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1. Introduction

The well-accepted paradigm that all massive galaxies hsugermassive black holes (BHs)
at their centers and that accretion onto such BHs is synongmath AGN emission has landed
the study of AGNs and supermassive black holes at the fare@bastrophysical research. Not
only do these BHs exist in the centers of galaxies, but egielanggests they co-evolve with their
hosts and influence their environment on larger scales tieuditect reach of their gravitational
potential (e.g., Ferrarese & Merritt, 2000; Gebhardt et2000; Marconi & Hunt, 2003; Haring
& Rix, 2004; Hopkins & Elvis, 2010; Debuhr, Quataert, & Ma,1A) though see also Peng 2007;
Jahnke & Maccio, 2010). Studying galaxy evolution acrossio time and the connection to the
BHs that lie at their centers necessarily involves a censtiealemographics of these black holes.
Thus, a fundamental property of the BHSs to investigate i thass.

Black hole masses can be measured directly using (1) therdgabmotions of gas and stars in
the central regions of nearby quiescent galaxies whereptiers of influence of the BH is spatially
resolved (see Giiltekin et al., 2009, and references ther@hH,0 megamasers in Type 2, or
narrow-line, AGNs (e.g., Moran et al., 1995; Kuo et al., 20Hhd (3) reverberation mapping in
Type 1 AGNs (Blandford & McKee, 1982; Peterson 1993, see @&dsttion 3). All of these methods
are currently only useable for relatively nearby sourceselther to technological constraints (e.g.,
angular resolution) or observational feasibility (e.gmporal resolution of RM campaigns). This
makes direct measurement of black holes outside the locange an unrealistic goal, at present.

Fortunately, local direct mass measurements have led tdigleevery of empirical scaling
relationships between the observed properties of BHs, A@MN$their host galaxies. Of particular
importance here is thBg r — L relationship for Type 1 AGNs (e.g., Kaspi et al., 2000; Bentz
et al., 2009a), which shows a tight correlation between thaognhromatic continuum luminosity
of an AGN and the characteristic radius of emission from itsat line region (BLR), which is
typically calibrated with H8 (see work by M. Bentz, these proceedings). The origin ofréietion
is linked to the photoionization physics responsible ferBLR gas emission, and the most current
empirically-calibrated slope of Bentz et al. is consistesith the slope naively predicted under
the assumption of a self-similar model for all AGNs. Thislsgarelationship allows for the
calculation of single-epoch virial BH massédgy = fRBLRVZ/G, whereRg| R is determined by
using the luminosity measured from the continuum regiomefsingle-epoch spectrum as a proxy
for the BLR radius with thdRg r — L relationshipV is estimated from a measure of the Doppler-
broadened broad emission-line widthjs a scale factor of order unity and that depends on the
BLR geometry and kinematics (discussed in more detail irti@e@), andG is the gravitational
constant. By calculating BH masses indirectly in this waljsBcan be studied in AGNs at all
redshifts and for large spectroscopic samples of objeats) as those coming out of the Sloan
Digital Sky Survey (SDSS).

2. Systematic Uncertaintiesin Single-Epoch M asses

While single-epoch mass measurements are a simple anthaffereethod for studying black
hole masses and, thus, the connection between BHs and galalyion at all redshifts, there are
many systematic uncertainties to be aware of when applyisgriethod to any number of spectra.
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We have investigated several systematic uncertainti¢gsaffext single-epoch BH mass measure-
ments (see Denney et al., 2009a). These include contritsufiom AGN variability, host galaxy
contamination to the continuum luminosity, narrow-linentamination to the line width measure-
ments, data quality (i.eS/N), and blending of spectral features. Each of these sysiesrihiat
affects the line width measurement is investigated withbeesto two common ways of character-
izing the line width: the FWHM and the line dispersion (igecond moment of the line profile),
Oine- Understanding and mitigating systematic uncertaintithése seemingly simple mass cal-
culations is important because interpreting results of Bdsrmeasurements of large samples of
objects in the presence of systematics could lead to, eigunalerstandings of the physical prop-
erties of these objects and their role in cosmic evolutiae,(®.g9., Rafiee & Hall, 2011). While
all of the sources of uncertainty we discuss in Denney et2009) should be considered in the
calculation of single-epoch BH masses, we highlight hejegh@ significance of narrow line con-
tamination in estimates of BH masses of NLS1s and (2) theitapoe of obtaining higls/N data
for these types of studies in all AGNSs.

