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ABSTRACT
We create a baseline of the black hole (BH) mass (MBH) – stellar-velocity dispersion (σ) relation for active

galaxies, using a sample of 66 local (0.02< z < 0.09) Seyfert-1 galaxies, selected from the Sloan Digital Sky
Survey (SDSS). Analysis of SDSS images yields AGN luminosities free of host-galaxy contamination, and
morphological classification. 51/66 galaxies have spiral morphology. 28 bulges have Sérsic indexn < 2 and
are considered candidate pseudo bulges, with eight being definite pseudo bulges based on multiple classifi-
cation criteria met. Only 4/66 galaxies show signs of interaction/merging. High signal-to-noise ratio Keck
spectra provide the width of the broad Hβ emission line free of FeII emission and stellar absorption.AGN
luminosity and Hβ line widths are used to estimateMBH. The Keck-based spatially-resolved kinematics is used
to determine stellar-velocity dispersion within the spheroid effective radius (σspat,reff). We find thatσ can vary
on average by up to 40% across definitions commonly used in theliterature, emphasizing the importance of
using self-consistent definitions in comparisons and evolutionary studies. TheMBH-σ relation for our Seyfert-
1 galaxy sample has the same intercept and scatter as that of reverberation-mapped AGNs as well as that of
quiescent galaxies, consistent with the hypothesis that our single epochMBH estimator and sample selection
do not introduce significant biases. Barred galaxies, merging galaxies, and those hosting pseudo bulges do not
represent outliers in theMBH-σ relation. This is in contrast with previous work, although no firm conclusion
can be drawn on this matter due to the small sample size and limited resolution of the SDSS images.
Subject headings: accretion, accretion disks — black hole physics — galaxies:active — galaxies: evolution

— quasars: general

1. INTRODUCTION

The discovery of relations between the mass of the cen-
tral supermassive black hole (BH) and its host galaxy prop-
erties such as spheroid luminosityLsph (Kormendy & Rich-
stone 1995), spheroid massMsph (e.g.,Magorrian et al. 1998),
and spheroid stellar velocity dispersionσ (e.g.,Gebhardt et
al. 2000; Ferrarese & Merritt 2000) has sparked a flood of
observational studies pertaining both to the local Universe
(e.g.,Merritt & Ferrarese 2001; Tremaine et al. 2002; Marconi
& Hunt 2003; Häring & Rix 2004; Ferrarese & Ford 2005;
Greene & Ho 2006; Graham 2007; Gültekin et al. 2009; Ben-
nert et al. 2011a; Kormendy & Bender 2011; Kormendy et al.
2011; Sani et al. 2011; McConnell et al. 2011; Graham et al.
2011; Beifiori et al. 2012; Graham & Scott 2013) and cosmic
history (e.g.,Treu et al. 2004, 2007; Peng et al. 2006a,b; Woo
et al. 2006, 2008; Salviander et al. 2007; Riechers et al. 2009;
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Jahnke et al. 2009; Bennert et al. 2010; Decarli et al. 2010;
Merloni et al. 2010; Bennert et al. 2011b); for a recent review
seeKormendy & Ho(2013). In particular the evolution with
redshift of these correlations constrains theoretical interpre-
tations and provides important insights into their origin (e.g.,
Croton 2006; Robertson et al. 2006; Hopkins et al. 2007), by
probing whether BHs and their host galaxies are constantly
on tight correlations through a feedback mechanism that con-
trols their mutual growth (e.g.,Kauffmann & Haehnelt 2000;
Volonteri et al. 2003; Ciotti & Ostriker 2007; Hopkins et al.
2008), or whether the local relations are an end product of the
more dramatic and stochastic process of galaxy merging in
the hierarchical assembly ofMBH and stellar mass (e.g.,Peng
2007; Jahnke & Maccio 2011).

MeasuringMBH based on spatially resolving the BH’s grav-
itational sphere of influence via stellar kinematics (e.g.,van
der Marel et al. 1998; Gebhardt et al. 2000), gaseous kine-
matics (e.g.,Ferrarese et al. 1996; Marconi et al. 2001) or
maser emission (e.g.,Herrnstein et al. 2005; Kuo et al. 2011)
is restricted to galaxies in the local Universe. The only wayto
probe the evolution of the scaling relations is to rely on active
galaxies, thought to represent an integral phase in the evo-
lution of galaxies during which the BH is growing through
accretion, resulting in the luminous galaxy center known as
Active Galactic Nucleus (AGN). For AGNs at cosmological
distances,MBH is estimated through application of the “virial
method” (e.g.,Wandel et al. 1999). In this method, it is as-
sumed that gas clouds in the broad-line region (BLR) orbiting
the BH in close proximity follow the gravitational field of the
BH. In a time-consuming process called reverberation map-
ping (e.g.,Wandel et al. 1999; Kaspi et al. 2000, 2005; Bentz
et al. 2006, 2013), the delayed response of broad emission
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lines to changes in the AGN continuum is translated into a
size of the BLR. When combined with the width of the broad
emission lines (i.e., velocity of the gas clouds), the mass of
the BH can be estimated, making use of the “virial coeffi-
cient” that depends on the gas kinematics and geometry. As-
suming that broad-line AGNs and quiescent galaxies follow
the sameMBH-σ relation (as probed in several studies, e.g.,
Woo et al. 2013, and references therein), this coefficient has
been traditionally obtained by matching theirMBH-σ relations
(e.g.,Onken et al. 2004; Greene & Ho 2006; Woo et al. 2010;
Park et al. 2012; Woo et al. 2013, 2015). More recently, by
modeling reverberation-mapped data directly and constrain-
ing geometry and kinematics of the BLR,MBH has been esti-
mated for individual objects independent of a virial coefficient
(Brewer et al. 2011; Pancoast et al. 2011, 2012, 2014). A sec-
ondary method called the “single-epoch method” makes use
of an empirical correlation found from reverberation mapping
that directly relates the BLR size to the AGN continuum lumi-
nosity, to allow the estimation ofMBH from a single spectrum
(Vestergaard 2002; Woo & Urry 2002; Vestergaard & Peter-
son 2006; McGill et al. 2008).

While the majority of evolutionary studies point toward a
scenario in which BH growth precedes spheroid assembly
(e.g.,Walter et al. 2004; Treu et al. 2004; Woo et al. 2006;
Shields et al. 2006; McLure et al. 2006; Peng et al. 2006a,b;
Treu et al. 2007; Salviander et al. 2007; Weiss et al. 2007;
Riechers et al. 2008; Woo et al. 2008; Riechers et al. 2009;
Gu et al. 2009; Jahnke et al. 2009; Decarli et al. 2010; Mer-
loni et al. 2010; Bennert et al. 2010, 2011b), no consensus has
been reached on the interpretation of the evolutionary stud-
ies (see e.g.,Schramm & Silverman 2013; Volonteri & Stark
2011; Schulze & Wisotzki 2014, especially concerning the
role of scatter, observational bias, and selection effects) and,
ultimately, the origin of theMBH scaling relations. A key to-
ward understanding theMBH scaling relations may lie in un-
derstanding the local relations for active galaxies and system-
atic effects in the analysis. First, all conclusions about evo-
lution of these relations hinge on understanding the slope and
scatter of local relations, especially those involving broad-line
AGNs — the class of objects targeted by high-redshift stud-
ies, by necessity. Second, while reverberation-mapped AGNs
benefit from smallerMBH errors, their selection based on suf-
ficient AGN variability may introduce biases (e.g.,Woo et al.
2013, and references therein). Third, investigating the depen-
dence of scaling relations on additional parameters, such as
the amount of nuclear activity and the detailed properties of
the host galaxies, is vital to understanding the physical origins
of galaxies. For example, while the spheroid has been tradi-
tionally identified as the fundamental driver forMBH, there
have been studies that point towards tighter correlations of
MBH with the total host-galaxy light or stellar mass (Bennert
et al. 2010, 2011b; Jahnke et al. 2009; Läsker et al. 2014). A
related open question is the role of pseudo bulges. Late-type
galaxies are often known to host pseudo bulges, characterized
by nearly exponential light profiles, ongoing star formation or
starbursts, and nuclear bars. It is generally believed thatthey
have evolved secularly through dissipative processes rather
than mergers (Courteau et al. 1996; Kormendy & Kennicutt
2004). Conversely, classical bulges are thought of as cen-
trally concentrated, mostly red and quiescent, merger-induced
systems. It is unclear how BHs would grow within pseudo
bulges and how their masses could be related: some authors
find that pseudo bulges correlate withMBH (e.g.,Kormendy
2001; Gu et al. 2009), while others propose either the op-

posite (Hu 2008; Greene et al. 2010; Kormendy & Bender
2011) or at least that both theMBH-σ andMBH-Lsph relations
are not obeyed simultaneously (Greene et al. 2008; Nowak et
al. 2010).

