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ABSTRACT

The prominent broad Ré emission blends in the spectra of active galactic nucleéhmen shown to vary
in response to continuum variations, but past attempts tasare the reverberation lag time of the optical
Fell lines have met with only limited success. Here we report thiection of Fdl reverberation in two
Seyfert 1 galaxies, NGC 4593 and Mrk 1511, based on data frpregram carried out at Lick Observatory
in Spring 2011. Light curves for emission lines including dnd Fell were measured by applying a fitting
routine to decompose the spectra into several continuurreanisision-line components, and we use cross-
correlation techniques to determine the reverberationddighe emission lines relative Y6-band light curves.

In both cases the measured lag§) of Fell is longer than that of H, although the inferred lags are somewhat
sensitive to the choice of Fetemplate used in the fit. For spectral decompositions doing tise Fal template
ofVéron-Cetty et al. (2004), we fintker(Fell )/ mcer(HB) = 1.9+ 0.6 in NGC 4593 and 5+ 0.3 in Mrk 1511.
The detection of highly correlated variations betweem B@&d continuum emission demonstrates that the Fe
emission in these galaxies originates in photoionized pasited predominantly in the outer portion of the
broad-line region.

Subject headings: galaxies: active — galaxies: individual (NGC 4593, Mrk 1542 galaxies: nuclei
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1. INTRODUCTION emission relative to Mgl in quasar spectra has been used
Blends of Fell emission lines are often among the most &S & Proxy for the iron te-element abundance ratio in the

prominent broad emission features in the ultraviolet (Uw a BLR (e.g., Yoshii et al. 1998; Dietrich etlal. 2002; Kurk el al

optical spectra of broad-lined active galactic nuclei (AagN ~ 2007:.Jiand et al. 2007), although the sensitivity ofiRdg Il
and the integrated flux of A& emission in quasars can be line ratios to factors such as gas density and microturlzglen

greater than that of any other single emission line, inclgdi  M€ans that observed line ratios are not straightforward ind
Ly o (Wills et all[1985). Despite more than three decades of Cators of the underlying abundance ratlos (Verner et als200
observational and theoretical effort, the physical cdodi  Baldwin etal 2004, Bruhweiler & Verner 2008). Improved
that give rise to Fé emission have remained very difficult Understanding of the physical conditions responsible &df F

to determine. This is due in part to the complex energy-level €Mission could have important ramifications for elucidgtin
structure of the Feion and the very large number of indi- the history of metal enrichment in the densest regions of the

vidual Fell emission lines that appear in broad blends. Re- Universe athigh redshift. .
cent spectral synthesis models for the' kan include hun- A key quantity of interest is the spatial scale of thelfe
dreds of energy levels and tens of thousands of individual €Mitting region. However, there are very few measurements

transitions|(Verner et 4. 1999; Sigut & Pradhan 2003). A va- 2vailable that directly constrain its size. _Maoz et al. (299
riety of processes in the broad-line region (BLR) can con- %%r(':eg&lg re\(/jefrberza\tlorr ma?p'l;'g oflghg uv IIF_élr_lles In h
tribute to Fal line production, including collisional excitation and found a lag of about ays, similar to that

as well as continuum and line fluorescerice (Phillips 1978b; °f Ly«, indicating that the UV Feél lines originate from
Netzer & Will$ [1983: Collin-Souffrin et al. 1980). It is not Within the BLR. This has been the only measurement of a re-

yet fully determined whether the Feproduction in AGNs verberation lag for the UV F# lines to date. Aside from

occurs in gas heated solely by photoionization, or whether€verberation mapping, one additional direct constrawt e

collisional ionization might play a significant or even demi IStS:_a Spectroscopic microlensing study of a lensed quasar
nant role ((Collin & Joly %00%; éaldm?in et 4l. 2004). A par- by|Sluse et &l.. (2007) found evidence that thalFemission

ticularly promising recent development has been the raaliz °riginates largely in the outer portion of the BLR. .
tion that anisotropy in the emission from high column dgnsit _ Previous attempts at reverberation mapping of the optical

clouds can have a strong impact on the observel Bgec- Fell blends have generally not led to clear detections of
trum, and models for the emission from the shielded side of '€verberation lags. For the well-studied AGN NGC 5548,

photoionized clouds have shown significant improvements in YeStergaard & Peterson (2005) examined 13 years of moni-

fitting observed Fé spectral(Ferland et al. 2009). toring data and found that the Reflux responded to con-
The Fell emission lines are closely linked to several fun- tinuum changes on timescales of less than several weeks, but

damental issues in AGN physics and phenomenology. Fromthe available data did not allow for a definite measurement

o d : f the lag. | Kuehn et al. (2008) measured light curves for
principal-component analysis of quasar spectra, theivelat © - X o2
strength of Fel emission is one of the major characteristics the Fell blends in Ark 120 and found a long-term variabil-

of “Eigenvector 1" (Boroson & Greén 1992), the component Y rend that followed the continuum changes, but the data
which accounts for much of the variance among the quasardid not yield a significant cross-correlation lag. They con-
population. Empirically, Eigenvector 1 represents thed-ant cluged that t?e. Fe elmlssm?] reglrc])n;: Ark 120 was ]l'kﬁly
correlations between Reand [Olll] equivalent widths, and [0 b€ several times larger than thejtémitting zone of the
between Fél strength and 4 width. The fundamental physi- BLR. An alternative possibility was that the Heemission
cal driver of the Eigenvector 1 sequence is the Eddingten rat Might be powered by collisional excitation rather than bg-ph
L/Leqq (Sulentic et all. 2000; Boroson 2002), but the physical {0ionization, although they were unable to fit thelFemis-
mechanism responsible for the increase inlRerength with sion blends well with collisional excitation models. Biaraé
Eddington ratio is not fully understood. It may be linked to (2010) measured the Felight curve for PG 1700+518 using
the presence of a soft X-ray excess at high Eddington ratio,monitoring data from Kaspi et al. (2000). While they were
which would produce a larger partially ionized zone of warm, 2Ple to detect evidence of reverberation in thellFnes,
Fell-emitting gas (e.glL. Marziani et/al. 2001; Bordson 2002), the cross-correlation analysis did not yield a highly signi
while orientation could play a secondary rdle (Marzianileta icant peak, and the measured lag of 209 days was very
2007). [Shields et al[ (2010) argue against the X-ray excesdincertain. Variability of the optical Fié emission has been
as the primary driver of F# strength, proposing instead that €xamined in other AGNs (e.g.. Glannuzzo & Stirpe 1996;

differences in gas-phase iron abundance, driven by sedecti Doro_shenko et al. 1999; Kollatschny etlal. 2000; Wang et al.
depletion of iron onto grains, are primarily responsible fo 2005; Shapovalova etlal. 2012), but most datasets have not

the wide range of observed Reline strengths in AGNSs. In been suitable for measurement of reverberation lags. The
another interpretation proposed by Ferland et al. (2006) an overall picture that emerges from these studies is thatewhil
Dong et al. [(2011), the competing forces of gravity and ra- OPtical Fell emission does respond to continuum variations
diation pressure set a critical column density for clouds to at least over long timescales, it tends to have a lower ampli-
remain gravitationally bound within the BLR, and at higher tude of variability than K, and it does not generally show a
Eddington ratio, the higher column density of surviving BLR Cclear reverberation lag signature. ) )
clouds would produce a larger BéHz flux ratio. For AGNs In the absence of direct constraints on the relative sizes
having extremely strong Aeemission, it has also been sug- Of the Fell and H3 emission regions, indirect clues have
gested that the shock-heated gas associated with circumnyome from line-profile measurements._Phillips (1978a) and

ment (Lipari et al. 1993). Fell lines are generally similar to that offlsuggesting that

Furthermore, Fel emission is potentially valuable as a Fell and H3 originate from the same region within the BLR.
tracer of chemical evolution. The strength of the UVIFe Subsequent work has uncovered subtle systematic diffesenc
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between H and optical Fel widths, which hint at an origin  variable AGN flux is left as a point source in the subtracted
for Fell in the outer portion of the BLR or perhaps within image, allowing for aperture photometry using the IRAF

an “intermediate-line region” corresponding to the tréiosi DAOPHOT package. The photometric aperture radius used
between the BLR and the dusty torus (Marziani &t al. 2003; for each telescope was set to match the average point-source
Popovt et al.[ 2004, Hu et al. 2008b; Kodavi et al. 2010).  FWHM for images from that telescope.

