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The vast majority of black hole masses that populate theatitee are deduced from scaling rela-
tionships. Of these, the relationship between the raditlsedfroad line region and the luminosity
of the AGN (ther — L relationship) is perhaps the most widely used and is baseev@nberation
mapping experiments of low-redshift AGNs. Recent campaegfrMDM Observatory and Lick
Observatory have revised and added several new revedrenatiasurements, some of which are
based on observations of NLS1s. We describe preliminagteeBom ongoing work to recali-
brate the — L relationship with these new reverberation results and-héglolution HST imaging.
We also briefly describe ongoing work to recalibrate theisgalelationship between the black
hole mass and host galaxy bulge luminosity for AGNs, thectffef host galaxy morphology
on this relationship, and how the AGN relationship compé#oehat of the sample of quiescent
galaxies with dynamical masses. We also investigate thewadme Seyfert 1s relative to the rest
of the reverberation sample in the context of these scaéifagionships.
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1. Introduction

Reverberation mapping (Blandford & McKee 1982, Peterso®3)9s the most successful
method for directly measuring the mass of the black holetivegalaxies. Through high-cadence
spectrophotometric monitoring, the time delay betweeilatians in the continuum flux and the
echo of those variations in the broad emission line flux gawveseasure of the size of the broad
line region (BLR). Combined with the velocity width of the &sion line itself, the black hole
mass can be deduced, modulo a scaling factor that incogsotia¢ details of the BLR such as the
geometry and kinematics. Reverberation mapping has egsultsome 45 successful black hole
mass measurements to date.

Recent reverberation campaigns have focused on two maiesisél) replacing undersampled
monitoring datasets to obtain more accurate BLR radius aneagents, and (2) extending the range
of BLR radii and black hole masses probed by the techniqugatticular, the 2007 campaign at
MDM Observatory (Denney et al. 2009, 2010) focused pringanii the former, and the 2008 Lick
AGN Monitoring Project (LAMP; Bentz et al. 2008, 2009b) feed on the latter. The high qual-
ity BLR radius measurements from these two campaigns, auedbivith high-resolution Hubble
Space Telescope images of the AGN host galaxies allows evigitrseveral AGN scaling rela-
tionships and to compare the narrow-line Seyfert 1s (NL&1#)e broad-line Seyfert 1s (BLS1s)
in the reverberation database.

2. Narrow-Line Seyfert 1s in the Reverberation Database

In their 1985 work, Osterbrock & Pogge described a subsamifpeyfert 1 galaxies with
broad Balmer components that were unusually narrow (FWHKM000kms?t). Two popular
explanations for the NLS1 phenomenon are that the blackstere undermassive but currently
accreting at a very high rate, or the inclinations of theseNa@re such that we are viewing them
almost face-on. There does not yet seem to be a clear cossanso which of these two pictures
is favored by observations of NLS1s.

For this work, we classify an AGN as a NLS1 if FWHN 2000 km s for the broad H8 com-

Table 1: NLS1s in the Reverberation Sample

Object 02000 42000 z FWHM(HBoroad MgH Ref.
(hrminsec)  {'") (kms1 (1PM.)
Mrk 335 000619.5 +201210 0.02579 1793,1679+2 142737 1
Mrk 110 092512.9 +521711 0.03529 1543,1658+3,1600+39 251'%1 1
NGC 4051 120309.6  +443153 0.00234 299 1737935 2
PG1211+143  121417.7 +140313 0.08090 2087 114647 1
Mrk 202 121755.0 +583935 0.02102 14718 142758 3
Mrk 766 1218265 +294846 0.01293 16689 18715 3
NGC 4748 125212.4  -132453  0.01463 19466 26710 3
NGC 7469 2303156 +085226 0.01632 17220 122715 1

References: 1. Peterson et al. (2004), 2. Denney et al. [280Bentz et al. (2009b)
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ponent measured from the mean of all the spectra obtainéagdaireverberation campaignThe
eight AGNs that satisfy this criterion are listed in TableSkeveral are famous NLS1s which have
been the objects of intense scrutiny, such as NGC 4051 and®&&rkHowever NGC 7469, which
is usually classified as a BLS1, was apparently in a NLS1-phmese during its 1996 monitoring
campaign and is therefore included as a NLS1 here.

