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Archives of tens or even hundreds of thousands of activexgalpectra allow us to probe the
demographics of AGNs, and in particular, NLS1s, in new waysta study relationships among
properties that would not be visible in smaller samples. ngyghe Sloan Digital Sky Survey
database and published automated measurements of sjeatuaés, it is possible to determine
whether the properties that are associated with NLS1s ally different in these objects. Ulti-

mately, the goal is to understand the nature of NLS1s in tinéesd of the basic physical param-
eters that govern the observed properties of AGNSs.

In this contribution | use measurements of line and contimpuoperties in SDSS spectra of thou-
sands of low-redshift QSOs to show how these observed dieaistics are related to broad line
width, the fundamental discriminator of the objects calidS1s. Exploration of these correla-
tions and of properties derived from the observables althvwsseparation of the effects of black
hole mass, Eddington ratio, and orientation. | find that Nd.&de the class of AGN in the local
universe that have the smallest black holes and the largleih@ton ratios. | also find that they
are seen preferentially pole-on, and while this contribtitetheir extreme properties, it is not the
dominant driver.
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1. Introduction

The pioneering work of Osterbrock and Pogfje [8] identified a classegfe® 1 galaxies
with exceptionally narrow Balmer lines. They obtained spectra of a smallf Sdydert galaxies
that were known to have Biemission line full width at half-maximum (FWHJ\k) only slightly
broader than the forbidden lines, typically a few hundred ki §hese authors found that other
properties, forbidden line widths, relative line strengths, in these objectdlandicative of Seyfert
1 galaxies. They also noted that other than thefrédjuivalent widths (EW) being at the small
end of the Seyfert 1 distribution, other properties showed diversity wiypical ranges.

As samples of AGN spectra grew in size, it was recognized that thesewntine Seyfert
1 galaxies (NLS1) are a significant subset of the AGN population. Usiaeglividing line of
FWHMyg = 2000 km s, NLS1s make up about 15% of all broad line AGN][20]. Studies of their
properties have considered larger and larger numbers of objjefB{IL5A good recent review of
their properties is given by Komosga [6].

Beyond the properties that define the class, FWlM 2000 km stand[O 1] A5007/HBotal
< 3, NLS1s typically show strong optical Fe Il emission and a tendency ltashifts or blue
wings on the high-ionization emission lines, both narrow (e.g., [O I[T]) fill%nd broad (e.g., C
V)[4, [L1]. They are less often very radio-loud and tend to haveeedontinuum slopes in the
optical region. Their x-ray spectra show more diversity in slope than &@ith broader permitted
lines. Many of these trends are members of the set of correlations krotigenvector 1 (EV1)
[B], and consequently, NLS1s are found at one end of the EV1 seque

The EV1 set of correlations is interesting both because it representsrgfestidraction of
variance in the optical spectra of AGN and because it seem to link propénte are indicative
of processes and conditions in a variety of regions. Thus, some fumdanpéysical driver must
account for it, and NLS1s represent the extreme of whatever thardsiv\While much evidence
points to L/Lgqq (Eddington ratio) as the primary driver, other factors may contributeinstance,
it seems likely that the broad line region (BLR) and continuum emitting regiomairepherical
but disklike, and so it might be expected that there are orientation effettimfluence line widths
and strength§]3] 4]. In addition, there is the question of where NLS1stheiNgy — o, diagram.
Some studies have found that they lie on or close to the line defined by tive-galaxies and AGN
with broader lined]7], but some studies have found that NLS1s have sthkitk hole masses at
a given velocity dispersiof[R0]. This is interpreted as an indication that dhe younger than
broader line AGN and are in the process of increasing their black holeeshgsaccretion.

