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THE LICK AGN MONITORING PROJECT: ALTERNATE ROUTES TO A BROADINE REGION RADIUS

JENNY E. GREENE, CAROL E. Hoop?, AARON J. BARTH?, VARDHA N. BENNERT, MisTY C. BENTZ??,
ALEXEI V. FILIPPENKO®, ELINOR GATES®?, MATTHEW A. MALKAN ’, TOMMASO TREU*®, JONELLEL.
WALSH?, AND JONG-HAK WoQ®

Spet 2, 2010; to be published by The Astrophysical Journal.

ABSTRACT

It is now possible to estimate black hole masses across casme, using broad emission lines in active
galaxies. This technique informs our views of how galaxie$their central black holes coevolve. Unfortunately,
there are many outstanding uncertainties associated ke#et virial” mass estimates. One of these comes from
using the accretion luminosity to infer a size for the brdiad-region. Incorporating the new sample of low-
luminosity active galaxies from our recent monitoring cagm at Lick Observatory, we recalibrate the radius-
luminosity relation with tracers of the accretion lumirtgsdther than the optical continuum. We find that the
radius of the broad-line region scales as the square robeof#ray and H luminosities, in agreement with recent
optical studies. On the other hand, the scaling appearsrabginally steeper with narrow-line luminosities. This
is consistent with a previously observed decrease in the edharrow-line to X-ray luminosity with increasing
total luminosity. The radius of the broad-line region ctates most tightly with K4 luminosity, while the X-
ray and narrow-line relations both have comparable scaftarfactor of two. These correlations provide useful
alternative virial BH masses in objects with no detectalpigcal/UV continuum emission, such as high-redshift
galaxies with broad emission lines, radio-loud objectdpoal active galaxies with galaxy-dominated continua.

Subject headinggjalaxies: active — galaxies: nuclei — galaxies: Seyfert

1. THE RADIUS-LUMINOSITY RELATION gion. The best estimate for its size comes from “reverbemati
é)r echo mapping (Blandford & McK&ge 1982). Detailed spec-
roscopic monitoring allows an estimate of the light-tigirae
through the BLR, by measuring the delay between variations i

Over the past decade, interest in measuring supermassiv
black hole (BH) masses has intensified, as evidence mouatts th

BHs play a central role in galaxy evolution (e.g., Silk & Rees . ! S o
pay g y (. the continuum and line emission (see the recent compilatjon

1998; | Hopkins et al. 2006). Locally, BH masses are mea- . ] X - )
sured using stars, gas disks, or megamaser disks as Olyn(,jm!?eterson et al. 2004). This technique has a long history, (e.g

: T Antonucci & Cohen| 1983; Peterson et al. 1983; Ulrich et al.
ical tracers (e.g., Giltekin etlal. 2009). None of these -tech , : : :
niques can currently reach beyond a few tens of Mpc. Thus, 1984 Gaskell & Sparke 1986), and thus far has yielded reliab

we resort to indirect mass estimates in actively accretiHg B S|z§s fora fe\t/)v dotz_en sourcez(:see Petershon e% 2dOOlF).

to probe BH and galaxy coevolution at cosmological dis- . 'V? r_?ver_gtrr? '°”"T‘apl?e s%u\;c?\31534§)v¥/ ecline
tances. Studies of the BH mass and accretion-rate distri-'" VS'OCIy WIGIN ranging from 0 Hp, as ex-
butions both locally|(Greene & Ho 2007; Schulze & Wisatzki pect’e.d for a V|r|aI|erd BLR in a /R potential (Kollatschrly
2010) and at higher redshifts (Woo etlal. 2006; Kollmeieret a 2003; Peterson etdl. 2004). Data from our Lick AGN Mon-

2006; Shen et él. 2008b; Woo etlal. 2008; Vestergaard & Osmeritoring.Project (LAMP), the S.UbjeCt of this paper, are CGH.Si
2009; Kellv et a.\. 2009’), as We.ll as ’studiesv of possible tent with the same assumption; when multiple Balmer lines

evolution in BH-bulge scaling relations (e.g., Shieldslet a are (;otns?eret_d |ntdep$nd§1ntly (e'gl'la,:j—'—"ﬁ,' II'W)' dalljlf?%geg
2003 Treu et al. 2004 Walter et al. 2004; Peng &t al. 2006a,b CONSistent estimates for the so-called virial producty/

Treu et all 2007; Salviander et al. 2007; Alexander et al8200 (Ben_tz et ?"- 2010). On th_e Ot_h?r hand_, other models, such
Jahnke et al. 2009; Greene el al. 2010; Bennert 5t al] 201L0), a 25-9iSk wmﬁ_s, would predict similar radial dependence.(e.g
rely on BH masses derived from active galactic nuclei (AGNs) Murray & Chiangl 1995). The importance of radiation pres-
BH masses derived from AGNs use the broad-line region SUr€ In supporting the BLR is currently a matter of de-
(BLR) gas as the dynamical tracer, based on the assump#on th bate as well (_e.g_., Marconi et ‘.ll' 2008, 2009; Netzer 2009;
the gas is primarily accelerated by the gravity of the BH. The Netzer & Marz_larn 20_10). Despite these major uncertainties
gas velocity dispersion is derived from the broad-line wjdiut the reverberation-derived BH masses correlate remarkeddly

- ; ; L with the luminosities and stellar velocity dispersions loéit
the BH mass estimate also requires the radius of the emitting host bulges (Bentz et lal. 2009b; Woo et al. 2010). In addition
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the very few existing direct dynamical measures of BH massesuum luminosity.