We here present the results of a program aimed at address-
ing these questions by building upon a robust and unique
baseline of∼100 local (0.02≤ z ≤ 0.09) Seyfert-1 galaxies
selected from the Sloan Digital Sky Survey (SDSS) (MBH>
107M⊙) for the study of theMBH scaling relations. The ho-
mogeneous selection of our sample based on emission lines is
disjoint from the reverberation-mapped AGNs and allows us
to probe selection effects in the reverberation-mapped AGN
sample which serves as aMBH calibrator for the entire Uni-
verse. Moreover, our selection is similar to high-redshiftsam-
ples. Combining high-quality long-slit Keck/LRIS spectra
with archival multi-filter SDSS images yields four different
fundamental scaling relations. Results for a pilot sample of
25 objects have been presented by the first paper in the series
(Bennert et al. 2011a, hereafter Paper I). Spatially-resolved
σ measurements for the full sample have been published by
Harris et al.(2012)[hereafter Paper II].

In this paper, we focus on theMBH-σ relation. We have ob-
tained high S/N spatially-resolved long-slit spectra and mea-
sured both apertureσ as well as spatially resolvedσ (Paper
II). Here, we derive spatially resolvedσ within the bulge ef-
fective radius and compare it to different definitions of stellar
velocity dispersion used in the literature.

The paper is organized as follows. We summarize sample
selection, observations, and data reduction in Section2. Sec-
tion 3 describes the derived quantities, such as host-galaxy
properties derived from surface photometry, stellar velocity
dispersion, andMBH. In Section4, we describe our final sam-
ple as well as comparison samples drawn from literature, con-
sisting of local quiescent galaxies and reverberation-mapped
AGNs. We present and discuss our results in Section5. We
conclude with a summary in Section6. In AppendixA, we
show fits to the broad Hβ emission line for a total of 79 ob-
jects for which we measuredMBH. AppendixB summarizes
notes for a few individual objects.

Throughout the paper, we assume a Hubble constant ofH0

= 70 km s−1 Mpc−1, ΩΛ = 0.7 andΩM = 0.3.

2. SAMPLE SELECTION, OBSERVATIONS, AND DATA
REDUCTION

Sample selection, observations, and data reduction were de-
scribed in detail in Paper I & II of the series, and are only
summarized here briefly, for convenience. Details for the full
sample of 103 objects are listed in Paper II (Tables 1&2).

The sample was selected from the SDSS Data Release
(DR) 6 following these criteria: (i)MBH>107M⊙ as esti-
mated based on optical luminosity and Full-Width-at-Half-
Maximum (FWHM) of the broad Hβ line; (ii) redshift range
0.02< z < 0.09 to measure stellar kinematics via the CaII
triplet line in the optical and to ensure that the objects are
well resolved. A total of 103 objects were observed between
2009 January and 2010 March with the Low Resolution Imag-
ing Spectrometer (LRIS) at Keck I using a 1′′ wide long slit,
aligned with the host galaxy major axis as determined from
SDSS (“expPhi_r”). The D560 dichroic (for data taken in
2009) or the D680 dichroic (for data taken in 2010) was used,
the 600/4000 grism in the blue, and the 831/8200 grating in
the red with central wavelength 8950Å, resulting in an instru-
mental resolution of∼90 km s−1 in the blue and∼45 km s−1
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in the red. A table with sample and observation details can be
found in Paper II (Table 1).

The data were reduced following standard reduction steps
including bias subtraction, flat fielding, and cosmic-ray rejec-
tion. Wavelengths were calibrated using arc lamps in the blue
spectrum and sky emission lines in the red spectrum. Tel-
luric absorption correction and relative flux calibration was
performed using AOV Hipparcos stars.

All objects were covered by the VLA FIRST (Faint Images
of the Radio Sky at Twenty-cm) survey9, but only 32 have
counterparts within a radius of 5′′. Out of these, 21 are listed
in Rafter et al.(2009) with only two being radio-loud. Thus,
the majority of our objects are radio-quiet.

3. DERIVED QUANTITIES

To derive surface photometry, stellar-velocity dispersion,
and MBH, we followed the same procedures as outlined in
Paper I & II. We here briefly summarize the procedure and
results.

3.1. Surface Photometry

In Paper I, we described in detail an image analysis code
“Surface Photometry and Structural Modeling of Imaging
Data” (SPASMOID) designed to allow for simultaneous fit-
ting of multi-filter images with arbitrary constraints between
the parameters in each band (Bennert et al. 2011a,b). This
joint multi-wavelength analysis enables a much more power-
ful disentanglement of the nuclear and host-galaxy compo-
nents than using single-band imaging alone (e.g., using GAL-
FIT, Peng et al. 2002). The bluer bands provide a robust
measurement of the normalisation of the nuclear flux while
the redder data exploit the more favorable contrast between
the AGN and the host galaxy to constrain the morphologi-
cal structure of the latter. The approach of simultaneously
using structural and photometric information is most success-
ful for imaging of AGN hosts given the presence of a bright
AGN point source. SPASMOID’s reliance on a Markov Chain
Monte-Carlo (MCMC) technique also provides realistic un-
certainties and the ability to explore covariances betweenvar-
ious model parameters.

We use SPASMOID to perform surface-brightness photom-
etry on the SDSS images, simultaneously fitting the AGN by
a point-spread function (PSF) and the host galaxy by a com-
bination of spheroid (Sérsic with free indexn, in a range be-
tween 0.7 and 4.7), and if present, disk (exponential profile),
and bar (Sérsic with indexn = 0.5, i.e., a Gaussian). The re-
sults given in Tables1–2 correspond to the maximum a pos-
teriori (MAP) values. Note that this approach differs slightly
from Paper I, in which we fitted the spheroid with a singlede
Vaucouleurs(1948) profile. We thus here included all 25 ob-
jects from Paper I again and ran SPASMOID on the full sam-
ple of 103 objects. From the final sample, 11 objects were
omitted due to either image defects, bright nearby stars com-
plicating the fit, or no reliable fit achieved.

We use the Sérsic index to distinguish between classical
bulges and pseudo bulges (see Section5.1). The spheroid ra-
dius is used to determine the stellar velocity dispersion within
that effective radius (see3.2). The PSF g’-band magnitude is
corrected for Galactic extinction (subtracting the SDSS DR7
"extinction_g"’ column), and then extrapolated to 5100Å, as-
suming a power law of the formfν ∝ να with α= -0.5. The re-

9 See VizieR Online Data Catalog, 8071 (Becker et al. 2003)

sulting AGN luminosity free of host-galaxy contribution (ex-
cept potential dust attenuation) is used forMBH measurements
(see3.3). In the subsequent papers of the series (V. N. Ben-
nert et al. 2015, in prep.), we will discuss luminosity and
stellar masses of the different components when deriving the
remainingMBH-scaling relations.