For a sample of 4000 Sloan Digital Sky Survey (SDSS) quasar Light curves were initially constructed separately witle th
spectra, Hu et al. (2008b) found that the full-width at half data from each telescope, and then combined together to as-

maximum intensity (FWHM) of the optical Relines is typ- semble a single light curve for each AGN. Normalization was
ically about 075x FWHM(H{), albeit with substantial scat- done by modeling the variability using Gaussian processes
ter, implying a size for the Fg-emitting region that is typi-  to obtain a finely-sampled model version of the light curve

cally about twice as large as theskemitting zone of the BLR.  for each AGN, following the same procedure described by
Here, we present new Hereverberation-mapping results [Pancoast et al! (2011). Additive and multiplicative saglin
for two nearby Seyfert galaxies, NGC 4593 and Mrk 1511, factors were applied to match the modeled light curve to each
from the Lick AGN Monitoring Project 2011. Section 2 gives telescope light curve, using the WMO light curve as the ref-
a brief overview of our observing campaign. Section 3 de- erence data for the model. The normalization code simulta-
scribes the fitting method used to isolate the continuum andneously constrained all scaling factors to obtain the beést fi
emission-line components in the spectroscopic data and thdetween all the telescope light curves using a Markov Chain
measurement of light curves. In Section 4 we describe theMonte Carlo algorithm. Then, scaling factors determined
cross-correlation lag measurements and the dependeree of t from the modeling were applied to the image-subtractidnmtlig
lags on the choice of Aé template, and Section 5 presents curves, to normalize the data from all telescopes to a com-
a discussion of the results. In an Appendix, we present amon flux scale. The final light curve was prepared by taking a
brief discussion of results based on additional newly{ae weighted average of observations taken within 6 hours of one
Fell templates. While the reverberation lag measurementsanother. Thé/-band light curves are shown in Figlrke 1, in
are modestly sensitive to the choice ofIFeemplate, both of  arbitrary units of differential flux.
these objects clearly show evidence oflFeeverberation in
response to continuum variations. 2.2. Spectroscopy

2. OBSERVATIONS AND REDUCTIONS Our Spring 2011 observing campaign consisted of 69 nights

. . o : atthe Lick 3-m telescope between 2011 March 27 and June 13

Initial results from the Lick AGN Monitoring Project : :

2011 were previously presented by Barth et/al ?2011]b) andUT.' Observations were done using the Kast dual spectrograph
v s (Miller & Stonel1993). A D55 dichroic was used to separate

Pancoast et all (2012), and full details of the spectroscopi .
and photometric observing campaigns, analysis proceduresthe blue and red beams with a crossover wavelength of about

and light-curve data for all targets will be presented inttfo 2200 A. In this paper, we discuss only measurements from
coming series of papers. Here, we briefly review the key as-the blue arm of the spectrograph, where we used a 600 lines

pects of the observing program. mmt grism over~ 3440-5520 A at a scale of 1.0 A pl)?él
All observations of these two AGNs were done with’awlide
2.1. Photometry slit oriented at a position angle of 45 Standard calibration

From early March through mid-June 2011, we obtained frames including arc lamps and dome flats were obtained each
queue-scheduléd-band images of NGC 4593 and Mrk 1511 afternoon, and flux standards were observed during twilight
using the 0.76 m Katzman Automatic Imaging Telescope EXposure times were normally>2600 s and 2< 900 s for
(KAIT) at Lick Observatory [(Filippenko et al. 2001), the NGC 4593 and Mrk 1511, respectively. The weather at Mt.
0.9 m telescope at the Brigham Young West Mountain Obser-Hamilton was somewhat worse than average during Spring
vatory (WMO), the Faulkes Telescope South at Siding Spring 2011; we were able to observe NGC 4593 on 43 of the 69
Observatory, and the Palomar 1.5 m telescope (Cenko et alnights, and Mrk 1511 on 40 nights.

2006). Our goal was to obtain nightly imaging for each tar- Spectroscopic reductions and calibrations followed stan-
get, but weather and scheduling issues led to some gaps ifla’d methods implemented in IRAF and IDL. A large ex-
coverage, particularly during the initial portion of thenwa  traction width of 103 was used in order to accommodate
paign. The temporal sampling cadence of our observationsth_e full extent Qf the AGN spatial profiles observed on nights
is described in TablEl 1. Exposure times were typically 180— With poor seeing. Error spectra were extracted and propa-
300 s. All images were bias-subtracted and flattened, andd@ted through the full sequence of calibrations. In thecedu
cosmic-ray hits were removed using the LA-COSMIC routine SPectra, the median signal-to-noise ratio (S/N) per pixeie
(van Dokkuri 2001). range 4600-4700 A is 122 for NGC 4593 and 71 for Mrk

Image-subtraction photometry was carried out using a ver-1511.
sion of the ISIS code (Alard & Luptoh 1998) modified by
the Highz Supernova Search Team (Tonry etlal. 2003) and 3. SPECTROSCOPIC DATA ANALYSIS
with additional modifications by W. Li, and also using the 3.1. Spectral Fitting Method
HOTPANTS package by A. Becke, which is based on the The reduced spectra were first normalized to a
methods described hy Alard (2000). For each telescope, &niform  flux scalg by employing the procedure of
high-quality template image was chosen, and the template‘-van Groningen & Wanders (1992).  This method applies
was then aligned with each night's image and convolved with ~ * '

a spatially varying kernel to match the point-spread fuorcti 25 |RAF is distributed by the National Optical Astronomy Obs#ories,

ofthatimage. After subtracting the scaled template imdge,  \which are operated by the Association of Universities fos@ech in Astron-
omy, Inc., under cooperative agreement with the Nationi&r®e Foundation
24 http:/ivww.astro.washington.edu/users/becker/cwsot. html (NSF).
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NGC 4593 Mrk 1511
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FIG. 1.— Light curves of th&/ band, the AGN featureless continuum (FC)3,HH~, Hell (for Mrk 1511 only), and Fé&i. The Balmer-line and He light
curves contain flux from narrow components, includingllfp A4363 in the Hy light curve. TheV-band photometric light curves are given in differentiakflu
units (i.e., relative to the flux in a reference image), agmgined by the image-subtraction photometry procedure A® and emission-line light curves are
those measured from the spectral fits which used the Vérd-Eeal. (2004) Fel template.