2.1 NL S1 Sensitive Systematics

Single-epoch BH mass determinations of NLS1s are partigutznsitive to contamination
from line emission originating in the narrow-line regionl(R)). This emission comes from low
density gas on kpc scales in the AGN, and is therefore comside constant flux component (i.e.,
it doesn’t reverberate) whose velocity field is not directhder the influence of the gravity of the
BH. In this case, this blended emission should be subtrégcted the broad-line profiles before
the line width is measured. Failure to subtract narrow-kngssion from the line profile leads
to a systematic underestimate of the line width. As the lindthwenters the BH mass equation
to the second power, this can lead to a significant underatiof the BH mass. By comparing
the mean of the distribution of virial produétén each top panel of Figure 1 to the respective
bottom panel, we show that this can affect the mean viriatlpco by as much as an order of
magnitude when the FWHM is used to characterize the linehwiitjht panels) and the narrow-line
component is prominent in the line profile (such as for NGC&5Z his systematic underestimate
of the masses is much smaller when characterizing the waittyuhe line dispersion (left panels).
Nonetheless, making accurate mass measurements redpaitéisis narrow-line contamination be
removed. Unfortunately, the exact contribution of nardove-flux varies from object to object, as
does the magnitude of the systematic effect due to the laagety of broad-line profile shapes.
This makes it impossible to determine a global estimateeirttpact of this systematic on a sample
of objects, making it necessary to correct individual otgdaefore the line widths are measured.

The reason the effects of this particular systematic areortapt to recognize in connection
with NLS1s is that it is difficult to take into account and swalot the narrow-line component from
NLS1 emission-line profiles. In BLS1s, the narrow-line cament is often clearly distinct from
the broad-line component, making subtraction relativatypde. However, as illustrated by thefH
profile of four reverberation mapped NLS1s in Figure 2, theesposed narrow-line components
are clearly not an obvious and prominent feature as is sesonie AGNs. In some ways, this

1The virial product, i.e.Mgy/f is used here because all measurements are from a singlé, @vjdchus a single
black hole mass. This quanitity differs with line width cheterization because the absolute AGN mass scale will have
a different calibrating factor of for FWHM vs. the line dispersion.
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NGC 5548: narrow lines subtracted host galaxv subtracted
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Figure 1: Virial product (VP) distributions (i.eV P = Mgy / f) for NGC 5548; reproduced from Denney et
al. (2009a). Solid lines show the distributions of VPs chdted using both the line dispersion (left) and the
FWHM (right) to measure B widths. A Gaussian function with the same mean, dispersiod,area as
the data is over-plotted in gray. The vertical lines repnéfige reverberation VP (dotted) and measurement
uncertainties (dashed). Top: Narrow lines and host galtatyight have been subtracted from all spectra
before calculating VPs. Bottom: galaxy starlight has bagstracted, but the narrow lines were left in the
spectra before measuring the line widths. The distributi@an and dispersion are shown in each panel.
The systematic shift in the mass distributions betweendheahd bottom panels demonstrates how masses
are systematically underestimated when the narrow-lingoament is not subtracted.

reduces the biases created by the narrow lines, comparkd example in Figure 1. However, the
smooth transitions from the broad components to any narmmponents make it difficult, if not
impossible, to reliably separate the contribution fromheamission-line component. Since AGN
broad emission lines do not have any expected shape, ificudtito justify a priori what the broad-
line profile should be. Based on near-IR observations offiasseries emission lines, Landt et al.
(these proceedings) have suggested that the broad-liagstansically flat-topped, indicative of
emission arising from a disk with a finite outer radius. Thklfoe profile then has a Gaussian-
like shape only after the narrow-line is superposed on tapeflat-topped broad-line profile. If
true, this could provide a constraint on the amount of nareowssion to subtract. However, many
BLS1 profiles from which the narrow-line components can ltialsly subtracted do not have such
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Figure 2: Example H3 spectra of four NLS1 galaxies.

flat tops, so clearly more work in needed to try to better ustded these blended line components.