3.2. Stellar-velocity Dispersion and Spatially-resolved
Kinematics

From the full sample of 103 objects, the spectra of 21 ob-
jects did not yield a robust measurement of the stellar kine-
matics, due to dominating AGN flux and high redshift (12 ob-
jects) or problems with the instrument (9 objects), so our final
kinematic sample consists of 82 objects (see Paper II, Table
2). While the exclusion of 10% of objects with faint galaxies
compared to the AGN can in principle introduce a systematic
effect in our sample, we consider this effect negligible, given
the overall sample size.

For the majority of objects, broad nuclear FeII emission
(∼5150–5350Å) is present and interferes with the measure-
ments of bothσ in the MgIb range and broad Hβ width. Thus,
for those objects, a set of IZw1 templates (varying width and
strength) and a featureless AGN continuum were fitted simul-
taneously and subtracted.

Stellar-velocity dispersionσ was measured from three dif-
ferent spectra regions: around CaH&Kλλ3969,3934 (here-
after CaHK), around the Mg Ibλλλ5167,5173,5184 (here-
after MgIb) lines and around CaIIλλλ8498,8542,8662 (here-
after CaT).σ measurements were obtained from a Python-
based code described in detail in Paper I & II. In short, it is
based on the algorithm byvan der Marel(1994), fitting a lin-
ear combination of Gaussian-broadened (30–500km s−1) tem-
plate spectra (G and K giants of various temperatures as well
as spectra of A0 and F2 giants from the Indo-US survey) and a
polynomial continuum using a MCMC routine (with the best
derivedσ measurements corresponding to the MAP values).
Telluric and AGN emission lines were masked and thus ex-
cluded from the fit.

In Paper II,σ measurements were derived for both aper-
ture and spatially-resolved spectra, i.e., as a function ofdis-
tance from the center. The extracted spatially-resolved spec-
tra were used to determine the velocity dispersion within the
spheroid effective radiusσspat,reff, free from broadening due to
a rotating disk component. (Note that this assumes that the
spheroid component dominates the velocity dispersion within
the spheroid effective radius, and that contributions frombar
and disk are negligible in comparison.) To do so, we calculate
the velocity dispersion within the spheroid effective radius as
determined from the surface photometry:

σ2
spat,reff =

Reff
∫

−Reff

(σ2
spat(r) + v2

spat(r)) · I(r) · r ·dr

Reff
∫

−Reff

I(r) · r ·dr

(1)

with I(r) = I(reff) · exp(−κn · [(r/rreff)1/n − 1]) the surface
brightness of the spheroid fitted as a Sérsic profile. Here,vspat
is the rotational component of the spheroid. We approximated
κn = 1.9992n-0.3271(valid for 0.5< n< 10,Capaccioli 1989;
Prugniel & Simien 1997). (Note thatn, rreff, andI(reff are
taken from the image analysis.) Since stellar velocity disper-
sions were measured for spectra on both sides of the center,
along the major axis, we integrate from “−Reff” to “ +Reff”.
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A spline function is used to interpolate over the appropriate
radial range, since theσspatmeasurements are discrete. In Sec-
tion 5.2, we discuss otherσ definitions used in the literature
and compare them with the fiducial value used throughout this
Paper from Eq. 1.

3.3. Black Hole Mass

We measure the second moment of the broad Hβ emission
line from the central blue Keck/LRIS spectrum (1 square-
arcsecond in size), using the IDL-based code implemented by
Park et al.(2015), allowing for a multi-component spectral
decomposition of the Hβ region. Here, we briefly summa-
rize the procedure. First, we model and subtract the observed
continuum by simultaneously fitting the pseudo-continuum,
which consists of the AGN featureless power-law continuum,
the AGN FeII emission template fromBoroson & Green
(1992), and the host-galaxy starlight templates from the Indo-
US spectral library (Valdes et al. 2004), in the emission-line
free windows of 4430− 4770 Å and 5080− 5450 Å. Sec-
ond, we model the continuum-subtracted Hβ emission-line
region by simultaneously fitting Gauss-Hermite series (van
der Marel & Franx 1993; McGill et al. 2008; Woo et al.
2006) to the broad and narrow Hβ emission lines and the
[O III ] λλ4959,5007 narrow emission lines and fitting Gaus-
sian functions to the broad and narrow HeII λ4686 emission
lines (when blended with the broad Hβ component; see Sec-
tion 3.1 ofPark et al. 2015for details). The final fits are shown
in Figs.A1-A2.

From the resulting fit, the second moment of the broad Hβ
component (σHβ) is combined with the 5100Å AGN luminos-
ity derived from surface photometry to estimateMBH:

logMBH = 0.71+ 6.849+ 2log
( σHβ

1000kms−1

)

(2)

+0.549log

(

λL5100

1044ergs−1

)

(3)

This equation is derived from adopting the most recent broad-
line region (BLR) radius-luminosity relation (Bentz et al.
2013)[Table 14, Clean2+ExtCorr] and a virial factor of logf =
0.71 (Park et al. 2012; Woo et al. 2013). The results are given
in Tables1–2 for a sample of 79 objects (see next paragraph).
We assume a nominal uncertainty of the BH masses mea-
sured via the virial method of 0.4 dex (Vestergaard & Peterson
2006).

Note that from the full sample of 103 objects presented in
Paper II, six objects showed only a broad Hα line in the SDSS
spectrum and no broad Hβ line in either the SDSS or Keck
spectra. While we can still estimateMBH from the broad Hα
line in the SDSS spectrum, we decided to exclude them from
the sample, for consistentMBH measurements. An additional
eight objects showed broad Hα and Hβ lines in the SDSS
spectrum, but did not reveal any broad Hβ line in the Keck
spectrum. We excluded these objects here as well, and our
MBH sample is thus comprised of 79 objects. However, we
will discuss them individually in an upcoming paper (V. N.
Bennert et al. 2015, in prep.). This upcoming paper will also
include a direct comparison between the SDSS spectrum and
the Keck spectrum, to study any broad-line variability. 57 ob-
jects are included in the BH mass function study byGreene
& Ho (2007) with BH masses derived from the broad Hα
line and luminosity in the SDSS spectra, with an overall good
agreement in the mass measurements.

4. FINAL SAMPLE AND COMPARISON SAMPLES

While a sample of 103 objects was observed at Keck, not all
properties could be determined for all objects (see Section3).
Taking into account the overlap between the measurements of
surface photometry, stellar velocity dispersion andMBH, our
final sample for theMBH-σ relation consists of 66 objects (see
Tables1–2).

We compare our sample with the compilation ofMBH and
σ for quiescent galaxies (McConnell & Ma 2013, 72 objects)
as well as reverberation-mapped AGNs (Woo et al. 2015, 29
objects; adopting the same virial factor as for our sample;
log f = 0.71). In Table4, we additionally compare with the
recent compilation ofMBH andσ for quiescent galaxies by
Kormendy & Ho(2013) (51 objects; pseudo bulges and merg-
ers excluded). Our results do not change depending on what
comparison sample we use. We discuss below the effects of
differentσ definitions used in the literature, including these
comparison samples. Unfortunately, none of the literature
uses the definition that we consider the most robust in this
paper (see discussion below).