a flux scaling factor, a linear wavelength shift, and a Gaussi and Mrk 1511, we obtain an excess scattes,pf 1.2% and
convolution to each spectrum in order to minimize the 2.0%, respectively. These low values indicate that thersgal
residuals between the data and a reference spectrum corprocedure worked well. As we describe below, these mea-
structed from several of the best-quality nights. The sgali  sures of residual scatter will be added to the error budget of
is determined using a wavelength range containing thel JO  the emission-line light curves to give a more realisticreatie
A5007 line, which is assumed to have constant flux. The of the total uncertainties.
upper panels of Figufd 2 show the mean of all scaled spectra Traditionally, broad emission-line fluxes in reverberatio
for each object. mapping data have been measured by choosing continuum
To assess the accuracy of the scaling procedure, we mearegions on either side of an emission line, fitting a line to
sured the light curve of the [@I] A5007 line in the scaled the continuum, and integrating the flux above that line (e.g.
spectra and calculated the residual “excess” scajtém the Kaspi et all 2000). However, in AGN spectra there may be
[O 1] light curve. We follow the usual definition for the nor- no pure continuum regions at all surrounding,Hoecause
malized excess variance (Nandra et al. 1997): Fell, Hell, and other emission features are present. Choosing
continuum regions that contain some emission-line fluxaoul
, 1 N . potentially bias a reverberation lag measurement, paatigu
% N2 > [-py?=o?], (1) for velocity-resolved reverberation signals in the faiigth
i=1 velocity wings of H3. An alternative approach is based on
decomposition of spectra into continuum and emission-line
components, so that the flux contributions of individual®mi
sion features can be isolated. Our multi-component fitting
method was previously applied to Mrk 50 (Barth et al. 2011b)
and is similar to the method used by Park etlal. (2012). We
Barry out fits over the wavelength range extending from just

whereN is the total number of observations,is the mean
flux, andX; andg; are the individual flux values and their un-
certainties. Them, gives a measure of the fractional scat-
ter in the light curve due to random errors in flux scaling,
over and above the scatter that would be expected based o
the propagated photon-counting uncertainties. For NG@3459
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TABLE 1
LIGHT-CURVE SAMPLING STATISTICS
Dataset Nobs ~ Atmedian(days) Atmean(days)
NGC 4593 Photometry 75 0.95 1.12
NGC 4593 Photometry (Averaged) 57 1.01 1.48
NGC 4593 Spectroscopy 43 1.02 1.81
Mrk 1511 Photometry 71 1.00 151
Mrk 1511 Photometry (Averaged) 59 1.05 1.82
Mrk 1511 Spectroscopy 40 1.01 1.94

NOTE. — Nopsis the number of observations in each light curve, Atgedian
andAtmeangive the sampling cadences, defined as the median and meaa-sep
tion between adjacent data points in each light curve. Phetiac light curves
were condensed by taking a weighted average of any obsersateparated by
less than 6 hours.

15 -l T I T T T I T T T I T T T I T T I T T T I T :l I T T T I T T T I T T T I T T T I T T T I L=
— [ NGC 4593 Mean - Mrk 1511 Mean
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_l T I T T T I T T T I T T T I T T T I T T T I l_
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o) [ ]
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i
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0
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FIG. 2.— Mean and rms spectra of Mrk 1511 and NGC 439@per panels: Mean spectrum (black) overlaid with the model fit done ush&i\{éron-Cetty et al.
(2004) Fel template (red). Individual fit components include the AGNvpolaw (green), old stellar population (purple), IFemission (grey), I8 (magenta),
[O ] (blue), Hell (light blue), and He (orange).Lower panels. The standard rms spectrum (top) and an rms spectrum cotestrirom individual nightly
spectra after the AGN power-law and stellar components vemeved (bottom).

blueward of the H line (\rest~ 4150 A) up to 5470 A near  are some subtle differences that affect the reverberatign |
the dichroic cutoff. Over this wavelength range, each myjght measurements. We find that the V04 template produces bet-
spectrum was fit with a model consisting of several compo- ter results than the BG92 template (see Sediioh 4.4), but we
nents: a power-law featureless continuum (FC), a starlightdescribe measurements and reverberation lags derived from
template broadened in velocity by convolution with a Gaus- both sets of spectral fits in order to illustrate the dependen
sian, emission lines including# [O 111] AA4959 5007, Hell of the results on the choice of Retemplate.
\4686, and three Helines (4471, 4922, and 5016 A), and ~ The broad component of# as well as the [@1] lines, are
an Fell template broadened in velocity by convolution with a represented by fourth-order Gauss-Hermite functions|ewhi
Gaussian. Gaussians were used to represent weaker features including
For the starlight template, we use an 11 Gyr-old sim- narrow H3, the broad and narrow components of iHeand
ple stellar population model at solar metallicity from the Hel lines. We found that the complex shape of the
Bruzual & Charldt [(2003). We experimented with adding Hy*[O111] A4363 blend was difficult to model, and instead of
younger stellar population components, but the 11 Gyr modeladding more model components we simply set the wavelength
provided a sufficiently good fit that more complex stellarpop range subtended by this feature to have zero weight in the
ulation models are not warranted, and the flux of a young pop-fit (4280-4395 A rest wavelength). Additionally, a uniform
ulation component is usually not very well constrained over foreground extinction was applied to the model spectrum us-
this limited wavelength range. ing thelCardelli et al. (1989) reddening law. This extinatio
We used two different templates to model thellFénes, correction represents the combined effects of Galactie-for
from Boroson & Green (1992; hereinafter BG92), and Véron- ground extinction, extinction within the AGN host galaxyca
Cetty et al. (2004; hereinafter V04). The overall quality of wavelength-dependent slit losses resulting from the n@tpa
the fits is very similar with the two Fi templates, but there lactic slit orientation (Filippenko 1982). Since theselsisses
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Fic. 3.— Same as Figufd 2, but for fits done using’the Boroson &iG{E892) Fel template.

differ from night to night, we allowed the value B{B-V) to able to determine a physically unique decomposition of this
vary freely in each fit. region into separate contributions fronsHFell, Hel, and
The full model includes 29 free parameters, and was fit- [O Ill]. The fits are able to match the observed spectra well
ted to the observed spectrum ky minimization using a  in this region using either Re template, but the slight differ-
Levenberg-Marquardt technigue (Markwérdt 2009). For eachences in the red shelf decompositions may be partly responsi
galaxy, the fit was first carried out on the high-S/N mean spec-ble for the dependence of the reverberation lags on the ehoic
trum, and then the parameters from the best fit to the mearof template.
spectrum were used as starting parameter estimates fot the fi The strength and broadening of thelFeomponent in the
to each nightly spectrum. fit are primarily determined by the prominent blend around
For both objects, the fit optimization always drove the flux )= 4500-4700 A containing several transitions fromiiFe
of Hel \4471 to zero, using either Fetemplate. However,  multiplets 37 and 38. The velocity-broadening width ofiFe
inclusion of the other He lines at 4922 and 5016 A does was allowed to vary independently to optimize the fit to each
significantly improve the fit quality compared to model fits nightly spectrum, but the variation from night to night was
that omit these lines, at least when using the V04 template.relatively small. From the best fit to each night's data us-
Previous work has shown that these twolHiees can be im-  ing the V04 template, the median velocity broadening (i.e.,
portant contributors to the “red-shelf” region redward of H  the dispersion of the Gaussian broadening kernel) appiied t
(Véron etal| 2002). The red shelf also contains somél Fe the Fell template is 1885 75 km s? for NGC 4593 and
emission |(Korista_1992) and the | Zw 1 templates contain 16354+ 50 km s for Mrk 1511. The V04 template itself
some Fal flux in this region. However, the relative amount was constructed using Lorentzian profiles for each linef) wit
differs between the BG92 and V04 templates, such that thea width of FWHM = 1100 km & to match the line profiles
V04 template has relatively weaker Feemission in the i in 1 Zw 1 (Véron-Cetty et dl. 2004). We find a similarly small
red shelf, and this leads to noticeably different fittingutess  night-to-night scatter in the width of the Febroadening ker-
for the two templates. Using the V04 template, we found that | \hen using the BG92 template-§5 km s?), although
the Fell template alone did not produce an adequate fit to thethe gverall amount of broadening is substantially smaliex d
red shelf unless the Hdines were added as separate compo- g the different template structure.

