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ABSTRACT

In the Spring of 2011 we carried out a 2.5 month reverberatiapping campaign using the 3 m Shane
telescope at Lick Observatory, monitoring 15 low-redsB#yfert 1 galaxies. This paper describes the ob-
servations, reductions and measurements, and data psdduct the spectroscopic campaign. The reduced
spectra were fitted with a multicomponent model in order tdaie the contributions of various continuum
and emission-line components. We present light curvesaddemission lines and the AGN continuum, and
measurements of the broagHine widths in mean and root-mean square (rms) spectra.hHeombst highly
variable AGNs we also measured broa@ khe widths and velocity centroids from the nightly spectta
four AGNs exhibiting the highest variability amplitudesewetect anticorrelations between broad Width
and luminosity, demonstrating that the broad-line regimreathes” on short timescales of days to weeks in re-
sponse to continuum variations. We also find that brogdrelocity centroids can undergo substantial changes
in response to continuum variations; in NGC 4593 the brogdvelocity shifted by~ 250 km s* over a
one-month duration. This reverberation-induced velosiitijt effect is likely to contribute a significant source
of confusion noise to binary black hole searches that uséi-epbch quasar spectroscopy to detect binary
orbital motion. We also present results from simulatiors #xamine biases that can occur in measurement
of broad-line widths from rms spectra due to the contrilngiof continuum variations and photon-counting

noise.

Subject headings: galaxies: active — galaxies: nuclei — galaxies: Seyfertehigques: spectroscopic
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1. INTRODUCTION cently, densely sampled observing campaigns have led to

Sroad emisson ines are o halimak propery of scive (S0 POGICSS Do e Tor e 2008 ik ACl er
ga'%?c'e' é)GN(S))v_ f'.rStth'gh]J'ghtet?] g or ek 3 m te|esc%pim%_&aogb> detected

y . Originating from the broad-line region [ i !
(BLR) they seve s mportant dagnosicsof physicaloond 51610 r9EN! 1, 1 fevereralcn o0 scoes Date
tions within the AGN as well as dynamical tracers providing egree of velocity resolution of theMHreverberation lag in
information about the mass of the supermassive black hole aﬁve additional AGNs. Similarly, intensive monitoring cam-
the core of the AGN central engine. Unfortunately, even for aians carried out a't the MDM Observatory have recentl
the nearest AGNs the BLR is too small to be directly resolved Siel%led impressive detections of velogity resglved rbeen y
by any current observational capability. For example, i th ). L - "
well-studied nearby Seyfert 1 galaxy NGC 5548, the radius fion (Denney etal. 2009b; Grier etial. 201.3a). The collectiv
of the H3-emitting portion of the BLR isv 4— 20 light-days results of these programs suggest a surprising diversttyein

(Bentz et al. 2007), ding t lar radiussafiu  Kinematic properties of AGNs, with different objects extib
_Z?, fn?marcsec)orfggesr’on g to an anguiar radiussiiu ing behavior consistent with rotation, infall, or outflowtas
Although the spatial structure of the BLR cannot be directly d0minant kinematic behavior in the BLR.

resolved, the time-variable nature of AGN emission makes it M;R/Ieﬁe high-ca((jjerrl]ced molnitoring pfrograms hatd LLCk an(IJI
possible to resolve the BLR’s size and structure in the time d ave spurred the development of new methods for anal-

main via reverberation mapping (Blandford & McKee 1982; ysis of reverberation data. The traditional approach oiveler

Petersdh 2001). lonizing photons from the AGN's central en- N9 E)Iagk hole masses by applylng2 a simple recipe to derive
gine are reprocessed by BLR gas into emission-line photonsthe “virial product” [VP =rg r(AV) /G, whererg,r is de-
From the vantage point of a distant observer, random varia-termined from the reverberation lag add/ is a measure of
tions in the flux of the AGN continuum will be followed by ~the broad-line width] suffers from several shortcomings. |
corresponding variations in the fluxes of emission linesnfro  Particular, the “BLR radius” measured from the reverberati
the BLR, with a time delay that depends on the light-travel 129 gives a highly oversimplified measure of BLR structure,
time across the BLR. Cross-correlation of emission-ligati ~ Since the BLR actually spans a very broad range in radius.
curves against light curves of the AGN continuum gives a Similarly, a single measure of BLR velocity derived from an
measure of the BLR radiug, g, under the assumption that emlssmn—l!ne width is a gross oversimplification of thg com
the size of the continuum emission region is much smaller Plex velocity structure of a real BLR. More worrying is the
thanrg . Reverberation mapping thus requires measurementP0ssibility that the BLR dynamics might be affected by out-
of light curves of the variable AGN continuum and emission flOWs or other nongravitational motions, in which case sim-
lines, with a cadence sufficient to resolve the temporal fluc- Pl€ virial mass estimates might be entirely misleading {iro
tuations adequately. Whem, g is combined with a veloc- ). Pancoast etlal. (2011) proposed a different apptoach
ity parameter measured from the width of the broad line, a reverberation data analysis, in which black hole massebe&an
so-called virial mass estimate can be derived for the centra determined via a forward-modeling procedure that computes
black hole. Virial masses have been determined through rethe response to continuum variations of a physically moti-
verberation mapping for several dozen low-redshift AGNs, vated dynamical model for BLR clouds. By exploring a broad
and these measurements form the foundation of secondarpa@rameterspace of BLR dynamical models and comparing the
“single-epoch” virial mass methods, which provide neatly a model predltl:uon.s d|rect_Iy wnh the observgad time series of
of the empirical information currently available on the ows broad emission-line profiles, direct constraints can bequla
logical growth history and redshift evolution of supermiess 0N the black hole mass, BLR inclination and opening angle,
black holes (for a comprehensive review, @ﬁe%]ZOB). radial emissivity profile, and other parameters. This appho

A major goal for reverberation mapping observations is the has been applied to several AGNs from ourcadence Lick
detection of velocity-resolved emission-line variatierghat ro rale&Mé 012, 2014b).
is, variations in the shapes of broad emission-line prgfiles 013) presented applications of an independent im
not merely variations in total emission-line flux. Line plefi plementation of a similar method to archival data from saber
variability conveys information about the kinematics of BL observing campaigns. _ )
gas. Measurements of profile variability can provide a means Although reverberation mapping has seen dramatic
to discriminate between rotationally dominated, inflowing Progress over the past several years stemming from these
or outflowing BLR kinematics (e.g., Welsh & Hofhe 1991), high-cadence monitoring campaigns, the(e are.s.tlll only a
while high-cadence and high signal-to-noise ratio (S/N) ob handful of AGNs having time-series data with sufficient sam-
servations can potentially reveal a wealth of detail abdtRB ~ Pling and S/N for these dynamical modeling methods to
structure and kinematics (Horne etlal. 2004). be optimally successful. In order to obtain more velocity-

It is a nontrivial challenge to obtain observations with-suf resolved reverberation data suitable for dynamical madeli
ficiently high cadence and high S/N suitable for measurementVe embarked on a new reverberation mapping program in the
of broad-line profile variations. Consequently, many of the SPrng of 2011. Spectroscopic observations were conducted
largest reverberation-mapping programs have focusedljarg @t the Lick 3 m Shane telescope, avieband photometric
on measurement of flux variations and derivation of blackhol Monitoringwas carried out using several queue-scheduléda
virial masses (e.gl, Kaspi etlal. 2000; Petersonlét al. 2004 robotic telescopes. This paper describes the spectrascopi
and references therein). Over the past decade or so, variou§dmpaign and presents measurements from the Lick data.
observing programs have succeeded in measuring velocity- A Neéw aspect of our data analysis for this 2011 program
resolved variability signatures in broad3Han early exam- IS the use of spectral fitting and decomposition techniqoes t
ple was a sparsely sampled program at the Hobby-EberIy'S()'ate different portions of the variable spectra. In thstp
telescope targeting Mrk 110 (Kollatschhy 2003). More re- nearly all emission-line light curves for reverberationpna
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ping were measured by subtracting a local, linear continuumchose AGNs for which estimateddteverberation lags were
model underlying strong emission lines such a8 iH or- < 25 days based on either the radius-luminosity relation from
der to isolate the emission-line flux. This method is gener-Bentz et al.[(2009a) or previous reverberation measuresnent
ally effective for measuring integrated light curves obsiy Finally, the standard configuration of the Kast spectrograp
emission lines having high variability amplitude. However employs a 600-line grism in the blue camera and a dichroic
simple linear continuum subtraction is unable to remové-hos  with cutoff wavelength 5500 A, and the blue-camera through-
galaxy starlight features that can affect the broad-limdiless ¢ drops steeply at > 5400 A. This imposes a practical
and widths, and it cannot disentangle blended emissios.line yegshift limit of z < 0.08 in order for [OllI] A5007 to fall on
The alternative approach of fitting models to deblend com- the high-sensitivity portion of the blue camera. This lige i
ponents such as Aefrom Hj had seldom been applied to  5eq as the reference for flux calibration of the spectras tim
nightly spectra from reverberation campaigns (e.g.. Bi@le  ggries.

2010). Our initial experiments with spectral decompositio Ty targets, Mrk 817 and Zw 229-015, were included in the
using observations of Mrk 50 from this program established sampie in order to coordinate wittSaitzer infrared monitor-
that multicomponent fits made it possible to measure light j5g program taking place in 201 §gitzer program ID 70119;
curves for Hel \4686 even when the line was heavily diluted pj™y; Gorjian). zw 229-015 was also léepler monitoring

by starlight, and to detect variability and measure reverbe  (5rqet during this time (Mushotzky et/al. 2011: Carini & Ryle
tion lags of the optical Fg blends|(Barth et al. 2011b, 2013). ;| Edels%n et dl. 2014). y
Using a similar fitting method. Park et el. (2012a) carried ou — \we assembled an initial set of 15 high-priority targets plus
decompositions of spectra from the 2008 Lick AGN Monitor- - seyera) alternates which included narrow-line Seyfertiaga
ing Project campaign (Bentz et al. 2009b). This work demon-jes AGNs that were somewhat fainter than our primary tar-
strated clear improvements in determination of the mean an({;ets, and candidate AGNs for which no high-quality recent
root-mean square (rms) line profiles foptafter removal of gpectra were available in the literature. During the first fe
the host-galaxy starlight and other blended line companent \;saple nights of the campaign, we found that three of our
from the spectra. In this paper, we present a complete deygp_priority targets selected from SDSS had transformes in
scription of our fitting method and results from applying the Type 1.9 Seyferts with essentially no broad Emission re-
spectroscopic decomposition procedure to our full 2011-mon maining (see AppendixJA for details). Several alternate tar
itoring sample. . ___gets were then observed and we chose the most promising
The outline of this paper is as follows. Sectidn 2 describes gnes to fill the gaps in the sample’s right ascension range. Ou
the sample selection, anfl§3 describes the spectroscopic ol ) monitoring sample is listed in Tad$ 1, and Apperidix A
servations carried out at Lick. Details of the data reductio resents spectra of the alternate and discarded targets.
calibrations, and the fitting procedure applied to the tslige- Some of these AGNs have been observed in pre-
spectra are given ir 4. Sectids 5 ahd 6 present the measurgjoys reverberation programs, including Mrk 40 (Arp
ments of emission-line light curves, broa@gHine widths,  151: [Bentz et 1. 2008]_2009b), Mrk 279 (Maoz et al.
and velocity centroid variations. Sectibh 7 examines the an 119_9@ [Santos-LIeo et al._2001) ’Mrk 817 (Peterson et al.
ticorrelation between broad Hwidth and luminosity in the 199$E| Denney et al. 2010), NGC 4593 (Dietrich et al. 1994;
single-epoch spectra of highly variable sources.[In 88 we de [Onken et al 2003 Denney et al. 2006), and Zw 229-015
scribe how broad-line velocity shifts induced by asymneetri  (Barih et a[ 2011a). Revised lag measurements of Mrk 279,
ent1_|SS|oln—.I|ne trever?ergf[{oln catr) pqtentéally mg"lr"cktuaﬁbs Mrk 817, and NGC 4593 were also given in the compilation of
vational signature ot orbital motion in a binary black NY8S ~  [peterson et al (2004). Recently, Wang ét'al. (2014) predent
tem, and we consider the implications of broad-line reverbe egyits from a reverberation campaign that included Mrk 486
ation for spectroscopic binary black hole searches. Se&lio  and Mrk 493 as well. New observations of previously well-
presents a summary of our results and conclusions. In Ap-gpserved targets such as Mrk 40 can potentially test whether
pendix[A, we display spectra of additional AGNs that were ye|ocity-resolved reverberation lags remain constantasy v
observed during the first few nights of our program as we fi- oyer durations comparable to the dynamical timescale of the
nalized our target list for monitoring. Appendides B dnd C g| R,
present simulations designed to clarify the relationstep b~ owing to the combination of criteria given above, the ob-
tween line widths measured from mean and rms spectra, andgryed sample is not complete or unbiased in terms of black
to demonstrate potential sources of bias that can affli@dro  hgle mass, luminosity, broad-line width, or any other funda
line widths measured from rms spectra. mental or observed property. This is a recurring issue for al
2 SAMPLE SELECTION AGN reverberation mapping campaigns to date, and should be
. . . kept in mind when extrapolating reverberation results to de
The major science goal for this program was to mea- rjye single-epoch masses for AGNs at high luminosities er Ed
sure velocity-resolved reverberation signals ifi fr bright  gington ratios not probed by the reverberation-mapped sam-
Seyfert 1 galaxies, and we primarily selected targets lgavin pje “This point has been emphasized by Richards ét al. (2011)
strong broad 4 emission from the Sloan Digital Sky Survey nd Shen[(2013) in the context of examining biases inherent

(SDSS) Data Release 7 archi‘lLe_(AQaza,uan_Hl_aL_IZ.OOQ) andp, single-epoch masses derived from tha/Gine.
other AGN catalogs in the literature. Our reverberationcam
3. OBSERVATIONS

paign began in late March and continued through the mid-
dle of June. This set a requirement for the sample to con- This project was allocated 69 nights at the Lick 3 m Shane
tain AGNs distributed over a broad range of right ascensiontelescope, distributed between 2011 March 27 and Junel13 (al
such that the entire sample could be observed over nearlydates are UT). Interspersed with our nights were occasional
the full duration of the program. Targets were selected to gaps, mostly during or close to full moon, for other projects
have apparent magnitudes\bf< 17 so that high-S/N spec- such as exoplanet search programs.

tra could be obtained in short exposures (10-40 min). We Observations were conducted using the Kast double spec-




TABLE 1
SAMPLE PROPERTIES ANDOBSERVATION PARAMETERS
Galaxy Alt. Name z DL Ay SlitPA  Npps Mean Sampling Median Median
(Mpc) (mag) (deg) (days) Airmass SIN
Mrk 40 Arp 151 0.0211 92.3 0.039 90 39 1.97 1.07 72
Mrk 50 0.0234 1025 0.044 180 55 1.81° 1.29 77
Mrk 141 0.0417 185.2 0.028 90 36 1.79 1.16 107
Mrk 279 PG 1351+695 0.0305 134.3 0.044 120 34 2.30 1.19 106
Mrk 486 PG 1535+547 0.0389 172.4 0.040 90 27 2.28 1.08 94
Mrk 493 0.0313 137.9 0.068 70 32 2.39 1.08 88
Mrk 504 PG 1659+294 0.0359 158.7 0.135 60 36 2.18 1.05 89
Mrk 704 0.0292 1285 0.079 45 38 1.68 1.15 70
Mrk 817 PG 1434+590 0.0315 138.8 0.019 90 27 2.42 1.08 84
Mrk 841 PG 1501+106 0.0364 161.0 0.082 45 35 1.82 1.14 94
Mrk 1392 0.0361 160.1 0.125 45 38 2.02 1.24 98
Mrk 1511 NGC 5940 0.0339 149.7 0.112 45 40 2.00 121 72
NGC 4593 Mrk 1330 0.0090 39.0 0.068 45 43 1.85 1.44 121
PG 1310-108 11SZ 10 0.0343 1515 0.143 180 35 2.30 1.58 50
Zw 229-015 0.0279 122.6 0.198 56.5 P29 2.7ZF 1.07 49
NOTE. — Redshifts are taken from NED. Luminosity distances )(are calculated from redshifts assuming a
WMAP9 cosmology withHg = 69.7 km s Mpc™®, Qu = 0.281, and2, = 0.7185 [Hinshaw et al. 2011.3), using the
(2006) calculator. Galactic extinction8y() are from NED and are based lon_Schiafly & Finkbeiher (2011), as

sumingRy = 3.1. Nops is the total number of spectroscopic observations of eacN A%ean sampling is the mean time
interval between successive observations, in days. (Tligameampling interval is 1.0 days for all AGNs.) The median

SIN gives the median S/N per pixel between rest wavelendif® 4nd 4700 A in the extracted blue-side spectra, for
the full series of observations of each AGN.