Note that while for the quiescent galaxies, BH masses have
been derived from direct dynamical measurements, the BH
masses for active galaxies are calibrated masses either from
reverberation mapping or from the virial method.
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TABLE 1
SAMPLE AND DERIVED QUANTITIES

Object R.A. Decl. z σspat,reff reff,sph σHβ λL5100 log MBH/M⊙ Host Spheroid Alt. Name
(J2000) (J2000) (km s−1) (”) (km s−1) (1044 erg s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

0013-0951 00 13 35.38 −09 51 20.9 0.0615 96 4.00 2111±211 0.225 7.85 BD C
0026+0009 00 26 21.29 +00 09 14.9 0.0600 172 1.54 1527±227 0.025 7.05 BDB C
0038+0034 00 38 47.96 +00 34 57.5 0.0805 127 1.23 3328±239 0.208 8.23 BD C
0109+0059 01 09 39.01 +00 59 50.4 0.0928 183 0.20 1797±268 0.101 7.52 BD C
0121-0102 01 21 59.81 −01 02 24.4 0.0540 90 1.74 1742±106 0.290 7.75 BDB P MRK1503
0150+0057 01 50 16.43 +00 57 01.9 0.0847 176 2.85 2057±129 0.020 7.25 BD C
0206-0017 02 06 15.98 −00 17 29.1 0.0430 225 7.29 1979±185 0.540 8.00 BD(M) C UGC1597
0212+1406 02 12 57.59 +14 06 10.0 0.0618 171 0.83 1586±86 0.069 7.32 BD C
0301+0115 03 01 44.19 +01 15 30.8 0.0747 99 1.90 1653±105 0.155 7.55 B C
0310-0049 03 10 27.82 −00 49 50.7 0.0801 ... 0.20 1558±334 1.172 7.98 BD C
0336-0706 03 36 02.09 −07 06 17.1 0.0970 236 7.17 2403±192 0.036 7.53 BD C
0353-0623 03 53 01.02 −06 23 26.3 0.0760 175 1.11 1548±537 0.160 7.50 BD C
0731+4522 07 31 26.68 +45 22 17.4 0.0921 ... 1.39 1885±134 0.089 7.53 BD C
0737+4244 07 37 03.28 +42 44 14.6 0.0882 ... 2.53 1692±98 0.141 7.55 BD C
0802+3104 08 02 43.40 +31 04 03.3 0.0409 116 3.41 1772±185 0.072 7.43 BD C
0811+1739 08 11 10.28 +17 39 43.9 0.0649 142 1.98 1520±361 0.042 7.17 BD C
0813+4608 08 13 19.34 +46 08 49.5 0.0540 122 0.99 1430±91 0.048 7.14 BDB P
0845+3409 08 45 56.67 +34 09 36.3 0.0655 123 1.15 1718±172 0.064 7.37 BDB P KUG0842+343A
0854+1741 08 54 39.25 +17 41 22.5 0.0654 ... 1.98 1472±269 0.270 7.58 BD C MRK1220
0857+0528 08 57 37.77 +05 28 21.3 0.0586 126 2.22 1485±51 0.135 7.42 BD C
0904+5536 09 04 36.95 +55 36 02.5 0.0371 194 5.43 2483±36 0.088 7.77 B(M) C
0921+1017 09 21 15.55 +10 17 40.9 0.0392 83 3.37 2317±286 0.030 7.45 BD C VIIIZw045
0923+2254 09 23 43.00 +22 54 32.7 0.0332 149 1.43 1824±265 0.194 7.69 BDB P
0923+2946 09 23 19.73 +29 46 09.1 0.0625 142 3.52 2936±247 0.019 7.56 B C
0927+2301 09 27 18.51 +23 01 12.3 0.0262 196 13.42 2112±205 0.005 6.94 BD C NGC2885
0932+0233 09 32 40.55 +02 33 32.6 0.0567 126 0.63 1814±72 0.069 7.44 BD C
0936+1014 09 36 41.08 +10 14 15.7 0.0600 ... 3.25 1995±80 0.091 7.59 BD C
1029+1408 10 29 25.73 +14 08 23.2 0.0608 185 2.57 2456±344 0.133 7.86 BDB C
1029+2728 10 29 01.63 +27 28 51.2 0.0377 112 3.41 1544±252 0.014 6.92 B C
1029+4019 10 29 46.80 +40 19 13.8 0.0672 166 1.54 2193±387 0.093 7.68 BD C
1042+0414 10 42 52.94 +04 14 41.1 0.0524 74 3.13 1518±102 0.039 7.14 B C
1043+1105 10 43 26.47 +11 05 24.3 0.0475 ... 3.09 2314±28 0.171 7.87 B C
1049+2451 10 49 25.39 +24 51 23.7 0.0550 162 1.23 2534±135 0.246 8.03 BD C
1058+5259 10 58 28.76 +52 59 29.0 0.0676 122 0.99 1896±645 0.075 7.50 BDB P
1101+1102 11 01 01.78 +11 02 48.8 0.0355 197 8.16 3949±170 0.068 8.11 BD C MRK728
1104+4334 11 04 56.03 +43 34 09.1 0.0493 87 1.15 1719±160 0.016 7.04 BD C
1116+4123 11 16 07.65 +41 23 53.2 0.0210 108 3.76 3136±384 0.004 7.23 BD C UGC6285
1132+1017 11 32 49.28 +10 17 47.4 0.0440 ... 1.94 1900±86 0.049 7.40 BDB C IC2921
1137+4826 11 37 04.17 +48 26 59.2 0.0541 155 1.07 1606±92 0.006 6.74 B C
1143+5941 11 43 44.30 +59 41 12.4 0.0629 122 3.13 1790±128 0.099 7.51 BD C
1144+3653 11 44 29.88 +36 53 08.5 0.0380 168 1.39 2933±205 0.041 7.73 BDB P KUG1141+371
1145+5547 11 45 45.18 +55 47 59.6 0.0534 118 1.31 1837±208 0.027 7.22 BDB P
1147+0902 11 47 55.08 +09 02 28.8 0.0688 147 2.61 2896±188 0.690 8.39 B C
1205+4959 12 05 56.01 +49 59 56.4 0.0630 152 2.02 2678±294 0.177 8.00 BD C
1210+3820 12 10 44.27 +38 20 10.3 0.0229 141 1.23 2831±148 0.062 7.80 BD C KUG1208+3806
1216+5049 12 16 07.09 +50 49 30.0 0.0308 189 6.57 4487±477 0.035 8.06 BDB C MRK1469
1223+0240 12 23 24.14 +02 40 44.4 0.0235 124 7.25 2306±107 0.007 7.10 B C MRK50
1231+4504 12 31 52.04 +45 04 42.9 0.0621 169 1.23 1555±168 0.073 7.32 BD(M) C
1241+3722 12 41 29.42 +37 22 01.9 0.0633 144 1.43 1574±100 0.091 7.38 BD C
1246+5134 12 46 38.74 +51 34 55.9 0.0668 119 3.05 1141±130 0.044 6.93 BD C
1306+4552 13 06 19.83 +45 52 24.2 0.0507 114 2.34 1892±297 0.018 7.16 BD C
1307+0952 13 07 21.93 +09 52 09.3 0.0490 ... 3.21 1630±165 0.041 7.22 BD C
1312+2628 13 12 59.59 +26 28 24.0 0.0604 109 1.47 1572±496 0.154 7.51 BD C
1323+2701 13 23 10.39 +27 01 40.4 0.0559 124 0.87 2414±376 0.026 7.45 BD C
1355+3834 13 55 53.52 +38 34 28.5 0.0501 ... 2.77 4034±301 0.097 8.21 B C MRK464
1405-0259 14 05 14.86 −02 59 01.2 0.0541 125 0.59 1599±140 0.020 7.04 BD C
1416+0137 14 16 30.82 +01 37 07.9 0.0538 173 3.41 1514±233 0.064 7.26 BD C
1419+0754 14 19 08.30 +07 54 49.6 0.0558 215 4.99 3006±371 0.116 8.00 BD C
1434+4839 14 34 52.45 +48 39 42.8 0.0365 109 1.23 1731±85 0.210 7.66 BDB C NGC5683
1505+0342 15 05 56.55 +03 42 26.3 0.0358 ... 2.10 2127±139 0.382 7.98 BD C MRK1392
1535+5754 15 35 52.40 +57 54 09.3 0.0304 110 4.51 2442±93 0.287 8.04 B C MRK290
1543+3631 15 43 51.49 +36 31 36.7 0.0672 146 2.93 1820±168 0.229 7.73 BD C
1545+1709 15 45 07.53 +17 09 51.1 0.0481 163 1.15 3588±226 0.070 8.03 BD C
1554+3238 15 54 17.42 +32 38 37.6 0.0483 158 1.82 2523±159 0.125 7.87 BD C
1557+0830 15 57 33.13 +08 30 42.9 0.0465 ... 1.62 2388±91 0.063 7.66 B C

NOTE. — Col. (1): target ID used throughout the text (based on R.A.and declination). Col. (2): right ascension. Col. (3): declination. Col. (4): redshift from SDSS-DR7. Col. (5):
spatially resolved stellar-velocity dispersion within spheroid effective radius. Determined from CaT, if available, else MgIb or CaHK (Paper II) according to Equation 1 (uncertainty of 0.04
dex). Col. (6): spheroid effective radius in arcseconds. Col. (7): second moment of broad Hβ. Col. (8): rest-frame luminosity at 5100Å determined from SDSS g’ band surface photometry
(fiducial error 0.1 dex). Col. (9): logarithm of BH mass (solar units) (uncertainty of 0.4 dex). Col. (10): Host-galaxy decomposition: B = “bulge only”, BD = “bulge+disk”, BDB =
“bulge+disk+bar”. The “(M)” indicates an interacting or merging galaxy. Col. (11): Classification of spheroid as either classical bulge (C) or pseudo bulge (P). Col. (12): Alternative name
from NED.