nents. When fits are carried out using the BG92 kemplate The BG92 template is characterized by an intrinsic
instead, the fluxes of the H&\4922 5016 componentsinthe  F\wHM~900 km st (e.g., [Hu etdl.[ 2008b), but as an
H red shelf region go to zero or nearly zero, and essentially g hirically-derived template it contains features wittaage

all of the flux in the H red shelf is taken up by the Fe ¢ \yidths, and shapes that do not correspond precisely to sim

template. e L le Gaussian or Lorentzian profiles. As a result, it is not
_Another difficulty in fitting this region is that the He\4922 gtraightforward to compare thpe inferred Favidths as mea-
line is degenerate with the red wing oftin order to achieve g4 ysing the two different templates, but for each tetepla
a consistent deblending of this spectral region int® &d ¢ fitting procedure consistently converges on a valueher t
Hel ﬂUX, we constrained the 4922 A and 5016 A lines to have Fell broadening that varies on|y by a few percent from n|ght

identical fluxes (following Vestergaard & Peterson 2005) an  to night. We comment further on the Reprofile widths in
identical velocity widths. In the fits, these two components sectiorb.

essentially track the same shape as two broad bumps in the Figures? and]3 show the mean spectrum for each AGN
broadened Fe templates. Due to the degeneracy between thewith its best-fitting model, and the individual fit compo-
several features contributing to the3Hled shelf, we are un-  nents, for the fits done using the V04 and BG92IIFem-
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plates. The root-mean-square (rms) spectrum is consttucte V04 fits, the results for NGC 4593 arg(HS3)= 0.199 and

by taking the standard deviation of the scaled spectra, (e.g.ox(Fell)=0.138, while for Mrk 1511 we measurg,(H3)=
Kaspi et all 2000). In each of these figures we show the rms0.102 andoy(Fell)= 0.085. With the BG92 template fits, the
spectrum, as well as a modified version constructed by sub-ox values for H5 are essentially unchanged, whitg(Fell)
tracting the AGN FC and stellar-continuum components from increases by~ 10% relative to the values determined from
each nightly spectrum before calculating the rms. Removingthe V04 fits. Thus, both objects show a somewhat higher am-
the continuum components gives an improved rms spectrunmplitude of variability in H3 than Fell, similar to the behavior

by eliminating small residual stellar absorption-linetteas seen in NGC 5548 (Vestergaard & Petelison 2005).

(Park et all 2012), and the continuum-subtracted rms spec- For AGNs having a very low starlight fraction, it is of-
trum more accurately depicts the rms variability profilethef ten possible to measure the AGN continuum flux from the
emission lines. Fits done using the BG92 template assign rel spectra directly, without carrying out a decompositiondp-s
atively more flux to Fel than fits with the V04 template. For arate the AGN flux from the host galaxy contribution (e.g.,
the BG92 fits, the increased Heflux (at the expense of the |Kaspi et all 2000). However, this approach is much less suc-
FC component) results in a higher rms flux in the continuum- cessful for AGNs having a substantial host galaxy component

subtracted rms spectra. in the spectra, since the starlight dilutes the variabdityhe
AGN continuum and introduces additional random noise due
3.2. Light-Curve Measurements to nightly variations in seeing and target centering witthie

slit (e.g.,.Bentz et al. 2008). Given the substantial contri
tions of both stellar continuum and Hen these two objects,
the spectral decomposition method is necessary in order to
measure the AGN continuum flux without contamination or
Silution by these other components.

Light curves were measured for individual emission
lines from continuum-subtracted spectra. Fagf End the
H~+[O 1lI] blend, we produced a residual spectrum by sub-
tracting all other model components, and then measured th
emission-line light curves by summation of the residual.flux
The Hy and H3 integration regions were 4320-4450 A and

4800-5000 A for NGC 4593, and 44204560 A and 4920— 4. MEASUREMENT OF REVERBERATION LAGS

5120 A for Mrk 1511 (in the observed frame). The resulting 4.1. Methods
light curves include the constant contributions of narro# H  In order to measure the cross-correlation function (CCF)
and Hy as well as [Qll] A\4363 blended with Hl. for unevenly sampled time series, we employ the in-

Light curves for Hel \4686 were measured by summation terpolation cross-correlation function (ICCF) methodplo
of the best-fitting broad and narrow Hemodel components.  and Monte Carlo error-analysis techniques described by
This produced a less noisy light curve than the alternate apiGaskell & Peterson[ (1987), White & Petersdn (1994), and
proach of calculating a He residual spectrum for each night  [Peterson et all (2004). Emission-line lags fof,Hivy, Hell,
by subtracting all of the other model components. However, and Fell were measured relative to both thWeband and FC
for NGC 4593 the Hél emission was too weak to produce a light curves. CCFs were computed over a temporal range of
useful light curve. The F& light curves were computed by  -20to+40 days in increments of 0.25 days. For each CCF we
summation of the best-fitting Aemodel over 4400-4900 A,  compute two measures of the lag timgsa, which is the lag
but any wavelength range would yield the same overall light- at the peak of the CCF, ange, the centroid of the CCF for
curve shape since the model fit assumes a uniform flux scalingall points above 80% of the peak value (Petersonlet al.l2004).
factor for the Fdl template. The FC light curves were mea- Table2 lists the lag values. The quantify listed in Tablé P
sured by integration over the same wavelength range used fogives the peak amplitude of the CCF and is a measure of the
Fell. significance of the correlation between the two light curves
As described above, the residual scatter measured from th&Ve obtain higherr .« values for NGC 4593 than for Mrk
[O i light curves represents a major contribution to the error 1511, primarily owing to the higher S/N of the NGC 4593
budget in the light-curve measurements. Therefore, we com-ight curves. Lag values are given in the observed frame and
bine the residual scatter (1.2% for NGC 4593 and 2.0% for can be converted to the AGN rest frame by dividing byzl
Mrk 1511) in quadrature with the measurement uncertaintieswhere the redshifts am= 0.009 for NGC 4593 and=0.0339
in the individual light-curve points to obtain a more retidis  for Mrk 1511.
estimate of the true overall uncertainties. The emissioa-I There are advantages and drawbacks to using either the
light curves displayed in Figuid 1 are shown with these ex- V-band data or spectroscopic FC light curves in the cross-
panded error bars. Addition of the residual flux-scaling-sca correlation analysis. Thé-band light curves have more fre-
ter to the error budget widens the measurement uncertintie quent sampling than the spectroscopic data, and better tem-
in the cross-correlation lags described below, but ongyhsly. poral sampling will always improve the determination of the
In Figureld we show only the spectroscopic light curves mea- CCF. Additionally, the spectroscopic data suffer from egst
sured using the V04 template fits because the light curvesatic effects including variable slit losses due to miscente
measured from the BG92 fits are extremely similar in over- and differential atmospheric refraction, while the phottm
all appearance. ric data are not susceptible to these problems. However, the
Observations of other AGNs have shown that the amplitudeV-band data include contributions of emission-line flux in ad
of Fell variability is typically somewhat smaller than that ditionto the AGN continuum, while the spectroscopic decom-
of H5. For example, in NGC 5548 Vestergaard & Peterson positions can be used to produce a “pure” FC light curve with-
(2005) found that the Fie variation amplitude was- 50%— out contamination by strong emission lines. A disadvantage
75% of that of HB. To characterize the variability amplitude of using the spectroscopic data in cross-correlation nreasu
in NGC 4593 and Mrk 1511, we usg as defined in Equa- ments is the effect of correlated flux-calibration errors be
tion 1, which gives a measure of the normalized rms variabil- tween the emission-line and continuum light curves, which
ity, corrected for measurement uncertainties. Based on thecan introduce a spurious signal at zero lag. We find that using
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FIG. 4.— Cross-correlation functions ford Hv, Hell, and Fel relative FiG. 5.— Cross-correlation functions for Rerelative to the AGN feature-
to theV-band photometric light curves. The autocorrelation fiomcbf the less continuum (FC) measured from the spectral fits dong tsnBG92 and
V-band light curve is shown in grey. V04 Fell templates.

theV-band light curves produces consistently higher-quality fer significantly in shape, and occasionally one of the two
results, but the reverberation lags are consistent wher meaCCFs may contain features that are clearly spurious while
sured against either théband or FC light curves. For com- the other has a more regular appearance. In such a situa-
pleteness, Tablé 2 presents all of the lag measurements baseion it may be preferable to use just one of the two interpo-
on the spectral decompositions using both the V04 and BG92lated CCFs rather than taking their mean. For NGC 4593, the
Fell templates, and for cross-correlations computed with bothtwo interpolated CCFs are nearly identical, and we base our
theV-band and FC light curves. measurements on the mean CCFs as illustrated in Figure 4.