The Sloan Digital Sky Survey (SDSY)[18] is a uniquely powerful tooluioderstanding the
properties of various classes of AGN. Good quality spectra and phoiorpetiperties of more
than 100,000 AGN allow detailed and significant analyses of how proparterelated. Subsets
can be chosen from the full sample to mimic controlled experiments. The SD8&Slog [T1]
has a lower luminosity limit of M< —22, and so in this study, | interpret NLS1 to mean any Type
1 AGN having FWHM,g < 2000 km s, regardless of luminosity. In fact, my conclusions will be
drawn primarily from data on objects that would be considered QSOs IthteiSeyfert galaxies.

In this contribution, | use the SDSS archive of QSO spectra to exploredomme simple,
observed properties vary with broad line width. This leads to the finding\tb&tLs are the AGN
in the local universe that have, on average, the smallest black holeswasbsthe largest Eddington



NLS1 properties and demographics (invited) Todd Boroson

ratios. Then, | introduce measurements of systematic velocity shifts of hr@hdarrow lines in a
diagram that allows the separation of orientation effects from physicahpsters. The orientation
effects, and their impact on observed properties can be quantified. Ulgmiafied that it is a
combination of all of these drivers that produce the properties of NLS1s

2. Propertiesthat vary with FWHM of Hf3

Although many studies have measured properties of NLS1s and compaiedistributions
to those of broader line AGI[ILF, 0], the SDSS data set allows a much roarplete picture.
In order to put statistical measurements in the proper context, | start wiag the sample
constraints for the SDSS spectra in general, for the SDSS DR7 QSO ¢afljland for 3 studies
that published measured properties for SDSS objects, which | will useited®rrelations.

The SDSS (the Sloan Legacy Survey)|[18] carried out 5-color imagiagabout 8400 square
degrees, and used the resulting photometric information to select abouiillioa galaxies and
100,000 QSOs for spectroscopy. The selection criteria produced fiirgecomplete samples,
galaxies, luminous red galaxies, and QSOs, though a significant numbeecifa were obtained
of objects that do not fall into these samples. The galaxy sample includegthjat are resolved
spatially and are brighter than a threshold of about r=18. The luminougatagy sample is aimed
at identifying red galaxies out to a larger redshift than the main galaxy samedefined using
a number of color and magnitude cuts in the g, r, and i bands. The QSO sardpfined without
regard to whether objects are stellar or extended. It includes a numbeloofcuts designed to
find the objects that have colors outside of the stellar locus. There is alsgrataa limit, i <
19.1, but fainter objects are included if they have other properties ¢ensisith identification
as high redshift QSOs. A large fraction of the objects targeted in thesdesmmepre observed
spectroscopically, and the SDSS spectra cover the observed wahalengeA A 3800-9200.

The SDSS DR7 QSO catalog includes the 105,783 objects observed speptcally in the
Sloan Legacy Survey that are officially confirmed as QSOs. Two additiestictions are applied,
one for luminosity and one for broad line width. To be classified as a QSO icdtadog, objects
must have a luminosity in the de-redshifted i band brighter than 82, and they must have a broad
line width of more than 1000 knT$ FWHM. Both of these restrictions exclude some objects that
would be classified as NLS1s.

There are three published large tables of measurements of line and camtinojperties from
the SDSS spectra that | will use in this study. The S10 stidy [12] preseatseaof properties,
measured by an automated decomposition, of all the objects in the SDSS DRea$ay. This
table includes broad and narrow line widths, fluxes and velocities, arithaam fluxes and slopes.
Fe Il emission strengths are measured by fitting to empirical models. The lmeadodel is the
sum of two gaussians, one with properties consistent with the narrdsigéen lines. In the current
study, | use a subset of the full sample, limited to objects from the uniformlsamyith z<0.8 and
S/N>5. These cuts result in 10,240 objects, of which 426 would be classifi&ilsIL

The HO8 study[[5] presents a table of line and continuum properties fabses of QSOs
from the SDSS DR5 QS [[L0] catalog. This study is aimed at understandirtgetiavior of the
optical Fe Il emission, and so the sample is limited to 4037 objects that have igoadt®-noise
(S/N>10) and significant Fe 1l (E\A;>25A). This work reports a number of tests of the accuracy
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of the continuum decomposition, and, in particular, it is shown that the Fe dsarements are
robust.