6 Bennert et al.

TABLE 2
SAMPLE AND DERIVED QUANTITIES

Object R.A. Decl. z σspat,reff reff,sph σHβ λL5100 log MBH/M⊙ Host Spheroid Alt. Name
(J2000) (J2000) (km s−1) (”) (km s−1) (1044 erg s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

1605+3305 16 05 02.46 +33 05 44.8 0.0532 187 1.58 1960±272 0.254 7.82 B C
1606+3324 16 06 55.94 +33 24 00.3 0.0585 157 1.54 2053±80 0.067 7.54 BD C
1611+5211 16 11 56.30 +52 11 16.8 0.0409 116 1.66 2515±410 0.056 7.67 BD C
1636+4202 16 36 31.28 +42 02 42.5 0.0610 205 8.24 2492±230 0.125 7.86 BD P
1708+2153 17 08 59.15 +21 53 08.1 0.0722 231 5.86 2975±122 0.276 8.20 B(M) C
2116+1102 21 16 46.33 +11 02 37.3 0.0805 ... 10.38 2484±42 0.220 7.99 BD C
2140+0025 21 40 54.55 +00 25 38.2 0.0838 126 1.90 1114±64 0.585 7.52 B C
2215-0036 22 15 42.29 −00 36 09.6 0.0992 ... 5.66 1636±92 0.202 7.61 BD C
2221-0906 22 21 10.83 −09 06 22.0 0.0912 142 3.60 2375±131 0.104 7.77 B C
2222-0819 22 22 46.61 −08 19 43.9 0.0821 122 1.07 1799±168 0.177 7.66 BD C
2233+1312 22 33 38.42 +13 12 43.5 0.0934 193 1.19 2477±135 0.368 8.11 BD C
2254+0046 22 54 52.24 +00 46 31.4 0.0907 ... 2.73 989±261 0.481 7.37 B(M) C
2327+1524 23 27 21.97 +15 24 37.4 0.0458 225 7.29 1924±166 0.079 7.52 B C
2351+1552 23 51 28.75 +15 52 59.1 0.0963 186 1.43 2974±144 0.165 8.08 B C

NOTE. — Table1 continued.
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5. RESULTS AND DISCUSSION

For the discussion of our results, we only consider our fi-
nal sample of 66 objects for which we have bothMBH and
σ measurements.

5.1. Host-galaxy Morphologies

We visually inspected the multi-filter SDSS images as well
as the fits and residuals to determine the best host-galaxy de-
composition. The majority of the host galaxies are classi-
fied as Sa or later (51/66 = 77%) and was fitted either by a
spheroid+disk decomposition (40) or spheroid+disk+bar (11).
For the remaining 15 objects, a spheroid only fit was deemed
sufficient. The high fraction of spiral galaxies is typical for
a sample of (mostly radio-quiet) Seyfert galaxies (e.g.,Hunt
& Malkan 1999, and references therein). This is consistent
with the majority of objects (∼60%) showing rotation curves
with a maximum velocity between 100 and 200 km s−1. 6%
of the sample (4/66) are merging or interacting galaxies. This
is lower than for our high-redshift Seyfert galaxies (∼30% at
z ≃ 0.4− 0.6 Park et al. 2015) and more comparable to quies-
cent galaxies in the local Universe.

Of the 79 objects in our sample, 75 are included in the mor-
phological classification by Galaxy Zoo (Lintott et al. 2011),
but for only 28 did the vote reach the necessary 80% mark to
flag the morphology as either spiral or elliptical. For those,
our classification agrees in the majority of cases (82%) with
the rest being classified as ellipticals byLintott et al. (2011)
while we classified them as spirals. However, we consider our
classification as more robust since it also takes into accounts
the fits and residuals, especially given the AGN central point
source, which could lead to an overestimation of the presence
of a bulge by Galaxy Zoo.

For the spiral galaxies in our sample, a little more than half
of spheroid components are fitted by a Sérsic index< 2 (28
objects = 55%, corresponding to 43% of the total sample).
For the rest (23 objects), the spheroid component is fitted by
a Sérsic index≥ 2. On average, the Sérsic index for the spiral
galaxies is 2.2±1.6, forn ≥ 2 bulges 3.8±0.8, and forn < 2
bulges 0.9±0.3.

If we take solely the Sérsic index as an indicator for the ex-
istence of a classical vs. pseudo bulge, half of our spiral galax-
ies have pseudo bulges; we consider them candidate pseudo
bulges. The host-galaxies of the reverberation-mapped AGNs
have a similar distribution:Ho & Kim (2014) classify 75%
as spiral galaxies with roughly half having classical bulges
and half having pseudo bulges. In a bulge+disk decomposi-
tion of galaxies in SDSS, roughly 25% of galaxies with suffi-
cient image quality to study their bulge profile shape (a total
of ∼53,000) have pseudo bulges, if we use the same criterion
with Sérsic index< 2 (Simard et al. 2011, their Fig. 15, when
excluding bars withn = 0.5).

However, we further follow the guidelines byKormendy &
Ho (2013) to distinguish between classical bulges and pseudo
bulges, applying the following four criteria that we can probe
with our data: (i) Sérsic indexn < 2 for pseudo bulges,n ≥ 2
for classical bulges; (ii) bulge-to-total luminosity ratios (in
all four SDSS bands) B/T > 0.5 for classical bulges; (iii)
vmax,reff/σcenter> 1 for pseudo bulges, < 1 for classical bulges
(here,vmax,reff is the maximum velocity at the effective radius
of the bulge andσcenter is the stellar velocity dispersion in the
center); (iv) the presence of a bar in face-on galaxies as an
indicator of a pseudo bulge. To be conservative, we only clas-
sify objects as having a pseudo bulge for which at least three

of the above four criteria are met. That leaves us with a total
of eight spiral galaxies with a definite pseudo bulge.

5.2. Stellar-velocity Dispersions

The measurement of the stellar velocity dispersion profiles
and rotation curves is described in detail in Paper II. In this
paper, with the addition of the surface photometry parame-
ters, we have all the necessary information to investigate the
systematic uncertainties and biases related to the definition of
the stellar velocity dispersion.