3. The Radius — Luminosity Relationship

The relationship between the radius of the broad line regimhthe luminosity of the AGN
(ther — L relationship; Kaspi et al. 2000, Bentz et al. 2009) is thetratibzed scaling relationship
to result from the compilation of reverberation measuremseit allows one to quickly estimate
the mass of a black hole with two simple measurements fromglesspectrum: the continuum
luminosity as a proxy for the observationally-intensiveasimement of the BLR radius, and the
velocity width of a broad emission line.

AGN monitoring apertures are typically quite large for ndaration mapping campaigns (e.g.,
5" x 8") to minimize the effects of variable seeing and slit losseswever, since many of the
reverberation-mapped AGNs are hosted by nearby, briglaixged, a large monitoring aperture
also collects a large amount of host-galaxy starlight. Hais the effect of artificially steepening
the slope of the — L relationship, as the starlight dilution is worst for the resa AGNs which
tend to be relatively low-luminosity and have small BLR fadl'he starlight component of the
spectral luminosity can be determined from two-dimendignaace brightness modeling of high-
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Figure 1: The HB r — L relationship for AGNs after subtracting the contributioorh host-galaxy starlight.
The AGNSs in the LAMP sample are shown in green and their lusities have been corrected using pre-
liminary fits to HST WFC3 images. The AGNs from the MDM sampite shown in blue. The best fit is
shown by the solid line and has a powerlaw slope .686+ 0.034, consistent with the results of Bentz et
al. (2006, 2009). For comparison, we also plot the best fiti@iship from Kaspi et al. (2008ptted line)
which does not include any correction for host-galaxy &fhtl

1For the Peterson et al. (2004) compilation, linewidths st from the mean spectra are tabulated by Collin et
al. (2006).
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Figure 2: Same as Figure 1, except the red circles show the NLS1s irteetreration sample. There is no
obvious difference between the locations of the NLS1s ae®ttS1s in the reverberation sample.

resolution Hubble Space Telescope images (Bentz et al., ZWW®). When the luminosities are
corrected for this component, the slope of theL relationship is found to ba = 0.5, consistent
with the value expected from simple photoionization argoisi.e

In Figure 1 we display the most recent determination of the - L relationship for all
reverberation-mapped AGNs with HST imaging. Surface hingbes modeling of new HST WFC3
images is currently being carried out for the objects fromltAMP 2008 campaign and one new
object from the MDM 2007 campaign (Bentz et al. 2011, in prapan), but we can make prelim-
inary corrections to their luminosities. The best-fit poaerslope of 0636+ 0.034 is consistent
with the slopes reported by Bentz et al. (2006, 2009). Eveh thie addition of several objects
at the low luminosity end, the relationship shows no sigreatf a turnover at small radii or low
luminosities.

Figure 2 shows the — L relationship with the locations of the NLS1s highlightedatee
to the BLS1s. The NLS1s are distributed evenly about the fitetst the r — L relationship and
have a similar scatter to the BLS1s in the sample. There appe®e no difference between the
NLS1s and BLS1s, which implies that the physics of the BLRrslar for NLS1s and BLS1s. The
sometimes-NLS1 galaxy NGC 7469 is currently the most digmmeobject in the — L relationship,
however a new monitoring campaign has recently been coetpler this AGN in the hopes of
obtaining higher quality spectrophotometry (Grier et ial.preparation), so this object’'s apparent
discrepancy is still being investigated. We emphasizetttgood agreement between the L
relationship for BLS1s and NLS1s is only known to be true fa bptical-emitting region of the
BLR, as we do not currently have enough information to cauytbe same study for the UV-
emitting BLR.

4. The Black Hole Mass — (Pseudo)Bulge Luminosity Relatiotgp

Scaling relationships between the black hole and propeofithe host galaxy are also widely
used but many of these were originally determined from qeissgalaxies with dynamical black



Black hole scaling relationships and NLS1s Misty Bentz

hole mass measurements (i.e., Magorrian et al. 1998, Esgat al. 2000). Recently, there have
been several studies claiming that host-galaxy morphology affect the details of these scaling
relationships, and in particular, the presence of a psaugelor a bar. Both pseudobulges and bars
are interpreted as signatures of host-galaxy secular tamo]in which disk instabilities drive gas to
the center rather than the build-up of a classical bulgeutiitanergers. Recently, Kormendy et al.
(2011) reported that there is no correlation between bladé mass and pseudobulge luminosity
or pseudobulge velocity dispersion. In direct conflict, beer, are the findings of Hu (2008), who
show that pseudobulges in te@me sample do show arMgy — g, relationship, but that it lies below
the relationship for ellipticals and classical bulges. ltara et al. (2011) report a similar offset for
the Mgy — 0, relationship for barred galaxies in tkame sample when compared to thelgy — o,
relationship for unbarred galaxies, and go on to speculatit there is no morphology-based
offset found in the relationship between black hole masslarge luminosity, then that implies
that there may be a problem with using velocity dispersiomsaeements to estimate black hole
masses.