Since failure to account for the narrow-line contributioiil Yead to an underestimate of the
line width and resulting single-epoch mass estirhaareness of this trend is particularly relevant
for NLS1 mass estimates. NLS1s have been interpreted tojbetshvith high accretion rates and
small black hole masses for their luminosities (e.g., MatB000). Therefore is it important to try
to keep this systematic effect, which would resulamtficially low mass measurements in NLS1s,
from biasing the evidence suggesting that objects in tlissciruly have small black hole masses.

2Reverberation-based masses are not susceptible to nmeweentamination because they are based on line widths
measured from the rms, or variable emission, spectrum, tchwtarrow-lines do not contribute.
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2.2 Data Quality Considerations

The accuracy and reliability of single-epoch black hole snestimates are significantly af-
fected by the quality of the data used for making the line wideasurements, and simply “beating
down” the uncertainties with large number statistics dassatways work in these instances. Den-
ney et al. (2009a) discuss severals ways that systematictaities can be introduced in BH mass
measurements made using I84N data. Here we focus on the introduction of uncertaintiefién t
masses due to the possible presence of undetected absangtie line profile. Absorption comes
in many shapes, sizes, and depths, and can easily be hidddavirS/N spectrum. In some cases
the majority of the flux on the blue side of a line profile, pautarly Civ A1549 can be absorbed
(see additional discussion oniZin Section 4), but the presence of this absorption can beedask
by poor data quality. If the absorption is not recognizede hidths and thus BH masses can be
systematically and significantly underestimated. Figush@vs an example of this scenario. The
top panel shows the original spectrum of a lensed quasarS$DE +0340, observed as part of
the SDSS. There does not seem to be any obvious indicatiobsofation in the blue side of the
Cv profile; instead, the spectrum blueward of\Csimply appears to be a noisy continuum, as
expected with thé&/N measured in the continuum near 1450A to be 2.0 pix@However, Netzer
et al. (2007) found that the @ BH mass of this object is underestimated compared to that de-
rived from HB by a factor of almost 6, making it one of the largest outliershieir Figure 4. We
re-observed this object at both MDM and Palomar Obsenegdfrigure 3, middle and bottom, re-
spectively; see Assef et al., 2011, for details). Unfortalyapoor observing conditions prevented
a significant increase in th&/N of our new spectra. Nonetheless, certainly one and possilaly
absorption troughs are present in the blue side of the IiBe, explaining the large underestimate
of the Civ versus H8 BH mass estimate for this object reported by Netzer et al.

There is no way to correct for underestimates in line widttasueements due to absorption,
when the absorption is hidden in the noise due to the pooitgald lowS/N of a spectrum. The
only way to mitigate this type of systematic is to obtain l&g8/N spectra. We stronly recommend
making SE BH measurements only with spectra v8fN >20 pixel ! in the continuum (see
Denney, 2009a). With high quality spectra, one can recegthiz presence of absorption and
either mark the masses derived from such spectra as lowigs,lion completely discard them from
the sample. The SE method for estimating BH masses has bdumoadly applicable due to the
use of automated pipelines that can apply this method te ksmgnples of survey spectra. However,
spectra in many such samples, particularly for faint saimatside the local universe, are often
of lower quality due to the need to observe a vast number aobdijin a limited amount of time.
Therefore, it is imperative that the community be aware df@rrect for such *hidden’ systematics
that can skew the conclusions of such studies.