We tested the effect of detrending the data by subtracting aHowever, for Mrk 1511, we found that the second version of
linear fit to the light curves before computing the CCFs. As the CCF (i.e., from interpolating the Felight curve to the
described by Welsh (1999), removing long-term secularvari time steps of th& band) had a large and unphysical “notch”
ations from light curves can often improve the accuracy and appearing just at the CCF peak. The other interpolation pro-
significance of cross-correlation results. For Mrk 1511, de duced a smooth and regular CCF. Overall the two interpolated
trending had almost no effect on the CCFs, because the lightCCFs had nearly identical shapes and widths, and they show
curves are not characterized by any long-term brightening o the same overall lag response aside from the notch appearing
fading. NGC 4593 does show a net increase in luminosity at the peak of the first CCF. The presence of this notch in the
over the duration of our monitoring program, but CCFs com- mean CCF rendered the measurementyefx and 7cen SUS-
puted using detrended data were actually of poorer qualitypect. Since the first interpolated CCF results in a smoothly
than the original CCFs, having valuesrghy that were lower  shaped peak, for Mrk 1511 we use only the first interpolated
by ~ 0.1. Therefore, we chose not to use detrended light version of the CCF to calculatgeakandreen, rather than tak-

curves for our final measurements. ing the mean of the two interpolations. This CCF is shown in
) FigureldZ§
4.2. Reverberation lag results The H3 lags measured relative to theband light curves

We first describe the results based on light curves measuredre in the range ot 3—4 days for NGC 4593 and 5-7 days
from the V04 template fits. Comparison with BG92 template for Mrk 1511. Due to asymmetry in the CCFs, the values of
fits is presented in Sectién#.4. Figlile 4 illustrates the £CF Tcen @aNd 7pea differ slightly, but not by a significant amount
measured relative to thé-band data for emission-line light ~considering the uncertainties in the lag measurements. The
curves measured from the V04 template fits, as well as theobserved trend of Hhaving a longer lag than+is expected
autocorrelation function (ACF) of thé-band light curve. For ~ based on previous measurements (e.g., Bentz et al. 2010a).
both AGNs the Fél CCF has a shape roughly similar to that Similarly, the fact that the He lag is unresolved in Mrk 1511
of the H3 CCF, but Systematica”y shifted toward |0nger |ags_ is consistent with ex_pectatlons based on previous measure-
Normally, the ICCF method computes two versions of ments. In AGNs having H lags of < 10 days, the Hél lag
the CCF: first by interpolating the continuum light curve time is usually undetectable in datasets with nightly samgpl
(shifted by each trial value of the lag) to the temporal steps (€.9., Bentz et al. 2010a; Barth etlal. 2011b). Thel Feemis-
of the emission-line light curve, and then by interpolating =~ Sion has alonger lag thantHor both AGNs. In both cases the
emission-line light curve to the time sampling of the contin Cross-correlation between the FeandV-band light curves
uum light curve. With high-quality data, the two resulting
CCFs are normally very nearly identical, and the final CCF is CCF instead of the first interpolated version, we obtain = 7.67'3%8 days
taken to be the mean of t.he two_(Gaskell & Pet.e.rson 1987)'This is consistent with the varl’ue listed in Table 2 but Witla@ér G%%:Zerta%/nt'y
However, when the two light curves have significantly dif- gue to the peculiar shape of the peak region of the mean CGFvalne of
ferent temporal sampling frequency, or when the light carve men(Hp) is nearly unchanged if we use the mean CCF instead of the first
have poor S/N, the two interpolated CCFs can sometimes dif-interpolated version.

26 For Mrk 1511, if we use the mean of the two interpolated forithe
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TABLE 2
CROSSCORRELATIONLAG MEASUREMENTS

Measurement rmax Tcen(days) Tpeak(days) rmax Tcen(days) Tpeax(days)
V04 Template Fits BG92 Template Fits

NGC 4593:
Hyvs.V 0.95 2467128 1450§g;g§ 0.94 247%;3; 1.50:§;§§
Hvvs.FC 0.94 133:1@; 0‘50%:(%)8 0.80 546:8;5% 3.75j8;§8
HB vs.V 0.92 433%;55 3‘230373 0.94 3528:82; 2.25;2];78
HB vs. FC 0.92 53%%8 15059 | 0.82 654t2;9g 3.75j1;§8
Fell vs.V 0.88 835:%3% 6425%:;5 0.85 537%;%% 5'50%32
;elg fgiic 085 @7l 57522 | 082 76323 57522
I :
Hell vs.V 0.84 -05798" -02512 | 0.83 -0.7208  -050723
Hellvs.FC  0.81 —0.58f§35§ —1425t%35§ 0.79 —0411t§3§§ 050100
Hy vs.V 001 342810  3507® | 001 31298 325078
Hv vs. FC 0.83 :«87t8388 :«:45oti3gg 0.80 441111 3.50?388
HB vs.V 0.89 58@%}%% zooﬁifgg 0.88 533%% 6.50%%2
HBvs.FC 082 72%2l 7.00%;88 0.81 77971 8.25%;%8
Fell vs.V 0.80 863%:%2 9‘25%88 0.81 640’:i:§‘§ 7.75%;Zg
Fellvs. FC ~ 0.75  &57%3 850°1% | 0.73  8257%7 825522

NoTe. — All lags are given in the observed frame. Lag values meakfrom cross-
correlations between two spectroscopic light curves, fbetween emission lines and FC,
or between two emission lines) are unreliable as a resulbmélated errors, which intro-
duce a spurious signal at zero lag. This bias particulafigcts therpea values. Cross-
correlations measured relative to ¥eband light curve are not susceptible to this bias. As
described in the text, we conclude that the cross-coroglattdone relative to thé-band
light curves, done using the V04 template fits, are the mdisbte.