have so far turned out to be consistent with the reverberatio Table 1. Observations
mapping virial estimates (Davies etlal. 2006; Onken gt &420 p—— R
Hicks & Malkan 2008). @ @ @ @ ® © 0 ®
Since reverberation radii are usually not available, a sec- w2 213 421 atesos a2 1 . s20071124
. . . . SBS1116 2413 o 40.67- 0.04 40.4 1
ondary estimate of BLR size is often obtained from the em-  .ps atilz 425 4097007 407 1 5 2000-02-21
pirical correlation (the “radius-luminosity” relation)ebveen v S v S SR o e
AGN luminosity and BLR sizeRg g o L? (Kaspi et all 2000, Mik766 62613 429 408E002 413 1 412 §2006-12-28
. 7] - . . N NGC4748 5615 41.3 41.0% 0.02 41.2 1 e S, 2007-01-08
200‘), Bentz et al. 2006, 20093) With jUSt a measurement of NGC5548 4313 434 41353004 416 1 S,2007-6-19
the AGN luminosity, typicallyLssoo and a broad-line width, eSS 52— —smes e s
PG0026+129 111€81.3 44.5 42.92 0.04 429 3 42.2
typically FWHMys, one can roughly estimate a BH mass as poooa6iiz0 1ol s 4zeR 004 429 3 2
Mgn= fv?L?/G. Heref is a scaling parameter that includes Faralo 17413 440 4265002 419 4 415
unknown information about the geometry and kinematicsef th 3C120 WLL6 440 4238004 419 2 425
BLR Ark120 39411 43.8 42.58-0.03 41.3 2 e
. Mrk79 152+ 1.4 43.5 41.88 0.03 415 2 e
- “qi - ” ri N- PG0804+761  146:81.1 44.3 43.26- 0.03 42.3 3 41.7
‘These so-called “single-epoch” virial BH masses are in poOOAITOL lomll M3 w00 s 3T
direct, and depend on a number of assumptions. Two em-  wkio 25512 439 4202002 418 2 -
.. . . . . PG0953+414 1504 1.2 44.6 43.43 0.02 43.0 3 423
pirically determined quantities fundamentally limit theca- NGC3227 7838 419 4042005 404 5 403
racy of the derived BH masses. One fis which is cur- ool SE22. 4L MDA S wo
rently determined for ensembles of active galaxies through  necast  s&i4 414 3978008 307 7 396
. . NGC4151 6.61.2 42.7 41.18-0.09 41.6 8 40.8
comparison between AGN-based masses and other estimates reizuivss sss1s 437 4298005 424 3 414
H PG1226+023 3068 1.3 45.8 44.18-0.03 43.0 3 42.8
of MBH such as thdvIBH — O relation (e-g-, Gebhardt etlal. PG1229+204 378 1.7 434 4233005 419 3 41.4
. . 9 . NGC4593 3.7&12 42.8 40.89-0.11 40.6 9 40.4
2000; | Ferrarese etal. 2001, Nelson etlal. 2004; Onken etal.  Jocses ~ari2 = 428 “nseoll 406 9 o4
2004, Greene & H0 2006; Shen etlal. 2008a; Woo gt al.[2010).  wrkers 16713 437 4196004 415 10 414
. PG1411+442 1243817 43.2 42.83 0.02 420 3 41.6
While there are good reasons to suspect thamay depend NGCS548 18810 435 4173005 416 11  40.9
on physical properties of the BH such as accretion rate, (e.g. Polihiols SealS MO0 azeanoe w2z 3 M9
Collin et al.l2008), reverberation-mapping campaigns hrete POlolsiess 40E1S a4 I2OB003 424 3 24
yet succeeded in measurirfgdirectly for individual objects. PGI700+518 251812 -  4374:002 3
- . . . 3C390.3 23613 44.2 42.29-0.03 e 12 e
We are getting closer, however, since two-dimensionalrreve MKS09 796011 441 4268000 423 2 419
beration mapping is growing more common and the velocity- Ronse9s iz A7 2o,y w2l 80 w0

resolved emission-line response strongly constrdine in-
d|V|dUa| sources (eg + KO”atSChny 2003 Bentz e‘ al' 2008 Note. — Col. (1): Galaxy name. Note that references for athdats are included in §3. Col. (2): BLR

Den nev et al . 20()9) . radius (light days). Col. (3): X-ray luminosity (erg’3. Errors are not included, since they are dominated
- by variability, but we assume 20% uncertainties on all val(see §3.1). Col. (4): Blluminosity (erg st).

The Other em p|r|Ca”y determ'ned parameter |S the S|Ope Of Col. (5): [Om] A5007 luminosity (erg $); assumed errors are 0.15 dex, based on differences iatliter

measurements (§3). Col. (6): References for then[Gluxes: (1) Bentz et al. (2009); (2) Peterson et al.

the radius_luminOSity relatiorﬁ! WhICh iS the SUbjeCt Of th|S (1998); (3) Boroson & Green (1992); (4) Winge et al. (199&) Denney et al. (2010); (6) Stirpe et al.

paper We are motlvated to I’eVISIt th|S questlon than ks fo ou (1994); (7) Peterson et al. (2000); (8) Kaspi et al. (1998);[ietrich et al. (1994); (10) Santos-Lle6 et al.
(2001); (11) Peterson et al. (1991); (12) Dietrich et al.9@9 (13) Collier et al. (1998). Col. (7): [O

recent reverberatlon-mapplng cam palgn, WhICh haS dombéd 1v] A25.8 m luminosity (erg 5); assumed errors are 0.15 dex as fon[Pabove. Col. (8): Instrument for
. . X-ray luminosity: S=Swift C =Chandrg X =XMM-Newton A=ASCA Below the line all X-ray luminosities
number Of reverberat|0n'mapped AG NS W%LR 5 10 Ilght are taken from Kaspi et al. (2005). For the LAMP objects we aislude the date of observation.
days. We do not consider the optical AGN continuum luminos-
ity because thé{ubble Space TelescoelST) is required to 1.1. Which Luminosity Best Predicts BLR Size?

spatially disentangle the AGN and galaxy continuum for ¢hes
low-luminosity sources. The requisitdST imaging is under-
way (GO-11662, Pl Bentz), and we will present the optical
radius-luminosity relation in a future paper. Here we foouns

If the spectral energy distributions (SEDs) and the den-
sity distribution in the BLR are independent of luminosity,
then we expect that the BLR size will scale simply with the

other direct and indirect indicators of the AGN luminosity, square-root of the photoionizing luminosifg r o VL (e.g.,
cluding the X-ray luminosity and broad and narrow emission- Netzer  1990). The most recent calibrations of the radius-
line luminosities. luminosity relation have all been consistent with this dienp

There are practical reasons to consider other routes to deJelation (Bentz et al. 2005, 2009a). o
termining BLR radii. For example, alternate relations are |f the SEDs were really independent of luminosity, the pho-
useful whenever the optical/lUV continuum from the AGN is toionizing luminosity could be estimated from a measure of
not measurable. This could occur when the AGNs are ra- the AGN continuum at almost any wavelength. However,
dio loud, so that the optical/UV continuum is contaminated there are observational indications of luminosity depewee
by synchrotron radiation, or when the galaxy rather than the in SEDs. Indeed, on theoretical grounds we might also ex-
AGN dominates the optical continuum (e.g., Wu ét al. 2004; Pectsmaller and hotter accretion disks around lower-maéiss B
Greene & Hb 2005). It has become common practice to use H (€.9./Shields 1978; Zheng & Malkan 1993). While the equiva-
or H3 luminosities to calculat®s g for high-redshift targets ~ lent width of H3 is constant in high-luminosity active galax-
where the continuum is rarely detected (€.g., Alexandelleta i€s (€.9.. Searle & Sargent 1968), both Croom =tial. (2002)
2008;[Shapiro et al. 2009). Finally, remarkably, there @i-in ~ @nd.Greene & Hol(2005) see evidence for a weak inverse-
rect evidence that broad-line widths measured from patdriz  Baldwin effect in H3 at low luminosity. Furthermore, the in-
line emission may provide a reasonable single-epoch Bl crease inaox with UV luminosity (e.g., Avni & Tananbaum
mass (e.g/, Zhang etlal. 2008; Liu etlal. 2009, C. Y. Kuo, in 1982; [Steffen et al! 2006; Desroches etal. 2009) suggests
preparation). In these cases, hard X-rays or narrow emissio luminosity-dependent changes in the SED. Finally, the rel-
lines are some of the only available proxies for AGN contin- ative strengths of the “big blue bump” and the X-rays de-
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pend on Eddington ratio, with the latter dominating at lower direct and unbiased probe of the photoionizing con-