The Z06 study[[40] explored the properties of NLS1s specifically anaatds emission line
and continuum properties for about 2000 objects having FWiM 2200 km s drawn from the
SDSS DR3 archive. This sample is not limited to SDSS QSOs, but includessfiggo the galaxy
samples that were too low in luminosity or broad line width to be included in the s;geopic QSO
sample. Because such low luminosity nuclei are included, significant stacbgkributions were
removed from some of the objects in their sample.

One can, for example, use these samples to address the question ofrviie®tis repre-
sent a distinct population or are just the extremes of a set of propertiegattyasmoothly over
AGN generally. The S10 sample was sorted by FWighand divided into 20 subsets with equal
numbers of objects~500) in each subset. Figufe 1 shows the behavior of four propertigteglo
against FWHM,g: EW/o;), EWrel, EWlg and Log Lsioo. For each subset, median values of both
the EWs (or L) and the FWHMg are shown. Interestingly, EM;;; and EW:e appear to vary
continuously over the entire range of FWHwhile EWyg and Log Lsiooappear to change their
behavior in a dramatic way at the threshold of NLS1s. The trends showhelpanels on the left
are extremely weak in the full sample, in the sense that the scatter within asstssimuch larger
than the difference between subsets. For example, the individual abjeetation coefficients for
the two panels on the left are r=0.08 for the relation betweendgy\and FWHM,z and r = 0.01
for the relation between EW, and FWHM,g, though it is clear from the plot of the medians that
the correlations are quite real.

Similarly, the panels on the right show that, when viewed only as a functioMet¥ s, the
median luminosity changes behavior around 3000 kfnesid drops below that value, and that the
luminosity of the HB line drops even more quickly, causing EWto decrease correspondingly.
These variations, too, are quite significant, though one would never sgeiththe individual
objects or with a smaller sample.

3. Black Hole Mass and Eddington Ratio

One of the fundamental questions about NLS1s is whether they repeesehof AGNs that
has small back hole mass gM) and/or is accreting close to their Eddington limit. It is worth
pointing out that the Eddington limit is often applied to arguments about AGNst isunot at all
clear that it applies. First, the ratio between mass and luminosigy(l., = 3.3 x 10* M/M )
applies to spherical accretion and isotropic emission of radiation, which ly like the case in
AGN. Second, the limit represents the balance of radiation pressurgthiidiompson scattering
against gravity. Once the material involved, broad line clouds, for exaf@t®me optically thick,
the interior atoms will not see the radiation, though they will feel the gravity.

The standard formalism for calculatinggM is to assume virial equilibrium, and to use a
measure of the broad line width, in this case FW,ITy\/Iand a measure of the continuum luminosity,
in this case k1gq as indicators of the BLR velocity dispersion and the bolometric luminosity of
the AGN. The bolometric luminosity has been found to be correlated with the bibe @LR,
and so the black hole mass can be calculated, to within a constant that slepetid anisotropy
in the BLR velocity distribution. Two caveats should be mentioned. First, lbevation mapping



NLS1 properties and demographics (invited) Todd Boroson

22 r TT‘TTT{TTT‘TTT{TTT{TTT ] 80 TTT{TTT‘TTT{TTT{TTT‘TTT
- m T |
20 - - f m n .
= 18 - = 17 3 [ N ]
o L . \ B T
3 16 — “ ] ; - i
= L ‘ u 1 m=m 60 - =
14 [ ﬁ ] L
L ] - | .
k\ |1 \\\‘\\\‘\\\ \\\‘\\\ ] k\ |1 ‘ 1 || ‘ 1 || ‘ 1| | ‘ 1 || ‘ 1 || j
12 T T T T ‘ T T T T ‘ T T_] 50 T T T T ‘ T T T T ‘ T T
L 7 41 — [ —
i ] I EEEg ]
50 - - mamil ]
- FI 1 i mE Ny
= [ n 18 409 = 1
& 40 1 7\2 . n ]
20 o e . n 1
. 183 408 | -
I e - o .
B [ ] L .
20 | | | | l | | | | l | 40”7 | | | | l | | | | l |
0 5000 10* 0 5000 10*
FWHM H-beta FWHM H-beta

