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ABSTRACT

We present new spectroscopic observations that are paut obatinuing monitoring campaign of 88 quasars
atz < 0.7 whose broad H lines are offset from their systemic redshifts by a few tremgskm s'. These
quasars have been considered candidates for hosting sagsvmblack hole binaries (SBHBs) by analogy
with single-lined spectroscopic binary stars. We preskatdata and describe our improved analysis tech-
niques, which include an extensive evaluation of uncetitzsn We also present a variety of measurements
from the spectra that are of general interest and will beulgefater stages of our analysis. Additionally, we
take this opportunity to study the variability of the opticantinuum and integrated flux of the broag Hne.

We compare the variability properties of the SBHB candisldtethose of a sample of typical quasars with
similar redshifts and luminosities observed multiple tnairing the Sloan Digital Sky Survey. We find that
the variability properties of the two samples are similar{@bility amplitudes of 10-30% on time scales of ap-
proximately 1-7 years) and that their structure functi@rsioe described by a common model with parameters
characteristic of typical quasars. These results suglasthe broad-line regions of SBHB candidates have a
similar extent as those of typical quasars. We discuss thédations of this result for the SBHB scenario and
ensuing constraints on the orbital parameters.

1. INTRODUCTION LLiu et all [2010a}b[_Shen etlal. 2011a; Fu éfal. 2011, 12012;
The empirical relationship between masses of supermasBarrows etal. 2012; Comerford etal. 2012, 2013).
sive black holes (BHs) and the stellar velocity disper- The formation of supermassive black holes binaries (SB-
S|on or mtegrated stellar luminosity of their_host galaxie HBs) during the late stages of the mergers is one outcome
998 Ferrarese & Merritt of hierarchical galaxy evolution. In the evolutionary sce-
m-OQ._GMIIka_Ql al. 2009) has beenl!o of SBHBs, first described in detail by Begelman et al.
taken as an indication of an evolutionary connection betwee gm))d the qrblltlal decay" oflose, bound bmarfles dS|°WS
the black hole and host galaxy. The discovery of this retatio bown rar?a:?ca y or f‘tg S lat_ sep{;\]ratllons or oraer hl pc
ship has motivated the development of a new generation of2€cause of “loss cone” depletion (the loss cone is the re-
merger-driven galaxy evolution models in which coordidate 9ion in stellar phase space containing stars that can scat-
black hole accretion and star formation in the host galaxy (€7 Off the SBHB and drain its orbital angular momen-
lead to the observed relation between their masses (e.g.UM). This slow-down has been termed the “last parsec prob-

Volonteri et al.| 2003] Di Matteo et Al. 2005; Hopkins et al. 'em.” However, modern calculations have shown that the
2006 Volonteri et al. 2 2015, and references therein). The th SBHB orbital decay may proceed unimpeded because the loss
oretical models are bolstered by observations of dual ac-CON€ can be replenished by 3-body relaxation (2.g.. Yulet al.

tive galactic nuclei (AGNs), with kiloparsec-scale separa |—0—h(l5 M'II vlj VI M rb%)o thiﬂlnfluence of n00n64
tions, in interacting and merging galaxies. These can beSP enﬁa potentials (er? ; Z—e&i@bu
detected directly via i‘maging ge.dl Junkkarinen ét al.1200 EQ;J%ZI L |—O—q|6 %ﬁg&%ﬁél
IKomossa et al.._2003| l._2004; _Comerford e Vasiliev et &l 201 §
Eoﬁqaam@;ﬁmz_ei 2 Iil; tl?gsszdtoal. 201T, r2f0r12)taar|1q“afy and a reservoir of gas (e@Amﬂag_e_&_l}laLaﬂh;an_lZOOZ
indirectly via their double-peaked narrow emission lines 1. 2004; Dotti etlal. 2007, 2009; Cuadra ét al..2009

(Comerford et al. 2009b; Wang etlal 2009; Smith ét al. 2010; -odato etal. 2009; Farris etial. 2015a).