Lyol/Leqgq (Malkan & Sargent 1982; Vasudevan & Fabian 2007; tinuum. Both [ Bentz etal. | (2009c) and__Kaspi et al.
Vasudevan et al. 2009). For a review of the situation at yet (2005) tabulate averagéns measured in the same way.
lower Lpoi/Leqa Seel Ho 2008. Therefore, in this paper we Table 2. Fits

will consider several observables which may correlate with
and thus be used to estimate, the ionizing luminosity. $ipeci

cally, we consider the following proxies for the AGN luminros &) é) g) EZ) Z'_)t)
ity: hard X-ray luminosity [2-10 kev), H3 luminosity (Lng),
narrow [OI11] A5007 A luminosity (o i), and narrow [QV] Lo-1okev/10%®  0.09£0.05  0.52:0.05 0.26 C
A25.8m luminosity Lo 1v})- Lo-10kev/10°  0.09£0.06 0.52:0.05 0.25:0.05 ML
. . 3

Throughout we assume the following cosmological param- '[Hﬁ/ 18:3 8'238'82 g'gig'gj 02%'[20204 MCL
eters to calculate distancesly = 100h = 70 km s* Mpc™, Hg/ 5 PO I e

O =0.30. and . = 0.70 L, /10° 0.86+0.06 0.53:0.04 0.22 C

m = U.oU, andiy = U.70. Lpg, /10%3 0.86£0.06 0.53-0.04 0.22:0.04 ML

Loy /102 0.53t0.06 0.62:0.07 0.29 C

2. THE LICK AGN MONITORING PROJECT L[OIII] /1042 0.52+0.06 0.610.07 0.30:0.05 ML

The new measurements that motivate this work result from Lo /102 0.76:0.10  0.58:0.11 0.35 c

LAMP, a dedicated monitoring campaign of 13 AGNSs (includ- Lon/10%  075:010 058011 035007 ML

ing the well-studied Seyfert galaxy NGC 5548). We specif-

ically focused on nearby (redshift< 0.05) Seyfert galaxies

with low luminosities G\leoo,i 1073 erg S—l) and probable . Note. — Fits to log ReL.r/10pc) =a +SlogL, for each luminos-

BH masses in the range 463 x 10’ M, since this luminos- .. ) .

ity and mass regime had not been explored fully in the past. Col. (1): Luminosity measure (ergy. Lyys,/10% has the narrow
. o . . . HB emission removed. Col. (2)x. Col. (3): 3. Col. (4): Intrin-

Spectroscoplc monitoring was carried out with the I.‘ICk Ob- sic scatter. Maximume-likelihood fits are those with errorsban the

servatoty 3 m Shane telescope OYer a nearly pOI’ItIgL_]OU_S 64 intrinsic scatter. Col. (5): Fit type, either G2 fit or ML=maximum-

day period|(Bentz et al. 2009c), while photometric monitgri likelihood.

was performed over a longer period utilizing four smallde-te

scopes|(Walsh et al. 2009). We successfully measured BLRNote that we present results based both on the tofalurhi-
radii l_)ased onH for nine objects (Ber_l'gz et al. 2009c), reported nosity (narrow and broad combined) and the brogdutninos-
lags in multiple other Balmer transitions (Bentz et.al. 2010 jty alone. The results are basically identical, since theliare
and succeeded in measuring velocity-resolved lags in at lea |yminosity difference is less than 5%. Although it would be
three sources (Bentz et'al. 2008, 2009¢). Finally, we redsi  yseful to examine H as well, uniform measurements do not

the calibration of reverberation-mapped BH masses usiag th exist for the non-LAMP sample, and thus we must await future
Mgn — o relation (Woo et &l. 2010). For the purpose of this pa- \york.

per, we focus on BLR radii based exclusively ofi tag times. The [O1lI] luminosities for the LAMP sample itself are mea-
sured from the Shane spectra and are presented by Beniz et al.
3. LUMINOSITIES AND BLR RADII (2009t). For the non-LAMP targets, we draw from previ-

The BLR light-crossing times used here are presented byous reverberation mapping campaigns for the local galaxies
Bentz et al. [(2009a) and Bentz et al. (2009c) for the previous For the more distant and luminous Palomar-Green quasars
reverberation-mapped and LAMP AGNs, respectively. We note (Schmidt & Green 1983), we combine the equivalent-width
that improved lag measurements were more recently reportedneasurements of [@I] from [Boroson & Green|(1992) with
for a subset of galaxies by Denney et al. (2010). We have con-the continuum fluxes of Kellermann et al. (1989) as given by
firmed that the radius-luminosity relation based ghdibes not Ho & Peng (2001) and Greene et al. (2006). Table 1 contains
change with the inclusion of their lag values, but contiruese all measurements, including relevant references. Notethiea
the old measurements for temporal consistency with theyX-ra [O Ill] luminosities have not been corrected for extinction. The
observations. We follov Bentz etlal. (2009a) and Petersal et  formal errors for the [Qll] measurements are in the range
(2004) and remove IC 4329A from the sample due to uncertain- 2—15%. However, we find a median difference-o#40% be-
ties in the measurements. Throughout we will refer to the-sam tween different literature values (relying predominarattythe
ple of active galaxies with reverberation mapping, exalgdi  compilation of Whittle 1992). The values used here, from pre
the LAMP targets, as the “non-LAMP” objects. We describe Vious reverberation mapping campaigns, are typically Emnal
the origin of the AGN luminosities in this section (Table 1f).  thanthose compiled by Whittle. Thus, in our fitting we adapt a
is useful to remember that “BLR size” here actually refers to uncertainty of 0.15 dex in the line luminosities, as an eatén
the time of peak response of theglémitting gas relative to the ~ of the impact of various systematic effects discussed helow
continuum, multiplied by the speed of light. Had the experi- A large fraction of the non-LAMP sources have ;] 1\25.8
ment been done with & \1549, for instance, the sizes would um luminosities available in the literature from ti&pitzer
have been smaller, but the widths larger. When calculating e Space TelescopeWe draw predominantly from the measure-
fective BH masses, it is important to match the species used t ments ol Dasyra et al. (2008), which cover a large fraction of
measure velocity dispersion with the radius relation catitd the non-LAMP reverberation-mapped sample. We take the
for the same species. measurements for Mrk 766 and Mrk 335 from the work of