Figure 1: Four examples of extremely significant correlations seesdnting a large sample by FWHM,
defining 20 subsamples, and plotting the median value of Igtip equivalent width of [O 11I]]A5007,
(bottom left) equivalent width of Fe A A 4434-4684, (top right) equivalent width offHand (bottom right)
log of the monochromatic luminosity 255100 against the median value of FWiHMfor each subsample.

measurements of the size of the BLR involve determining a lag in responsetiouton changes
by material at a "typical" radius corresponding to the peak of the crmgsiation. Since we
typically measure single-epoch spectra, there is an assumption that the linenidtieasure is
related to material at a radius that has some simple relationship to that croslsttan radius.
Second, while FWHM is an easy quantity to measure, particularly if the line is fartesimple
function like a Gaussian, the relationship between this quantity and the veldsjtgrsion is a
function of the line shape. Since broad lines show a trend between line widttiree shape,
there may be systematic errors of factors of several between objeatg melatively narrow and
relatively broad lines.
With these caveats in mind, we can calculatgfMind Eddington ratio for each object in the

S10 sample. We use the equatioh$ [16]:

log Mgy = 0.91+ 05(Iog ALs100— 440) + 2log FWHMHB (3.1

|0g L/LEdd = |0g (926)\ L5100) — |Og Mgy — 38.10 (32)
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Figure 2: The locus of 10,240 low redshift AGN from the study of Shenle{2010) in the log Eddington
ratio vs. log Msy plane. The NLS1s, having FWHM < 2000 km s, are shown in blue.

Figure[? plots log L/lggq against log My with the NLS1s shown in blue. The lower luminos-
ity limit of the SDSS QSO catalog is responsible for the sharp cutoff towardsirex left corner.
However, the lack of objects in the upper right corner is a significanitrels appears that in the
local universe (z.0.8), NLS1s are emitting at close to their Eddington limit and are the only AGNs
doing so. This is apparently the same effect as the recently proposbeEtklington Boundary"
(SEB) [13].

There are three reasons to question this result. First, we are effeqilotiiyng L/M against
M, so any errors in M will stretch the distribution of points out in the diagoir@ation that we see
here. Second, it is possible that the systematic trend in line shape with line wigdthproduce
this effect - small line width objects have profiles that result in relatively smeNMéHM values,
and this reduces their apparengMand increases their apparent Eddington Ratio. Third, the SDSS
QSO luminosity threshold comes uncomfortably close to the upper limit in Eddingitio & the
NLS1 end of the distribution. Perhaps there is a large number of excludell p; objects with
lower Eddington Ratio that were excluded, and the true median of the distnfattibe left end is
far lower in the diagram.

The first concern can be addressed by recognizing that igg &nd log Eddington Ratio are
linear combinations of log 4100 and log FWHM,g. Thus, we can examine the same effect by
plotting these two observed quantities (Fig[ire 3) for which the errorsravertelated. With the
exponents adopted above in thegMequation, the slope of a line of constant Eddington Ratio is
4. Asis clear in Figurg]3, this line passes two orders of magnitude aboveitfits pt FWHM,s.
How would the exponents have to change to make the line consistent with thie?p@nly if Mgy
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Figure 3: The locus of 10,240 low redshift AGN from the study of Shenle{2010) in the log 5100 vs.
log FWHMg plane. The NLS1s, having FWHM < 2000 km s!, are shown in blue. A line of constant
Eddington ratio, using the conventional parameters, isvaho

werealmost independemf FWHM,,z would this effect be eliminated.