Observational evidence for close, bound SBHBs has

1 Department of Astronomy and Astrophysics and InstituteGoavita- proven quite elusive. The two noteworthy candidates are
tion and the Cosmos, The Pennsylvania State University[&&&y Lab, CSO 0402379, with a projected separation of approximately
University Park, PA 16803 7 pc (imaged by radio interferometty Maness et al. 2004;

2 Visiting astronomer, Kitt Peak National Observatory, Natl Optical m ;
Astronomy Observatory, which is operated by the AssoaiatibUniver- lﬂ)mg) and OJ 287, where outbursts in

sities for Research in Astronomy (AURA) under a cooperatigeeement  the light curve occurring on a-12 year period have been

with the National Science Foundation. _ S explained in this context (e.q., Valtonen etal. 2012, arid re
. ta Center for Relatvistic Asgg%ygzs School of Physicep@ia Insti-  erences therein). The identification of such systems is par-
ute of lechnology, anta . ippe N

4 Department of Astronomy, University of Washington, Box 380, ticularly difficult bec.ause.these small se_pa(atlons aramt
Seattle, WA 98195 solved at cosmological distances. Yet, finding SBHBs is im-

® Department of Astronomy, New Mexico State University, Lase@s, portant because it would validate the galaxy evolution sce-
NM fggogumbres Observatory Global Telescone Network. Gota narios mentioned above, because SBHBs have been invoked
93117 Y P ' ’ to explain a variety of other astronomical observationg (se

7 Columbia Astrophysics Laboratory, Columbia Universit05West summary in Eracleous etlal. 2012, hereafter Paper ), and be-

120th Street, New York, NY 10027-6601 cause they are the progenitors of low-frequency gravitatio
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wave sources potentially detectable by Pulsar Timing Asray long-term light curves and structure functions; €.q., Hiak
(e.g.[Arzoumanian et Al. 2014, see Sesanal2015 for a review1993;[Giveon et al._1999; Sesar etlal. 2006; MacLeodlet al.
and future space-based instruments (see Amaro-Seoarne et @012, and references therein). However, the mechanism pro-
[2012, for a review). ducing the offset emission lines in the absence of a SBHB
Recent observational searches for sub-parsec SBHBsmay leave its imprint on the flux variability as well. Recodi
motivated by the work of|_Komossaetal. (2008) and black holes, where the supermassive black hole and BLR are
Boroson & Lauer((2010), have turned up many new candi- kicked out of the center of the host galaxy following a merger
dates. An in-depth review of the field can be found in can also produce offset broad lines and would presumably
(2015) and a discussion of an array of techniques display variability of the continuum and broad emissiorelin
to identify SBHBs, primarily via their emission-lines, ivgn flux that is consistent with a typical quasar. Although siaul
in [Popovi -) The widespread approach has been totions suggest that the accretion history of recoiling blaales
make an analogy with single-line spectroscopic binarysstar will differ significantly from ordinary AGN over the coursé o
(see e.dﬁﬁgﬂ_lLﬂl%, for a review of this concept) anathear their 10-100 Myr lifetimes.(Blecha etlal. 2011; Guedes &t al.
for indications of orbital motion in the periodic velocitkifts [2011), on time scales of decades or less the variabilitygarop
of the broad emission lines relative to the narrow lineshiat  ties should be normal. Itis not completely clear what might b
spirit, a number of groups have searched for quasars from theexpected of flux variability in a SBHB. Simulations of mas-

Sloan Digital Sky Survey (SDSS) whose broad br Mg 11 sive black hole binaries with gaseous disks generally fimd va
emission lines are displaced from their systemic redshifts ~ able accretion rates (e.g.. Hayasaki etal. 2007; Cuadta et a
several hundred to a few thousand kmh and/or show sub-  [2009; Noble et al. 2012; al. 2012; Shietal. 2012;

stantial radial velocity variations about their systeméd+  [Bode et al. 2012; D'Orazio et’al. 2013; Farris éf al. 2014, an
shifts (Paper I Tsalmantza ef al. 2011; Decarli et al. 2013; calculations suggest that the luminosity and accretianaan

Shen et al. 2013; Liu et Al. 2014; Ju elial. 2013). In the work- remain proportional (Farris etlal. 2015b), but beyond thtst
ing hypothesis adopted for these searches, the SBHB sits in aesults diverge. The time scale for variability can range
circumbinary disk and the secondary, which can more eaS|IyO 5 to 10 times the binary period (e.g., D’Orazio € m 013
access gas on the inner edge of this disk (see, for exampleFarris et all 2014). Observational searches have takemadva