With this goal in mind, we carry out a systematic com-
parison between different definitions of the velocity disper-
sion parameter taken from the literature and our fiducial mea-
surement (σspat,reff, Eq. 1). Specifically we compute velocity
dispersions as average of the second moment of the veloc-
ity field, by varying the size of the aperture, by considering
the difference between correcting and not correcting the ve-
locity rotation curve for inclination, and by considering the
effects of contamination by nuclear light. While not 100%
exhaustive, our list of definitions includes most of the choices
adopted in the literature. For example,Ferrarese & Merritt
(2000) use the second moment, integrating over one quarter
of the effective radius of the galaxy and correcting the veloc-
ity for inclination. NeitherGültekin et al.(2009), McConnell
& Ma (2013), norKormendy & Ho(2013) correct the veloc-
ity for inclination. However,Gültekin et al.(2009) andMc-
Connell & Ma (2013) use the effective radius of the galaxy,
while Kormendy & Ho(2013) use half of the effective radius
of the galaxy.McConnell & Ma(2013) additionally discuss
the choice of the minimum radius and find that setting it to
zero (as done by e.g.,Gültekin et al. 2009) can result inσ val-
ues smaller by 10-15%, since it includes signal from within
the BH gravitational sphere of influence. Thus, they instead
set the minimum radius to the latter. However, for our data, we
are not resolving the BH gravitational sphere of influence. Fi-
nally, manyσ measurements in the literature are derived from
aperture spectra, such as SDSS fiber spectra or spectra of dis-
tant galaxies integrated over different aperture sizes, making a
direct comparison difficult. The reverberation-mapped AGN
comparison sample falls into this category (Woo et al. 2015).

Table3 lists the results for different possible comparisons,
and Fig.1shows three examples. Here,σspat,0.5reff (σspat,0.25reff)
integrates out to half (one quarter) of the effective bulge ra-
dius.σspat,reff,sini additionally corrects the velocity for inclina-
tion, as estimated from the disk:

σ2
spat,reff,sini =

Reff
∫

−Reff

(σ2
spat(r) + v2

spat/sin(i)2(r)) · I(r) · r ·dr

Reff
∫

−Reff

I(r) · r ·dr

(4)

Again, we adopt smaller integration radii inσspat,0.5reff,sini and
σspat,0.25reff,sini (half and one quarter of the effective bulge ra-
dius, respectively).σspat,reff,galaxy integrates out to the effec-
tive radius of the galaxy instead, or alternatively half/one
quarter of that (σspat,0.5reff,galaxy; σspat,0.25reff,galaxy). It follows
thatσspat,reff,galaxy,sini corrects the velocity for inclination, con-
sidering different integration limits inσspat,0.5reff,galaxy,sini and
σspat,0.25reff,galaxy,sini. Finally, σspat,SDSS integrates within the
1.5” radius of the SDSS fiber. (Note that in fact ourσap,SDSS
corresponds to a rectangular region with 1.′′5 radius and
1′′ width, given the width of the long slit used.)
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The largest (average) effect on the derivedσ is the correc-
tion of the velocity for inclination, which can result inσ mea-
surements by on average 31±9% larger (see Fig.1) (43±9%
in case of the galaxy effective radius), with individual objects
as much as doubled. This discrepancy is reduced by consid-
ering smaller integration limits, since rotation is negligible at
the center of most objects. However, such large differences
are mainly due to galaxies seen close to face on, for which
the velocities are highly uncertain and sometimes inflated be-
yond reasonably physical limits, resulting in large outliers.
For example, if we impose arbitrarily thatv/sin(i) < σ (i.e.,
rotation not dominant), the average ratio falls to 1.06±0.01.
Or if instead less stringent we impose thatv/sin(i) < 2σ
(e.g., pseudo bulges may be rotation dominated), the average
ratio is 1.14±0.02. Based on this source of uncertainty, we
emphasize that the large difference should not be taken at face
value, but more as an indication that for face-on galaxies we
simply do not know the contribution of the rotational support.
The intrinsic uncertainty in inclination correction for face-on
objects is compounded by the fact that we do not have a good
estimate of the inclination of the bulge. In the definitions of
σ above labeled as ’sini’, we used the inclination of the disk
component as a proxy. Given these caveats, we decided to
not correct the velocities for inclination in our fiducial mea-
surement,σspat,reff (Eq. 1), which is a common practice in the
literature, including the comparison samples considered here.
However, we caution thatσ might be underestimated in some
cases.

When increasing the radius to the galaxy effective radius,
the σ measurement decreases on average by 1±1% (see
Fig. 1). This is expected, since most objects show a decreas-
ing stellar velocity dispersion with distance from the center
(Paper II).

However, there is another effect that might counterbalance
this trend: choosing a larger radius also includes more and
more rotational velocities, in particular those of the disk. De-
pending on the viewing angle, disk rotation can lead to over-
estimatingσ , if seen edge-on, or under-estimatingσ, if seen
face-on, given that the disk is kinematically cold (e.g.,Woo et
al. 2006, 2013, Paper I & II). This effect can be potentially im-
portant, given the variety of host-galaxy morphologies in both
local (e.g.,Malkan et al. 1998; Hunt & Malkan 2004; Kim et
al. 2008; Bentz et al. 2009; Bennert et al. 2011a) and distant
AGNs (Bennert et al. 2010, 2011b; Park et al. 2015). When
considering the different morphologies and inclinations in our
comparison betweenσspat,reff andσspat,reff,galaxy, we confirm the
expected trend.

Bellovary et al.(2014) use cosmological smoothed particle
hydrodynamics (SPH) simulations of five disk galaxies and
find that the line-of-sight effect due to galaxy orientationcan
affectσ by 30% with face-on views resulting in systematically
lower velocity dispersion measurements and edge-on orienta-
tions leading to higher values due to a contamination of rotat-
ing disk stars. Both fiber-based SDSS data (e.g.,Greene & Ho
2006; Shen et al. 2008) as well as aperture spectra for distant
galaxies (e.g., our studies on the evolution of theMBH-σ rela-
tion; Woo et al. 2006; Treu et al. 2007; Woo et al. 2008) can
suffer from the added uncertainty of the effect of the disk on
σ. The evolutionary studies rely on active galaxies, by neces-
sity, and given the distance of the galaxies, stellar velocity dis-
persion measurements are challenging. Aperture spectra typ-
ically include the central few kpc of the galaxy (for a typical
aperture of 1′′=5-7 kpc for the redshift range ofz = 0.36−0.57
covered by e.g.,Woo et al. 2008), and can be contaminated by

the disk kinematics, especially for Seyfert-1 galaxies chosen
for these studies due to their relatively weak AGN power-law
continuum. However, the evolutionary trend found by these
studies is that of distant spheroids having on average smaller
velocity dispersions than local ones. This effect cannot be
explained by disk kinematics, since we would expect the op-
posite from rotational support. Thus, the offset of the distant
AGNs from the localMBH-σ scaling relations is, if anything,
underestimated.

Choosing a generic radius of 1.′′5 as the SDSS fiber results
in an underestimation ofσ by 3±1% (Fig.1). Note, however,
that this difference is very sensitive to the distance of thepar-
ticular objects, and the ratio between aperture size to bulge (or
galaxy) effective radius. For our sample, the effective bulge
radius (on average 2.9±0.3) is close to the SDSS fiber size, so
the difference is small.

In all the σ definitions mentioned above, we measuredσ
(and the velocity) as a function of distance from the center
and integrated over it later out to the effective bulge radius
(according to Eq. 1). However, this is not the same as di-
rectly integrating over the entire spectrum (out to the effec-
tive radius) and then measuringσ, since the latter will al-
ways include AGN power law and emission lines, while in
the former approach the central spectrum is sometimes ex-
cluded due to AGN contamination (Paper II). Thus, we also
compare our fiducial stellar velocity dispersionσspat,reff with
the corresponding value derived from aperture spectra which
on average overestimatesσ by 1±2%.

To conclude, these comparisons show that the choice of the
exact definition ofσ can have a non-negligible effect (up to
40%) and care needs to be taken, especially when compar-
ing to other values in the literature. It is important to un-
derstand the effects of inclination, the rotational contribution
of the disk, and the AGN contribution in the center, on the
measurement of stellar velocity dispersion. We consider the
value used in this paper,σspat,reff (Eq. 1), the stellar veloc-
ity dispersion within the bulge effective radius derived from
spatially resolvedσ and velocity measurements, the most ro-
bust measurement since it excludes contributions of disk ro-
tation and AGN emission. Moreover, distinguishing between
bulge and disk in the context of the BH mass scaling relations
is especially important if BHs correlate only with the bulge
component and not the disk, as suggested by recent studies
(Kormendy et al. 2011; Kormendy & Ho 2013).