2 Twelve of the 55 spectra of Mrk 50 were obtained before the sfeour main campaign during nights assigned to
other projects.

b Three of the 29 spectra of Zw 229-015 were obtained after tideoé our main campaign during nights assigned to
other projects.

¢ Mean sampling for Mrk 50 and Zw 229-015 was calculated baseabservations taken during the main campaign.

trograph [(Miller & Stonel 1993). On the blue side (spatial s and were adjusted during the campaign as the nights grew
scale 043 pixel'), we used a 600 lines nmirgrism cov- shorter. Longer integrations were usually split into twdiin

ering 3440-5515 A at 1.02 A pixél On the red side (spatial  Vidual exposures to facilitate cosmic-ray rejection.
scale 078 pixel™), we used a 600 lines mihgrating blazed Each AGN was observed at a fixed slit position angle (PA)

. " throughoutthe programin order to maintain consistencyén t
at 7500 A, giving coverage of 5410-8200 A at 2.35 A pikel amount of spatially extended host-galaxy emission with@ t

The d55 dichroic was employed to split the light between _. = . :

the blue and red camelﬁpA 531“ width %f 4 Wag adopted slit (Table[1). Additionally, the flux-scaling method aygglito

. e : : . ; the spectra relies on the assumption of a constaiit J@ux,

in order to mitigate slit losses while also preserving meder and observing at a fixed PA ensures consistency in the por-

ate spectral resolution. Calibration frames taken eadr-aft i fth g l : btended by th |-ty hiah P

noon included bias exposures, dome flats, and Wavelength-'or.]0 € halfow-lin€ region Subtended by the Sit, whian ¢

calibration lamps including He, Ne, Ar, Hg, and Cd. The red- be important for Iow—redshn‘tAGNs having spatially extexdd

side CCD exhibits a steep change in bias level at the short-Smisston. The PA mr each ob!ectwas chosen to be close to

wavelength end, while the blue-side detector has extremelythe parallactic angl 0 1982) during the portiin

clean and flat bias structure with no discernible persigtsnt the campaign when the object would be observed at relatively
higher airmass. Since the observations were not carried out

tures. : . ;
: — with the slit at the parallactic angle, wavelength-depende

The'&r\ed-su_je spectra are aﬁectgd by strong frlngln}gg_t . slit losses have an impact on the quality of the relative flux
7000 A, but it can be removed fairly well by flat-field divi-  cgjipration, although those losses are somewhat mitigated
sion if a dome-flat exposure is taken at the same telescopgne yse of the 4-wide slit. Slitlosses contribute spurious scat-
position and spectrograph rotation angle as the objectléVhi e 16 the continuum light curves measured from the blue end
the dome-flat exposures are very short (12 s), this requirésf the spectra and to thecHlight curves measured from the
additional overhead time for the dome to be rotated or even sq_side data. For Zw 229-015, the slit PA was set to55i

capped (if the target is close to the zenith). In order to maxi qger to include a foreground star in the slit and for consis-
mize the on-source exposure time during the nights, we opte ency with previous measuremerits (Barth ét al. 2011a).
to use only afternoon dome-flat exposures rather than observ o clear nights we attempted to observe each AGN in the
ing dome flats at the position of each AGN during the nights. sample, but Zw 229-015 (at right ascension 19 hours) was
This trade-off compromises the data quality of the red-side 1y occasionally observed during the first month of the pro-
exposures at wavelengths longer than 7000 A, but it does nolgram. As the campaign progressed and nights became shorter,
affect the blue-side data which are the main focus of our re-exposure times were shortened for most objects. We also
verberation measurements. ended monitoring for Mrk 141, Mrk 486, Mrk 817, and Mrk
Exposure times for each AGN were between 300 and 2400841 about two weeks before the end of the campaign in order
to conserve observing time for higher-priority targets.eTh
28 In our 2008 Lick campaigri (Bentz eflal. 2009b), we used onéyréd weather at Lick was worse than average during the spring of

arm of the Kast spectrograph because the blue-side CCD baudithe failed 2011. Of the 69 nights 20 were entirely lost to bad weather
and was replaced at the time with a temporary, lower-effayietetector. ’ ! !
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and another 12 nights sufferegl 50% losses of observing AGN were taken on the same night, they were combined to
time to clouds or high humidity. Only 23 nights were fully produce a final weighted average spectrum.
usable with no significant weather-related losses, whiéee th  Error spectra produced by thepal | task were propa-
remaining 14 nights were mildly to moderately impacted by gated through all steps of the calibration pipeline. Focspe
clouds. Consequently, the number of observations per AGNof these spatially extended AGNSs, it is necessary to use the
was relatively small, and for most targets we obtained be-unweighted extractions because optimal extractions_(&lorn
tween 30 and 40 observations during the 69-night program/[1986) have a tendency to truncate the peaks of strong emissio
Table[d lists the number of exposures, median airmass, andines such as [@1] when they have a different spatial extent
median S/N at 4600-4700 A for each object. During partially than the surrounding continuum flux. However, tygal |
usable nights, the objects observed at highest priorityded error spectrum actually gives the pixel uncertainties (@xo
Mrk 40, Mrk 50, Mrk 1511, and NGC 4593. photon counting and readout noise) on the optimally weihte

In order to extend our light curves for two AGNs, we also €extraction, not on the unweighted extraction. For our high-
requested additional observations from other observéngus S/N observations (typically with S/l 50-100 pixel?), the
the Kast spectrograph: Mrk 50 from January through March differences between the unweighted and optimally weighted
of 2011, and Zw 229-015 in June and July. The Mrk 50 data extractions are very small, and the error spectra will only
(including observations by other observers) were preWous slightly underestimate the actual photon-counting urdert
presented by Barth etlal. (2011b). Unfortunately, the 12 ob-ties. As described below, systematic uncertainties in falx c
servations taken prior to the start of our campaign sufferedibration are often a major or dominant source of noise in the
from large sampling gaps owing to winter weather, and do spectroscopic light curves. This additional source ofreigo
not add much additional information to the lag measurements not accounted for in the extracted error spectra and must be
For Zw 229-015, three additional observations were taken 20 added separately to the error budget after the spectrallresc
23 days after the end of our main campaign. ing procedure is applied.

During each night, time was also set aside for one spec- 4.2. Photometric Scaling
troscopic observation of a bright supernova or other tran- - ) ) ) )
sient. Observations taken during our program have been in- Conditions at Lick are rarely photometric during the spring

cluded in publications examining the spectral evolutioShf ~ season, and the flux-calibrated spectra do not share a con-
2010jl 2), SN 2011013), SN sistent overall flux scale. The wavelength scales of the cal-
2011by [(Silverman et al. 2013), and the young stellar objectibrated spectra also exhibit small offsets from night tohhig
PTF 10nvg 13), and have been describedcaused by random miscentering of the AGN in the spectro-
in Central Bureau Electronic Telegrams (CBETs) 2681 (SN graph slit. Before carrying out the emission-line measure-

2011ay), 2699 (SN 2011bp), 2701 (SN 2011bg), 2702 (SN ments, the wavelength and flux scales of the spectra must be
2011br), 2712 (SN 2011cc), 2716 (SN 2011cf), 2721 (SN aligned.

2011c¢j), and 2752 (SN 201 1. The blue-side data were treated as follows for each AGN in-
dividually. First, wavelength shifts between the nighthes-
4. DATA PROCESSING tra were measured using a cross-correlation procedure, sam
4.1. Spectroscopic Data Reduction pling in steps of 0.1 pixel. The wavelength shifts deterrdine

from cross-correlation were removed from the wavelength
vector of each spectrum, and the aligned spectra were then
averaged to produce an initial mean reference spectrum.

In order to place the reference spectrum on an approximate
absolute photometric scale, we examined the nightly observ
ing logs and selected nights listed by the observers as being
either photometric or very clear; these candidate cledtaig
numbered only 14 during the 69-night campaign. For each
AGN, the [O1lI] A5007 flux was measured from each candi-
date clear night's spectrum by integrating the line flux abov

straight-line fit to adjacent continuum regions on eitlige s
of the line. Then, the standard deviation of these line fluxes

The initial data reduction followed standard procedures in
cluding overscan subtraction, two-dimensional bias subtr
tion (for the red-side CCD only), flat-fielding, and cosmagyr
cleaning using the LA-Cosmic routing_(van DokKiim 2001)
implemented as an IRAE script. The IRAR esponse task
was used to produce normalized flat-field frames having pixel
values close to unity. Spectral extractions were done with
the IRAF apal | task. An unweighted extraction of width
103 was adopted in order to minimize the impact of nightly
seeing variations. The wavelength scale was established b
applying a polynomial fit to the line-lamp spectra observed

each afternoon, and then applied to the extracted spedra. F < calculated, and 20 outliers were discarded from the list

tea(t:r? wavelelngtrl[-hcahbrlated spectrll_m(;, ﬁsmzéll fmal#rieltar S of candidate photometric observations. This process ves th
0 the wavelength scale was applied based on OMISelS Meaa yaateq until there were no remaining @utliers in [Ol11]

sured from strong emission lines in the corresponding Right ;5 "4 the mean [@1] flux from the remaining spectra was
sky spectrum. Flux calibration and removal of telluric ab- ,,an to be the best estimate of the true line flux. The num-
sorption features (following the procedure. of Wade & Home o "¢ fina| “clear-night” spectra varied for each AGN and

[1988) were carried out using IDL routines as described by ran ;

; ; ged between 6 and 9. Table 2 lists thdl[Dfluxes based
Matheson et al’ (2000). The calibrated spectra were relinne ,, ‘this hrocedure; the quoted uncertainty in the table is the
to a linear wavelength scale of 1.0 A pixebn the blue side  standard deviation of the fluxes measured on candidate pho-
and 2.0 A pixet! on the red side. When two exposures of an tometric nights after excluding outliers. The referencecsp
trum was then multiplied by a scaling factor to normalize its
http://ww. cbat  eps. harvard. edu/i ndex. htm . [O 1] flux to this photometric value. We caution that these

30 |RAF is distributed by the National Optical Astronomy Obs#ories, [O ] fluxes .ShOUId be CODSIdered only as eSt!mateS .O_f the

which are operated by the Association of Universities foséech in As- true fluxes, given the scarcity of truly photometric corutits
tronomy, Inc., under cooperative agreement with the Nati&@tience Foun- at Lick.
dation. Then, the procedure described by

29 CBETs are distributed via
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FiG. 1.— Mean spectra of the sample including data from the bide-and red-side cameras. The displayed wavelength ramgacated at 7500 A.

van Groningen & Wanders (1992) was applied to the data tois repeated with the Gaussian broadening kernel applied to
align the wavelength and flux scales under the assumption thathe reference spectrum instead of the individual spectrum,
the [O1Nl] flux is intrinsically constant during the duration of and the final scaled spectrum is taken to be the better of the
the monitoring campaign. Long-duration monitoring of NGC two options in terms of the value obtained. Instead of
5548 confirms that this is a reasonable assumption, althoughusing a grid search to find the best-fit values of the three
[O ] flux variations have been detected on timescales offree parameters as described [by van Groningen & Wanders
years |(Peterson etlal. 2013). The van Groningen & Wanders(1992), our method uses downhill simplex optimization,
(1992) procedure applies a scaling factor, a linear wagtten  implemented with the IDlanpeba procedure, to minimize
shift, and a Gaussian broadening to the individual night's \2 We found that over the full time series of spectra for a
spectrum, and finds the parameter values which minimizegiven AGN, the shifts in wavelength scale needed to align the
the value ofy? when fitting a low-order polynomial to the  spectra were at the level of 1 A rms. The final blue-side

difference between the reference spectrum and the adjusted,ora are rebinned to a uniform wavelength scale of 1.0 A
individual spectrum, over a small wavelength range incigdi L .
pixel™* with integer wavelength values in A.

[O 1] and some redward continuum. - Since the spectral To test the effectiveness of the spectral scaling, we can ex-
focus and line-spread function can vary from night to night, amine the scatter in [@ ] flux values for each AGN over the

and either the individual spectrum or the reference spectru course of the campaian. Since the scalina procedure essen-
might have a narrower line-spread function, the procedure paign. 9p
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ments of reverberation lags or other quantities from thietlig
[0 1] AND FEATU-RI-@LBELSE(%ONTINUUM ELuxes curve, this source of error can be incorporated into the mea-
surement error budget by addingy x (f) in quadrature to
the photon-counting uncertainties on each light-curveapoi

Object fEm]h  ondOm)  £1(5100A) f. Since the spectral scaling is optimized for the wavelength
of the [OI11] A5007 line, the relative scaling at much longer or
Mrk 40 688+6.2 0007 056008 shorter wavelengths is expected to be worse than the amount
Mrk 50 163+2.1 0.033 120+0.20 > DT .
Mrk 141 341437 0.016 109+ 016 indicated byony, as a result of atmospheric dispersion and
Mrk 279 1576+7.7 0.006 0934 0.10 wavelength-dependent slit losses.
mft igg gggi‘llg 8-8%2 ﬁgi 8-%? After applying the scaling procedure, mean and rms spectra
I . . . :
Mrk 504 173405 0015 0571 0.06 are constructed following Peterson_glt a_ L. (2004). The mean
Mrk 704 1147+ 145 0.005 2324037 spectrum is a simple average of the individual nightly sgect
Mrk 817 1437+£187 0.013 5694 0.92 The rms spectrum is calculated by taking the standard devia-
mt ?‘3‘32 %%i %g-é 8-882 gﬁﬁ 8-22 tion of flux values at each pixel over the time series, andgjive
Mrk 1511 313105 0015 0861 0.09 an illustration of the relative variability amplitude offftirent
NGC 4593 144458 0.023 264+ 0.29 spectral regions. Other prescriptions for calculating spesc-
PG 1310-108  128+2.7 0.007  166+0.17 tra have been explored by Park elt Al. (2012a). Since the rms
Zw229-015  3M£13 0.007  056+0.06 spectrum includes the contribution of photon-countingsaoi
: — and other sources of noise or random error in the data, in ad-
NoTe. — [O1l] léne fluxgg are given in the observed dition to genuine AGN variability, the amplitude of the rms
l"’}sngﬁt'?hg”gtz r?galrgl dg(/?a‘gi’(‘;n gf [ﬁ‘?ﬁl )‘(JQSC?; fg;t&erz dfipr; spectrum is higher than it would be for the ideal case of Roise
candidate photometric nights. The quantityy is the nor- free data. Simulations presented in Apperdix C demonstrate
malized excess scatter in the i) light curve, as defined in f[hat photon-counting noise will b|as_ the widths of broae$in
§4.32. For Mrk 50, data points taken before the start of the in rms spectra to values that are typically several percsvei
main campaign were excluded from the computatioa@f than they would be in the absence of noise
because the earlier observations were taken with heteroge- Th d-side d v fl ) lib d .
neous spectrograph setups and had a much larger flux scaling e red-side data were generally Tux-call rate using
scatter. The AGN featureless continuum flux density is given standard-star observations obtained simultaneously tivith
in the AGN rest frame at 5100 A in units of 70 erg cnm2 blue-side standard-star observations. In the reduced thata
sr;l Al andis mea?jured from the pov&/er-law cc:jn]lponer?t of region of wavelength overlap between the blue-side and red-
the mean spectrum decomposition and corrected for Galactic : ; u :
extinction. side spectra is 5420-5500 A. For each AGN observation, we