Of all the Iluminosities we discuss, only the broad Tommasinetal.(2010) and that of NGC 3516 from the work
HG line luminosity () is measured as part of the of (Gallimore etal. [(2010). With the exception of this last,
reverberation-mapping campaign, simultaneously with all were taken with the high-resolution grating. A similar
the radius measurement. It should provide a fairly comparative exercise as above, this time with the compila-
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tions of| Tommasin et al! (2010), Gallimore et al. (2010), and
Veilleux et al. (2009), yields a lower uncertainty estiméte

10%) than for the [Qll] lines. Presumably greater agreement

is reached because the data sets were in many cases identical

and so we use a value of 40% as above.

The X-ray luminosities for the non-LAMP sources are taken
directly from the compilation of Kaspi et al. (2005). Thewar
derived from a variety of literature sources, but generatly
based omdvanced Satellite for Cosmology and Astrophysics
(ASCA data (Tanaka et &l. 1994). While many of these targets
have more recet XMM-Newtoror Chandraobservations avail-
able in the archive, thASCAmeasurements are actually closer
in time to the reverberation-mapping campaign. Thus, wetdo
the X-ray luminosities presented by Kaspi et al. in all cases

The X-ray luminosities for the LAMP objects come from a
range of sources. In all cases we adopt the observation clos
est in time to that of our campaign (Spring 2008). Six objects
(Mrk 142, Apr 151, Mrk 766, Mrk 1310, NGC 5548, and NGC
4748) have X-ray luminosities frorBwift All were observed
between 2007 and 2009. TIsevift data were extracted using
the xselecttask as part of thelEASARC tool-set. Each source
was extracted from a circular region with a radius of 20 fsxel
(~ 47"). Background rates were negligible in all cases. Count
rates were converted to fluxes assuming a power-law spectru
with T' = 1.8 (E o< E™") and no internal absorption. In the few
cases with multiple epochs (e.g., Mrk 766 and NGC 5548), we
analyze the longest observation where the galaxy centkrss ¢
to the image center.

The remainder of the LAMP AGNSs only have heterogeneous

measurements available in the literature. In one case (NGC

6814) we use theXMM-Newtonslew survey [(Saxton etal.
2008) and in another (Mrk 202) we resort to ABCAobser-
vation from 1999|(Ueda et al. 2005), where aperture photome-
try yields a count rate that is converted to a flux assuming onl
Galactic extinction and@ = 1.7. The luminosity for NGC 6814,
from the slew survey, was derived in a similar fashion, using
the same spectral model. The only difference is that the fux i
reported for 2-12 keV. We use webPIM[So calculate the
2-10 keV flux assuming our spectral model.

With many years of comprehensive monitoring, NGC 5548
is a special case and warrants extra attention. There atteéwu
non-LAMP epochs from Peterson et al. (2002) and Bentzlet al.
(2007). In Figure 1b we show all fifteen epochs in gray for ref-
erence. Currently, NGC 5548 is in a very low luminosity state
The LAMP measurement differs by a factor ©f4 from the
weighted average of all other epochs (e.g., Bentzlet al. @009
Unfortunately, we have only two epochs of X-ray data for this
source, and, given narrow-line region sizes of hundredspf p
the [O1l1] luminosity is presumed constant over timescales of
months. For the purposes of fitting, we adopt the weighted av-
erage lag, 18 0.6 light-days, from Bentz et al. (2009a) as the
non-LAMP point. The early X-ray data are fro&SCAand
were taken in 1993, when the lag was measured to 58§13
light-days (Peterson etlal. 2002). If we rather adopt thtedat
value in our fitting of the X-ray radius-luminosity relati¢®4),
it makes no difference to our results. Since the BLR size of
NGC 5548 has been observed to change on timescales sho
compared to changes in the narrow-line flux, it is also irdere
ing to note that there is a scatter 0268-0.1 dex in the logarithm

%http://heasarc.gsfc.nasa.gov/
10nhttp://heasarc.gsfc.nasa.gov/Tools/w3pimms.html.
Uhttp://tartarus.gsfc.nasa.govl.

r_}_

ET AL.
of the ratio of lag to [QI1] luminosity across the fifteen epochs.

3.1. Systematics: X-ray Variability, Aperture Effects, and
Extinction

Each of the luminosities we consider comes with its own
complications. In the case of the narrow emission linesy the
have been photoionized by the average continuum luminosity
over the past- 100 years, during which timBg g may vary
significantly. On the other hand, the X-ray emission regin i
more compact than the optical emitting region, and thusesgari
on shorter timescales than change®&#nr occur. With nonsi-
multaneous observations, we may introduce significantescat
into the Rg) rR—L2-10 kev relation. In addition, X-ray variability
timescales depend systematicallyMpy and luminosity (e.g.,
O’Neill et all[2005] McHardy et al. 2006; Miniutti et al. 2009

Thus, it is at least conceivable that some systematic bias is

troduced into théRg r—L2-10 kev relation. We investigate that
possibility here.

We start by considering all multi-epoch data available for
reverberation-mapped sources from the Tartarus dafEbase
The benefit of Tartarus is that the fluxes have been derived
from the ASCAX-ray spectra in a uniform way. Spectral fits
to the hard X-rays (2—10 keV) are performed, with the region

Mhround Fe K masked and including possible internal absorp-

tion (which is small in this spectral region). Ten of the non-
LAMP targets have multiple epochs of observations spanning
more than one year in the Tartarus database. They include 3C
120, Fairall 9, Mrk 509, NGC 3227, NGC 3516, NGC 3783,
NGC 4051, NGC 4151, NGC 4593, NGC 5548, NGC 4269,
and PG 1226+023. The typical cadence is a few observations
per year.

For each object we calculate a mean and root-mean square
(rms) flux using the Tartarus database. We find variability am
plitudes of 5-80% (one standard deviation) over the 1-7 yr
timescales probed by these observations. NGC 3516 is the
target with the highest variability amplitude (80%). The-ma
jority of objects do not vary even by a factor of two on these
timescales. The median amplitude of variability~s20%.
Thus, the level of intrinsic variability in the X-ray lumisiy of
most Seyferts is usually too small to impact g r—L2-10 kev
relation. For fitting purposes we thus adopt 20% uncertsnti
in all X-ray fluxes.

We perform a second check using artificial light curves. Our
goal is to investigate whether systematic changes in biesk t
scale will lead to a bias in our derivdRk r—Lo-10kev relation.