produces a significant CCF peak, withax = 0.88 for NGC dom noise. We measured cross-correlations between the stel
4593 and 0.80 for Mrk 1511. lar continuum component and tileband light curves in order
We also measured the emission-line lags relative to theto test whether the stellar continuum light curves might-con
AGN FC component light curves. The resulting., and tain some residual AGN flux. The resulting CCFs had very
TpeakValues are generally consistent, within the uncertainties low peak amplitudes ofmax = 0.31 and 0.43 for NGC 4593
with the lag values measured againstthéand data. How-  and Mrk 1511, respectively, and had such irregular strectur
ever, the CCFs measured using the FC light curves have lowethat no clear lag signal could be measured in either cass. Thi
peak amplitudemay than the corresponding CCFs measured provides further evidence that the spectral decomposiaoa
against th&/ band, which we attribute to the poorer temporal properly separating the contributions of the continuum com
sampling and greater calibration uncertainties of thetspec  ponents.
scopic data. Thus, we consider measurements relativeYo the 4.3, Estimating b . beration |
band to be the best determinations of the emission-line lags 5. ESlimating biases n reverberation 1ags
while the lags measured relative to the FC serve as a useful A small bias in reverberation lag measurements can occur
consistency check. As another check, we measured the FGvhen broad-band photometry is used for the continuum flux
light curves over a different wavelength range (5050-5150 A measurement, due to the contribution of emission-line fux t
rest wavelength) and measured the cross-correlationseof th the photometric light curves. The passband of ¥héilter
HZ light curves relative to this revised FC light curve. The includes flux from both i and Fell, both of which lag the
measured lags only changed by a negligible amount (muchcontinuum variations. When cross-correlating spectnosco
smaller than the 4 uncertainties) in comparison with the lags  €mission-line light curves against tieband light curves, this
measured to the FC light curves as listed in Table 2. emission-line contamination in thé-band data will tend to
Figurel shows the Re vs. FC CCFs for both sets of tem- bias the cross-correlation lag toward values that are Ittt
plate fits. For Mrk 1511, the choice of Retemplate has very the true_lag.(Barth et él. 2011a). To determine the leveligf th
little impact on the CCF shape or the lag in this measurement.contamination for Mrk 1511 as an example, we extrapolated
However, the difference between the two templates is signif OUr mean-spectrum fit over a broader wavelength range (up
icant for NGC 4593, where the light curves measured from to 6500 A) and carried out syntheti-band photometry on
the BG92 template produce a very jagged and irregular CCFthe individual model components. In the mean spectrum, the
and yield very unreliable lag measurements with large uncer ratios of emission-line to AGN featureless continuum (FC)
tainties on7een and mpeae  The VO4 template, on the other flux as measured through\&band filter aref (Hg)/f(FC) =
hand, gives a better-behaved result and smaller lag umzerta 0.073, andf(Fell)/f(FC) = 0155.
ties. The cause of this difference is not obvious, but it does We simulated the effect of the emission-line flux in the
appear that the V04 template gives a clearly superior rasult V-band light curves by creating mock reverberation datasets
least for NGC 4593. having properties similar to those of our observed data- Fol
An additional possible concern is degeneracy between thdowing the method of Timmer & Konig (1995), we began by
stellar and AGN continuum components in the fit. For both generating simulated AGN continuum light curves on a finely
objects, the light curves of the starlight component do not sampled temporal grid with bin size equal to 0.01 day, based
show any significant time-dependent features other than ranon a power-density spectrum of the fofaf) oc 27 (sim-



10

ilar to slopes measured frodepler AGN light curves by

BARTH ET AL.

flux density for the Fel emission in the blue wing of H,

Mushotzky et al. 2011). Each light curve was generated overas well as at the blue end of our fitting region. The broad-
a total duration of 1000 days. A shorter segment of length ened BG92 template, on the other hand, does not reach zero
100 days was then selected randomly and normalized to havdlux density anywhere in our fitting region, producing a highe

an rms variability equal to 15% of the median flux. Thé H

“pseudo-continuum” level from blended Hdines and forc-

and Fdl lines were assumed to respond linearly to continuum ing the FC component to a lower overall flux than in the V04

variations, with a delta function as the transfer function f
simplicity, and with lag times of 6 days forfHand 9 days for
Fell. Variability amplitudes for the emission lines were nor-
malized so that 4 had the same 15% rms variability as the
continuum, while Feél was set to have a lower rms variabil-
ity amplitude of 12%. Then, a “contaminated-band light
curve was created by adding scaled versions of tfieaRd
Fell light curves to the FC light curve, in the relative propor-
tions listed above for Mrk 1511. All of the light curves (FC,
V band, H3, and Fell) were then degraded to approximate

fits. We suspect that the BG92 template fits are including a
small amount of AGN continuum flux into the Mefit com-
ponent. This small contribution of AGN continuum flux in
the Fell light curves would add a spurious signal at zero lag
to the cross-correlations between IFand theV-band data,
slightly biasing the lags toward low values.

These differences stem from the methods used to construct
the Fell templates. The BG92 template is based on an ob-
served spectrum of | Zw 1. Emission lines from several tran-
sitions other than Fik were removed, and the continuum was

the sampling and S/N of real data. From the finely sampledremoved by fitting a polynomial to regions between strong
light curves, one flux point was chosen per night, randomly emission lines, leaving an approximate IFemission spec-

sampled from a window of-2 hours relative to a uniform

trum. The V04 template is also based on an observed spec-

24-hour cadence, and over a total spectroscopic monitoringrum of | Zw 1, but was constructed by removing a much
duration of 80 days. Weather losses were approximated bylarger list of non-Fel emission features, and also removing

randomly removing 10% of the points from the FC and

narrow permitted and forbidden Relines which were found

band light curves and 40% of the points from the emission- to be much stronger in | Zw 1 than in most typical Seyfert 1
line light curves. Random Gaussian noise was added to attairspectra. Each Fi line in the remaining spectrum was then

S/N =100 for the FC an¥l-band data, and S/N = 50 for the
emission-line light curves. The Relight curve was cross-

modeled with a Lorentzian profile of FWHM= 1100 km's
producing a noise-free template. The more rigorous removal

correlated against both the pure FC light curve and the con-of non-Fell emission features and narrow Fdines by V04

taminated/-band light curve, to determine the typical level of
the bias, and this procedure was repeateftitin@es to build
up a distribution of lag measurements for different initiel
alizations of the light-curve shape.

We compiled the values ofe, for the subset of simula-

is a major reason to prefer the V04 template over the BG92
template for these fits. Furthermore, the empirical and some
what subjective procedure used to remove the AGN contin-
uum by BG92 may be responsible for the fitting degeneracy
between the F& and FC components described above. If the

tions that produced “successful” measurements of lag, mean AGN continuum were undersubtracted when constructing the

ing that the CCF hadmyax > 0.6 and yielded a nonnegative
value of r¢en; by these criteria 83% of the simulations were
successful. For this subset, the median lag ofi Felative
to the pure AGN continuum igcen = 9.1+ 1.8 days, which

is closely consistent with the input lag of 9 days. (The un-

BG92 template, there would be almost no noticeable impact
on the quality of individual spectral fits that used the teatg|
but the mixing of FC and Fg emission would likely bias the
reverberation lags measured for thelFeomponent.

For NGC 4593, the CCF measured between thi¢ &ed FC

certainty of+1.8 days represents the 68% confidence inter- light curves is certainly better when the V04 template igdyse
val on ¢, for the set of successful simulations.) When the compared with the BG92 template. The reason for this differ-
simulated Fel light curves are cross-correlated against the ence is not clear, and it only appears to occur for NGC 4593

simulatedv-band data including emission-line contributions,
we find a median lag of..n= 8.4+ 2.1 days. As expected,

and not Mrk 1511, but it does add one additional reason to
prefer the V04 template fits. For all of these reasons, we con-

this is shorter than the lag measured with respect to the puresider the measurements done using the V04 template fits to
AGN continuum, but the difference of 0.7 days in the median be our best-quality results. Most importantly, our mairufss
measurements is smaller than the uncertainty in the mesureare independent of the template choice: in either case we find
Fell lag for either of our targets. Thus, the impact of this bias that Fell emission does show a strong reverberation response,
on the emission-line lag measurements is fairly small, mostwith a lag time longer than that of#H As described in the Ap-

likely below the level of the & uncertainties in the Fie lags.
The effect of emission-line contamination in tieband light
curves would be similar for all of the cross-correlation mea

pendix, we find similar results when using the newly released
multi-component Fé&l templates of Kovéevi et al. (2010).
With these new templates, we obtain slightly different ealu

surements for a given AGN, so the inferred relative sizes of of 7¢en for the emission lines, but the Rdags are still consis-

the Fell and H3 emission regions would be only modestly
affected.