. ] ) normalized the red-side flux scale by applying a scalingfact
tially matches the [QI] profile for each nightly spectrumto  to match it to the scaled blue-side spectrum over this wave-
the reference spectrum, but does not explicitly force allfp.  length range, and then produced mean and rms spectra from
fluxes to be identical, the dispersion amongli{fluxesfora  these rescaled red-side data. Fiddre 1 displays the mean spe
given AGN gives a measure of the final random uncertaintiestra of each AGN from the blue and red camera data combined.
in the flux calibration after the scaling procedure has b@ena  For a few of the AGNs, we found thatHight curves mea-
plied. We use the normalized excess variangeto quantify sured from these rescaled spectra had noticeably largégisca
the light-curve variance over and above the amount expectedn flux values than the Hlight curves. This large excess scat-
from the propagated measurement uncertainties: ter for the red-side data probably arises from a combination

N the nonparallactic slit orientation, the seeing-depenhdsio

o _ 1 f(F))2— 82 1 of AGN to host-galaxy continuum flux, and the fact that the
Tnx = N(f)2 Z[( i ()7 =471, 1) spectral normalization is optimized for wavelengths cltse

=1 [O ni]. Large excess scatter was particularly noticeable in the
whereN is the number of observations in the light cury) Ha light curves of Mrk 40 and Mrk 279. For both of these ob-
is the mean flux, and; and; are the individual flux mea-  jects, we applied the van Groningen & Wanders (1992) scal-
surements and their uncertainties from photon counting anding method separately to the red-side spectra, using thg [O
detector read noi8. Then, ony is @ measure of the frac- A6300 line as a reference. This significantly improved the
tional rms scatter in the light curve over and above the arnoun quality of the Hv light curves for these two objects, although
expected from the propagated uncertainties; we refer o thi @ few extreme outlier points were still present in the data. F
quantity as the “normalized excess scatter.” We measufed ~ Other objects, we found that either rescaling using][@id
from the [O1II] light curves for each AGN, and the values hot noticeably improve the ddlight curves, or, in some cases
are listed in Tabl€l2. The values ofy range from 0.005to  such as Mrk 50, [D] was too weak to use as a reference line
0.033 (i.e., the excess scatter in the light curves ranges fr  in the spectral scaling. We experimented with using the][S
0.5% to 3.3% of the mean [@] fluxes). The objects with the ~ doublet as the reference line, but this produced poor sesult
highest [OlI1] photometric scatter tend to be AGNs having because [8] is very weak in most of these AGNs and is usu-
low [O 11l] equivalent width, such as Mrk 50 and Mrk 493, for  ally blended with the red wing of &

which thel van Groningen & Wandets (1992) scaling method

does not work optimally. 4.3. Spectral Fitting
We interpreto,, as a measure of the level of random error . . .
in the final flux normalization of the spectra. For measure- _raditionally, measurements of emission-line fluxes for re
verberation mapping have been carried out by selecting two

31 For clarity, throughout this paper we use the lefiéo denote measure- ~ 'egions nearly free of emission lines on either side of the
ment uncertainties, andto denote dispersions of a sample of measurements emission line of interest, then fitting and subtracting aigtit
or dispersions (widths) of line profiles. line to model and remove the continuum underlying the emis-
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sion line. While this procedure is simple to implement and ried out over a rest wavelength range of approximately 4200—
can generally produce accurate light curves for strong-emis 5300 A, with slight differences for each AGN depending on
sion lines, there are several drawbacks associated with it.  redshift, and the fitting procedure is applied to the dateraft
straight-line fit does not adequately represent the shagieeof  scaling by thé van Groningen & Wandefs (1992) procedure.
starlight continuum, which often makes a significant cdnuiri The Levenberg-Marquardt routines in the IBipf i t pack-

tion to the spectra of Seyfert 1 nuclei (particularly when ob age (Markwardf 2009) are employed fg# minimization to
served through a wide slit). Stellar absorption featurehé  optimize the fits, using the propagated error spectra fardet
host-galaxy starlight produce wiggles and bumps that becom mination ofy2. The model components and parameters are as
superposed on the broagHine profile (including stellar 4 follows.

absorption), and these contaminating features are NOMINO  gar|ight: We used an 11 Gyr, solar metallicity, single-burst
when a straight-line continuum is assumed. Furthermore,spectrum from_Bruzual & Charlot (2003) to model the host-
while there are some regions around Where the flux from g4y starlight. We additionally carried out tests in whic
other emission lines is relatively low, there may still bexco 5 younger (290 Myr) population component was added. Its
tributions from weak features such asiFer Hell in the se-  cqngibution was generally small and not well constrained,
lected continuum fitting regions, and it is effectively ing86  5nq it was omitted in the final fits. During the fitting pro-
ble to define a true continuum region thatis entirely devéid 0 ;egg, the starlight spectrum was rebinned to a log-lineeewa
AGN emission features. These issues can compromise Medpnih scale, broadened by convolution with a Gaussian ker-
surements of emission-line light curves and broad-linéfved g and then rebinned again to match the linear wavelength
or profile shapes in the mean and rms spectra. Measuremenigeaje of the data. Free parameters include the flux normal-
of velocity-resolved lags in the Hiline can be compromised  jzaion of the starlight spectrum, the redshift, and thewel

by blending with Hell, Hel, and Fell if these features are i \yidih of the broadening kernel. Since the spectral nesol
not removed before measurement of the reverberation signal o of thel Bruzual & Charlot (2003) spectra differs from the
and biased determination of the true continuum level owang t | ik data, the convolution kernel width does not directly-co
contamination by blended lines or starlight could affeceme  egpond to the actual stellar velocity dispersion in thet hos
surements of the lag in the faint high-velocity wings ofH  ga1axy. The velocity-broadening dispersion parameter was
In addition to strong lines such asfHit is also of interest i to a maximum value of 350 knsin order to prevent

to measure light curves for weaker features including B i 4 increasing to unphysically large values; this limis

Hell, but these lines can be severely blended with each othef o oniy for Mrk 486, in which stellar absorption featur
as well as with starlight and other spectral componentsaand

k ; ! o L ially invisible over the wavelength range of tise fi
straight-line continuum fit is usually not adequate forasiolg are essentially invisib g g

the contributions of weaker broad lines to the spectrum. AGN featureless continuum: The AGN continuum was

In order to address these problems, we have implemented modeled as a power law, with free parameters including the
spectral fiting method which, when é\pplied to each nightly ?lux normalization at rest wavelength 5100 A and the power-

spectrum from a reverberation campaign, decomposes th aw spectral index. Over the wavelength range that was fit-

data into independent spectral components. Fitting of AGN ed, Balmer continuum emission does not contribute to the

spectra to deblend line and continuum components (inotudin SPECtrum. We do not ascribe any physical meaning to night-
tr?e broad Fel blends) has a long history V\I/Oith man)s d(i:#(]er— to-night changes in the best-fitting spectral index, sihes¢
ent implementations in the literature (e can be caused by wavelength-dependent slit losses repultin

9 . . : - oo
Dietrich et al. [ 2002] Woo et Al 2006; Greene & Ho 2007: from dn‘fe_ren'ual atmospheric refraction and variableisge
Shen et all 2008; Kow@vic et al. 2010), but only recently [O 1m]: A fourth-order Gauss-Hermite function
have such methods been applied to time-series spectrascopi van der Mare| & Frank 1993) was used to model thell[®

data from reverberation campaigns. The procedure describe 22007 profile.  Free parameters included theh_arrrplltuge,
below is an updated version of the method applied to our datac€ntroid wavelength, line dispersion, and the higher-orde
in earlier papers in this serids (Barth et al. 2011b, 2018M) w momentsh andhs. The 4959 A line was modeled with the
several minor modifications and improvements. The methodsSame velocity profile and an amplitude fixed to 1/3 of that the
described by Park et’al. (2012a) uses a different fittinggroc 5007 A line, and a fixed rest-frame wavelength separation of
dure and a different set of model components, but we find that47.9 A. A fourth-order Gauss-Hermite function proved to be
measurements of #Hlight curves and other parameters are adequate for modeling the [@] profiles well in all but one
very similar when carried out using the results of the two in- of the AGNs; as described below, we modified the set of fit
dependent fitting codes when applied to the same set of inputomponents for Mrk 279.
spectra. Hp: For the broad component ofla fourth-order Gauss-
The primary goal of our procedure is to provide an accurate Hermite function was used. This provides sufficient flexipil
fit to the region surrounding piso that the broad B profile to fit the broad-line profiles for nearly all of the AGNs well,
can be isolated from other features. Consequently, accuratwith the exception of objects such as Mrk 141 having distinct
fitting over a small wavelength region is a higher prioritgnth ~ shoulders or humps on their profiles. Free parameters iaclud
fitting the entire available wavelength range of the observa the broad component centroid, dispersibg,hs, and ampli-
tions. Fits to a larger wavelength region (e.g., Denneylet al tude. The narrow component was set to have a profile identi-
[20094) would include several additional emission lines tha cal to [OI1l], but a small shift was allowed in the wavelength
are of little direct interest for the reverberation meameat, centroid of the narrow component as another free parameter.
and extending the fitting region blueward could compromise Hell: The Hell \4686 line was modeled as the sum of
the accuracy of the fit in the Hregion owing to the com-  two Gaussians representing the broad and narrow compo-
plexity of the spectrum at bluer wavelengths. We fit only nents. For each component, free parameters included the cen
the blue-side spectra, and the redward limit of the fits is settroid, dispersion, and amplitude. Initial trial fits indied
by the red end of the blue-side CCD data. Fits were car-




that the broad and narrow components sometimes had offset

centroid wavelengths, and for some AGNSs the fits failed no- 2

ticeably when the two components were forced to have the Fe Il templates:
same centroid. In some cases this might be the result of broad K10

Hel \4713 being present in the data but not included as a BG92

fit component. If the broad H& model component incor- 1.5 vos

porated some HeA4713 flux then this would induce a spu-
rious but small redward shift relative to its true waveldngt
Véron et al.[(2002) illustrate examples of fits that includéb
Hell \4686 and H& \4713, but since these features are badly _
degenerate in broad-lined AGNs we do not attempt to include
the Hel A4713 line in our fits as a separate component.

Hel: We included the possible contributions of Heroad
lines at 4471, 4922, and 5016 A rest wavelength. In order to
keep the number of free parameters to a minimum for these
relatively weak lines, we used Gaussian profiles and foltbwe
Vestergaard & Peterson (2005) in setting the 4922 and 5016 A
lines to have the same amplitude, but we did not force any re-
lationship between the amplitudes of these lines and thé& 447 Lo
A'line. All three Hel lines were assumed to have identical 4200 4400 4600 4800 5000 5200
velocity widths, and their velocity centroids were set to be Rest Wavelength (&)
identical to tha.t.Of K. The Hel components thus requ.lred FiG. 2.— lllustration of the differences between the IFégemplates of
only three additional free parameters to represent theiampl ggroson & Green[[1992) (blue). Véron-Cetty et 4L (2004) derea), and
tudes and widths of these features. Thel4822 and 5016  [Kovacevi et al. [2010) (red) when fitted to the spectrum of Mrk 493. The
A lines are in the “red shelf” of H, and are blended with  Mrk 493 mean spectrum, after subtraction of the AGN featstontinuum

; ; ; and starlight components, is shown in black, and has beéedhipward by
the red wing of i, the [OHI] lines, and with Fel features 0.7 units for clarity. The colored curves show thelFemplates with veloc-

(Véronetal[2002). In fact the 4922 and 5016 A lines are ity broadening and normalization as determined from the fits the mean

nearly degenerate with two Fefeatures that appear in the spectrum.

gon ter(?pl?tes. IThe aT]p"E]UFHdg of tf}efe_twcr)]featurt\e/sm t?ﬁ fit these Fai features are more difficult to identify individually
epenf tis Ir:ong yé";'W f;C 'eThp' ate 'Sf ?Se”.' . |fe_ Ie and their contribution to this spectral region may be less ob

sum ot the &l and Hel Tluxes in this spectral regionis fairly 5,5 ynless a multicomponent fit is carried out.

well determined by the fits, we do not attempt to extract He Reddening: All model components were reddened by a

light curves because of the ambiguity in separating these fe (= q[[ et a]. [(1989) reddening law, with(B-V) as a free

tures from the Fé emission. For most AGNS, the best-fitting 2 rameter in the fit. This parameter accounts for possikie re

amplitude of the He \4471 line is either zero or negligibly  yening within the AGN host galaxy as well as Galactic red-

srrllalll,lreg_‘ij_%rdlzlss c()jf Hegeg\plaéeltz:gome._ . 4. dening, and also accounts for possible errors in relative flu

ell. 1he biends of broa emission were mod- - cajinration resulting from the nonparallactic slit oriation or

eled using template spectra, including those described byqiher wavelength-dependent flux calibration errors. Fareso

Boroson & Green 1(1992), Veron-Cetty ef al. _(2004), and aGNs the best-fitting values &(B-V) varied significantl
B ol 1 AGNs, he best ting . gnicanly
(2010). We carried out fits separately with .0 ight to night, and we do not interpret the fitted parame-
each of these templates in order to examine systematia-diffe o1\ a1 es as actual measurements of the reddening toveard th
ences in the results. Template spectra were convolved withy s n principle, the AGN continuum and BLR, NLR, and

a Gaussian kernel in velocity space, similar to the broaden-p ¢ qajaxy light could have different line-of-sight resing,
ing of the starlight spectrum described above. In each casey, s the gata would not provide sufficient constraints to iobta

free parameters included the Fevelocity shift relative to : ; ;
. . -~ meaningful values of reddening for these components inde-
broad H3, the broadening kernel width, and the normalization enden?ly. g P

of the broadened template spectrum. The Boroson & Green™ | : :

> n the H5 and [OllI] models, the wings of Gauss-Hermite
I(l_%ﬁ__%) gndAlLe_LQn—_C_e_tIy_le__t_latII_._(ZQO4) teTpI_ates are qu_r%o'functions can extend to negative values for certain valdies o
Ithic and only oneé normalization parameter IS requirede 1N . anqh,  Negative values were clipped and replaced with

Kovacevic et al. (2010) template (see also Shapovalovaletal., e q “This only affects the distant wings of line profiles and
2012) is composed of five separate templates representing di has a very min)(/)r effect on the fits. g P

fefef!t emisgion multiplet groups, anq a normalizatjon para Other emission lines are present in the spectrum that could
eter is required for each one. In a given spectral fit using the,, fitteq by adding components and free parameters to the
S ' r
mmpﬂ—aldt I(ﬁQlD)ﬂgemplates, Iea_cth gf thg five temglattles model, but we chose to restrict the number of components
Wash"’.‘fStSl_f_weK 0 have te sar12181ve ?C' yl rtoa enlgg f‘ﬂb ‘,[’edocib those listed above in order to avoid either slowing down
ity shift. Thel Kovaevic et al. (2010) templates are distributed 0 fitting procedure or introducing additional fitting dege
with a discrete sequence of velocity broadenings, and we use g jes. ~Instead, other emission features were accountted f
the narrowest templates (corresponding to 700 khbeoad- simply by setting a wavelength region around those features
ening) and then applied a Gaussian velocity broadening duryg have zero weight in the fits. The largest feature that was
ing the fitting process as described above. Examinationeof th asked out was the blend ofyHand [O1II] \4363. This
fits for a very narrow-lined AGN such as Mrk 493 clearly il- - pleng typically has a complex shape that, if included in the
lustrate the contribution of Rein the red wings of both B i \would require three overlapping Gauss-Hermite or Gaus-
and [O1I1] A5007, while in more typical broad-lined AGNS  gjan components and potentially nine or more additional fre
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FiG. 3.— Fits to the blue-side mean spectra. The observed meatramre shown in black. Model components include star{jgirple), the AGN featureless
continuum (green), H (magenta), Hel (cyan), Hel (orange)_Kovaevic et al. (2010) Fe template (grey), and [@] (blue). The sum of all model components
is shown in red, superposed on the observed spectrum. Tideiakspectrum (data total model) is shown in black and is offset downward to niggatalues
for clarity. This residual contains emission featuresudaig Hy, [O 1l1] A4363, and [N] A5200 that are not incorporated as components in the model.

parameters. The masked region corresponded to 4280—-440@&mplates. The total number of free parameters in the fits
A (restwavelength) but was adjusted in a few cases for abject is 29 when the monolithic F& templates are used, or 33
having very broad lines. We also masked out a small regionwhen the multicomponent KozaviC et al. (2010) templates
around the narrow [M] lines at 5199 and 5201 A. are used. For each AGN, the mean spectrum was fitted first,

Our procedure fits all of these spectral components to the@nd then the best-fit parameters determined for the high S/N
data simultaneously, in contrast to other methods which fit Meéan spectrum were used as the initial parameters for the
and remove continuum and Fecomponents prior to fit- fits to ez_a,ch nightly spectrum. In most cases, fits using the
ting the H3 profile (e.g.[ Shen et HI. 2008; Park et al. 2012a). Kovatevi et al. (2010) templates returned the begsvalues,

Fits were carried out separately using each of the thrae Fe and we use these templates for the final fit results presented
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than the noise-free models) are used for measurement of the
Hg light curves and line widths. Figuké 4 illustrates examples

of the decomposed Hprofiles and component models for six
AGNs from a single night's data.