We use the prescriptions bf Timmer & Koenlg (1995) to gen-
erate mock light curves with an input power spectrum of vari-
ability. We generate a family of light curves, each of 5 yratur
tion, and each with a characteristic break in the power sglect
density function. The break timescales range from 0.01 to 30
days, which is similar to the range of 0.005 to 30 days seen in
reverberation-mapped sources (e.g., Uttley & McHardy 2005
For simplicity, all light curves have a power-law slopeof —2

(P x f*) at frequencies above the break frequency and a slope
of g =-1 (P x f#) at frequencies below the break. Each arti-
ficial light curve is “observed” 2000 times with 10 ks duratio

he signal-to-noise ratio is taken to be 100 (but does not im-
pact the results) and the assumed variability amplitud®% 2

to match the Tartarus average above. We then look at thedsprea
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fit (solid; 8 = 0.52+ 0.05) and the fit of Kaspi et al. (2008iashedl agree in this case. The intrinsic scatter (Table 2)i6.3 dex. NGC 5548 is included twice,
and indicated with a red box in all panelsb) (As in (a), but here using the Hi rather than X-ray luminosity. In this case, our maximunelikood fit solid;
B =0.53+0.04) is significantly shallower than that of Kaspi et al., biirg the slope into agreement with that of Bentz etlal. (20@&athe optical continuum.
For reference, we show all fifteen epochs of monitoring ford\N&48 in gray. ) The Re.r—L[o i) relation. As above, LAMP sources are open circles while the
non-LAMP sources are small black circles. The solid lineuslmest maximum-likelihood fitg = 0.6040.07). (d) As in (c), but here using the [@] 25.8 um lumi-
nosity rather than the [@] luminosity. The arrow indicates the upper limit on theiPluminosity of PG2136-099. Our maximume-likelihood fit§ = 0.6940.13)

is shown as a solid line.
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in derived X-ray fluxes as a function of break timescale. €her The followingy? function is minimized:

is no change in the width of the distribution of mean fluxes for N )
breaks ranging from 0.01 to 30 days. Therefore, we do not 2= Z (R-a-pL) )
expect any systematic errors in our X-ray flux estimates as a n - €&+ B2

function of mass or luminosity based on trends between break = | . . .
timescale and mass or Eddington ratio (McHardy &t al. 2006). In;rms;cl/sécatter is accounted for by replacieg with ¢ =

It is also worth discussing the primary sources of systamati (i *€0)”* Whereeo (the intrinsic scatter) is chosen such that
errors in the fluxes of narrow emission lines. First, aperaanr- xr =1 N ) o )
rections can be significant, since narrow-line regions (B)LR In addition, we use a maximum-likelihood technique adapted
have sizes of hundreds of parsecs and are often spatially refromiGltekin et al.[(2009). For simplicity we assume thatbo
solved (e.g.. Whittlé 1992; Bennertet al. 2002; Schmitteta the measurement errors and the intrinsic scatter have @auss
20034,b[ Greene etlal. 2009). Objects that are closer are mor distributions. For a set of observed poirf (), we maximize
susceptible to aperture effects. The LAMP targets were ob- the total likelihood,
served with a slit of width 4, while the non-LAMP targets L= Hh(Ra L). )
generally come from apertures of width 2Z2@lthough most i ’

are larger than’4, and the Boroson & Green (1992) observa- . .
tions were taken with 2’5 slit. Between the compilations of In the presence of measurement errors, if the likelihooded-m

Bennert et al.[(2002) arid Schmitt et al. (2003a), we find NLR SUring @ BLR radius; for a true radiuRis Q;(R|R)dR, and

sizes for four of the PG quasars, two LAMP objects (NGC 5548 e progability to hﬂvel.ﬁ tlr.lrj]e rgdilﬁsgiven Li is P, then for a
and Mrk 766), and five other non-LAMP objects (Mrk 590, 9Iven observation the likelinood is
NGC 3516, Mrk 79, NGC 3783, NGC 4593). The NLR sizes of _ . _
these galaxies are 0.152with a median size of (8. The PG li = /Q'(R'|R)P(R| Li)dL. (3)
quasars all have NLR sizesl”’2. Nominally, based on the ob-
jects with measured NLR sizes, we expect minimal loss otligh
due to aperture effects. Observing conditions will alsa lea
some slit losses, in the case of the Boroson & Green (1992)
observations, but not at a level that is significant compé#oed
internal extinction (see_below)_. To add_ress th_e rest ofamq-s are indistinguishable.
ple, we estimate NLR sizes using the size-luminosity refaif It is interesting to note that the X-ray andSHrelations
Schmitt et al.|(2003b). We find that the typical expected NLR : .
size (for both LAMP and non-LAMP sources)is1/3. The  &ré now consistent with a slope Bfir o VL. In contrast,
PG quasars, which were observed with the smallest slitasit h Kaspi et %‘_'7 (2005) report a slope of 0.7 for the X-ray relatio
expected sizes in the rangé®-1". We are in even less danger (ReLr o< L3"0,e)- We should note, however, that when they fit
with theLjo vy measurements, given their larger aperture sizes an average lag for each object and used oniylags (the most .
(5-20') and compact emission regiohs (Meléndez £t al. 2008). directly comparable case to what we have done here), they find
The next important concern is internal extinction. It has & SIOP€ 0f 0.5Reir o Ly 5gey). Their reportedReir ~Lig

been shown many times, particularly for obscured AGNSs, that SIOP€ is SteepeRair o LS. With our improved data, we find
the [O111] luminosity can be significantly extinguished by dust that both relations are consistent with a slope of 0.5. Thus,
(e.g.,/MalkaH 1983; Mulchaey etlal. 1994; Netzer étal. 2006; the simplest assumption, that AGN SEDs and BLR densities
Meléndez et &l. 2008). On the other hahgh v, is relatively are independent of luminosity, appears to apply, at least fo
insensitive to extinction, making it a higher fidelity lunoir ~ the present sample and to the level of precision that can be
ity indicator (e.g., Meléndez etlal. 2008; Diamond-Stamigle  tested by our data. One goal of ongoing reverberation-nmappi
2009); if theLio iy measurements are compromised, we still campaigns should be to investigate whether there are gtlysic
expect to find reasonable results 1gp 1v;. Finally, there is  regimes (e.g., in BH mass or luminosity) for which this aspum
the possibility of contamination from star formation. Irirpr  tion does not hold (e.¢.. Greene & Ho 2009). .

