a limiting surface brightness correctecctmmological dimming of 13°/(1+2)* erg st cm2 arcsec? (Liu et all[2013). We ploR; measured
using a Sérsic profile for the Type Il quasars from our GMOSpeamsing light blue squares. We also plot multiple sampies tthe literature, including Seyfert
galaxies fromi_Fraquelli et Al. (2003, open stars) land Bératal. (2006, Xs), as well as obscured quasars from Greeaaie @011, open triangles), Liu etlal.
(2013, black filled triangles), and Hainline et al. (2013&di squares). We plot those objects with WISE colo4][3[4.6] < 0.8 superimposed on a light gray
circle, and those objects with WISE color.43—-[4.6] < 0.6 are plotted over a dark gray circle, to indicate which osjesay be suffering from contamination
by stellar processes. We indicate the two radio-loud objiecour sample, J0843+2901 and J0943+0243, with blackesirdlhe Gemini sample from this work
provides more evidence for the flattening of the relationdigtween NLR size and AGN luminosity at the luminous end.

effect is much stronger for those measured using a Voigt pro-servations that do not suffer from seeing effects.

file due to its more pronounced wings. At the lowest surface Importantly, these authors present spatially resolved
brightness limit used, we measure I&jpc) = 45 (32 kpc) [Ol] A5007 to H3 (as well as [OIIIP5007 to [OlI]A3723)

for the Voigt profile, and log/pc) =40 (10 kpc) for the Sér-  line ratios for their sample. Their results indicate that fini-

sic profile. The dispersion in the NLR sizes grows as we reachmary source of ionization at large radii for the objects igith
fainter surface brightness limits, from0.1-0.2 dex for the sample is star formation, in direct contrast to the resuitmf
sizes measured using a Voigt profile, and.10-0.14 dex Greene et al! (2011) and Liu et al. (2013), who measure high
for the sizes measured using a Sérsic profile, but the resultsatios of [OllI]A5007 / H3 across the face of the galaxies in
are consistent with NLR sizes that do not depend on luminos-their sample of Type Il quasars, which indicates that ioniza

ity, independent of our choice of surface brightness limit. tion from an AGN is likely the cause of the observed [Olll]
emission. This interesting discrepancy may be due to strong
5. EXCITATION PROPERTIES OF THE OUTER REGIONS OF [Oll] emission from an AGN that originates near the nucleus
QUASAR HOST GALAXIES and is being observed farther from the galaxy center due to

Figure$B anfll4 demonstrate that, for luminous quasars, theeeing effects. If 4 is not similarly strong near the nucleus,
size of the NLR (as measured By) is similar across awide ~ as would be expected for an AGN, seeing effects would lead
range of AGN IR luminosities. Recently, Young et al. (2013) to artificially increased line ratios at large radii.
used Hubble Space Telescope (HST) narrow-band imaging to Itis important to explore, then, the spatial extent of weake
explore the size of the ionized regions for a sample of Type | emission features that originate primarily in star-forgiie-
quasars at ~ 0.1. After careful quasar PSF subtraction, they gions. If star formation were the ionization source for the e
find extended line-emitting regions in their sample between tended emission-line regions, lines such gsdd [Ol1] would
0.5 and 5 kpc from the galaxy nucleus, in agreement with thebe observed to be strong compared to [Olll] at kpc scales.
extended NLR sizes that we observe in our full sample. While We examined the H emission feature for a sub-sample of
the luminosity range of the quasars in the Young ef al. (2013)objects in our Gemini sample with the lowest measure of the
sample (logkom /erg s1)=410-426) is an order of mag- atmospheﬁlc seeing (we looked at the eight objects with see-
nitude smaller than the luminosity range of the quasars tar—:;]c?eg r?05t55h (?vc%oilrﬁg:rxilses?c))(r?liﬂd;:t EE\?SGJgrﬁlln?;ggitgruvr\r/wh;%h
geted in our Gemini sample (ldg6y; /erg 1) =427-435), . ;
these objects represent a usg%ul égmparison sample with opWell as the SDSS spectrum), and fit the observedsatial
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FiG. 4.— Radii of the [OIIIN5007-emitting region plotted against the AGN IR luminosfcusing on the luminous end of the relation. The Type llsgua
from our GMOS sample are given with colored symbols dependimthe method of measurifiRy,;. We plot sizes measured directly from the spatial profiles in
the top-left corner using blue diamonds (for those objedtere the spatial profile was not resolved, we plot an upper timthe NLR size with a green square);
we plot sizes measured using a top-hat fit in the top-righteousing blue triangles; we plot sizes measured using acS#Hile fit in the bottom-left corner
using light blue squares; we plot sizes measured using a poadile fit in the bottom-right corner using red squares. \'ge ahow fits to the data using both the
objects in the current sample and objects from the liteeatwith symbols as in Figufg 3. In each portion of the plot,dbgects included in the plot are given
with dark grey points, while those excluded from the plotgixen with light grey points. Finally, we plot the fit for theth without seeing corrections in each
other section using a grey line. See the text for a descnipifcthe fitting procedure. We indicate the two radio-loudeat$ in our sample, J0843+2901 and
J0943+0243, with black circles. Accounting for the seeieduces the size at which the relationship flattens.ty-0.2 dex.