The fitting procedure returns estimates of uncertainties on
each of the free parameters. However, for measurements of
emission-line light curves, what is needed is an estimate of
the uncertainty on the flux density at each pixel for a partic-
ular spectral component such ag.HWe employed a Monte
Carlo procedure to estimate the flux uncertainties. For each
spectrum, after finding the best model fit, we created 100
modified versions of the spectrum by adjusting each pixel by
a random Gaussian deviate drawn from a distribution with a
Gaussian dispersion equal to the amplitude of the propdgate
error spectrum at that pixel. The spectral fit was then reqokat
for each of the 100 randomly deviated spectra, and the in-
dividual fit components were saved. For each spectral com-
ponent, the value of the error spectrum at a given pixel was
taken to be the standard deviation of the flux values from the
100 re-fitted versions of that spectral component. Sinyilarl
we produced error spectra for the decomposggkbfiles by
taking the standard deviation of the 100 Monte Carlo realiza
tions of the decomposed profile (i.e., the deviated spectrum
minus all best-fit components other thap)H

FiG. 4.— Examples of fits to the Biline in single-epoch observations. The From this procedure, we found that the error spectrum of
displayed data are from observations taken on 2011-04-2®ath panel, the decomposed /B-Iprofile has an amplitude at each spectral
the decomposed #i profile obtained by subtracting all model components pier that is near|y equa| to that of the original error spec-
other than K from the spectrum is shown in black. This includes both the . -
narrow and broad components offHThe broad component spectrum after trum, bUt n(_)|S|er as a result of the limited nl_meer of Monte
additionally subtracting the narrowmodel component is shown in grey. ~ Carlo iterations. Based on the results of this procedure, we
Blue and red curves show the best-fitting broad &hd total K8 (broad + adopt the original error spectrum as our best estimate of the
narrow) model components. pixel uncertainties on the individual emission-line coment
o ) _ o spectra that we use to measure light curves. The error spec-
in this paper. Figur&l2 illustrates the systematic diffeem  tra do not incorporate possible systematic uncertaintiesal
between the three templates when fitted to the spectrum ofdifferences between Aetemplates or the choice of a partic-
Mrk 493, which has the strongest and narrowest fiaes of ular host-galaxy starlight model.
the AGNs in our sample. The template differences are most Using the fit results, we constructed revised mean and rms
pronounced at wavelengths underlying the brogddad H3 spectra. Figurl5 shows the original mean and rms spectra
lines and the 14 red shelf region. along with mean and rms spectra constructed after subtrac-
_ The fitting procedure was modified for Mrk 279. Its [1 ~ tion of the best-fitting starlight and AGN featureless conti
lines are unusually broad with strong asymmetric blue wings uum components from each nightly spectrum. In some cases
which contribute substantially to the “red shelf” regiomlte  such as Mrk 279, the piprofile in the rms spectrum changes
ward of H3, and the 4th-order Gauss-Hermite model gave a significantly after subtraction of the continuum composent
poor fit to the [Olll ] doublet leaving very strong residuals in  similar results have previously been discussem etal
this region. For this object, we removed the HBBmponents  (20124). Additionally, for some AGNs the Heprofiles in
from the model (since they did not appear to be necessaryrms spectra are significantly altered by removal of the centi
in this case) and replaced them with two additional Gaus- uum components; these changes are particularly prominent i
sian components representing the blue wings of thélifO  Mrk 504 and Mrk 1511. Another version of the rms spectrum
AAN9595007 lines. The H model also required modifica-  was constructed by subtracting all model components other
tions. In order to prevent the broadsHvidth from blowing  than broad H from the nightly spectra. This version isolates
up to arbitrarily high values due to fitting degeneracy in the the variability of the broad A line itself, and was used to
red wing, we restricted the broad componentmodel 030  measure the width of the/Hrms profile as described in Sec-
A. We also found that the narrow component of Had a tion[@8. Figurd 6 shows multiple versions of the rms spectrum
significantly different profile from [QI1] in Mrk 279, and al- for Mrk 40 to illustrate the changes when different spectral
lowed the width of narrow K to vary rather than tying itto  components are subtracted prior to calculating the rms flux.
the [O1] width. This resulted irr(HS,)~ 0.75¢([O 1i1]). One advantage of subtracting narrow emission-line compo-

The best fits to the mean spectrum of each AGN, using thenents prior to constructing the rms spectrum is that thalresi
[Kovaevic et al. (2010) template, are shown in Figuke 3. ual noise from these intrinsically nonvariable featuresigs

For each spectrum, the best-fitting model components arenificantly reduced. This is clearly apparent for thel[Qlines
saved. Additionally, we save the decomposed ptofile, in Mrk 40 (Figurd®).
made by subtracting all model components other thah H  In future work, a variety of possible extensions and im-
from the original spectrum. This spectrum also contains the provements to the fitting method can be explored. These in-
H~+[O 1II] blend as part of the fitting residual. We save two clude (a) addition of model components for other emission
versions of this spectrum, one including and one excludinglines such as Hand [OIl1] AM4363 instead of simply masking
the narrow HB component. These decomposed spectra (rathethem out from the fit; (b) broadening the wavelength range

I NGC 4593

f, (10-1% erg cm=2 st A-2)

[ Mrk 279

1 06 [ 2w 229-015 7
Josaf ]

1oz2f

0k
v b by bew Ty v b b b a1
4750 4800 4850 4900 4950 4750 4800 4850 4900 4950

Rest Wavelength (&)




12

— T T
Mrk 493 E ;—Mrk

1392

T
E Mrk 279

f, (10715 erg cm™—= s~! A1)

Zw 229-015

[ Mrk 486

02f E

4200 4400 4600 4800 5000 5200

i

P 1
5000 5200

0 | IR SR |

| R R | PR L
4200 4400 4600 4800

L L |
4400 4600 4800

L PRI
5000 5200

Rest Wavelength (&)

FiG. 5.— Mean and rms spectra for the blue-side fitting regioredch panel, the upper subpanel shows shows the standardspezarum (blue), and a “line-
only” mean spectrum constructed after subtraction of theNA€atureless continuum and starlight components from edgtftly spectrum (red). The lower
subpanel shows the standard rms spectrum (blue), and ampetisien constructed after subtraction of the AGN featssetmntinuum and starlight components
from each nightly spectrum (red).

of the fit blueward down to the near-UV atmospheric cutoff, ent reddening laws might apply to spectral components orig-
and redward to H; (c) inclusion of multiple-age stellar pop- inating at different spatial scales. The possible benefits o

ulations; (d) addition of a Balmer continuum component for these improvements must however be weighed against the in-
fits extending below the Balmer break; (e) use of higher-orde creased complexity that comes with adding more free param-
models to achieve more accurate fits to strong lines such agters and the degeneracies among them, particularly for the
[O 1] A5007 and for irregular or double-peaked broad Balmer continuum components. Furthermore, since the primary goal
lines; (f) exploration of different methods for constraigithe is often to achieve the most accurate fit to the wavelength re-
decomposition in the H red shelf region; (g) allowing for  gion surrounding K, care must be taken to ensure that fitting

the possibility that different reddening values or eveffiedif a broader wavelength range does not worsen the fit in this
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4700 A. The light curves for these weak features were mea-
sured from the best-fitting model component spectra for each

night's data, and for Hé the light curves include both the
broad and narrow components. TheIFemission was in-
tegrated over the rest wavelength ranges of 4400-4700 and
5100-5400 A, avoiding regions in which Feemission is de-
generate with 4 or the possible Heemission in the K red
shelf.

For the Hv and H) lines, which lie outside the wavelength
range of the spectral fits, we measured fluxes from the scaled
spectra using the traditional approach of fitting a locad¢din
continuum to surrounding line-free regions on either sifle o
the line. The K light curves include the fluxes of the narrow
[N 117 A6548 6583 lines.

Light curves are displayed in Figures[ 7314, and the light
— curve data are listed in Talle 4.

3 Light curves were also measured for the AGN continuum

0.6 E continuum and 3

narrow lines removed

continuum, narrow lines,

rms flux density (10~ erg cm=2 s-! A-1)

o4 [ Fell Hel and He Il removed E in theU-band spectral region, since the AGN featureless con-
tinuum tends to dominate over starlight in this region and is
more highly variable than at redder wavelengths. The mean

(] S R P T T continuum flux density was measured o= 3500-3600
4200 4400 4600 4800 5000 5200

A, and we refer to this spectroscopic continuum flux adthe
band. For a few objects, this wavelength range was adjusted
in order to avoid emission lines. This measurement includes
both AGN and starlight continuum. TaHlé 3 lists the wave-
length range that was integrated for each light curve. Since
this wavelength range is far from the wavelength ofi{i)
which was used as the flux calibration reference for spectral
scaling, the relative accuracy of the photometric calibrais
sometimes poor. From the appearance ofuhéght curves,
the flux uncertainties in portions of the light curves ar&0%
or occasionally worse. The scatter in tHglight curves for
some objects (such as Mrk 50) is highest at times close to the
start and end of the campaign, when targets were observed at
higher airmasses, but this trend does not appear to holddor t
entire sample.

From each light curve, we calculated the statiskgs and
Rmax to characterize the variability amplitude, and for compar-
ison with previous reverberation campaigns (&.9., Ben#dl et

5. EMISSION-LINE AND CONTINUUM LIGHT CURVES : yeratiy :
. o _[2009b). The quantitf,,, is similar to the normalized excess
Light curves for broad emission lines were measured by di- gcatter and is defined as

rect integration of spectra. The epoch of each observasion i
given by the Heliocentric Julian Date (HJD) determined from 02— 52
the UT date saved in the FITS image headers, using the IRAF fms
set j d routine. To measure theHand Hy light curves for (fy 7
each night's observation of an AGN, we began with the ob- ] . . ]
served spectrum and subtracted all of the best-fitting modeherea? is the variance of the flux values in the light curve,
components except for the broad and narrgiwhbdels. This  dmsis the rms measurement uncertainty on the fluxes{&hd
left a residual spectrum with a continuum level of zero (mod- is the mean flux(Rodriguez-Pascual et al. 1997; Edelson et al
ulated by the fitting residuals) and thegtine and Hy+[O 111] [2002). Rnax gives the maximum variability amplitude and is
blends as the remaining emission features. The flux in thesesimply the ratio of maximum to minimum fluxes in the light
features was integrated over wavelength ranges that were securve. To account for the contribution of residual scattenf
lected for each AGN to encompass the full width of the line the spectral scaling to the error budget, we modified the flux
profiles. Wavelength ranges for each light curve are listed i uncertainties by taking the product of excesdI[Pflux scat-
Table[3. We measure the total (broad + narrow) flux f@rikl ter with mean flux ¢ x (f)) and adding that quantity in
order to avoid introducing possible errors into the lightves quadrature to each individual flux uncertainty value prr t
due to degeneracy in decomposing the two components, conealculatingFar, Rmax, and their uncertainties. As an overall
sistent with methods typically used for reverberation mea- measure of light-curve variabilityg,,r is preferable taRmax
surements (e.d., Kaspi et al. 2000; Bentz et al. 2009b). Thebecausd&Rnax is particularly sensitive to outlier values at the
narrow component adds a constant flux pedestal to the lighthighest and lowest fluxes.
curves. The H measurement includes the flux of the broad  Emission-line light curves having,,r > 0.1 correspond to
and narrow H lines as well as [OIl] \4363. strong variability from which lags can generally be meadure
We also measured light curves for He\4686 and for the  well. In our sample, the objects exceeding this threshaid fo
Fell blends integrated over the rest wavelength range 4400-H; variations are Mrk 40, Mrk 50, Mrk 1511, NGC 4593,

Rest Wavelength (&)

FiG. 6.— Different versions of the rms spectrum for Mrk 40. The panel
shows the standard rms spectrum constructed using théynigtat flux spec-
tra. The second panel shows the rms after removing the AGhNhcem and
host-galaxy starlight components from each nightly spectr In the third
panel, narrow emission lines have also been removedI([AQX4959 5007,
Hg, and Hell), and in the bottom panel, the broad Hand Fal components
are also removed from the nightly spectra. This last versfdhe rms spec-
trum, with all model components removed other than broay il the one
used to measure the width of broag kh the rms spectrum.

region. The available set of Fetemplates remains a funda-
mental limitation and source of systematic uncertaintyhia t
fits, and further work to develop more flexible sets ofiFe
templates, both theoretical and emipirical, covering thié f
UV/optical wavelength range, would be extremely valuable
for future reverberation mapping.