5.3. MBH-σ Relation

In Fig. 2, we show the resultingMBH-σ relation, as well as
the offset from the fiducial relation. Overall, our sample fol-
lows the sameMBH-σ relation as that of reverberation-mapped
AGNs as well as that of quiescent galaxies. Our sample cov-
ers a small dynamical range in BH mass (6.7<logMBH<8.2),
mainly due to the fact that we selected low-luminous Seyfert
galaxies with lower mass BHs to enableσ measurements.
Considering the uncertainties ofMBH of 0.4 dex, we cannot
independently determine the slope of the local relationship.
The sample size is, however, sufficient to determine the zero
point and scatter of the distribution around the local relation-
ship, assuming a choice of the slope. Thus, when fitting a
linear relation to the data of the form

log(MBH/M⊙) = α+β log(σ/200kms−1) (5)

we keep the value ofβ fixed to the corresponding rela-
tionships of quiescent galaxies (5.64 forMcConnell & Ma
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(2013) and 4.38 forKormendy & Ho (2013)) or reverbera-
tion mapped AGNs (Woo et al. 2015, 3.97). The results are
summarized in Table4. Both zero point and intrinsic scatter
are comparable to that of the quiescent galaxies, within the
uncertainties, consistent with the hypothesis that theMBH es-
timates we adopt do not introduce significant uncertainty in
addition to the estimated one. Furthermore, biases based on
different selection functions (reverberation mapped AGNsse-
lected based on variability; quiescent galaxies selected based
on the ability to resolve the BH gravitational sphere of in-
fluence; our sample selected based on Hβ line width) can be
considered negligible.

When probing dependencies on host-galaxy morphology,
we find that barred galaxies (comprising 17% of the sam-
ple) do not lie preferentially off theMBH-σ relation, in agree-
ment with studies byGraham(e.g.,2008); Bentz et al.(e.g.,
2009); Beifiori et al.(e.g.,2012) (see, however,Graham & Li
2009). Also, neither merging galaxies (6%) nor pseudo bulges
(12%) form particular outliers from the relation. This state-
ment also holds true when considering all candidate pseudo
bulges (i.e., objects with spheroid with Sérsic indexn < 2; a
total of 43% of the sample). In fact, candidate pseudo bulges
show an even smaller scatter in the relation.

While the latter is in agreement with some studies (e.g.,Ko-
rmendy 2001; Gu et al. 2009), more recent studies suggest
the opposite (Hu 2008; Greene et al. 2010; Kormendy & Ben-
der 2011; Kormendy & Ho 2013; Ho & Kim 2014). Pseudo
bulges, characterized by nearly exponential light profiles, on-
going star formation or starbursts, and nuclear bars, are be-
lieved to have evolved secularly through dissipative processes
rather than mergers (Courteau et al. 1996; Kormendy & Ken-
nicutt 2004), unlike their classical counterparts.

Given the sample of Seyfert-1 galaxies comprised of a ma-
jority of late-type galaxies and the small fraction of mergers,
our results are consistent with secular evolution, driven by
disk or bar instabilities and/or minor mergers, growing both
BHs through accretion and spheroids through a re-distribution
of mass from disk to bulge (e.g.,Croton 2006; Parry et al.
2009; Jahnke et al. 2009; Cisternas et al. 2011; Bennert et
al. 2010, 2011b; Schramm & Silverman 2013). We can only
speculate here that the smaller scatter exhibited by pseudo
bulges might in fact be explained by a synchronizing effect
that secular evolution has on the growth of BHs and bulges,
growing both simultaneously at a small but steady rate. Major
mergers, on the contrary, believed to create classical bulges
(and elliptical galaxies) are a more stochastic and dramatic
phenomenon with episodes of strong BH and bulge growth
that can be out of sync due to the different time scales in-
volved for growing BH and bulge in a major merger (e.g.,
Hopkins 2012). We cannot directly probe the latter with our
data – as already mentioned, galaxies with obvious signs of
interactions and mergers do not form particular outliers from
the relation, but this is based on a very small sample statistics
of 6% mergers.

However, we conclude with a note of caution: For one,
when splitting our sample into sub-samples (such as classi-
cal versus pseudo bulges), the results suffer from small sam-
ple statistics. Second, our morphological classification re-
lies on ground-based SDSS images with inherent limitations
such as limited depth and resolution. For example, the kpc-
scale of bars and bulges is comparable to the spatial resolu-
tion of the SDSS images (a∼ 1.5′′ PSF corresponds to 1.5
kpc at z=0.05), significant given the presence of the bright
point source in AGNs. The seeing in the ground-based SDSS

FIG. 1.— Comparison between stellar velocity dispersion as measured ac-
cording to different definitions. The fiducial definition used throughout this
paper,σspat,reff, (Eq. 1) is shown on the x-axis, while alternative definitions
based on different apertures (lower panel: ’SDSS’ corresponds to 1.′′5 ra-
dius; middle panel: ’galaxy’ corresponds to the effective radius of the entire
galaxy) or including corrections to the velocity for inclination (upper panel:
’sini’). The dashed line represents the identity.

TABLE 3
COMPARISON BETWEEN DIFFERENT

DEFINITIONS FOR THE STELLAR
VELOCITY DISPERSION

Ratio Mean
(1) (2)

σspat,0.5reff/σspat,reff 0.98±0.01
σspat,0.25reff/σspat,reff 0.99±0.02
σspat,reff,sini/σspat,reff

a 1.31±0.09
σspat,0.5reff,sini/σspat,reff 1.14±0.06
σspat,0.25reff,sini/σspat,reff 1.05±0.04
σspat,reff,galaxy/σspat,reff

a 0.99±0.01
σspat,0.5reff,galaxy/σspat,reff 0.96±0.01
σspat,0.25reff,galaxy/σspat,reff 0.98±0.02
σspat,reff,galaxy,sini/σspat,reff 1.43±0.09
σspat,0.5reff,galaxy,sini/σspat,reff 1.18±0.06
σspat,0.25reff,galaxy,sini/σspat,reff 1.07±0.04
σspat,SDSS/σspat,reff

a 0.97±0.01
σap,reff/σspat,reff 1.01±0.02

NOTE. — Comparison between the different
definitions for the stellar velocity dispersion
used in the literature. Col. (1): Ratio between a
given definition ofσ (see text for details) and the
fiducial σspat,reff used throughout the paper (Eq.
1). Col. (2): Mean and uncertainty of the ratio.
a Shown in Fig.1.

images might also cause the host galaxies to appear rounder
than they actually are. Likewise, faint tidal features indicative
of merger events might have been missed in these shallow
images. Deeper and higher spatial-resolution images are re-
quired to further test the connection between bars and bulges
and BHs.
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FIG. 2.— MBH-σ relation. Left: MBH-σ relation for our sample (red open pentagons), reverberation-mapped AGNs (blue;Woo et al. 2015), and a sample of
quiescent local galaxies (black;McConnell & Ma 2013, with the black dashed line being their best fit). The error onthe BH mass for our sample is 0.4 dex and
shown as a separate point with error bar in the legend, to reduce confusion of data points. For our sample, the stellar velocity dispersion was determined within
the spheroid effective radius according to Equation 1. We assume a nominal uncertainty of the stellar velocity dispersion of 0.04 dex. The reverberation-mapped
AGNs haveσ values derived from single apertures;σ for the quiescent galaxies is determined similar to Equation 1, but within the galaxy effective radius (see
Section5.2 for further comparison and discussion).Right: Distribution of residuals with respect to the fiducial localMBH-σ relation (McConnell & Ma 2013,
Table4). The lower panel shows literature data (reverberation-mapped AGNs fromWoo et al.(2015) in blue; quiescent galaxies fromMcConnell & Ma(2013)
in black), The middle panel shows our sample, the full samplein black, with different colors corresponding to differenthost-galaxy morphologies as indicated.
The upper panel is the same as the middle panel, but distinguishing between classical and pseudo bulges.