Surface brightness modeling of high-resolution opticallHi8ages for the reverberation sam-
ple allows us to investigate thHdgy — Lyuige relationship for active galaxies, which we show in
Figure 3. We plot th&/-band luminosities of classical bulges and ellipticalssusrthose of pseu-
dobulges (Figure 3eft) as well as for unbarred galaxies versus barred galaxigui@i3right).
The pseudobulges and the barred galaxies seem to follovatheMgH — Lyuige relationship as the
classical bulges and the unbarred galaxies with no appaftsgts, and also seem to follow the
same relationship as has been found for the non-spiral bbsgisiescent galaxies with dynamical
black hole mass measurements (solid line, Giiltekin et @R0rhis would seem to imply that the
MgH — Louige relationship is relatively insensitive to the details ohgalaxy morphology and may
actually be a more accurate way to estimate the black hols fna® an observable host galaxy
characteristic. The pseudobulges do, however, show isedescatter about the relationship, which
is perhaps not surprising given the fact that we have medsheduminosities from optical images
and pseudobulges often have large amounts of nuclear dilistngoing star formation. The larger
scatter and small dynamic range of the pseudobulges in iksapnt galaxy sample (Figurd i,
gray points) is likely the reason Kormendy et al. (2011) faifind a relationship between black
hole mass and pseudobulge luminosity.

We also investigate the location of the NLS1s in Mgy — Louge relationship. Three of the
eight NLS1s are hosted by classical bulges, while the otherdside in pseudobulges. The NLS1s
do not show an offset from the BLS1s and seem to be evenlylittd within the scatter exhibited
by the BLS1s. Again, the most discrepant object is NGC 7468chvwe have discussed above.
The good agreement between the NLS1s and BLS1s in the sarapld seem to imply that NLS1s,
or at least those currently included in the reverberationma, are not undermassive relative to
their host galaxies and are as often found in pseudobulgésegsare found in classical bulges.
However, it is important to keep in mind that these prelimynasults are based on optical images.
We intend to obtain high-resolution near-IR imaging of tinéire reverberation sample to further
this investigation.
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Figure 3: Black hole mass — bulge luminosity relationship for the AGN#he reverberation sample based
on two-dimensional surface brightness fits to high-resmfitoptical HST images. In all three plots, the
scales and the axes are the saieft: Elliptical galaxies and galaxies with classical bulgesdisplayed
with open circles, galaxies with pseudobulges are shown filied circles, and the pseudobulge galaxies
from the quiescent galaxy sample of Kormendy et al. (2014 )s&own in gray for comparison. The solid
red line is the best fit from Gultekin et al. (2009) to the nqira quiescent galaxies (not shown). The
active galaxies appear to follow the same relationship asjtliescent galaxies regardless of morphological
type. There does appear to be a modest increase in scattagdh®AGN pseudobulge galaxies that may
be partially due to dust extinction and bright star formiegions, both of which can affect the luminosity
measured from optical imageRight: AGN host galaxies without bars are shown with open circlegevh
barred galaxies are shown with filled circles. Again, thgneears to be no offset based on galaxy morphol-
ogy. Bottom: NLS1s are shown in red, with open circles denoting a clakbidge or elliptical host galaxy,
and filled circles denote a host galaxy with a pseudobulge.NIiS1s seem to follow the same relationship
as the BLS1s and exhibit a similar scatter.
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5. Summary

Recent reverberation mapping campaigns have reduceddttersand extended the range at
the low end of black hole scaling relationships in activeagims. A preliminary update to the
opticalr — L relationship finds a slope that is consistent witl 0.5 and with slopes previously
determined where the host galaxy starlight contributioacisounted for. The opticdigy — Louige
relationship appears to be relatively insensitive to thetdgalaxy morphology, in contrast to recent
studies that find morphology-based offsets inlthg; — o, relationship for quiescent galaxies with
dynamical masses. Finally, NLS1s in the reverberation sampear to follow the same scaling
relationships as BLS1s and exhibit a similar scatter abmibest-fit relationships.
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