()

Frar =




TABLE 3
LIGHT CURVE WAVELENGTH RANGES AND VARIABILITY STATISTICS

Galaxy Light Curve  Rest Wavelengths (A) Fvar Rmax

Mrk 40 Us 3500-3600 B0+0.03 278+0.04
Ha 6493-6660 44+0.02 202+0.02

HpB 4799-4916 ®0+0.02 198+0.03

Hvy 4309-4387 @1+002 204+0.04

Ho 4074-4142 (®74+0.03 261+0.06

Hell 4583-4789 (B8+0.04 357+021

Fell 4400-4700,5100-5400 .15+0.02 205+0.10

Mrk 50 Us 3500-3600 (B4+0.03 388+0.34
Ha 6449-6693 (10+0.01 153+0.08

HpB 4758-4944 ®0+0.02 217+0.13

Hvy 4270-4417 ®3+0.02 250+0.17

Ho 4065-4133 (®9+0.03 293+0.23

Hell 4495-4817 B5+0.05 12024+2.09

Fell 4400-4700,5100-5400 .35+0.03 728+1.31

Mrk 141 Us 3500-3600 M9+0.01 145+0.03
HB 4782-4925 M8+0.01 139+0.03

Mrk 279 Us 3500-3600 03+002 163+0.02
Ha 6405-6667 M4+0.01 122+0.01

HpB 4755-4920 M74+0.01 131+001

Hvy 4251-4416 M7+0.01 134+0.02

Ho 4047-4115 M9+0.01 145+0.04

Hell 4590-4765 (B0+0.04 298+0.21

Mrk 486 Us 3500-3600 M7+0.01 140+0.04
HpB 4784-4928 ®2+001 110+0.03

Mrk 493 Us 3500-3600 M44+0.01 120+0.04
HpB 4809-4897 M3+0.01 117+0.04

Mrk 504 Us 3500-3600 M7+001 136+0.03
HpB 4798-4914 M4+001 124+0.03

Mrk 704 Us 3500-3570 (3+0.02 202+0.03
Ha 6422-6704 M7+001 137+0.01

HpB 4770-4936 M5+0.01 123+0.01

Hy 4256-4411 M8+0.01 146+0.02

Ho 4052-4149 (10+0.01 163+0.08

Hell 4489-4848 ®8+0.04 362+0.13

Mrk 817 Us 3500-3600 M8+0.01 140+0.03
HpB 4750-4944 M44+0.01 116+0.02

Mrk 841 Us 3500-3570 @4+002 192+0.03
HpB 4757-4940 M5+0.01 127+0.02

Mrk 1392 Us 3500-3600 (144+0.02 188+0.03
HpB 4758-4932 M3+0.01 116+0.01

Mrk 1511 Us 3500-3600 @9+002 242+0.06
Ha 6432-6693 M9+0.01 145+0.03

HB 4768-4933 (124+0.01 143+0.03

Hy 4236-4430 03+001 154+0.04

Ho 4062-4140 (®0+0.02 200+ 0.07

Hell 4556-4797 (b4+0.06 1080+ 1.59

Fell 4400-4700,5100-5400 .1+0.01 143+0.03

NGC 4593 Us 3500-3570 B8+0.04 454+0.25
Ha 6442-6690 (16+0.02 181+0.07

HpB 4757-4926 ®3+0.02 211+0.08

Hy 4242-4410 ®5+0.03 215+0.09

Ho 4058-4133 M3+0.05 472+0.50

Hell 4539-4807 (r24+0.08 1928+4.41

Fell 4400-4700,5100-5400 .16+0.02 171+0.06

PG 1310-108 Us 3500-3600 (13+0.02 185+0.03
HpB 4787-4932 M54+0.01 129+0.02

Zw 229-015 Us 3500-3570 ®5+0.03 265+0.06
Ha 6470-6664 3+002 154+0.02

HpB 4767-4912 (®54+0.03 281+0.07

Hy 4281-4388 (®74+0.04 282+0.13

NOTE. — These measurements include the constant narrow-linpaoemt contribu-
tions to the Balmer-line and Helight curves, and the constant host-galaxy contribution
to theUs light curve. The wavelength column lists the range over Wiiigx density was
integrated for the light curve measurement. As describeldnext, the K, Hv, Hell,
and Fell light curves were measured from individual components efdacomposed
blue-side data, whil&Js, Ha, and H were measured from the total-flux spectra.
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Mrk 40
TABLE 4 5 ;
LIGHT CURVE DATA esb U, 3
< 2F E
Galaxy Light Curve HJID f ot 15F E
1E 3
Mrk 40 Us 5650.75 1.081 0.004 550 ‘ ‘ ‘ 3
5651.75 1.112 0.006 500 F  Ha 3
5654.80 1.191 0.013 450 F E
5655.73 1.146 0.010 pood SRR E
5656.76 1.127 0.004 —t f f f
5657.77 1.111 0.007 140 Hg T 3
5663.74 1.386 0.009 eor E
5664.78 1.481 0.006 8ok 3
5666.76 1.515 0.005 60 E ‘ ‘ ‘ ‘ E
5667.75 1.567 0.005 o ‘ ‘ ‘ ‘ E
5673.73 2.101 0.006 g 60f 7 3
5674.82 1.848 0.006 g ig 3 E
NE f f f f =
NoTE. — Dates are listed as HID — 2450000. Units O s T E
are 1015 erg cm2 s A1 for Us, and 10%° erg cm2 30f e B L
s for emission-line light curves. The listed uncer- 20 F o ' g
taintiesds correspond to the propagated uncertainties ot ) ) )
from photon counting and detector readout noise, and 50 F ‘ ‘ ‘ ‘ E
do not include the additional contribution from resid- 40F  Hell E
ual flux-scaling errors. This Table is published in its soF E
entirety in the electronic edition dfhe Astrophysical aF E
Journal Supplement Series. A portion is shown here 45 F 1 1 T 1 1 =
for guidance regarding its form and content. 40f Fell Lo E
35F N 1 ! 1l ! i b A
. 30F gl . : ! ! E
and Zw 229-015. For these AGNSs, we plot light curves of the 25 f ! L E
Us flux density, the Balmer lines, and also Heand Fell in 20 5660 5630 5700 5720
those cases where there is some distinct variability abdove t HID - 2450000

level of the noise for these components. We also plot multi-
line light curves for Mrk 279 and Mrk 704. Mrk 279 has
2L:|9\/v(\;eéx|;1[|3b\|{[§r(lja|lgtl|l:1tz:/t?Jrg-pal,lrt]lcjj(—jgo(\ivﬂ:nvsra_;gtg)z’s?/tlj:] Il(tj] L;%g, light curve plots are 1@_5 erg cm?st A“l for the Us-band continuum flux
) . vt . o density and 10t erg cn1? s71 for the emission-line fluxes. Plotted error bars

useful diagnostics of the emission-line lags. Mrk 704 eiBib  represent the propagated uncertainties from the spestracéions only, as
a downward trend in the continuum and emission-line light listed in Tabld}, and do not incorporate the estimated wesifiux normal-
curves, but the nearly monotonic trend contains little shor ization scatter as determined from thei[Q emission line.
timescale structure and is not optimal for determination of . .
lags. For the remaining objects in the sample, all of which ON the 5100 A featureless continuum flux at this wavelength
haveFya(H3)< 0.1, light curves are shown only fays and  'esulting from differences among the Fetemplates. We
Hj in Figure[I#. Aside from H, the light curves for other also combine with this (by addition in quadrature) an esti-
emission lines in these objects are too noisy to be of muchMate of the overall photometric uncertainty on the continuu
use. A few of these AGNs, such as Mrk 141, Mrk 493, and PG flux density given bys([O 111])/ f([O 111]) x (5100 A), where
1310-108, show distinct features in their light curves Wwhic the [O1ll] flux and uncertainty values are listed in Table 2.
may provide some limited information on the3Hag. Table Improved values of (5100 A) can be determined usibtBT
lists the light-curve statisticB,s and Ryax for each light ~ V-band images to remove the host-galaxy contribution more
curve displayed in Figurds [[314. For completeness, we listaccurately from the total spectroscopic flux der&lty.
statistics measured for tig continuum light curves for each For the strongly variable AGNs, we generally find higher
AGN, including the low-variability objects shown in Figure values ofF, for the higher-order Balmer lined,a(Ho) >

. Frar(H7v) > Ra(HB) > Ra(Ha). This overall trend is consis-

Table[2 also presents measurementsf 6100 A), the  tentwith results from previous work (e.g.. Bentz € al. 24)10
AGN continuum flux density at 5100 A in the AGN rest and is in accord with expectations from photoionization mod
frame. This quantity is most often used to determine AGN lu- €ling (Korista & Goad 2004). The He \4686 line is by far
minosities for use in the radius-luminosity relationshépg(,  the moststrongly variable line in the optical spectrunmipiot
Bentz et al 2009a). This wavelength corresponds to a Iocal'ni the trend first seen in NGC 5548 by Peterson & Fefland
minimum in Fell flux, making it a good choice for measure- (1986). For the six objects having Héight curves, the ratio
ment of the featureless continuum level in total-flux spectr Fva(Hell)/Ra(Hj) has a mean value of 3.7. The strong re-
We used the AGN power-law component of the fit to the mean Sponsivity and prompt response of Hés easily visible in the
spectrum to measurk (5100 A) for each AGN. The formal  lightcurves: for example, in Mrk 40, the Hieemission drops
fitting uncertainty on the power-law component flux for the VErY steeply following the decline in continuum luminosaty
mean spectrum is typically very small (a few percent) and not about HJID 5685, while the decline in the Balmer-line fluxes
a good measure of the actual uncertainty. From examination’s Much shallower and more gradual (Figire 7).
of the fitting results using all three Fetemplates, we find 2 . .
[t (ne 1S Scatler Amon e poner-aw Componentxes a6 73068 1 50, M1k 1o, W 151, 2 225015l o
5100 A for the three fits ranges from 4% to 13% of the mean GO-13816 (PI: Bentz) along with 10 other recently revertienamapped
value. For uniformity, we adopt an estimated 10% uncergaint AGNs compiled from other programs.

FI1G. 7.— Light curves of Mrk 40. Thg-axis units for this and subsequent
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FIG. 9.— Light curves of Mrk 279.
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While it is possible to measure reverberation lags based on
the data presented here for the highly variable AGNs in our
sample, we find that for some objects the cross-correlation
measurements show evidence for an excess and spurious sig-
nal at zero lag, caused by correlated flux-calibration sriror
the continuum and emission-line light curves. Thus, wedefe
the measurement of lags to a later paper in this series, ichwhi
our emission-line light curves will be combined wktiband
light curves which will be presented separately. Whband
light curves generally have a higher cadence and higher S/N
than theUs light curves. Determination of virial masses for
the black holes in these AGNs will be done using lags mea-
sured against thé-band light curves.

6. BROAD HB WIDTHS AND VELOCITY SHIFTS
6.1. Instrumental Resolution

To quantify the broad-line widths, it is necessary to cor-
rect measurements for the instrumental broadening in ebser
vations with the 4-wide slit. The spectral resolution for
observations of the intrinsically compact BLR as observed
through a 4 slit will be seeing-dependent, and will vary
slightly from night to night due to variations in spectrogiha
focus. However, the impact of instrumental broadening on
the broad emission lines in these AGNs is very small, and we
use a single representative value for the instrumentablema
ing for simplicity. For the blue-side data we follow the same
method used by Bentz etlal. (2009b) and Barth et al. (2011a)
to estimate the instrumental FHWM by using observations of
an AGN and an arc lamp in"2and 4’ slit widths. Mrk 40
was observed on the night of 2011 May 4 in both of these slit
widths. For the spectral region aroun@Hwe use the Cd
5085 A line as the nearest reference calibration line. From
the 2’ observations of the AGN and the comparison lamp,
we subtract the width of the Qdine in quadrature from the
observed [QII] width to derive an estimate of the intrinsic
[O 1] line width of FWHM=~ 4.9 A. Then, the instrumen-
tal broadening for the’4slit is taken to be the difference in
quadrature between the @] line width as observed through
the 4’ slit (FWHM = 8.1 A) and the intrinsic [QI1] width.
This gives an instrumental FWHM of 6.45 A or 380 knt,s
and an instrumental dispersion@fs; ~ 162 km s?.

For the red-side data, there is no strong narrow line that can
be used as a reference for comparison between'tlza@ 4’
observations, and instead we use the widths of comparison
lamp lines as observed through thé dlit as a rough esti-
mate of the instrumental broadening, obtaining an instrume
tal FWHM of 7.7 A or~ 330 km s? for the region around the
Ha line. These instrumental widths are much smaller than the
broad emission-line widths in the AGNs, and the corrections
to the observed line widths are very small.

6.2. Broad Hj3 Widths in Mean and RMS Spectra

The width of the broad M line is a primary quantity used
for determination of BH masses from reverberation data, and
it is of interest to measure both the FWHM and the disper-
sion (or second moment) of thesHine profile in both the
mean and the rms spectra when possible. We use the results
of our spectral decompositions to measure these width param
eters for the broad Hl line after isolating it from the con-
tributions of other emission-line and continuum composent
For each nightly spectrum, we subtract all model components
other than broad H from the data, leaving the broadspro-
file as the residual. From this time series of residuals, we
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FIG. 14.— Light curves of the remaining objects in the sampleedoh panel, the upper and lower subpanels showdlead H3 light curves, respectively.

construct mean and rms spectra, and measure widths empirimoving blueward until reaching half of the peak flux, and de-

cally from the mean and rms line profiles as described below.termining the separation in Angstroms between the two half-
The mean spectrum has a continuum level of zero (modulatecheak points. To measure the line dispersigr. for either
by residual noise from the spectral decompositions), wth¢e  the mean or rms profile, we first determine the line centroid
continuum level in the rms spectrum is nonzero due to photon-wavelength\o:
counting noise and residual errors in the nightly specteal d S
compositions. This noise continuum level in the rms spastra Ao = ?7 3)
generally flat and featureless outside thepiofile (as seenin :
the bottom panel of Figufd 6) and can be subtracted off with wheref; is the flux density at pixdland the summation is car-
a simple linear fit to regions on either side of the line. For ried out over all pixels in the profile. Then, the line dispens
each AGN we selected broad continuum windows redwardis calculated according to
and blueward of the H line to fit and subtracted this contin- 2f
uum from the rms spectrum, avoiding any residual spikes at 0fe = (Z)‘i i) —)\2 4)
the wavelengths of [@I] or other strong features. ne o fi 0

Line width parameters were measured following methods : - : : -
similar to those of Peterson et al. (2004). The profile FWHM ;’ITye f(e)?(éz(éwtjé) ,f\lt?)?/ isduerﬂgwf;trl%ntrr]eégllgga%gen(J\Il\elz:]eerrrgEid"\r/]lzu
was measured by starting at the profile peak and moving red- ojje meets the surrounding continuum level.
ward until reaching a flux equal to half the peak value (using ™, 5\ jer 1o assess the uncertainty in the measured width pa-

linear interpolation between pixels on the profile shoulder o ot0r5 e carry out a Monte Carlo procedure, following
determine the wavelength at half maximum), and similarly Ferereon ot 2] (2004) and Bentz €t al. (2009b), by creating
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10* modified realizations of the mean and rms profiles and Mrk 40

measuring the width parameters for each one. Each realiza- ‘

tionis constructed from the time series of spectra by rarigom 140F  Hg fux Lo ]
selectingN individual nightly spectra (wherdl is the total 120 F L e ]

number of spectra in the time series), allowing duplicagion =t oo ]
calculating the mean and rms from this revised set of spec- '
tra, and measuring the broagHhvidths from each. For mea-

surements of the rms profile, we allow the endpoints of the ~ ®°F : : : : :
continuum fitting region in each realization to vary randpml - **[ | 1

within a range of£10 A from our initial selections, and for 22001 ! ‘1[ ][ I ]

measurements of line dispersions from either the mean or rms= z00 |

profiles, we allow the endpoints of the summation region in E sook ]

each realization to vary randomly within10 A from our ini- - FWHM

tial selections. The final line width and uncertainty arestak 1600 ‘ ‘ ‘ ‘

to be the mean and standard deviation of the distribution of

measurements over these* If@rations. %
Finally, the line widths are converted to velocity unitsdan & ;550L

the instrumental FWHM op are subtracted in quadrature -«

80 | . < ]

from the measured FWHM ar values (respectively) to cor- 1000 [ Line dispersion ol ]
rect for instrumental broadening. The results of these mea-  sof 1 1 1 1 =
surements are reported in Tal)le 5. Width parameters for Velocity shift S

[ 1

the rms profile are only reported for the five AGNs having
Far(HB) > 0.1 and for Mrk 279. For the remainder of the
sample, the rms spectra contain very little flux as a result of
the overall low variability amplitude, and the Monte Carte e
ror analysis procedure produces many iterations in whieh th _ s p— —
FWHM or gjine are not well-defined. Widths measured from HID - 2450000

the rms profiles for these low-variability AGNs have large un

certainties and would not be particularly useful for deriyi

estimates of black hole masses, despite the fact that some ofFi¢. 15.— Broad H parameters as a function of time for Mrk 40. The

these Iow-variability AGNs appear to show clear signal AtH top panel shows the samesHight curve as in Figur]7, in units of 1

in the rms spectra (Fi ufe 5) erg cm? s71. Middle panels show the broaddHWHM and line dispersion
Ani p 9 f h' l idth ojine, and the bottom panel shows the velocity siif¥ measured relative to
n Important caveat for the line width measurements, par- the mean spectrum.

ticularly for the line dispersions, is that the red wing of H . i ) , . .
is often blended with a substantial contribution ofIFand widths show an anticorrelation with flux 187 discusses this
possibly Hel as well. As described above, the exact amount trend further.

of this contamination is difficult to determine, and the end-  Using the same spectra of the broad ldomponent, we
point of the red wing of the line is usually not well deter- Measured the broad-line velocity centroid shift relatioe t
mined. Since the line dispersion values are highly semsitiv the broad K component of the mean spectrum, using a
to the amount of flux in the line wings, broad3Hine disper- cross-correlation method based on the tec_hnlques dedcribe
sions are particularly susceptible to systematic erransitieg by IShen et al.[(2013) arld Ju et al. (2013) in the context of
from this deblending. We note that in most past reverbematio searching for binary black hole orbital motion in quasaise T
mapping work, no deblending was attempted at all, potéptial Wavelength centroid of the broad*tomponent is a param-
leading to overestimates ofHine dispersions. The FWHM  eter determined by our spectral fitting procedure, but the fit

may be modestly affected by this red-wing contamination asted line centroid can be strongly influenced by asymmetric
well. wings on the line profile, particularly in the Hred shelf.