ciple this is possible foto i, but note that the [QI]/Hz Th_ere is tantalizing evidence, in contrast, thatthe naﬂmg/ 3
intensity ratio is considerably lower in high-metallicisgar- ~ relations may have a steeper slope, although with low signifi
forming galaxies than in active galaxies (elg., Baldwinleta cance. Here we explore possible interpretations of thisltes
1981). As shown by Kauffmann etlal. (2003), the expected should it turn out to be significant. Above we discussed vari-

level of Lo iy contamination from star formation in local ob-  0us sources of contamination of the NLR luminosity, inchgli
scured active galaxies is low:(10%). redshift-dependent aperture correction, extinction,stadfor-

mation. Aperture effects go in the wrong direction to explai
the steeper slope, while extinction seems implausibleusecia
would have to impact thiejo ; measurements as strongly than
the Lo 1y measurements, contrary to normal reddening laws.
Star formation could artificially boost the NLR luminosgiat
Our primary goal is to calibrate the relation between BLR the low end. However, we do not believe thg ; contami-
size and various indicators of nonstellar (AGN) luminositie nation could be more thak 10% on average, while the values
fit to the standard relatiofRg r /101t-days) =« +SlogL, where need to be boosted by factors of 2—3 to impact the slope on a
L here is derived from H, Lo-10kev, @nd narrow emission-line  logarithmic scale. Therefore, the steeper slope, if reahdre
luminosities. For comparison with recent literature, widiag likely explained by physical effects rather than measurgme
two primary fitting schemes. The first isy@ minimization errors. It would most naturally arise from the measured umi
technique similar to that presented lby Tremaine et al. (R002 nosity dependence in the relation between NLR and bolometri

We assume that bot and P have a log-normal form. Un-
certainties in the independent variable (luminosity) agwtd
from Monte Carlo simulations and are always small. Fitsgisin
both methods are given in Table 2, with the first line showing
thex? method. In all cases the results of the two fitting methods

4. FITS
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luminosity. We are not the first to report this trend. For in-
stance|_Netzer etlal. (2006) find tHas 1y oc L5500, while
Meléndez et &l.[(2008) findLjo v o< Lo-5E%L, and Lio ny o

L?ogﬁ,?'l. If Reirox Lo-10 kev®?, then based on Netzer et al. we

would expecRg rx Lo ) %7#%1, which is consistent with our
finding. The slope we measure in tRg r—Ljo v relation is
also consistent with the results of Meléndez et al. (200BusT
the possibility of a steeper slope is plausible. For somsara

7

broad H3, narrow [Olil], and narrow [OIV] luminosities.
These relations are designed for use in estimating BH masses
when optical continuum luminosities are not available. -Rel
evant situations include local AGNs with galaxy-dominated
spectra, and possibly radio-loud objects, various higlsiét
active galaxy populations (such as submillimeter galgxad
heavily obscured AGNs with detected broad polarized emis-
sion. Furthermore, any differences in slope or intrinsigtisr
between relations based on different luminosities mayciuei

quasars are less efficient at powering an NLR than are the lesssgp gifferences in AGNs as a function of luminosity or BH

luminous Seyfert nuclei.

There is now compelling evidence that bolometric correc-
tions depend on the Eddington ratigo/Leqg, Where the Ed-
dington luminosity for 1 M, is taken to be 25 x 10*® erg s*
(e.g., L. Vasudevan & Fabian 2007; Vasudevan gt al.|12009). It is
worth seeking correlations between radius-luminositatieh
residuals and the Eddington ratio. BH mass measurements ar
provided by the reverberation-mapping campaigns. In tise ca
of the non-LAMP sources, we take the Eddington ratios from

the study of Vasudevan etlal. (2009), who have measured si-

multaneous SEDs ranging from the optical to the X-ray using
XMM-Newton We do not yet have full SEDs for the LAMP

sample, and so we use a single-band observation and a bolo

metric correction. We adopt,-19 kev and the bolometric cor-
rection from/ Vasudevan etlal. (2009). The bolometric cerrec
tion depends on the Eddington ratio and we assume a value o
30, as appropriate for sources withy / Leggr= 10%. The result-

ing Eddington ratios are in the range 0.001-1, but are slyong
peaked at- 0.1.

We seek correlations between the residualRdpr around
the mearRg r-L relations and the Eddington ratio. The non-
parametric Kendall's  is calculated (within IRAE) for all re-
lations. In no case do we find evidence for a correlation be-
tween theRg r—L residuals and.po/Leqd- The probability of
no correlation is in the range=0.3-0.8.

Although we do not know its origin, it is interesting to ex-
amine the intrinsic scatter for each fit. As expected, thenint
sic scatter is lowest whelns is used, presumably because of
both temporal and spatial coincidence. On the other haed, th

mass.
We find that theRg r—L2-10 kev @aNdRe r—L 1 relations are

well fit with a slope ofRg_rox v/L. This is the slope expected
if AGN SEDs and BLR densities are independent of luminos-
ity. On the other hand, the narrow emission lines show tenta-
tive evidence for a steeper relatidRg roc L6, Intriguingly,

ese slopes are consistent with previous results showitg t
Lio mp/Lx andLjo v/Lx decreases with increasing luminosity
(e.g.,Netzer et al. 2006; Meléndez et al. 2008). We find no ev-
idence for a correlation betwe& r—L residuals and Edding-
ton ratio. In fact, the intrinsic scatter in all relationssisrpris-
ingly small. On the one hand, the X-rays are variable on short
timescales, but, as we show, that does not translate inif-sig
icant errors in theRg r—L>-10 kev relation. On the other hand,
fthe narrow emission-line luminosities do not respond ataall
state changes on timescales of a year. Thus, we find it surpris
ing that even in these cases the intrinsic scatter is onljiaat t
factor of two level. Still, this scatter translates dirgcithto
uncertainties in the BH masses (elg., Vestergaard & Peterso
2006;/ McGill et al. 2008). As the reverberation-mapped sam-
ples increase, it should become possible to search for megde
of secondary parameters that might allow one to decrease the
total scatter, thereby increasing the fidelity of our BH mass
timates.

The referee gave many valuable comments that substantially
improved this manuscript. We thank the excellent staff anpd s

relations based on both the X-rays and narrow emission linesPort personnel at Lick Observatory for their enormous heip d

have comparable scatter. One might expect higher scattiee in
narrow emission-line relation due to the unquantified réie-o
ternal extinction and aperture effects. Furthermore, treov-
line emission cannot respond to changes in accretion lusitino
on timescales of a month, while we know tf&f g does. Note
that NGC 5548 has showRy g variability at the factor of four
level, and yet the overall relations only have an intrinsitter
of a factor of two. Once thé&sgg measurements are in hand,
it will be interesting to see whether the intrinsic scattemin-
imized using the optical continuum luminosity or, indedtg t
bolometric luminosity.