4.4. Differences due to Fe Il Template Structure

Among the reverberation measurements listed in Table 2,

tently longer than those of B with 7. (Fell)/Tce(HB)~ 1.5.
This further confirms that the larger size of thelFemitting
region (compared with H) is genuine and not an artifact of
template choice.

It is also worth noting that the different template fits yield

the strongest differences between results based on the VO4iffering amounts of Fé# and Hel emission underlying the

and BG92 template fits are in the lag of IFeelative to theV/
band. The BG92 fits give.., values that are 2—3 days lower

broad H3 profile. The uncertain amount of blending of3H
with other emission features (each having a different léay re

than the values measured from the V04 fits. This differencetive to the continuum) could represent a limiting factortoe

appears to stem from the different proportions of FC antl Fe

accuracy of high-fidelity reverberation measurementgjgar

fluxes for the two sets of spectral fits. As can be seen in Fig-ularly for velocity-resolved lag measurements which atiem
ures2 and13, the broadened V04 template approaches zero
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to determine the distribution of lag across the velocitytvid
of the line. Any ambiguity in decomposing theStspectral
region into different emission-line components shoulddire-c
sidered as a source of systematic uncertainty in detergninin
the H5 lag distribution across the line profile.

5. DISCUSSION AND CONCLUSIONS

This is the first time that such clear reverberation sig-
nals have been seen for the optical IFdlends in Seyfert

11

For Arp 151, the transfer functions show that thg Eimis-
sion extends over a broad radial zone with an outer extent
that is more than twice as large @sen, and the Hv-emitting
region is several times larger in extent than the megr#d
dius (Bentz et al. 2010b). If the ratios of Feto H/3 size for
NGC 4593 and Mrk 1511 are typical, then thelFemitting
zone would encompass the outer portion of thgéinitting
zone of the BLR and beyond, probably corresponding roughly
to the region emitting . This echoes the recent finding

galaxies. Our high-cadence monitoring data reveal that theby|Hu et al. (2008a) that quasapHtprofiles generically con-
Fell emission in these galaxies does reverberate on shortain an intermediate-width component which may be emitted

timescales in response to continuum variations, with a-well
defined cross-correlation lag time. This gives direct enate
for an origin of the Fal emission in photoionized gas in the
BLR. The ambiguity in previous Fi reverberation results

from the same region that producesFavhile the very broad
component of ¥ would be emitted from smaller radii. Fur-
ther support for a link between the Reregion and the outer
portion of the Balmer-line emitting zone of the BLR comes

for NGC 5548 |(Vestergaard & Peterson 2005) and Ark 120 from a new principal-component analysis of quasar spectra
(Kuehn et al. 2008) might be attributable to the lower cadenc by [Hu et al. [(2012). They demonstrate that one of the pri-
of the monitoring data used in these studies, although in bot mary eigenspectra of their quasar sample is essentially the

cases the monitoring duration spanned several years. It isum of two components: the Feemission spectrum and

also possible that the Fevariability behavior in our two ob-
jects is not representative of the entire population of Segf
Measurement of Fi variability over a broad range of AGN
properties should be a high priority for future high-cadenc
reverberation-mapping programs. By exploring a broadeang
of luminosities, it might be possible to test whether theaght
Fell emission follows a radius-luminaosity relationship simi-
lar to that of the K line, with a luminosity dependence of
approximately o« L%° (Bentz et al. 2009). It would be partic-
ularly interesting to test whether the ratio of IFéo HS radii

an intermediate-width core component of the Balmer lines,
which are readily interpreted as arising from a similar gpat
region.

Hu et al. (2008b) found that Feé line widths in SDSS
quasars are typically about 3/4 of theghvidths. In order
to test whether NGC 4593 and Mrk 1511 are consistent with
this trend, we examine the results of the spectral fits done us
ing the BG92 Fel template, since this closely follows the
fitting method used by Hu et al. (2008b). We assume that the
total velocity width of FWHM is given by the quadrature sum

varies systematically along the Eigenvector 1 sequence as af the FWHM of the broadening kernel from the fit and the

function ofL /Lggg. If the Fell-emitting gas is infalling toward

FWHM of the line profiles in the template itself which we take

the central engine, as proposed by Hu étlal. (2008b), thento be 900 km &' for consistency with Hu et all_(2008b). We
there might also be observable correlations between the realso correct the observed widths for an instrumental bnoade

verberation lag and the redshift of the IFénes, although ev-
idence for radial inflow remains controversial (Sulentialet
2012).

The measured values @f.,, give an approximate mean ra-
dius for the zone from which each line is emitted within the
BLR. Comparing the lags of H¢ and H3 for the preferred
V04 template fits, we findcen(Fell)/7cedHB) = 1.9+ 0.6
and 15+ 0.3 in NGC 4593 and Mrk 1511, respectively. This
gives a directindication that the Reemission arises predomi-
nantly in the outer portion of the BLR on larger scales than th
HS emission region. This conclusion is consistent with sev-
eral other recent lines of evidence for an outer BLR location
for the Fell emission |(Sluse et al. 2007; Hu etal. 2008a,b;
Matsuoka et al. 2008; Popavet al. | 2009;| Gaskell _2009;
Kovacevic et al.. 2010; Shields et lal. 2010; Shapovalova et al.
2012; Hu et al. 2012; Mor & Netzer 2012). We use the term
“outer BLR” to denote emission from a region having a larger
mean size than the Hemission zone. Aside from Hg the
only broad emission lines seen to have lags longer than that o
Hg are CIll] A1909 (Peterson & Wandel 1999) andvKe.qg.,

Kaspi et all 2000; Bentz etlal. 2010a). Thus, the emission re-

gions for these lines correspond to the outermost obsexvabl
portion of the BLR. The BG92 template fits give different ra-
tios of Fell to Hj lag, but we find thatce(Fell) > 7cen(HP)

for either template.

The longer lag of Fé& relative to H3 does not mean that
the H3 and Fell emission regions are physically distinct;
in fact, there must be a very substantial radial overlap be-
tween them. Recent progress in transfer-function modeling
for reverberation-mapping data has provided direct ithst
tions of the radial extent of the BLR as seen in Balmer lines.

ing of FWHM~ 315 km s! (Barth etal[ 2011a). Then, we
obtain Fell widths of FWHM= 3330+ 153 km s? for NGC
4593 and 3128143 km s? for Mrk 1511, where the un-
certainties are based on the night-to-night scatter in tldéw
of the Fell Gaussian broadening kernel determined by the
fitting procedure. The broad{Hcomponent models for the
two AGNs have FWHM = 4395 362 km s* for NGC 4593
and 4171137 km §* for Mrk 1511. In both cases, then,
FWHM(Fe Il)/FWHM(H}3) is almost precisely 0.75, closely
consistent with the average result for the Hu etlal. (2008b)
sample.

However, we also find that the inferred Fewidths seem
to be substantially dependent on choice of template. Us-
ing our results from fitting with the V04 template, we ob-
tain broader Feél widths of FWHM = 5044+ 176 km s*
and 4459+ 116 km s? for NGC 4593 and Mrk 1511, in both
cases broader than theSBH-WHM values. This appears to
be the result of a combination of factors including differen
relative strengths for individual Re lines between the two
templates, and the fact that the V04 template is constructed
using Lorentzian models fitted to each line. One consequence
of these Lorentzian profiles is that the FWHM values of the
template itself and of the Gaussian broadening kernel do not
simply add in quadrature to give the FWHM of the total line
profile; the FWHM of the Gaussian-broadened template pro-
file is broader than the quadrature sum of the template FWHM
and broadening kernel FWHM.