In contrast, the cross-correlation line shift as measuned b
. . i IShen et &l.[(2013) arid Ju ef al. (2013) is a better measure of
6.3. Broad HS Width and Velocity Centroid Variations an overall wavelength shift of the line as a whole, and is less

Width parameters (FWHM andiine) were also measured sensitive to noise in the high-velocity wings. The velocity

from each nightly spectrum for the high-variability objeat shifts are discussed il 188.

order to search for time-dependent changes in profile width, The nightly width and velocity shift parameters are dis-

following the same methods described above. These widthsplayed in Figures 15=19 for Mrk 40, Mrk 50, Mrk 279,

were measured from the spectra of the broaél ¢dmpo- Mrk 1511, and NGC 4593, all of which show distinct time-

nent alone, constructed by subtracting all other model com-dependent trends in line profile width and/or velocity. Fa t

ponents (including the narrowcomponent) from each to-  remainder of the sample, no clear signal was detected beyond

tal flux spectrum. To assess the uncertainty in FWHM and random scatter in the measurements.

Jiine, We created 1000 modified realizations of each spectrum

by adding Gaussian random noise with the noise dispersion 7. RELATIONSHIPS BETWEEN BROAD-LINE WIDTH AND

equal to the amplitude of the error spectrum at each wave- LUMINOSITY

length, and then measuring the FWHM amngle from each Figured 2DE23 display the relationship between brogd H

modified spectrum. The uncertainties on FWHM anige width (FWHM or ojine) and broad H flux. The narrow H

were taken to be the standard deviations of the distribation component flux from the mean spectrum decomposition has

of values measured from this procedure. In general, the linebeen subtracted from the totalsHight curve in each case,

AV (km s7')

_sof ]I b
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TABLE5
BROAD H3 COMPONENTWIDTHS IN MEAN AND RMS SPECTRA
Mean Spectrum RMS Spectrum
Galaxy FWHM Tline FWHM Tline
(km s (km st (km s1) (km s1)

Mrk 40 2021+17  1058+9 1688426 740+ 17
Mrk 50 4101£56 2024431 3355+128 202G+ 103
Mrk 141 5129+45 2280+ 21
Mrk 279 4099+43  1821+13 3306£338 177871
Mrk 486 21068 1332+ 14 e e
Mrk 493 1717425 1128+41
Mrk 504 1927+7 1058+ 14
Mrk 704 6664+-66 2911+61
Mrk 817 5593+32 2718+45
Mrk 841 6065+-34 2794+ 48
Mrk 1392 542131 2103+ 17 e e
Mrk 1511 4154+28 1828+12 323665 1506+ 42

NGC 4593 4264-41  1925+38 359772 1601+ 40
PG 1310-108 342221 1823+20 e e
Zw 229-015 3705203 17474456 1789+-93 1609+ 109

NOTE. — Widths are measured from the mean and rms of the broad
HS component spectra, as described in the text.

Mrk 50 Mrk 279
140 |- : T ] T
£ 130 F o]
120f o e T ] HB flux -
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FIG. 16.— Broad HB parameters for Mrk 50. Only the time span of the FIG. 17.— Broad HB parameters for Mrk 279. The nearly constant H

main campaign is shown, because the data points from eaHl&ervations width for this AGN is an artifact of the constraint that hadb® imposed in
are very noisy. order to prevent the line width from reaching unphysicadlsge values in the

fits.
to obtain a light curve of the broadMHline alone. The flux Although there is substantial scatter in some of the plats, i
uncertainties have been expanded by including the estimate each case we find an overall anticorrelation between thedbroa
uncertainty in spectral scaling determined from thel[Dex- Hg width and flux. To quantify this relationship, we use the

cess scatter, using the results listed in Table 2. In the@hse Bayesian i nmi x_er r regression method 6f Kelly (2007),
Mrk 50 (Figurd21) we include only data points from the main fitting a model of the form loghV (H3)] = Slog[f(H3)] + a,
observing campaign, since the observations taken pridreto t where AV represents either FWHM arij,e. The slopes de-
start of the campaign are much noisier. Mrk 279 is excludedtermined by thd i nm x_er r regression are shown in each
since the broad H width could not be measured accurately, figure and range fron8 =-0.07 to-0.28.

as described previously. Similar trends between broadgHwidth and luminosity
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have been seen previously in high-quality reverberatiop-ma
ping datasets. Examples include NGC 5548 (Denneyl et al.
[20094) and Mrk 40 (Arp 151; Park etflal. 2011 2a). The anticor-
relation between broad Hwidth and luminosity arises as a
result of the relationship between the ionizing flux and the |
cal responsivity (or reprocessing efficiency) of BLR ga® th
H{S responsivity is highest in the outer portions of the BLR
where incident continuum fluxes are lower (Korista & Goad
[2004;[Goad & Korisla 2014). An increase in ionizing con-
tinuum luminosity will therefore lead to an increase in the
emissivity-weighted BLR radius; this effect is known as
“breathing”. For a BLR having a radial velocity gradient kit
the highest-velocity gas at small radii close to the bladeho
breathing will preferentially boost the flux of the low-velty

line core relative to the high-velocity wings of the broauklj
making the line profile narrower.

BLR breathing has usually been considered in the context
of large luminosity changes over sufficiently long timessal
that emission-line lags can be seen to vary between widely
separated epochs of monitoring (elg., O’'Brien éf al. 1995;
IKorista & Goad| 2004; Cackett & Horne 2005; Bentz et al.
[2007). The HB width—luminosity anticorrelation seen in our
data (and in recent work Hy Park et al. 2012a) further illus-
trates that BLR breathing occurs even on the shortest obderv
timescales (days to weeks) in response to modest variations
in the AGN continuum. While our data do not directly reveal
short-timescale changes in lag or BLR radius, the relatigns
between H width and luminosity implies that the BLR ra-
dius responds very rapidly to continuum flux changes. A fur-
ther consequence of this finding is that the reverberatarstr
fer function will be nonstationary even on timescales stort
than a single typical monitoring campaign. Measured trans-
fer functionsl(Bentz et al. 2010b; Grier etlal. 2013a) wilish
represent temporally smeared averages of intrinsicatig-ti
varying functions.

Since broad-line flux variations are driven by continuum
variations, it is also of interest to examine the relatiopsh
between broad-line width and continuum flux. However, the
time delay between continuum and line variations introduce
substantial additional scatter to the relationship, andun
data, the broad H widths show a much clearer relation-
ship with H3 flux than with continuum flux. The temporal
mismatch between line width and continuum flux measure-
ments can be partially alleviated by selecting continuuih an
emission-line measurements that are separated by the mea-
sured emission-line lag time_(Park et 12a). Unfortu-
nately, the frequent weather-related gaps in our lightesido
not leave enough matched pairs of data points to obtain clear
results. Another possibility would be to interpolate théada
to obtain matched pairs of line widths and continuum fluxes
after correcting for the broad-line lag time, but we will def
that investigation in order to use the higher-cadevideand
photometric light curves instead of the spectroscopicinent
uum measurements presented here.

The behavior of broad-line widths in response to luminos-
ity variations has important ramifications for the accuracy
of single-epoch spectroscopic determinations of blacle hol
masses. These are derived by using the AGN continuum
luminosity as a proxy for the BLR radius and computing a
virial product based on VP EY(AV)?/G, wherey represents

the slope of the radius-luminosity relationship. Recentkwo

finds rgir ox L223004 for the full sample of reverberation-

mapped AGNs, wheres;ggis the AGN continuum luminosity
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F1G. 20.— Relationship between broagBhwvidth and flux for Mrk 40. In F1G. 21.— Relationship between broaglwidth and flux for Mrk 50. Only
each panel, the solid line shows the best fit to the relatipnsith slopeg. data points from the main campaign are included.
Line widths (FWHM andojine) are in km s, and flux units are 18° erg
2 o1
cm“ st

Mrk 1511
atA=5100 A (Beniz et dl. 2013). The luminosity of the broad T T T T
Balmer emission lines can also be used as a proxy for contin- 364 [
uum luminosity (Greene & Ho 2005). The accuracy of these =
single-epoch methods for mass estimation relies implioiti 3.62
the assumption that line width and luminosity must be amntico
related in a given AGN, such that the derived masses will not
change dramatically as the luminosity varies. Our resutis p
vide additional reassuring evidence that this is genethly
case; see Denney et al. (2009a) et al. (2012a) for de-
tailed discussion of the impact of variability on singlesep
mass determinations. Hr oc L35, and the KB luminos-

ity scales linearly with continuum luminosity, then an AGN

log[ FWHM(HB
w
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o2} D
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maintaining a constant virial product would exhibit a line 2
width-luminosity relationship having sloge= —0.25, similar E ;o8
to the slopes observed in Mrk 40, Mrk 1511, and NGC 4593. 5
However, it is important to note that this naive predictionf < 5 ;¢

the slope of the KB width-luminaosity relationship is an over- i + ++ ]
simplification; for example, observations of NGC 5548 show 324 [ £=-0.2040.04 —+ 3
that it exhibits more complex behavior. The broad ftux in o : ]
NGC 5548 does not scale linearly with continuum flux (the 1.8 L9 195 ¢
“intrinsic Baldwin effect”; [Gilbert & Petersdn 2003), aniokt log[t(HA))
relationship between BLR radius and continuum luminosity Fic. 22.— Relationship between broaghuvidth and flux for Mrk 1511.
measured from long-term monitoring of NGC 5548 exhibits s inconsistent with expectations from the scenario of BLR
a steeper slope than the radius-luminosity relationshigh®  breathing determined by radial gradients in responsiviigh(
reverberation-mapped sample as a whole (Kilerci Eserl et al-higher responsivity at larger radius) as described above. |
2015). ) _ ) will be interesting to examine this trend for larger samles
Recently, Guo & Gu (2014) carried out line width measure- quasars over long time baselines as more multi-epoch spectr
ments for a sample of 60 quasars having at least six epochgecome available for quasars over longer time baselines. If
of SDSS spectroscopy, and they examined the correlation beproad-line widths in high-luminosity quasars respond to-co
tween line FWHM and luminosity for ©/, Mg Il, H3, and  tinuum variations in a manner strongly different from what w
Ha. Interestingly, 75% of their sources show a positive cor- observe in our sample of Seyfert galaxies, this would poten-
relation between broad-line width and luminosity, and only tially compromise the reliability of single-epoch blackl&o
three sources exhibited an anticorrelation at@0% confi- mass estimates derived from quasar spectra.
dence level. Another example of a positive width-lumingsit
correlation for the Balmer lines was recently found in PG 8. IMPLICATIONS OF BROAD-LINE VELOCITY SHIFTS FOR
1613+658[(Zhang 20114), using data from the Wise Observa- BINARY BLACK HOLE SEARCHES
tory quasar monitoring campaighn_(Kaspi etlal. 2000). This The spectral decompositions make it possible to measure
behavior is very different from that seen in our sample, and night-to-night changes in the broadsHrelocity centroids.
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NGC 4593 redshift in the BLR will produce redward asymmetries in
ST I the transfer function, particularly in the high-velocityngs

] IC2012). The combination of transverse Doppler
shift and gravitational redshift, together with any radiab-
tions, should ensure that all transfer functions are attleas
modestly asymmetric in structure even if the BLR cloud mo-
tions are predominantly rotational. Absorption or scatigr
within the BLR may also alter the shape @f{v;,7) in an
asymmetric fashion.

With the best-quality reverberation-mapping data obthine
over the past several years, it has become possible to ex-
amine the velocity-dependent structure of the transfecfun
tion in several low-redshift AGNs by measuring the lag as a
function of velocity across the line profil
Bentz et al. 2008; Denney etlal. 2010; Barth et al. 2011b), and
by reconstructing the full two-dimensional shape of thadra

i ] fer function (Bentz et al. 20100; Grier etlal. 201.3a). Dynam-

i ‘l’ ] ical modeling of reverberation data has also begun to yield
325 [  A=-0.25:0.03 . constraints on the transfer function sham et al.
! T S [2012[2014b). A primary result that has emerged from these
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investigations is that the B transfer functions for nearby
log[f(H4)] Seyfert galaxies exhibit a broad diversity of structuresne
FiG. 23.— Relationship between broaghvidth and flux for NGC 4593. objects have nearly symmetric transfer functions consiste

with expectations for a Keplerian disk, while others have
Our results for Mrk 40, Mrk 50, Mrk 279, Mrk 1511, and Strong asymmetries suggestive of inflowing or outflowing mo-
NGC 4593 illustrate that systematic shifts-©f100 km s?, tions. . ) .
correlated with flux changes, are common and occur over As an illustration of why an asymmetric transfer function
timescales similar to the continuum variability timescdlee Wil lead to broad-line velocity centroid changes, conside
largest shifts are seen for NGC 4593, in which the broad H a radially inflowing BLR. If the continuum luminosity in-
centroid changed by 26611 km s? over a 30-day interval, ~ creases, the prompt red-wing response will shift the line ce
as seen in Figuife 19. troid redward initially until the blue wing response fromsga
Broad-line velocity shifts are expected in any AGN for On the far side of the BLR is seen at a later date. Similarly, a
which the reverberation transfer function is asymmetric decrease in continuum luminosity will initially shift thené
about the line center, which will occur when radial mo- centroid blueward. The opposite behavior would be seen in

tions are present in the BLR (e.g.. Blandford & McKee 1982; an outflowing BLR. Line centroid variability will depend on
[Capriotti et al 1982 Antonucci & Cohén 1963; Ulrich et al. the continuum light curve shape and variability amplitutie,
[1984{ Stirpe et al. 1988; Rosenblatt & Malkan 1990). The re- broad-line width, and the degree of asymmetry in the transfe
verberation process can be described in terms of a convolufunction. For a specified transfer function, the directidn o

tion of the continuum light curvé(t) by a velocity-dependent  line profile shifts will depend on the recent gradient in the
transfer function, continuum light curve rather than on the absolute lumiryosit

of the continuum. Either blueshifts or redshifts can ocdur a
o0 a given continuum flux level, depending on the recent history
L(Vr,t)=/ (v, 7)C(t = 7)dT, (5)  of continuum variations.