5. SUMMARY

ing our observing run, and L. C. Ho for inspiring conversasio
This work was supported by NSF grants AST-0548198 (UC
Irvine), AST-0607485 and AST-0908886 (UC Berkeley), AST-
0642621 (UC Santa Barbara), and AST-0507450 (UC River-
side). The UC Berkeley researchers also gratefully acknowl
edge the support of both the Sylvia & Jim Katzman Founda-
tion and the TABASGO Foundation for the continued operation
of the Katzman Automatic Imaging Telescope (KAIT), with
which some of the photometry was obtained. M.C.B. gratefull
acknowledges support provided by NASA through Hubble Fel-
lowship grant HF-51251 awarded by the Space Telescope Sci-
ence Institute, which is operated by the Association of Ersis

ties for Research in Astronomy, Inc., for NASA, under coctra

We explore radius-luminosity relations based on AGN lumi- NAS 5-26555. This research has made use of the Tartarus (Ver-
nosities other than the optical continuum. The time is right sion 3.1) database, created by Paul O’'Neill and Kirpal Nandr
to revisit these relations because of a new sample of low- at Imperial College London, and Jane Turner at NASA/GSFC.
luminosity, low-mass AGNs with reverberation mapping from Tartarus is supported by funding from PPARC, as well as from
the LAMP project ((Bentz et al. 2009c). We consider X-ray, NASA grants NAG5-7385 and NAG5-7067.

L2http:/firaf.noao.edul.



8 GREENE ET AL.

REFERENCES

Alexander, D. M., et al. 2008, AJ, 135, 1968

Antonucci, R. R. J., & Cohen, R. D. 1983, ApJ, 271, 564

Avni, Y., & Tananbaum, H. 1982, ApJ, 262, L17

Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP395

Bennert, N., Falcke, H., Schulz, H., Wilson, A. S., & Wills, B. 2002, ApJ,
574, .105

Bennert, V. N., Treu, T., Woo, J., Malkan, M. A., Le Bris, A.ufer, M. W.,
Gallagher, S., & Blandford, R. D. 2010, ApJ, 708, 1507

Bentz, M. C., Peterson, B. M., Netzer, H., Pogge, R. W., & ®agsard, M.
2009a, ApJ, 697, 160

Bentz, M. C., Peterson, B. M., Pogge, R. W., & Vestergaard2609b, ApJ,
694, L166

Bentz, M. C., Peterson, B. M., Pogge, R. W., Vestergaard&\Onken, C. A.
2006, ApJ, 644, 133

Bentz, M. C., et al. 2007, ApJ, 662, 205

—. 2008, ApJ, 689, L21

—. 2009c, ApJ, 705, 199

—. 2010, ApJ, 716, 993

Blandford, R. D., & McKee, C. F. 1982, ApJ, 255, 419

Boroson, T. A., & Green, R. F. 1992, ApJS, 80, 109

Collier, S. J., et al. 1998, ApJ, 500, 162

Collin, S., Kawaguchi, T., Peterson, B. M., & Vestergaard 2006, A&A, 456,
75

Croom, S. M., et al. 2002, MNRAS, 337, 275

Dasyra, K. M., et al. 2008, ApJ, 674, L9

Davies, R. |., et al. 2006, ApJ, 646, 754

Denney, K. D., et al. 2009, ApJ, 704, L80

—. 2010, ApJ, accepted (astroph/1006.4160)

Desroches, L., Greene, J. E., & Ho, L. C. 2009, ApJ, 698, 1515

Diamond-Stanic, A. M., Rieke, G. H., & Righy, J. R. 2009, Af98, 623

Dietrich, M., et al. 1994, A&A, 284, 33

—. 1998, ApJS, 115, 185

Ferrarese, L., Pogge, R. W., Peterson, B. M., Merritt, D.ntléd, A., & Joseph,
C. L. 2001, ApJ, 555, L79

Gallimore, J. F., et al. 2010, ApJS, 187, 172

Gaskell, C. M., & Sparke, L. S. 1986, ApJ, 305, 175

Gebhardt, K., et al. 2000, ApJ, 543, L5

Greene, J. E., & Ho, L. C. 2005, ApJ, 630, 122

—. 2006, ApJ, 641, L21

—. 2007, ApJ, 667, 131

—. 2009, PASP, 121, 1167

Greene, J. E., Ho, L. C., & Ulvestad, J. S. 2006, ApJ, 636, 56

Greene, J. E., Peng, C. Y., & Ludwig, R. R. 2010, ApJ, 709, 937

Greene, J. E., Zakamska, N. L., Liu, X., Barth, A. J., & Ho, L.2D09, ApJ,
702, 441

Gltekin, K., et al. 2009, ApJ, 698, 198

Hicks, E. K. S., & Malkan, M. A. 2008, ApJS, 174, 31

Ho, L. C. 2008, ARA&A, 46, 475

Ho, L. C., & Peng, C. Y. 2001, ApJ, 555, 650

Hopkins, P. F., Hernquist, L., Cox, T. J., Di Matteo, T., Radben, B., &
Springel, V. 2006, ApJS, 163, 1

Jahnke, K., et al. 2009, ApJ, 706, L215

Kaspi, S., Maoz, D., Netzer, H., Peterson, B. M., Vestejast., & Jannuzi,
B. T. 2005, ApJ, 629, 61

Kaspi, S., Smith, P. S., Netzer, H., Maoz, D., Jannuzi, B&Gjveon, U. 2000,
ApJ, 533, 631

Kaspi, S., et al. 1996, ApJ, 470, 336

Kauffmann, G., et al. 2003, MNRAS, 346, 1055

Kellermann, K. I., Sramek, R., Schmidt, M., Shaffer, D. B.(&%een, R. 1989,
AJ, 98, 1195

Kelly, B. C., Vestergaard, M., & Fan, X. 2009, ApJ, 692, 1388

Kollatschny, W. 2003, A&A, 407, 461

Kollmeier, J. A., et al. 2006, ApJ, 648, 128

Liu, X., Zakamska, N. L., Greene, J. E., Strauss, M. A., Keoli. H., &
Heckman, T. M. 2009, ApJ, 702, 1098

Malkan, M. A. 1983, ApJ, 264, L1

Malkan, M. A., & Sargent, W. L. W. 1982, ApJ, 254, 22

Marconi, A., Axon, D. J., Maiolino, R., Nagao, T., Pietrir®,, Risaliti, G.,
Robinson, A., & Torricelli, G. 2009, ApJ, 698, L103

Marconi, A., et al. 2008, ApJ, 678, 693

McGill, K. L., Woo, J., Treu, T., & Malkan, M. A. 2008, ApJ, 67303

McHardy, |. M., Koerding, E., Knigge, C., Uttley, P., & Fend&. P. 2006,
Nature, 444, 730