[1996; Hayasaki et El. 2007), accretes tage of the possibility that continuum variability may basy

at a much higher rate than the primary and alone has a broadehronized with orbital motion of the binary and some SBHB
line region (BLR). In the picture emerging from the observa- candidates have been claimed based on their light curve (e.g
tions, SBHB candidates that have been extensively testkd aniGraham et &l. 2015%; Liu et&l. 2015). In these cases the or-
are still widely held to be viable are rare, but initial stesli ~ bital periods are very short, amounting to a few years or. less
of pairs of spectra, taken years apart, suggest that in somdaken at face value, such systems would represent the last
cases observed velocity shifts of the broad emission lines a stage of the evolution of the SBHB, just before the merger
consistent with orbital motion (e.g., Papér | Shen &t al. 32201 (in comparison, the candidates found via offset broad emis-
Ju et all 2013; Liu et al. 20114). It is important to note tha& th sion lines have orbital periods of order a few hundred years
interpretation of these measurements is complicated byman and, if their orbits were to decay by gravitational radiatio
significant caveats, as discussed in Paper |, because thé-bro alone, tit would take them- 10 years to reach periods of
line shifts are not unique signatures of orbital motion. a few years). However, the ubiquity of red noise in quasar

Obtaining more robust constraints on the nature of the power spectra introduces substantial uncertainty intodbpk
SBHB candidates via the radial-velocity technique can be ac proach (MaclLeod et al. 2010). With these considerations in
complished by long-term spectroscopic monitoring. If the 0 mind, studying the flux variability properties of objectsthwi
bital periods are of order a century, as noted by a number ofoffset broad emission lines can be valuable and informative
authors (e.gl, Yl 2002; Lo€b 2010; Decarli etial. 2013, Pa-whether the line offsets are indicative of binaries, rengil
per 1), we may be able to detect small but systematic radial ve black holes, or an extreme population of individual quasars
locity variations over the course of 1-2 decades. If thetalbi In Section2 we summarize the sample selection and de-
periods happen to be of order a few decades, we may be ablscribe the acquisition of new data and the construction of a
to monitor a complete orbital cycle in our lifetimes. Thug w comparison sample of typical quasars. In Sedfion 3 we assess
have been carrying out a spectroscopic monitoring progfam o the ensemble variability of the binary candidates and com-
the sample from Paper | and refining our methodology for an- parison sample, both by considering the changes in the in-
alyzing the data. In this paper, our primary goal is to présen tegrated H and optical continuum fluxes and by comparing
the spectra we have obtained since Paper | and a refined anastructure functions for the two samples. We discuss our re-
ysis aimed at (a) verifying some of the results presented insults in the context of previous work and the binary hypoth-
Paper | and (b) quantifying the uncertainties in our measure esis in Sectiof]4, and also consider the constraints implied
ments of spectroscopic properties. We also take advantagdy the observed variability on the properties of the birarie
of this opportunity to pursue a secondary goal: explore the We summarize this investigation in Sectidn 5. Additionally
variability of the continuum and broad®ine fluxes of our ~ Appendix[A provides spectral measurements that have been
SBHB candidates and compare them to those of a sample omade for the sample of SBHB candidates but are not utilized
typical quasars of similar luminosity and redshift. In atfer in this work. Throughout this work, we adopt a cosmology of
coming paper we concentrate on the study of long-term radialHo = 73 km s* Mpc™, Q, = 0.73, andQ, = 0.27.
velocity variations, where we will adopt lessons learnethe
about broad line variability.