0 These considerations are relevant for binary black hole
where the transfer functio®(v;,7) is a function of line- searches because one proposed method for identification of
of-sight velocity v, and of time delayr, and L(v,t) binary black holes involves searching for temporal vaoiagi
gives the resulting time-dependent emission-line profile in the line-of-sight velocity of broad emission lines in gass.
(Blandford & McKee! 1982; Peterson 2001). If BLR clouds (Seel Popovi2012;/ Dotti et all 2012, for recent reviews of
are in circular orbits around the black hole, as in a circular binary black hole phenomenology, optical spectroscojgie si
Keplerian disk, then the transfer function will show shags natures, and search techniques). If one member of a binary
at high velocities on both the blueshifted and redshiftdédsi  black hole is active and possesses a broad-line region, then
of the line profile, and at small line-of-sight velocitieeth the orbital motion of the binary will cause the broad emissio
will be a broad distribution of lag time. If the BLR gas is lines to oscillate in velocity over an orbital period. A sub-
dominated by radial motions, however, the transfer fumctio stantial amount of effort has been invested recently inckear
will be strongly asymmetric about the line center. For ex- ing for broad-line velocity changes in quasars having two or
ample, in a BLR dominated by radial inflow, the redshifted more epochs of spectroscopic observations. One stratégy is
gas on the near side of the BLR will have near-zero lag, search for objects having very large broad-line velocity of
while the blueshifted gas on the far side of the BLR will have sets (i.e.,|AV| > 1000 km s relative to the host galaxy),
the longest lags. Representative transfer functions for si  and then obtain follow-up spectroscopy to check whether the
ple kinematic models are shown by Welsh & Horhe (1991), broad-line velocity drifts over time in a manner consistent
Bentz et al.|(2010b), Grier etlal. (2013a), and Pancoast et alwith expectations for orbital motior_(Eracleous et/al. 2012

. Decarli et all 2013; Tsalmantza etal. 2011; Liu et al. 2014).
In addition to the imprint of BLR kinematics on the trans-  An alternate method is to start with the general quasar pepul
fer function, the transverse Doppler shift and gravitation
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tion, rather than restricting to objects showing stron@ueiy
offsets initially, and to search for changes in broad-lira-c
troid velocity between two widely separated epochs of spec-be exhibiting velocity changes due to this relatively piosé
troscopic observations (Shen et(]13; Julet al.[2013. Th fect, rather than exhibiting acceleration due to binaryitatb
discussion in this section is primarily (but not exclusyekl- motion. In large samples of quasars with two-epoch spec-
evant to this latter method. troscopy, selection of targets with the largest velocitiftsh

Such searches are still in their initial stages. In recentwill preferentially select objects from the tail of the dist
searches using SDSS data, Shenletal. (2013) examifed H bution of large reverberation-induced velocity shiftsg ave
velocity shifts in a sample of 1347 quasars having two or more suggest that the majority of candidate binaries selectad vi
epochs of spectroscopy, finding 28 objects with significant this method will most likely be false positives.
velocity shifts (of typically~ 100-300 km s?) and identi- This reverberation effect will also contribute random ve-

ing seven of these as being promising candidate binarieslocity noise or jitter that could impede the detection of gen
Ju et al.[(2013) carried out a similar search usingIMgnd- uine binaries (particularly wide-separation or nearlyefan
ing seven candidate sub-pc binaries with velocity changies o binaries), rather analogous to the impact of stellar agtmn
> 280 km s* from a starting sample of 1523 quasars having the detectability of exoplanets via the radial-velocitythoa.
spectroscopy with S/N- 10 at two epochs. For these candi- Furthermore, the radial-velocity curve for NGC 4593 (Fig-
dates, continuing long-duration follow-up spectroscoply w urelﬂ) illustrates another potential concern. In this ctee
be required in order to rule out alternative explanations an Velocity curve could be mistaken for a near-complete cycle
Conc|usive|y demonstrate binary motion. O-f sinusoidal OS.CIHatIOI'I, when in reallty the Ilng centtas .

In discussion of these search efforts, it is generally recog Simply responding to a down-and-up variation in the contin-
nized that broad-line velocity changes can happen as a resullum luminosity. In order to convincingly demonstrate binar
of structural changes in the BLR occurring over a dynami- orbital motion and rule out reverberating impostors sintite
cal timescale (years to decades) or longer (Sher 2013)this example, it will be necessary to monitor broad-lineeel
and such changes have been seen in multi-year monitoring obity variations over at least two orbital cycles, with suict
servations of NGC 5548, for example (Wanders & Petérsoncadence to sample the orbit well, and also to demonstrate tha
1996;[Sergeev ethl. 2007). The appearance or fading ofthe velocity variations are uncorrelated with continuunx flu
hotspots in the BLR has also been suggested as a possiariations. The expected orbital periods for quasars hgsti
ble mechanism to induce line profile changes and appareniuiermaSS'Ve black hole binaries span years to decades (e.g
velocity shifts [Decarli et al. 2013). However, asymmetric Shen et dl. 2013), thus confirmation of black hole binaries by
reverberation seems to have been overlooked as a possiblthis method will require a very long-term effort.
cause of the detected velocity shifts in these binary black 9. CONCLUSIONS

hole searches. Our data provide a clear demonstration that W i ¢ ic data. liaht d oth

broad-line velocity centroids can vary significantly on gho € present Spectroscopic data, ight curves, and other mea-

timescales solely as a result of reverberation, and do et pr SUréments from a 69-night reverberation mapping campaign
! carried out at the Lick 3 mtelescope in Spring 2011 for a sam-

serve here. Itis difficult to exclude the possibility thatshor
all of the recently identified candidate binaries might diynp

vide direct evidence for bulk acceleration of the BLR.

Based on our small sample of nearby, low- to moderate-
luminosity AGNSs, it is difficult to extrapolate our results t
make any useful predictions for the distribution of broam |
velocity shifts expected as a function of timescale for quas
surveys. We have carried out simple simulations using asym-
metric transfer functions similar to those observed in Asp 1

(Bentz et all. 2010b) or NGC 5548 (Pancoast &t al, 2014b) and

find that velocity shifts of> 300-400 km s* can occasion-
ally occur for plausible AGN variability amplitudes. How-
ever, the range of transfer function shapes and asymmetries
completely unknown for the quasar population. For a given
AGN variability model and transfer function model, it would
be straightforward to predict the expected distributiovef
locity changes as a function of timescale, but such an &ffort
beyond the scope of this paper.

Here, our goal is simply to call attention to the fact that re-
verberation does indeed produce significant velocity sloift

short timescales as a result of the BLR response to continuum

fluctuations. This has been understood since the earliest re
verberation mapping studies, and our spectral decompnsiti
provide a way to examine broadielocity shifts in Seyfert

1 nuclei with high-cadence sampling over a 2.5-month base-
line. Considering that we find one object showing a velocity
change of> 250 km s in our small sample over this brief
monitoring duration, it seems entirely plausible that,argke
AGN samples observed over long time baselines, the tail of
the distribution of reverberation-induced velocity skifould
extend to substantially larger velocities than the value®i+

ple of 15 low-redshift Seyfert 1 galaxies. Although our ob-
serving run was hampered by worse-than-average weather, we
obtained data of excellent quality for a subset of our sample
suitable for measurement of light curves for multiple enoiss
lines. Our primary results can be summarized as follows.

1. Expanding on our team’s recent work, we have car-
ried out multicomponent decompositions of the nightly
blue-side spectra from our campaign. The decomposi-
tions enable measurement of light curves for blended
features including F& and Hell, and measurements of
Hp light curves and widths are improved by deblending
H /3 from other contaminating emission-line and contin-
uum components. Obtaining a time series ¢f lkhe
profiles without contamination from other overlapping
features is also important for measurement of velocity-
resolved reverberation signals and transfer functions,

and for application of dynamical modeling methods to
derive black hole massemﬁmomm. In
AppendixXQ below, we demonstrate that fitting and re-
moval of continuum components prior to constructing
the rms spectrum is also necessary in order to avoid a
potentially severe bias that can occur when measuring
line widths from the rms spectrum. Spectral decompo-
sitions should be carried out as a routine part of rever-
beration mapping data analysis, provided that the S/N
of the data is sufficient for multicomponent fits to yield
useful results.

2. General variability properties for our sample are consis
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FIG. 24.— Kast spectra of objects observed at the start of thepamm but not selected for continued monitoring.

APPENDIX
A. ADDITIONAL SPECTRA

During the first few clear nights of our Lick program (2011 Ma29-31), we observed several additional galaxies that wer
initially selected as possible reverberation targets thaseSDSS or other spectra or on AGN classifications from thesliure,
but which were subsequently discarded from our monitoramgde. Some of these objects were too faint for regular rodni,
and others appeared to be in a low flux state compared withqugwbservations. In one case we did not detect any emission
lines in a galaxy previously classified as a Seyfert 1. Irstimgly, three AGNs selected from SDSS based on their stboogd
H emission had significantly different spectral propertibgewobserved at Lick: Mrk 474, Mrk 728, and Mrk 1494 all appelar
to be excellent reverberation mapping targets based on Sp&Sra observed in 2003—-2006, but by 2011 the previousiggt
broad H3 lines faded so completely that they would be classified as Typ Seyferts. Transitions like these are not unprecedente
ie.i .I Tohline & Osterbrock 19/76; Aretxaga el al. 1999; Siempet al. 2014; Denney etlal. 2014; Scott &t al. P014; LaMetssia
2014), but little statistical information is available drettimescale or duty cycle of such dramatic changes. For edengss, we
present notes on the discarded targets below, along with pfdhe spectra (Figufe24) and comparisons with the eSS
spectra for the three AGNs that exhibited a near-completpgiearance of broad3HFigure[25).

KA 1925+50: This Seyfert 1 galaxy at= 0.067 is one of the brightest AGNs in the field observed durirggrttainKepler
mission, and initiaKepler light curves were presented by Mushotzky etlal. (2011). Wicu its Seyfert 1 classification, but its
broad H3 emission line has a low amplitude relative to the host-gataxatinuum, so itis not an ideal target fopHeverberation
mapping although H emission is very strong. lIts full designation is 2MASX J102%5+5043134. See Edelson & Malkan

) for further information about this object.

Mrk 236: This AGN appeared to be in a fainter state than in an earli8SBpectrum, and was discarded in favor of other
objects in the same RA range.

Mrk 474 (NGC 5683): In the SDSS spectrum (observed 2003 April 4), this is a Seffgalaxy with very strong broad H
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FIG. 25.— Comparison between SDSS and Kast spectra for Mrk 47 /2B, and Mrk 1494, illustrating dramatic fading of the &ddH3 emission lines over
a span of 5 to 8 years. The Lick spectra were not taken undeéomietric conditions, and have been scaled by an arbitratpiféo facilitate comparison.

emission. Our Lick spectrum shows that the AGN has faded dtiaaily, and broad H is no longer visible.

Mrk 506: The broad 8 emission in this galaxy is too weak to be useful for reverti@nanapping, and our spectrum appears
very similar to the SDSS spectrum.

Mrk 728: This is another example of an object having strong brogdrtHthe SDSS spectrum (observed 2004 April 24) but
showing little or no detectable broadsHin our Lick data.

Mrk 885: This object is classified in NED as a Seyfert 1.0, but hasivelgtweak broad K and is too faint and starlight-
dominated to be a good reverberation-mapping target.

Mrk 1494: The broad H line in this AGN also appears to have faded dramatically imparison with the SDSS spectrum,
observed on 2006 May 28. The narrowl[d and H3 lines are also significantly fainter in the Lick spectrumrthathe earlier
SDSS data.

NGC 6423 (Ark 524): This galaxy is listed in thie Veron-Cetty & Véion (2006) catabind in NED as a Type 1.5 Seyfert, but
we do not detect emission lines in its spectrum.

B. ON THE RELATIONSHIP BETWEEN MEAN AND RMS PROFILEWIDTHS

Broad-line widths measured from rms spectra are commordy trs derive black hole masses from reverberation data. In
light of the very widespread use of rms profile widths for deti@ation of black hole masses and for calibrating the dvera
normalization of the AGN black hole mass scale (Onken et@04Z Peterson et &l. 2004; Collin etlal. 2006; Woo et al. 2010;
(Graham et al. 2011; Park eflal. 201.2b; Grier ¢ft al. 2013b; Hd® [R014), we include in the following sections a descriptign
simulations which may be helpful in clarifying certain asfgeof the behavior of the rms profile in time-series spectipyg of
AGNSs.

We first examine the relationship between broad-line profildths in mean and rms spectra. The mean line profile gives
a useful representative view of the typical emission-liridtlvduring an observational campaign. However, the meafil@r
incorporates the complex and nonlinear response of thepliofle to continuum variations (including profile width \ations
and centroid shifts as well as flux variations, as illustidateSectior 6.8), so it is not identical to the single-epootfife that
would be observed when the AGN is at its mean flux. The intéafion of the rms spectrum is less straightforward. It is
sometimes stated that the rms spectrum represents thélegpiartion of an emission line, because nonvarying comptsngo
not contribute to the rms (e.q., Peterson et al. 1998; Rmte&3IVandel 1999; Fromerth & Melia 2000). However, the BLR is
not composed of distinct variable and nonvariable compteather, different regions of the BLR have different i@sgivities
to continuum variations, and the rms spectrum does not sporel directly to the spectrum emitted by any specific playsic
subcomponent of the BLR. Essentially, the rms spectrumatulias a tool for visualization of the relative degree ofiaaility as
a function of wavelength across the line profile, due to spgtiadients in emission-line responsivity across the BbRikined
with the effects of light-travel time across the BLR, butstriot obvious how to interpret the physical meaning of theaig}
width of an rms line profile. Since reverberation-mappingpaigns are unable to acquire continuously sampled olisemgaas
an AGN varies, the detailed shape of both the mean and rm#rampends additionally on the observational samplinggpat
used during the campaign. Finally, continuum variabilitgaoise in the data will have an impact on the line profileswialths
measured from rms spectra; we examine these effects in Npﬂﬂbelow

The width of broad H is typically found to be slightly narrower in rms profiles tha mean profiles (e.d.. Sergeev et al. 1999;
[Collin et al.[2006[ Bentz et al. 2010a). Combining our sanwikl the previous 2008 Lick AGN Monitoring Project sample




28

(using measurements fram Park effal. 2012a, based on dfittitrg methods similar to those employed here) plus addai

Lick observations of Zw 229-015 (Barth eflal. 201 1a) and KB8:84850/(Pei et &l. 20114), we have 17 independent measutemen
of the ratioo(rms)/o(mean) for K in 15 AGNSs, including two measurements each for Mrk 40 and 2@-Q15. This ratio ranges
from 0.43 to 1.06, with a mean value of 0.85 and a standardatiexiof 0.15 among these 17 measurements. Similarly, in the
sample of 15 AGNs examined by Sergeev etlal. (1999), the geerue of the ratia(rms)/o(mean) for the broad Biline is
0.87.

The narrower widths of rms profiles fordtan be understood as a consequence of high-ionization ¢fasiimner BLR having
a lower responsivity to continuum variations than low-gation gas more distant from the black hale % G
predict a factor ofv 5 change in B responsivity across the radial range of the BLR. The higbeity wings of the line profile
are emitted primarily by low-responsivity portions of them, while higher-responsivity gas contributes mainly te time core.

As a result, the core of theHprofile varies more strongly than the wings, making the rnadilernarrower than the mean profile.

Why is it thato(rms)/o(mean) typically takes the value 0.85? The purpose of this Appendix is to illustrate by means of
simple numerical simulations that this ratio is dictatedtty relationship between the broad Kingle-epoch luminosity and
line width (as described in Sectibh 6), which is fundaméynttonsequence of the variation in emission-line respitysicross
the BLR. The calculations presented here are not derived &@hysical model of BLR variations; this is merely a numearic
experiment designed to examine the behavior of rms profifeswthe line width responds in a well-defined way to flux vaoiad.

We begin with a Gaussian line profile as the baseline profilstieady-state emission. Using the methoﬁnig
(1995), we generate a random light curve of some specifiedtidn; sampling, power spectrum shape, and rms variability
amplitude (or=,4,). As we describe below, the details of the light curve carion have little or no effect on the ratio of rms
profile width to mean profile width.

Then, we generate a time series of line profiles in which bo¢ghine luminosity and its width vary in response to contimuu
fluctuations. Assuming a delta function with lagfor the velocity-integrated transfer function, at eacheithe integrated
luminosity L of the emission line is made to scale linearly with the inpaitsauum light curve luminosity at time-7. The
width of the Gaussian profile is also made to vary, such traptioduciz?L%® remains constant as the line luminosity varies.
This represents the most common behavior seen in our saingle (H3)x f(H3)%2%], and corresponds to a situation in which
the single-epoch virial product remains roughly constanth@ AGN luminosity varies. From the time series of restltie
profiles, we construct the mean and rms profiles and calcajgtéor each.