TABLE 4
FITS TO THE LOCAL MBH -σ RELATIONS

Sample α β Scatter Offset Reference
(1) (2) (3) (4) (5) (6)

Quiescent Galaxies (72) 8.32±0.05 5.64±0.32 0.38 McConnell & Ma 2013a

Quiescent Galaxies (51) 8.49±0.05 4.38±0.29 0.29 Kormendy & Ho 2013
Reverberation-mapped AGNs (29) 8.16±0.18 3.97±0.56 0.41±0.05 Woo et al. 2015
AGNs (66) 8.38±0.08 5.64 (fixed) 0.43±0.09 -0.01±0.01 this paper
AGNs (66) 8.20±0.06 4.38 (fixed) 0.25±0.10 0.06±0.01 this paper
AGNs (66) 8.14±0.06 3.97 (fixed) 0.19±0.10 0.02±0.01 this paper

NOTE. — Fits to theMBH-σ relation, log(MBH/M⊙) = α +β log(σ/200kms−1) Col. (1): Sample and sample size in parenthesis. Col.
(2): Mean and uncertainty on the best fit intercept. Col. (3):Mean and uncertainty on the best fit slope. Col. (4): Mean and uncertainty on
the best fit intrinsic scatter. Col. (4): Mean and uncertainty of offset from fiducial relation of eitherMcConnell & Ma(2013) (slope fixed
to 5.64),Kormendy & Ho(2013) (slope fixed to 4.38), orWoo et al.(2015) (slope fixed to 3.97). Col. (5): References for fit. Note thatthe
quoted literature uses FITEXY with a uniform prior on the intrinsic scatter, so our fits assume the same.
a Relation plotted as dashed lines in Fig.2 and used as fiducial relation when calculating residuals.

6. SUMMARY

To understand the origin of the scaling relations between
the mass of the central supermassive BH and the properties of
the host galaxy, studies relying on type-1 active galaxies probe
the evolution of these relations. The robust determinationof
slope, scatter, and dependencies of a baseline consisting of
a comparable sample of type-1 AGNs in the local Universe
is essential to minimize biases before any conclusions about
their evolution can be drawn. We here create a local base-
line of theMBH– stellar-velocity dispersion (σ) relation for a
homogeneously selected sample of 66 Seyfert-1 galaxies in
the local Universe (0.02< z < 0.09) selected from SDSS-
DR6 based on BH mass (MBH> 107M⊙), Combining high
S/N long-slit Keck spectra with SDSS images yieldsMBH us-
ing the virial method and stellar-velocity dispersion (σspat,reff)

from spatially-resolved kinematics. Our results can be sum-
marized as follows.

1. The majority of host galaxies (77%) are classified as
Sa or later with roughly one-quarter of those show-
ing evidence for a bar. This high fraction is also re-
flected in prominent rotation curves with a maximum
velocity of 100-200 km s−1 in the majority of kine-
matic measurements (60%). The majority of spiral
galaxies (28 objects; 55%) have spheroid components
with Sérsic indexn < 2. Of these candidate pseudo
bulges, eight can be considered as definite, when apply-
ing the classification criteria given byKormendy & Ho
(2013) that are measurable with our data. The minor-
ity (6%) shows signs of merging or interacting galaxies,
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comparable to quiescent galaxies in the local Universe.
These host-galaxy morphologies are typical for a sam-
ple of Seyfert-1 galaxies and suggest BH accretion be-
ing dominated by secular processes.

2. We use our spatially resolved kinematic data to repro-
duce various measurements of the stellar-velocity sec-
ond moment, as used in the literature. The derived
quantities differ significantly across definitions, in par-
ticular when considering effects of inclination, inclu-
sion of a kinematically cold, rotating disk, and an AGN
power law continuum swamping the stellar absorption
lines in the center. The average differences can be
as much as 40%, highlighting the importance of us-
ing self-consistent definitions when comparing sam-
ples. We consider the definition ofσ used in this paper
as derived from spatially resolved measurements and
integrated out to the bulge effective radius the most ro-
bust value for studies of theMBH-σ relation, excluding
disk rotation and AGN contamination.

3. Our Seyfert-1 galaxy sample follows the sameMBH-
σ relation as the one of reverberation-mapped AGNs as
well as that of quiescent galaxies, with the same inter-
cept and scatter. This is consistent with the hypotheses
that the uncertainty of the single epochMBH estimates
we adopt is not significantly underestimated, and that
the broad-emission line selection does not introduce a
significant bias with respect to the criteria used in com-
parison samples (e.g., variability or BH sphere of influ-
ence).

4. Neither barred galaxies, merging galaxies, nor galaxies
with pseudo bulges seem to be significant outliers of
the relation, at variance with recent predictions in the
literature (Kormendy & Ho 2013). However, this con-
clusion is based on small sample statistics and relies on
low-resolution ground-based SDSS images which make
a morphological classification challenging in the pres-
ence of a bright AGN point source. Larger samples with
higher quality data are needed to further test any corre-
lations between detailed host-galaxy morphology and
BH mass.

In the next paper of this series we will discuss the other
scaling relations, namely with spheroid luminosity and stellar

mass as well as host-galaxy luminosity and stellar mass.
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APPENDIX

A. BROAD Hβ EMISSION-LINE FITTING

Figs.A1 andA2 show fits to the broad Hβ emission line for 79 objects for which we were able to measureMBH.
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FIG. A1.— Determination of the second moment of the broad Hβ emission using a multi-component spectral decomposition.In the upper region, the observed
spectrum is shown in black with the best-fit model consistingof the continuum, FeII, and host galaxy starlight in magenta. Below, the best-fit to the power-law
continuum is shown in green with the stellar spectrum in yellow. Further below are the narrow lines of Hβλ4861, and [OIII]λλ4959,5007 in blue, the broad and
narrow components of HeIIλ4686 in brown (only included if blended with the broad Hβ), the broad component of Hβ in red and the FeII contribution in purple.
Finally, the residuals are shown in black (arbitrarily shifted downward for clarity).

B. NOTES ON INDIVIDUAL OBJECTS

One object in our sample, 1223+0240 also known as MRK50, is also in the reverberation-mapped AGN sample and its BH
mass has been estimated both in a traditional way (Barth et al. 2011), logMBH/M⊙ = 7.51± 0.05 (and that is also the value
used when plotting the reverberation-mapped AGNs; note that the quoted uncertainty does not include the uncertainty onthe
virial factor) as well as using dynamical modeling (Pancoast et al. 2012), logMBH/M⊙ = 7.57+0.44

−0.27. Both values are within the
uncertainties of the BH mass determined here via the virial method of logMBH/M⊙ = 7.25± 0.4. Pancoast et al.(2012) infer
that the geometry of the BLR is a nearly face-on thick disk, with a potential net inflow or outflow. MRK50 is bulge dominated
(MacKenty 1990; Koss et al. 2011) andHo & Kim (2014) classify its bulge as classical bulge which matches our classification.
Note that Fig.2 includes MRK50 twice, once amongst the reverberation-mapped AGNs with the reverberation-mapped MBH,
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FIG. A2.— Fig.A1 continued

once amongst our local sample.
1535+5754, aka MRK290, was included in the Lick AGN Monitoring Program (LAMP 2008), but did not exhibit strong

variations, so no BH mass was derived.Bentz et al.(2013) classify the host galaxy as an early-type spiral galaxy (Sa-Sab) at
a relatively low inclination, based on HST images. However,this classification is questionable.Deo et al.(2006) describe the
host galaxy as “probably elliptical”, but mistakenly classified as unbarred spiral previously (Crenshaw et al. 2003). We classified
MRK290 as elliptical galaxy with a classical bulge.

1216+5049 is known as MRK1469 and was classified as a highly inclined spiral galaxy with only large-scale dust lanes visible
in Deo et al.(2006), in agreement with our classification.