6. CONCLUSIONS

We have performed Gemini long-slit spectroscopy on a
sample of 30 obscured luminous quasars to explore the
proposed flattening of the relationship between NLR size
and AGN luminosity first presented in H13. Our results
indicate that, in luminous quasars, NLR size is roughly
constant over an order of magnitude in AGN luminosity
(log(Ls.m/ergs?t) = 44.4-45.4). Measurements of this size,
however, are highly dependent on seeing effects, even in spa
tially resolved data. NLR sizes directly measured from ob-

files using a two component model: a central Dirac function to ; : ;
represent nuclear AGN emission, and then a Gaussian profilqsifer;/ i%r?\%’}eg{j%ﬁw?ﬁ eoggg?r:gdgi/t ct)hf ?%nzwedaesxurii g%@sﬂ{f

o et o e oo sy “Whie ealer dat poied o.a miing NLR sze f12 ko
the gas in the absence of nuclear emission. Overall, whdle th (Izg(r:current results indicate that the size is approximaiei§
fits were worse in this dual component fitting than the single ; : :

. X : , - When combined with other work, the fact that the Gem-
component model fits described in Secfién 3, we find similar ;s 1y h1e'is constant in NLR size across an order of magni-
results to what was found using the intrinsic Sérsic prafiles tude in AGN luminosity (as shown in Figuie 4) implies that
Sh\évlngebgjrtztr:}ro?rgzgr\éit'gr‘flsjlrrg;nms?éaﬁ .?t he'glr rﬁzggﬂgﬂg NLR size in bright quasars is constrained by the availabilit

P . . ple ype 1l quase of gas at the correct density and ionization state rather tha
overcome potential seeing effects (similar to the anajyss the number of quasar ionizing photons. The exact limiting
sented in_Young etall (2013)), our results suggest that theg;, o s qenendent on both the chosen model for the intrin-
large-scale NLR emission in our sample of sources Is exCIte’dsic surface brightness profile as well as the limiting swfac
primarily by a quasar, and not star formation, which may be

L brightness used to defiri®,, as shown in Figurgl5. The re-
gg%epﬁéed due to the larger AGN luminosities probed by our sults presented in this paper support the claim made in H13

of a flattening of the slope of the NLR size — AGN luminosity

profiles in a similar manner to what was done for [Olll]. Us-
ing the intrinsic surface brightness profiles determineanfr
the fits, we can take the ratio of [Olll] to Has a function of
galactocentric radius, and show our results in Figlire 6.aks ¢
be seen from the figure, [Olll] is much stronger thafi élren

out at kpc scales, at which the picture_of Young étlal. (2013)
would predict strong K due to star formation. Our results in-
dicate that AGN activity is likely the cause of the observed e
tended narrow-line emission for our sample of luminous Type
Il qguasars. As an additional test, we fit the [Olll] and Hro-
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FiGc. 5.— Radii of the [OIIIN5007-emitting region plotted against the AGN IR luminosttjghlighting the effect of changing the surface brighmbsnit
used to defindR,;. The points are the same as in Figlire 4, and we additionadlyiplpurple our objects using sizes measured at a surfaghtbéss limit of
0.04x 10715 erg st cm2 arcsec? (we also show the average for these points with a horizonmle line). The horizontal grey lines indicate, from top to
bottom, the average size estimated for the full sample wsimface brightness limits of 0.08, 0.18, 0.4, 0.8, ar@h11071° erg s cm2 arcsec?. In the left
panel, we plot the sizes measured directly from the obsespatial profiles, in the center-left panel, we plot sizes snezd from fitting the observed profiles
with a Sérsic profile, and in the center-right panel we pletslzes estimated using a \Voigt profile. On the far right, vet filese results but show the average
sizes for each method as a function of the surface brightiteits(in units of erg §1 cm arcsec?), with the same points as in the left panels. Due to the
extended wings on the Voigt profile, the sizes estimatedaaget at fainter surface brightness limits than those es@ichfrom a Sérsic profile. The sizes stay
roughly constant across the entire range of luminosities/iging evidence that they are not dependent on our chditimio for Rin;.
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FiG. 6.— Ratio of the intrinsic Sérsic surface brightness pesfibf
[OllI] A5007 to H3 for objects with atmospheric seeirg0.55”. These seven
guasars show intrinsic [Olll] / A surface brightness ratios in excess of one
(shown with a horizontal dotted line) out to large galactdde radii, indi-
cating that the mechanism for ionizing this emission isljikkGN activity
rather than star-formation.

(2004) and Greene etlal. (2011). As discussed in H13, mea-
suring the slope of the relationship is important to undeardt
the geometry of the NLR for these objects, although these re-
sults indicate that perhaps correcting for seeing would tea
a steeper slope than what was given in H13.

Future research needs to be done targeting the most IR-
luminous AGNSs in order to trace the full extent of the turnove
in the SDSS sample, ideally with IFU data as_ in Liu et al.
(2013). Under excellent atmospheric conditions, IFU rssul
would help to understand the true ionization source for NLR
emission at large galactocentric radii. In order to overeom
seeing effects, it would also be helpful to explore the NLR
sizes for a sample of nearby luminous Type Il AGNs us-
ing deep HST narrow-band imaging, in a manner similar to
Young et al.[(2013).
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