The result of this experiment is surprisingly simple. In thean spectrum, the emission line has a profile that is vemtynea
Gaussian. As expected for a broad line showing higher vilitimsbmplitude in the core than in the wings, the rms profge i
narrower than the mean profile. The rms profile has an appairisnGaussian shape, but exhibits additional structuthen
faint high-velocity wings, and this profile shape is neangependent of the input light curve properties. The peagteif the
rms profile depends on the variability amplitude of the lightve, while its width is only very weakly dependent on vhilisy
amplitude. In the limit of small but nonzero light curve \ace, the ratiz(rms)/o(mean) converges to 0.824. As the light
curve variance is increased, we find that this ratio becoregsslightly sensitive to the input light curve properti€sr example,
when the input light curve is scaled to hayg, = 0.2, the simulations produce a resultefms)/o(mean) = 083+ 0.01, where
the uncertalnty represents the standard deviation of gdioen 1000 simulations carried out with different randoghticurves.
Figure[26 shows an example of a mean and rms profile obtained dne such simulation witk,, = 0.2 over a light curve
having 500 equally spaced points, with a fluctuation powecspm of the fornP(v) oc =27 (wherev is the temporal frequency
of fluctuations). The rms profile shape would appear virjuidiéntical for different choices of light curve durationgsampling,
power spectrum slope, or variability amplitude, althoughabsolute normalization dependskg-

These simulations produce a ratigrms)/o(mean) that is remarkably close to the observed mean rafiB86t- 0.15 found
from our Lick Observatory monitoring campaigns. In otheres the typical ratio of line widths observed in rms and migaan
profiles simply reflects the fact that in most AGNs, the broadiHe maintains a roughly constant value of the prodifév? as
the AGN luminosity varies. The larger dispersion of valubsarved in real AGNs most likely results from the range diedént
(non-Gaussian) profile shapes in different AGNs, and al§erénces in the scaling relationship between single-kjaninosity
and profile width. Changing the power-law relationship lwline width and luminosity does alter the width of the rircfife
relative to the mean profile. For example, if we calculate et®for a flatter single-epoch scaling relationshiprgf oc L™097
(as observed in Mrk 50), the simulations yiel(fms)/c(mean) = 0924 0.01.

The prevailing use of rms profile widths as the basis for catibg the AGN black hole mass scale underscores the need
for further work to understand the rms spectrum by means afetdiled simulations of BLR line profiles mcorporatlng BLR

amics and photoionization physics, including luminosiependent changes in emission-line responsiyvity @
ﬁj Goad & Korisia 2014). The dynamical modeling apprdachnterpretation of reverberation-mapping d.

2012 Li et all 20113; Pancoast etlal. 2014a) avoids the pnobfeelying on simplistic measures of line width from eitineean or
rms spectra, and can provide more direct constraints ok blale masses. For future development of these models, ulche
a high priority to incorporate a spatially variable and laosity-dependent emission-line responsivity based ongabrwization
modeling of BLR structure, in order to more accurately ma@aebbserved time series of variable line profiles. If the oespity
is assumed to be spatially and/or temporally constant athesBLR, it will not generally be possible for these modelsiplicate
the observed anticorrelation between line width and lusitypor the relationship between mean and rms profile widths

C. BIASESIN RMS PROFILEWIDTHS

Since line widths measured from rms spectra are used toedeldck hole masses, it is useful to examine possible sources
of systematic error in these measurements. The rms spettiends information about emission-line variations, aoumtm
variations, and random noise in the data, and it can deuiditgtantially from the “ideal” rms spectrum that would beided if a
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FIG. 26.— Example from a simulation of a mean and rms line proéiémstructed from a time series of Gaussian profiles havinghla luminosities and
widths as described in the text, wittfL%® = constant. The amplitude of the rms profile is set by the dveagiability amplitude of the input light curve in the
simulation, but its shape is nearly independent of the lgginve properties.

single broad emission line could be observed without coimation from other spectral components or noise. In thisexmaix,
we describe simulations designed to examine the impact wofiraum variability and photon-counting noise on line kst
measured from rms spectra.

C1. Biasdue to continuum variability

This same simulation methodology described above allows esamine a potential source of bias in the rms profile wiklét t
can occur when the rms spectrum is constructed from a setecfrspthat have not had the variable AGN continuum removed.
Components of constant flux, such as narrow emission linstadrght, do not contribute to the rms spectrum exceptecettient
that they show some night-to-night variations due to sedifigrences, miscentering of the AGN in the slit, random elangth
or flux calibration errors, or Poisson noise. However, itas widely appreciated that the variable AGN continuum utyieg
an emission line can affect the shape of the rms profile ofitieg &nd that this can potentially introduce significansb&into
black hole virial masses determined from rms profile widths.

The reason this bias occurs is that the continuum and emidisie variations are out of phase with one another: theheowi
portions of the light curves where the continuum is risinglesthe emission-line flux is falling, and vice versa. Thig-oftphase
variability alters the rms amplitude of thetal (line plus continuum) flux, and tends to preferentially siggs the rms flux in the
line profile wings relative to the line core. Consequentig tms profile constructed from total-flux spectra can samegihave
a significantly different width than it would if the emissitine could be observed in isolation without continuum comtzation.
Even a modest bias in determining the rms profile width car lsasubstantial and deleterious effect on the derivatioraikb
hole masses, because black hole mass scales as the squadiné width. The typically employed procedure of fittingdan
subtracting the continuum from the total-flux rms spectrumrgo measuring the profile width does not alleviate thistpem.

To quantify this bias, we carried out simulations using Gausline profiles as described above. As before, the tatal li
luminosity responds linearly to continuum variations, #mel line luminosity and width vary such thatL%° remains constant.
For the input light curves, we assumed a fluctuation powestsp@ of the formP(1) oc »~27, similar to the properties of nearby
AGNs monitored by théepler mission (Mushotzky et al. 20111), and we carried out simareiwith light curves of varying
duration and various values Bf,;. The velocity-integrated transfer function was assumelketa delta function at a lag of 10
days. The emission line was set to have a mean equivalertt widt20 A relative to the mean AGN continuum flux density
(typical for the broad K lines in our sample) and an initial width of,e = 2000 km §', and the continuum flux level was
assumed to be flat over the wavelength range of interestti@peere constructed for velocity bins of 60 knt,scorresponding
closely to the 1 A wavelength bins of the Kast blue-side da@teese simulations do not include the effects of photon-tingn
noise, random wavelength or flux calibration errors, cbutions of narrow-line or host-galaxy components to thecspe or
nonuniform sampling cadence, all of which can further aherrms spectrum. (The impact of photon-counting noisessiileed
in the next section.)

Starting from each simulated continuum light curve, we gateel a time series of emission-line profiles. At each tirep,stve
created a spectrum of the emission line alone, and a totasflactrum including both the line and the continuum. Twaigars
of the rms spectrum were then computed from the time seridimefonly and total-flux spectra. Then, the line dispersion
giine Was measured from each of these. For the total-flux rms specthe surrounding continuum level was removed prior to
measuring the line dispersion by subtracting the minimutaevaf the rms spectrum. In order to minimize the impact of rms
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FIG. 27.— Results from simulations to examine the ratio of linefite widths in total-flux rms spectra vs. emission-lineyonmhs spectralLeft: Example of a
simulation exhibiting a significant bias in the rms profileltii when using the total-flux rms spectrum. The upper pamele she continuum and emission-line
light curves; each point in the emission-line light curveresponds to a simulated observation of the spectrum. Timéncam hassar = 0.1, and the emission

line has a lag of 10 days and an equivalent width of 120 A. Thetqanel shows different versions of the rms spectrum. ankbis the “true” rms spectrum
determined from spectra of the emission line only (withoarit;iuum) over the 50 epochs of the simulation. The red dstdd curve shows the total-flux
rms spectrum which includes the contribution of the vagat®ntinuum. The blue dotted curve shows the same total-fisxapectrum, after subtracting the
minimum continuum value and rescaling to match the peak flukeotrue rms spectrum. In this case, the dispersiga of the total-flux rms spectrum is 75%
of the dispersion of the true rms spectrum, which would leadrt inferred black hole mass that was only 56% of its “trudueaRight: Simulation results
showing the distribution of the ratio of emission-line disgionsoji,e measured from the total-flux and line-only spectra. Sinmutetwere carried out for a lag
of 10 days, monitoring durations of 30, 50, and 100 days wétlydsampling, and~a=0.1.

flux in the very distant high-velocity line wings on thg,. measurements, the dispersion was measured only over tledemgth
range between the two minima on either side of the profileages where the rms profile exhibited local minima straddtieg
line profile. Similarly, for the line-only rms spectrum wesalmeasured the dispersion only over the wavelength rargeée
the two local minima that occur in the profile wings. In reataddahese very shallow minima would most likely not be vieibl
as a result of the additional contributions to the contindewel of the rms spectra from other noise sources, and theraifie
width would be measured over some visually defined waveteragtge corresponding roughly to the full width at zero istgn
of the rms profile.

The simulations show that the width of the total-flux rms Iprefile can often deviate very substantially from the width o
the line-only rms profile, particularly when the monitoridgration is only a few times longer than the emission-lirgg Rigure
(left panel) shows an example of one simulation, with al&@-spectroscopic monitoring duration (i.e., 5 times lartgan
the lag, and assuming nightly observations with no gapsk figure illustrates both the line-only rms profile, which shb
be considered the “true” rms profile for this simulation, dne total-flux (line plus continuum) rms profile. By subtiagtthe
continuum level from the total-flux rms spectrum and resgplt to match the peak of the true rms profile, it is immediatel
apparent that the total-flux rms profile is much narrower tthentrue profile. In this instance(total)/o(true) = Q75, which
would bias the inferred black hole mass by a factor.@50= 0.56.

To examine the distribution of this bias factor, we carrietl @ set of these simulations for campaigns of duration 30ab@
100 days, assuming nightly sampling in each case and a fide@ waF,;, = 0.1 for the AGN continuum. In Figurle27 (right
panel), we plot the distribution of the ratiqtotal)/o(true) determined from a set of 46imulations at each campaign duration.
The bias distribution is a strong function of campaign doratFor example, we find that the percentage of simulatiensning
o(total)/o(true)< 0.75 is 22%, 6%, and 0.3% for campaign durations of 30, 50, afdi&9s, respectively. In most of the recent
large reverberation-mapping programs carried out by amtand others, the monitoring duration is usually at leaSttimes
longer than the measuredsHags of the targets, but as future programs push toward high@nosity AGNs at higher redshifts
there may be increasing numbers of AGNs for which the spsctquic time series is sampled less intensively, over a mong
duration that might be just barely sufficient to measure &lggtypically about- 3 times the lag). In that situation, the total-flux
rms spectrum can frequently give a misleading measure drttigsion-line width.

In actual reverberation data sets, the magnitude of thiswithdepend on the details of the light curve shape and kit
amplitude, the transfer function shape, the profile shagesgnivalent width of the emission line, and the samplingecaé of
the observations, so the outcome will be different for edang series of data for every AGN. Our intention is not to gaut
exhaustive simulations for a broad range of AGN paramekbeitssimply to demonstrate that this bias can occur undec&pi
circumstances of a reverberation measurement when tHeltotams spectrum is used. The simulation results shownguie
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illustrate thatine can sometimes be severely underestimated even when theldigies have sufficient duration and sampling
that the emission-line lag could easily be measured acalyrat

We propose that the best way to avoid this problem is to cartycontinuum fitting and subtractigmior to construction of
the rms spectrum, so that line widths can be measured fromaispectrum that is free of continuum variability contartioma
Other advantages of carrying out spectral decompositionseasurement of Birms profile widths have been discussed by
[Park et al.[(2012a); they focused on the importance of rengpidell, Fell, narrow-line components, and starlight prior to
constructing rms spectra, but they did not remove the nthaisfeatureless continuum. Figurk 6 illustrates the amtsion of an
rms spectrum for the broadMine in isolation, with other emission-line and continuuangponents removed, and in this paper
we have measured the profile widths from rms spectra cortsttire this way. It is still necessary to carry out a local coumam
subtraction by fitting a linear continuum model to the rms fhnxeither side of the H line in order to remove the small residual
rms flux level due to random noise in the data. For the case kf4iillustrated in FigurEl6, the values &y for the total-flux
rms spectrum and the line-only rms spectrum differ by just B#sed on our simulations, only a very small difference \adad
expected given that the campaign duration we20 times longer than the Hlag of ~ 4 days for this AGNI(Bentz et &al. 2009b).

C2. Bias due to photon statistics

The finite S/N of spectroscopic observations is the soureedifferent bias that can afflict profile widths in rms specirhe
pixel values in an rms spectrum are determined not just bipb#ity in the AGN, but also by the noise level in the spectfa
nonvarying object would still be observed to have a nonze®spectrum due to photon-counting noise and detector.rnblise
contribution of these noise sources can affect the profitihwin the rms spectrum simply because the flux density isk&np
the core of the emission line, hence the noise level will lghést there as well. The larger contribution of noise in ithe tore
will elevate the peak of the line profile in the rms spectrutatiee to the wings, making the line slightly narrower thawould
appear in the absence of noise. While this is not a largetefteimpact is amplified because virial masses scale agjiers of
the line width.

To examine the impact of S/N on rms profile widths, we carrietforther simulations using the same methodology desdribe
above. Continuum light curves and the resulting time sesfeline profiles were created using the same prescriptios an
parameters described in the previous section. The contirand emission-line spectra for each simulation epoch wededa
to give the total flux spectrum at each epoch. Then, Gausairaom noise was added to each spectrum in the time series. The
Gaussian dispersion for this pixel-to-pixel noise leveswat by fixing the continuum S/N to a given value, and scahegibise

level bysl/z, where§ is the flux density at pixdlin the spectrum. Each simulation was run for a total spectijois monitoring
duration of 100 days with nightly sampling, an emissiorellag of 10 days, and a specified valueFRyf; for the continuum
variability amplitude.

From each simulation, we computed a “true” rms spectrum fitoertime series of noise-free emission-line spectra orityy w
no continuum contributions. Using the noise-added dataswigracted the continuum flux level from each nightly speuatr
and constructed a line-only rms spectrum that included tigencontribution. The line dispersion of the true rms peofias
measured as described previously, by including the flux batyween the two local minima on either side of the rms profite.
measure the width of the noise-added rms profile, we fit anttactied the flat noise continuum using a straight-line fitl tren
calculated the line dispersion over the same velocity rdngewas used for the true rms profile measurement. The ratieo
noise-added rms line width to the true rms line width givesliias factorg(noise-addedy/(noise-free). Since the continuum
flux was subtracted from each noise-added spectrum prioorstaucting the noise-added rms spectrum, this measutdmen
immune to the continuum-variability bias described in thevjpus section.

The degree of bias in the rms profile width depends primarilizg; and on the S/N of the data. We carried out simulations for
continuum S/N ranging from 20 to 100 (in increments of 2) amd= 5, ranging from 0.05 to 0.30 (in increments of 0.01). For
each set of these parameters, we carried out 1000 simutefitsmand determined the median bias factor. Fifuie 28ailjsghe
results, illustrating the ratie(noise-added)r(noise-free) as a function &4, and the continuum S/N. We also display the bias
in the virial product, VP(noise-added)/VP(noise-free}oise-added)r(noise-free). For typical parameters of a successful
reverberation measurement, correspondingp= 0.1 and S/N of 30—-100 per pixel, the rms profile width is biased ky
~ 3—-7%, and virial products are biased low by6—-13%. The bias vanishes in the limit of high S/N and high valiigb
amplitude, but even at S/IN=100 per pixel the virial prodacesbiased low by 5-10%. Unlike the continuum-variability bias
described in the previous section, this effect is not aiad by having a long and well-sampled campaign with a langeter of
observations. For given values of S/N dhg, increasing the number of spectra in the time series wiltawtove this systematic
effect of photon-counting noise on the rms profile widthhaitgh it will make the rms spectrum less noisy.

Given the data quality for typical reverberation campajdgingse simulations suggest that virial products calcdlagéng rms
spectrum profile widths will be systematically low typigalty ~ 10%. The standard practice of normalizing reverberation-
based black hole masses to the lddah — o relation of inactive galaxies (Onken etlal. 2004; Woo &t L@ will compensate
for this offset, and consequently the the virfafactor derived from this procedure (e.g.. Onken et al. 200do et al/ 2010)
will be biased high by~ 10%. The impact of this effect is much smaller than the oVenatertainty on the meaf factor
for the set of reverberation-mapped AGNSs, so this does nweotly represent a major problem for derivation of AGN Ixdac
hole masses, but nevertheless it is a real effect that ieprés all reverberation-mapping dafa. Park étlal. (2012e3gnted a
maximume-likelihood method to calculate rms spectra that designed to be immune to this problem; further tests ofdhis
other alternative methods to calculate rms spectra woulddsthwhile.
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