The continuum emission in quasars is known to vary, the
amplitude of fluctuations is typically on the order of 10-30%
increasing towards longer time scales and eventually Jevel
ing off at periods longer than a few years (as inferred from
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Figurel. Distribution of redshifts for the SBHB candidates and theneo < .« 3 '
parison sample of typical quasars from the SDSS. The twaildisions are -2 * 3 E

clearly not identical but they span approximately the saamge and have
approximately the same median. : : : : : .
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2. DATA
2.1. The Sample of Supermassive Black Hole Binary Figure2. For every unique pair of observations for the SBHB candalate
Candidates and New Spectra the distribution of rest-frame time intervals (to@dm= -2.5log(f1/ f2) mea-

) ) . sured from continuum flux density ratios at 5100 A (bottonhtjgandAm
The selection process and spectroscopic properties of theit5100 A as a function of rest-frame time interval betweeseoiations (bot-
sample of SBHB candidates are described in detail in Pa-tom left). TheAmdistribution has a median eD.05 and a standard deviation
per I. In summary, the sample was selected via spectral prin-Of 0.43.
cipal component analysis (following the technique desatib

in Boroson & Lauer 2010) to identify a population of ob- 100f™™

jects from the SDSS whose broad3Hprofiles do not re- 2 [

semble those of typical quasars. We then vetted the initial, & 80j 1
automatically-selected sample by visual inspection, atigc 4

ing, for example, clearly double-peaked profiles (which are © 60y 1

likely produced by an accretion disk around a single super- ©

massive BH, e.gl.. Eracleous ellal. 11997; Eracleous & Helpern & 40 1

2003;/ Eracleous et gl. 2009). The final sample contains 88 €

objects having a median redshift of 0.32, with a full range = 20} 1

of 0.077< z < 0.713, as shown in the top panel of Figlite 1.

AbsoluteV-band magnitudes, after Galactic extinction cor- 0 : : : ; ; ;

rections but not K corrections, range frof21.25 to-26.24,
with a median value for the sample €23.04.

By virtue of the sample selection, the initial spectroscopi  —
observations come from the SDSS. Paper | presents additiona &
spectra for many objects in the sample from an array of tele- %

£
g

scopes and instruments. For this work, we use all the spectra
from Paper I, plus new observations that are presented here
for the first time. In Tablg]l we give a summary of the new
spectroscopic observations. For each of the 212 new spectra -2t « : 1 i
we give the observation date, telescope and instrument used
exposure time, signal-to-noise ratig/{\) in the continuum
near the line of interest, and rest-frame wavelength cgeera
For completeness, we also include the redshift of each gbjec
the appa_renp and absoltemagnitude, and the GalacM_:— Figure3. For every unique pair of observations for the SBHB cand&late
band extinction (see the f_ootnotes to Telble 1 an@! section 4.Jine gistribution of rest-frame time intervals (to@ym=-2.5log(f1/ f2) mea-
of Paper | for further details on the target properties) aed w sured from integrated B flux ratios (bottom right), and the integratedsH

also list objects for which no new observations are presbnte Am as a function of rest-frame time interval between obsewaati(bottom
left). The Amdistribution has a median 0.03 and a standard deviation of
0.59.

-1

1

0 1000 2000 3000 4000 50 100 150
Rest—frame time interval [days] Number of obs. pairs

8 We use “quasar” and AGN interchangeably in this work, evesugjhn
some objects in this sample do not meet the strict absolugmituae crite-

rion for quasars. For reference, we note that in Paper | we presented the origi-
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Table 1
Log of Spectroscopic Observations [Abridged]

Exposure Rest-Frame

Object Name mP  A/C My9  No. Observation Instr. Time Wavelength

SDSSJ Vo (mag) (mag) (mag) ob%. Date(UT) Codé (s) S/N9  Range (A)

1) (2 3) 4) (5) (6) (7 (8) 9) (10) (11)
00122403-1022262 0.2287 17.07 0.127 -23.27 5 2010/10/12 H2 1798 27 3481-5911
2014/08/28 Ab 1560 41 2848-4476

2014/08/28 Ar 1560 27 4197-8013
00244411+0032213 0.4024 16.85 0.083 -24.86 4 2014/08/29 Ab 1260 49 2495-3921
2014/08/29 Ar 1260 52 3691-7033

01553002-0857040 0.1648 16.84 0.080 -22.65 5 2011/08/31 H2 2587 10 3681-6238
2014/08/28 Ab 1260 28 3004-4721

2014/08/28 Ar 1260 10 4426-8451

2 The redshift of the object as measured in this paper from dlaé pravelength of [@11] A5007 line.

b The apparent V magnitude, determined from the SDSS PSF tmagsi as described in 8§4.1 of Paper I.