The second concern, that we are being misled by a systematic trend in lipe sith line
width, can be addressed by using the Hu et fl. [5] dataset. These sntkasure and us®yg
rather than FWHNg in their calculation of My. The locus of points for these 4037 objects is
shown in Figurg}4, with the NLS1s again shown in blue. It can be seen #apiber right corner
where objects with both large @4 and large Eddington Ratio would be found is still relatively
empty. Thus, this effect cannot explain the SEB.

Finally, we address the possibility that it is the lower luminosity limit of the SDSS Qg&ay
that is creating the impression of an excess of objects with high Eddingtonaatiow Mgy. To
do this, we use the ZO(EZO] sample, which is limited to NLS1s, but is drawn fhenfull SDSS
spectroscopic database rather than from the SDSS QSO catalog. Theateaof L/Lgyq for this
sample is—0.47. This is a little below the mean value of Igig for the NLS1s in the S10 sample,
but it is still well above the mean value of -1.50 for all the S10 AGN with log{Mjreater than 9.
Thus, while the true distribution of AGN in the log Eddington Ratio vs. logyNdlane may not be
as steep as it appears in Figure 2, it is still substantially tilted.
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Figure 4: The locus of 4,037 low redshift AGN from the study of Hu et &0@8) in the log Eddington
ratio vs. log Mgy plane. In this study, the My values are calculated usimg,g rather than FWHMg. The
NLS1s, having FWHNM,z < 2000 km s1, are shown in blue.

From this analysis, it is clear that NLS1s are the AGN with, on average ntiaflest black
hole masses and the largest Eddington Ratios.

4. New Evidencethat Orientation isI mportant

Despite the evidence that NLS1s show high Eddington Ratios and small l&eknasses,
there remains the possibility that some of their properties are due, at leamt irigpa preferred
orientation. It has long been recognized that AGNs are not spheriogbarticular, the optical
continuum and the low ionization broad emission lines show evidence of conoimgd flattened
distribution of material, which may be related to the accretion disk. The narrew &re believed
to come from a biconical region, perpendicular to that disk. The comsmguof such a geometry
would be that pole-on objects would appear to be more luminous and haesveaibroad lines
than edge-on objects. One recent study that lends support to this pgamrenes the distribution
of [0 1l]] A5007 equivalent width in the S10 sample[9]. This study compares that distritwith
a simple model in which the line emission is isotropic and the continuum emission coones f
a flat disk. The high EW tail of the distribution follows a power law with slope 3b; which
is a natural outcome of such a model. The shape of the distribution below this datermined
by the intrinsic EW distribution of the sample, which is successfully approximeddte sum of
two Gaussian distributions, one centered at 8A and one centered att16Also shown that the
distribution of broad ¥ EW is not consistent with a similar model, but suggests thatdtmitted
from a flattened surface.

The HO8 sample provides new evidence for orientation effects. If thewgleference system
for the 2,265 objects for which [O I} 3727 is measured is changed to that line rather than the [O
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Figure 5: Outflow velocity of [O 1l1] plotted against inflow velocity dfe 1l. Both velocities are referenced
to [O ll] A3727. NLS1s are shown in blue

I11] reference system in the published table, a plot of [O IlI] relatiedogity vs. Fe Il relative
velocity (Figure[b) shows a notable pattern. Large Fe Il inflows only oztobjects with little
or no [O IlI] relative velocity. Large [O Ill] outflows only occur in objés with little or no Fe 1l
relative velocity. This pattern is indicative of two perpendicular directidnsation, and, in the
model described above, suggests that the Fe Il inflow is in the plane afghd-bne-emitting disk,
while the [O 1] outflow is in the polar direction, along the axis of the biconitairow line region.
Thus, objects with large Fe Il inflow velocities are predominantly edge+uhttzose with large [O
I11] outflow velocities are predominantly pole-on.