3. Reverberation Mapping of NGC 4051

Reverberation mapping takes advantage of a measurablelélag between variations in the
continuum luminosity and those observed in the reprocessesision from photoionized gas in the
broad-line region (BLR). Light travel time arguments iratie that this delay, or lag, corresponds
to the radius of the gas from the BH. Combining this radiuBit R gas kinematics inferred from
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Figure 3: Three spectra of the lensed quasar SDSS1151 from SDSS @ Observatory (middle),
and Palomar Observatory (bottom). The Palomar and MDM spatiow that absorption exists in on the
blue side of the Qv line profile that was masked in the original SDSS spectrumtdtiee lowS/N of that
spectrum.

the Doppler-broadened emission lines provides a meansdasuning the BH mass by exploiting
evidence for the virialization and gravitational bindinglee BLR gas to the BH, through the equa-
tion given above. Unlike SE masses, however, which use thenhsity as a proxy for the BLR

radius, reverberation mapping measures this radius bBirgetd is thus the basis for calibrating the
RsLr — L relation). Using this prescription, black hole masses Hwan measured directly in more
than four dozen AGNs (see Peterson et al., 2004; Bentz €2Gfl9b; Denney et al., 2010). De-
spite the fact that these are direct measurements baseé bndfof-sight (LOS) dynamics of the

BLR gas, these measurements are still systematically taicatue to the unknown geometry and
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kinematics of this gas. This uncertainty is accounted fah@mass determination with the virial
scale factor,f. Currently, this factor is estimated statistically for #m@semble of RM mass mea-
surements by assuming that AGNs follow the savtig, — o, relationship as quiescent galaxies,
and the only difference is a zero-point offset in the AGN neassdue to this geometric factor (see
Onken et al., 2004; Woo et al., 2010). Woo et al. (2010) find tia largest source of systematic
uncertainty in an individual RM measurement is due to obijeaibject differences in the value of
f. Therefore, the only way to significantly reduce the systamancertainties in RM masses is
by better understanding the BLR. Luckily, RM methods prevadmeans for doing this, too. To
date, RM has primarily been used to only first order, whichiltesn a mean time delay, and thus
radius, for the BLR. However, since the BLR is actually areexted region, there is not simply
a single delay and velocity that describe the location andrkiatics of the emitting gas. Instead,
the response of the distribution of BLR gas to a continuunbunst is mathematically contained
in the transfer function, which is a function of both LOS &ty and position, i.e., time-delay.
We graphically reproduce this transfer function as a 2-disienal “velocity-delay map” (VDM),
and by comparing models and simulations of the BLR to obskEW@Ms, we can reconstruct the
geometry and kinematics of the BLR (see Horne, 1994). THisallow for a direct measurement
of f for individual objects, and given enough individual measoents, constrain its ensemble av-
erage that is applied to all objects. Unfortunately, thighker-order RM analysis has stringent data
requirements (Horne et al., 2004), and most attempts atiadysis have produced ambiguous
results, at best. The most detailed VDM so far is that defsgyithe BLR of Arp 151 from Balmer
and Hell A4686 emission (Bentz et al., 2010, see also Peterson diege proceedings).

We are working to produce VDMs for Bland Hell reverberation observed during our 2007
RM campaign at MDM observatory (Denney et al., 2009b; Dergtegl., 2009c; Denney et al.,
2010) using the maximum entropy methods of Horne (1994)ur€ig¢ shows g@reliminary VDM
for the NLS1 NGC 4051. Unfortunately, even with tid day temporal sampling intervals that we
obtained during this campaign, the VDM still appears pooelsolved as a function of time delay.
In particular, the mean delay of the H& 4686 emission appears to be on shorter time scales than
our median sampling rates, indicating that higher samplatgs are needed in order to be able
to measure the characteristic radius of thellHemitting region. Furthermore, although the mean
response of the Blemission appears to be2 — 3 days, further resolution around this mean delay
is also not possible with the current temporal resolutioyobd an indication of both shorter and
longer lags for the slowest moving gas whose emission appeaard the center of the line profile.