Meléndez, M., Kraemer, S. B., Schmitt, H. R., Crenshaw, D. Dko, R. P.,
Mushotzky, R. F., & Bruhweiler, F. C. 2008, ApJ, 689, 95

Miniutti, G., Ponti, G., Greene, J. E., Ho, L. C., Fabian, A, & lwasawa, K.
2009, MNRAS, 394, 443

Mulchaey, J. S., Koratkar, A., Ward, M. J., Wilson, A. S., \tidei M.,
Antonucci, R. R. J., Kinney, A. L., & Hurt, T. 1994, ApJ, 4386

Murray, N., & Chiang, J. 1995, ApJ, 454, L105

Nelson, C. H., Green, R. F., Bower, G., Gebhardt, K., & WejstrD. 2004,
ApJ, 615, 652

Netzer, H. 1990, in Active Galactic Nuclei, ed. R. D. BlandfoH. Netzer,
L. Woltjer, T. J.-L. Courvoisier, & M. Mayor, 57

Netzer, H. 2009, ApJ, 695, 793

Netzer, H., Mainieri, V., Rosati, P., & Trakhtenbrot, B. B)A&A, 453, 525

Netzer, H., & Marziani, P. 2010, ApJ, submitted (astropBB.G553)

O'Neill, P. M., Nandra, K., Papadakis, I. E., & Turner, T. D05, MNRAS,
358, 1405

Onken, C. A., Ferrarese, L., Merritt, D., Peterson, B. M.gfm R. W.,
Vestergaard, M., & Wandel, A. 2004, ApJ, 615, 645

Onken, C. A,, et al. 2007, ApJ, 670, 105

Peng, C. Y., Impey, C. D., Ho, L. C., Barton, E. J., & Rix, H.-2006a, ApJ,
640, 114

Peng, C. Y., Impey, C. D., Rix, H.-W., Kochanek, C. S., KeetonR., Falco,
E. E., Lehér, J., & McLeod, B. A. 2006b, ApJ, 649, 616

Peterson, B. M., Wagner, R. M., Crenshaw, D. M., Meyers, KByard, P. L.,
Foltz, C. B., & Miller, H. R. 1983, AJ, 88, 926

Peterson, B. M., Wanders, |., Bertram, R., Hunley, J. F.,geodR. W., &
Wagner, R. M. 1998, ApJ, 501, 82

Peterson, B. M., et al. 1991, ApJ, 368, 119

—. 2000, ApJ, 542, 161

—. 2002, ApJ, 581, 197

—. 2004, ApJ, 613, 682

Salviander, S., Shields, G. A., Gebhardt, K., & Bonning, E2007, ApJ, 662,
131

Santos-Lled, M., et al. 2001, A&A, 369, 57

Saxton, R. D., Read, A. M., Esquej, P., Freyberg, M. J., Alti., & Bermejo,
D. 2008, A&A, 480, 611

Schmidt, M., & Green, R. F. 1983, ApJ, 269, 352

Schmitt, H. R., Donley, J. L., Antonucci, R. R. J., HutchingsB., & Kinney,
A. L. 2003a, ApJS, 148, 327

Schmitt, H. R., Donley, J. L., Antonucci, R. R. J., Hutchinds B., Kinney,
A. L., &Pringle, J. E. 2003b, ApJ, 597, 768

Schulze, A., & Wisotzki, L. 2010, A&A, 516, A87

Searle, L., & Sargent, W. L. W. 1968, ApJ, 153, 1003

Shapiro, K. L., et al. 2009, ApJ, 701, 955

Shen, J., Vanden Berk, D. E., Schneider, D. P., & Hall, P. B820) AJ, 135,
928

Shen, Y., Greene, J. E., Strauss, M. A, Richards, G. T., &8&icer, D. P.
2008b, ApJ, 680, 169

Shields, G. A. 1978, Nature, 272, 706

Shields, G. A., Gebhardt, K., Salviander, S., Wills, B. Jg,>8., Brotherton,
M. S., Yuan, J., & Dietrich, M. 2003, ApJ, 583, 124

Silk, J., & Rees, M. J. 1998, A&A, 331, L1

Steffen, A. T., et al. 2006, AJ, 131, 2826

Stirpe, G. M., et al. 1994, ApJ, 425, 609

Tanaka, Y., Inoue, H., & Holt, S. S. 1994, PASJ, 46, L37

Timmer, J., & Koenig, M. 1995, A&A, 300, 707

Tommasin, S., Spinoglio, L., Malkan, M. A., & Fazio, G. 202pJ, 709, 1257

Tremaine, S., et al. 2002, ApJ, 574, 740

Treu, T., Malkan, M. A., & Blandford, R. D. 2004, ApJ, 615, L97

Treu, T., Woo, J.-H., Malkan, M. A., & Blandford, R. D. 2007p4, 667, 117

Ueda, Y., Ishisaki, Y., Takahashi, T., Makishima, K., & Ohiag. 2005, ApJS,
161, 185

Ulrich, M. H., et al. 1984, MNRAS, 206, 221

Uttley, P., & McHardy, I. M. 2005, MNRAS, 363, 586

Vasudevan, R. V., & Fabian, A. C. 2007, MNRAS, 381, 1235

Vasudevan, R. V., Mushotzky, R. F., Winter, L. M., & Fabian, @. 2009,
MNRAS, 399, 1553

Veilleux, S., et al. 2009, ApJS, 182, 628

Vestergaard, M., & Osmer, P. S. 2009, ApJ, 699, 800

Vestergaard, M., & Peterson, B. M. 2006, ApJ, 641, 689

Walsh, J. L., et al. 2009, ApJS, 185, 156

Walter, F., Carilli, C., Bertoldi, F., Menten, K., Cox, P.oLK. Y., Fan, X., &
Strauss, M. A. 2004, ApJ, 615, L17

Whittle, M. 1992, ApJS, 79, 49

Winge, C., Peterson, B. M., Pastoriza, M. G., & Storchi-Beagn, T. 1996,
ApJ, 469, 648

Woo, J., et al. 2010, ApJ, 716, 269

Woo, J.-H., Treu, T., Malkan, M. A., & Blandford, R. D. 2006p4, 645, 900

—. 2008, ApJ, 681, 925

Wu, X., Wang, R., Kong, M. Z,, Liu, F. K., & Han, J. L. 2004, A&A24, 793

Zhang, S., Bian, W., & Huang, K. 2008, A&A, 488, 113

Zheng, W., & Malkan, M. A. 1993, ApJ, 415, 517



	1 The Radius-Luminosity Relation
	1.1 Which Luminosity Best Predicts BLR Size?

	2 The Lick AGN Monitoring Project
	3 Luminosities and BLR Radii
	3.1 Systematics: X-ray Variability, Aperture Effects, and Extinction

	4 Fits
	5 Summary