This distinction between edge-on and pole-on objects allows an investigdtiamether ori-
entation plays a role in the appearance of NLS1s, and the beginningsuoidanstanding of the
effects of orientation on the observed characteristics of AGNs in gleridra first question is an-
swered by Figurg]5. The NLS1s, shown in blue, avoid the region poputstedge-on objects.
However, they also are not limited to the pole-on region. They dominate thabtdithey are
also found in the large clump of objects near the origin, presumably at intexteadientations.
This is not surprising within the context of the model described aboveeSimse is so little solid
angle for objects near pole-on, any sort of realistic intrinsic distributionredllt in all bins of the
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Figure 6: The same data plotted as in figure 5. Four edge-on regionis Beitl redshift) and three pole-on
regions (with [O I11] blueshifts) are marked. For each ofgbeas well as the region around the origin, the
median values of log4so0and FWHM,g are indicated.

observed distribution having a significant fraction of non-pole-on dabjethis is also consistent
with the "edge-on" tail containing a large number of objects, while the "potaail contains only
a few.

Using the Fe 11 - [O IIl] velocity diagram, the effects of orientation can bamjified somewhat
further. For NLS1s, the characteristics of most interest are luminosityoerat line width, as
these define the class and were the properties from which the black haesrasd Eddington
ratios were deduced. Figure 6 shows the same diagram of Fe Il and] [@lbcities, but here
the distribution of points has been divided into eight subsets. The redéamggions left to right
represent subsets with orientations closer and closer to edge-on.edtaegular regions top to
bottom represent subsets with orientations closer and closer to poleweadh subset, the median
values of log lsi00 and FWHM,g are listed. Just as would be expected, the sequence from edge-
on to pole-on corresponds almost monotonically to decreasing broad lirte and increasing
luminosity. The overall effect is about a factor of two in line width and slightlyrenthan this in
luminosity.

Of course, we have not shown that orientation is the only factor thatrdietes an object’s

10
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location in this diagram, and the large clump of objects at the origin suggesitieatproperties
play a role. However, the factor-of-two differences between edgaral pole-on properties may
be indicative of the size of the effect of orientation. With the conclusionahaibject seen pole-
on will be twice as bright and have lines half as wide as the same object dgeror, we find
that the pole-on object will have an apparengdMroughly one-third of the edge-on object, and
an Eddington Ratio almost six times larger. Note that this shift is in the same seiseeen in
Figure[R — objects with larger py have smaller Eddington Ratio, but the magnitude of the effect
is several times too small to account for the overall trend.

5. An Integrated Picture?

Since the discovery of the NLS1 class, one of the fundamental questionssding them has
been whether they represent a distinct group in which some parametdffesetat”, or whether
they are one end of a continuous distribution of properties. Using largplea available today,
weak but highly significant trends can be teased out of the data. Sorperpes, EW,;; and
EWFren, vary smoothly and monotonically with FWHM. Other properties, EY¥ and Lsioo
seem to change behavior dramatically below a certain F\pivalue.

It seems clear that orientation, black hole mass, and Eddington ratio allgis/in the ap-
parent characteristics of AGNs. Furthermore, as we begin to disentdmajlesffects, it appears
that these parameters all contribute to the correlations of observed aveddaroperties compa-
rably. With the acceptance of the virial approach to calculating black holeesakarge complete
spectroscopic samples show an inverse correlation between black hdeanth&ddington ra-
tio, implying that NLS1s are the only AGNs that accrete at rates close to thdingdn limits.
However, it also seems likely that the two fundamental observables, FMgHMd Lsioo Used to
calculate the derived properties, are themselves affected by the oriarmétioe object relative
to our line of sight. The effects of orientation mimic the correlation betwegp &hd Eddington
ratio, but are not large enough to be the entire cause of it.

Where does this leave us? With a lot more information, but perhaps not muehimsaht.
Quasars have resisted our attempts for almost 50 years now to createra picttnich observed
properties are connected to physical processes in a simple way. Aggivetbeise large, clearly
defined samples of objects to probe the behavior of the observed pespéiere is hope that we
can (a) separate the intrinsic object-to-object variations from the readdreand (b) find subtle
effects that will allow us to differentiate between physical and geometrempeters.
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