We have not yet fit BLR geometric and/or kinematic models gséhVDM results, as our
fits are not yet finalized. However, a simple visual inspecti this VDM can still reveal some
probable characteristics of the geometry and kinematidheoBLR in NGC 4051. As mentioned
above, the narrow line profiles observed in NLS1 optical spamuld be evidence for a truly small
black hole mass; however, another explanation is that thadsline profiles could be narrow sim-
ply because of inclination effects in a unified model of AGNE,(Antonucci, 1993, and Boroson
et al., these proceedings). There is ample evidence in suppboth explanations, and there are
probably objects in this class due to both effects (afteMllS1s are strictly defined based only
on their H3 line width). NGC 4051, in particular, does not exhibit sonie¢he typical character-
istics of objects in the NLS1 class. For instance, it is nareiing at a high Eddington fraction
(i.e., L/Lggq = 0.030) unlike many NLS1s. Furthermore, Fischer et al. (theseqedings; see
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Figure4: Preliminary velocity delay map of NGC 4051. The bottom left panel shovesvidriable flux as a
function of wavelength, i.e., the time-delay-integratesfronse as a function of wavelength. The upper right
panel shows the 1D transfer function, i.e., effectively tl¥S velocity-integrated response of the emission
line as a function of time delay. The central panel shows aygrcale the 2D velocity delay map: the
observed emission-line response as a function of LOS ugland time delay.

also Crenshaw et al., these proceedings) find evidence fioRKihematics for NGC 4051 being
oriented nearly pole-on. Does this picture fit with the infiation we can glean from the VDM in
Figure 4? Aspects of theHHRM signal in our VDM could certainly support the pole-on gesirg.
First, we see that most of the reverberation signal is corfrmmg a very small range in lags (i.e.,
AT ~ 1 day) across the entire line profile, consistent with logkat a nearly face-on distribution
of gas. The 8 VDM shows a weaker signal at longer lags for the lowest vgjogas, where
this change in delay is relatively symmetric about the gdscity distribution. This could be an
indication of roughly Keplarian orbits in a disk-like geotneas well. However, there also appears
to be low-velocity gas with zero lag, indicating that thisga along the line of sight, but with no
obvious net inflow or outflow velocity. It is not clear from gihe visual inspection how this gas
fits into the picture, but more detailed BLR models shouldilena unified picture based on these
results.

Because the He is still largely unresolved, it is difficult to say much abdhis line, except
for two points. (1) Even unresolved, it is clear that theiH@me delay is shorter than that offH
and the Hai line width is also broader thanfH signifying higher velocities in the He emitting
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region. This further supports the picture of an ionizatiratified BLR. (2) The He profile has a
significantly blueshifted emission component, which haanbgreviously noted by Peterson et al.
(2000). Our VDM shows evidence that the time-delay distidsufrom this blueshifted component
does not extend to lags as large as those seen in the coreldéthdine. Since this blueshifted
gas has, on average, shorter lags, this may indicate that kimamatic component of the Hie
emitting region of the BLR is outflowing. As our analysis ok#e observations continues, we
hope a comparison of these results to BLR models will be ableréate a coherent picture of
the geometry and kinematics of the BLR in NGC 4051. Howewsnanodels cannot constrain
unresolved signals, indicating that more observationh even higher time sampling are needed
to fully resolve and describe the BLR geometry and kinemsatichis low-luminosity NLS1.