Based on the fits done using the BG92 tem-
plate, we can conclude that these two AGNs have
FWHM(Fe I)/FWHM(HS) ratios consistent with the
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mean value found by Hu etlal. (2008b) for a large SDSS signature with a level of significance comparable to that of
sample, so there is no evidence that they are outliers fromhigh-quality H3 reverberation measurements. Detection of
the normal AGN population. However, the absolute deter- Fell reverberation does require some special circumstances,
mination of Fell width seems to be subject to substantial in particular a high amplitude of continuum variability vasl|
systematic uncertainty due to the details of how the fit is as relatively strong F& emission overall. In all other ob-
performed and choice of template. Further investigation of jects from our 2011 sample, either thelFemission was too
the cause of this discrepancy in Fewidths for different weak (as in Mrk 50;_Barth et al. 2011b), or the overall flux
templates is beyond the scope of this paper, but this problemvariability was too low for measurements like these to be suc
is likely to affect all inferences about He profile widths cessful. Finally, these results illustrate the value ofygag
measured by template fitting, particularly when the indidid ~ out spectral decompositions of reverberation-mapping,dat
Fell features are completely blended into a pseudocontinuumin order to measure accurate light curves foll-élell, and
as is the case in these two objects. other weak or low-amplitude spectral features. Applicatib

In addition to the systematic issues related to choice of Fe these methods for measurement of emission-line light aurve
template, there are some additional and important caveats t for our entire 2011 sample will be described in future papers
note about the measured Fdags. The CCF methodology in this series.
only gives a single, simplistic measure of the lag time for We are extremely grateful to the Lick Observatory staff
an emission line, whereas in reality a given spectral linle wi for their outstanding assistance during our 2011 observing
be emitted over a broad range of radii. It might be possi- run. The Lick AGN Monitoring Project 2011 is supported by
ble to obtain more detailed information on the radial digtri NSF grants AST-110812, 1107865, 1108665, and 1108835.
tion of Fell emissivity by applying the geometric modeling A.P. acknowledges support from the NSF through the Grad-
methods described hy Pancoast etlal. (2011) or by applyinguate Research Fellowship Program. A.V.F.s group at UC
techniques to extract the shape of the transfer functiomfro Berkeley received additional funding through NSF grant AST
the datal(Bentz et &l. 2010b; Grier etlal. 2013). However, the1211916, Gary & Cynthia Bengier, the Richard & Rhoda
Fell light curves are relatively noisy and higher-quality data Goldman Fund, the TABASGO Foundation, and the Christo-
might be required, perhaps over a longer monitoring dura-pher R. Redlich Fund. KAIT and its ongoing operation were
tion, in order to go beyond the simple cross-correlation de- made possible by donations from Sun Microsystems, Inc.,
termination of the Fé& lag presented here. Furthermore, our the Hewlett-Packard Company, AutoScope Corporation, Lick
spectral fits assume a uniform flux scaling for the entird Fe  Observatory, the NSF, the University of California, thevgy!
template, which results in an average lag measurement fo& Jim Katzman Foundation, and the TABASGO Foundation.
the entire complex of Fi& blends, but this method is unable T.T. acknowledges a Packard Research Fellowship. The work
to explore the possibility of different response times féfr d  of D.S. and R.J.A. was carried out at Jet Propulsion Labora-
ferent Fell lines. Recent work has improved on traditional tory, California Institute of Technology, under a contradth
template-fitting methods by allowing for different behavio NASA. Research by J.L.W. is supported by NSF grant AST-
among different groups of Aelines (Kovaevic et al. 2010), 1102845. J.H.W. acknowledges support by the National Re-
and_Shapovalova etlal. (2012) demonstrated that in Ark 564,search Foundation of Korea (NRF) grant funded by the Korea
Fell lines from different multiplets showed differing levels government (MEST) (No. 2012-006087). The West Mountain
of correlation with continuum variations. Application afch Observatory receives support from NSF grant AST-0618209.
methods to reverberation-mapping data could potentialy d We thank the anonymous referee for helpful suggestions. We

tect or constrain differences in reverberation timesaaielif- mourn the tragic passing of our friend and collaborator,-Wei

ferent Fell multiplets as well. dong Li, who devotedly oversaw the nightly operation of
The primary conclusions of this study are that measure-KAIT and taught us much about photometry. This work is

ment of the reverberation lag of the optical IFelends is in- dedicated to the memory of Lick Observatory staff member

deed possible in favorable cases, and that in these two AGN<SGreg Sulger.

the Fell emission responds directly to continuum variations  Facilities: Shane (Kast), KAIT, BYU:0.9m, PO:1.5m,
with a lag time that corresponds to the outer portion of the LCOGT (FTS)

BLR, somewhat larger than theg-emitting radius. With

well-sampled data it is possible to detect this reverbenati

APPENDIX

After this paper was submitted, the referee informed us dhptiblic release of the multicomponent FFeéemplates from
Kovacevic et al. (2010) had recently been announced (Popoviclet 88)2@lthough a full study of Fé@ variability using these
new templates is beyond the scope of this paper, we carrieahdunitial examination by adapting our fitting method to tisese
templates. As described by Kaievic et al. (2010) and Shapovalova et al. (2012), the templatinsledes spectra describing
Fell lines from four separate multiplet groups (denoted a$t® S andP groups), as well as an additional template containing
other lines found in the | Zw 1 spectrum. Carrying out fits gsinis set of five templates gives substantially more freettom
accurately fit observed He spectra than the monolithic templates of BG92 or V04, at thst of adding four additional free
parameters to allow for the individual flux scaling of eachiFEsmponent.

Figurd® illustrates the fits to the mean spectra using thesticomponent templates. Similar to the fits with the V04 &@b2
templates, the model reproduces the overall spectral shalbebut there are significant differences in the fit detadsnpared
with the monolithic templates. Using the Ka@evic et al. (2010) templates, the fit assigns relatively more tituthe starlight
component and less to the FC. Also, these fits force the fluikal three Hel lines to zero, and the red shelf ofsthecomes
dominated by Fdi, similar to the results from using the BG92 template. Anothetable difference is seen at the shortest

wavelengths, below abottes;= 4400 A. In this region, the primary Fecontribution is from thé® group, and the fit forces the
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FiG. 6.— Same as Figuifd 2, but for fits done usingthe Keva& et al. (2010) F& templates. The grey curve represents the sum of the fiveidhdil Fell
components.

normalization of this component to zero. This is most likalgpurious result due to degeneracies in the model fittinggss)
but it occurs consistently when fitting each individual ¢pem for both AGNs. These multicomponent templates arentgdty
suited for use with AGN-dominated spectra having very girBell emission, such as the objects studied by Keva et al.
(2010) and Shapovalova et al. (2012), but the high starfiglection and relatively weaker Feemission in our targets presents a
more difficult case study for constraining the weights offthe-component F&¢ model.

In order to check for differences with respect to the pregispectral fits, we measureditand Fdl light curves based on these
decompositions following the same methods described pusly, and carried out cross-correlations of these lightesiagainst
theV-band continuum. The Re light curve was integrated over the same spectral regiod fisehe monolithic templates, in
this case corresponding primarily to flux from tReyroup template.

For NGC 4593, we findedH3)= 3.92'312 days, andreer(Fell)=5.97"112 days. For Mrk 1511, the results arg(H3)=
5.76:%39 days andre(Fell)= 8.90'132 days. These results are generally consistent with the measuts done using the BG92
and V04 template fits, with the largest disagreements orilygoat slightly greater than thesdevel. The modest disagreements
further highlight the fact that the reverberation resuties somewhat sensitive to the different structures of thé Femplates.
Despite these differences, our primary result is esséntiachanged: the Fié reverberation lags based on the new template fits
are~ 50% longer than those of # pointing to an origin for the F@ emission in the outer portion of the BLR. In future work,
these multicomponent templates may prove to be most adyemta when fitting very high S/N spectra of AGNs having smalle
starlight contributions and stronger Fdines whose relative amplitudes can be more tightly coimstdhin the fits.
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