4. C1v-based M asses

Locally, where single-epoch mass scales can be calibrafadst direct BH mass measure-
ments as described above, these SE masses are typicathatestifrom the width of I8. For
AGNSs at cosmological distances, however, this line is stifiut of the optical spectrum, and mass
estimates are typically only obtained from the Mg2798 and Qv A 1549 broad emission lines
at intermediate and high redshift due to the difficulty ofigrd-based IR observations. There still
exists considerable debate as to the reliability of usimg © measure black hole masses. As/C
is a resonance line, it is highly susceptible to absorptiBarthermore, difficulties such as large
observed blueshifts and profile asymmetries, possiblycéstsal with outflows or winds (see, e.g.,
Richards et al., 2011), and uncharacterized blending irgth@ing of the line (i.e., the “red shelf”;
see Fine et al., 2010) have led some to believe that therenazeptably large uncertainties and
systematic biases in @ -based masses, compared witB ke.g., Baskin & Laor, 2005; Netzer et
al., 2007; Shen et al., 2008). On the other hand, other studige found consistent agreement
between Qv and H3 masses (e.g., Vestergaard, 2002; 2004; Warner et al., R@li&eier et al.,
2006; Greene et al., 2010). We suspect that much of the adabéneonsistency found between
these studies lies in the quality of the high-z data typjcaed for these investigations, as dis-
cussed above. We have specifically shown f@ tHat systematic biases in line widths and BH
masses increase as data quality is degraded (Denney €1@93)2 In addition, Vestergaard & Pe-
terson (2006) have argued ti#tN and absorption accounts for much of the discrepancy between
their results and those of Baskin & Laor (2005) for PG quasars

Greene et al. (2010) recently showed that there was no sgtitebias (though still a large
dispersion of~0.5 dex) between & and H3 based BH masses with a sample of high redshift,
lensed QSOs from the CASTLES survey (Falco et al. 2001). Mewéecause they targeted only
the highest luminosity objects in the sample, they weretéithto a small range in BH mass, and
their study could not address whether or not there are ang-ohg@endent biases between these
two estimates. We extended this sample with additional I&8pscopic observations (Assef et
al. 2010) of H3, and, equally important, we gathered higfN Civ spectra, either from the lit-
erature or from new observations, for all targets to redteepiossibility of any biases resulting
from low quality data and/or inconsistent line-width meaasoent techniques. Not only did we
extend the mass range compared to Greene et al., but oussnahcovered a statistically signif-
icant correlation between thel€ to HB mass residuals and the ratio of UV to optical luminosity.

10
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Figure 5. Left panel shows the & to HB mass residuals before the color correction, the middle Ipane
shows the correlation of the mass residuals with the UV ticaptuminosity ratio, and the right panel
shows the mass residuals after the color correction.

Such a correlation may be expected due to reddening, hostrnoration or non-universal AGN
SEDs, but these would produce a different correlation stbpe what we find, unless these effects
are correlated with the broad emission line widths (see fAsisal. for details). After correcting
the Civ-based masses for this color bias, the dispersion in the reaighkials was decreased by a
factor of ~2 (the exact decrease is dependent on the line width cheeatten used for the mass
estimate), showing & and H3 masses to be highly consistent for our sample. If nothing, éls

is clear that much of the scatter betweefs &hd Civ BH mass estimates is due to inconsistencies
in the continuum luminosity estimates rather than the lingdthg. Figure 5, adapted from Assef et
al., shows an example of these results farw @Gnasses measured by characterizing the line width
through the line dispersiom;, and H3 masses using the FWHM. Application of this correction to
other samples of objects also shows a decrease in the dustitaren Gv and H3 masses, suggest-
ing that with high quality observations and this correctiBi masses can be reliably estimated at
all redshifts with Qv observations.

5. Summary

As a result of technological advancements in telescopeapaters, and data analysis soft-
ware, observational and statistical uncertainsbsuldno longer be the largest source of uncer-
tainty in the types of measurements necessary for measBihghasses. Using lovs/N data
introduces both statistical and systematic uncertaiati@scan be avoided only by using high qual-
ity data. These systematic uncertainties dominate the lbadget. We have shown here that these
systematics enter into mass measurements through physaatrties of the systems being ob-
served (e.g., absorption), as well as both inherent andiresalependent observational constraints
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(e.g., line-of-sight orientation and time resolution) iaking the measurements necessary for fully
understanding BHs and their accretion. Our efforts to ifleand mitigate these uncertainties are
starting to pay off, as we recognize and determine ways t@cbfor various sources of systemat-
ics. If we want an accurate census of black holes and theithrim order to reliably investigate
their evolution and their possible coevolution with gaésxiover cosmic times, it is imperative
that the community widely acknowledge and actively work ttigate these and other systematic
uncertainties in BH mass measurements.
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