¢ The Galactic visual extinction, taken frém Schlegel. Fieikier. & Davis[(1998)

d The absolute V magnitude, computed as described 1] §2.kdét.

€ The total number of observations, including those repdriéhper |.

f The telescope and instrument configuration, as describ&akite2.

9 The signal-to-noise ratic(N) in the continuum near the line of interest. When the spetincludes the i line we give theS/N in the continuum
near this line, at 4600 A. If the spectrum includes only the IMy2800 line, we give th&/N in the continuum near this line, at 2900 A. Some of the
APO spectra cover the continuum between the above linesditiien of the lines themselves; for these spectra we repe8/N in the continuum at
3600 A.

h Average of two spectra taken within a few days of each othée @xposure time is the sum of the individual exposure tinmekstae date is the
“median” of the dates of the two observations.

Table 2
List of Telescopes and Instruments

Instrument Resolutio
Code Observatory, Telescope, and Spectrograph SpeactrakBts A
MM MDM, Hiltner 2.4m, MODSPEC spectrograph 600 mhygrating, /0 slit 3.4
MO MDM, Hiltner 2.4m, OSMOS spectrograph VPH grism (704 mtin1/’2 slit 3.8
K KPNO, Mayall 4m, Ritchie-Cretien spectrograph BL420 grgt(600 mn?), 15 slit 2.4
Ab APO, ARC 3.5m, Double Imaging Spectrograph blue arm: 4@@ hgrating, 1’5 slit 6.3
Ar red arm: 300 mmt grating, 1’5 slit 7.3
H2 Hobby-Eberly Telescope, Low-Resolution Spectrograph2 géism (600 mmt), 15 slit 5.6
H3 G3 grism (600 mmt), 17/5 slit 4.9

@ The spectral resolution (FWHM) at 6400 A (the median wavglierof H3 for the redshift distribution of our targets).

nal SDSS spectra for our 88 targets plus 108 followup spectrarate wavelength calibration is important for our purposes,

We also tabulate the total number of observations per gbject summarize the wavelength calibration process here. We used
with the addition of the new spectra, all objects in the sampl 20-60 arc emission lines to derive the wavelength solution
have at least two observations and most objects have at leadbr each observing run. This solution consists of a polyno-

three observations. Time intervals between spectra iolthe

mial of order five or less, connecting the detector pixel num-

served frame range from weeks to over eleven years. The ber to the wavelength. We required that the standard devi-

distribution ofrest-frame time intervals is shown graphically ation of fit residuals was 0.1 pixel or less. Thus, tleka-

tive velocity scale of each spectrum at 6400 A (the median
The new spectra presented here were obtained with the Hilt-wavelength of H for our quasars) is good to 5 km'sfor

ner 2.4m telescope at the Michigan-Dartmouth-MIT obser- MDM spectra, 7 km § for KPNO spectra, 11 km$ for

vatory (MDM), the Mayall 4m telescope at Kitt Peak Na- APO spectra, and 9 kni’sfor HET spectra. We used the

tional Observatory (KPNO), the Astrophysical Research-Con [O 1] A5577 line in the night-sky spectrum, recorded simul-

sortium (ARC) 3.5m telescope at Apache Point Observatorytaneously with and on the same detector as the quasar spec-

(APO), and the 9.2m Hobby-Eberly Telescope (HET). The trum, to set theabsolute wavelength scale of our new spec-

in Figureg? anfll3.

instrument configurations used to obtain the spectra asallis

tra. After applying heliocentric velocity corrections acah-

in Table[2 along with the spectral resolution attained byheac verting the wavelength scale to vacuum values, we aligned
instrument configuration. The spectra were reduced and calthe quasar’s [Q11] A\4959, 5007 doublet in each new spec-
ibrated as described in section 5.1 of Paper |. Since accutrum to that of the original SDSS spectrum using the cross-
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correlation method described in Paper I. The final uncestain

in this alignment translates to an uncertainty in relatige-
ities between the broadMines observed at different epochs.
As noted in Paper I, this uncertainty is smaller than 25 Kin s
for all objects and smaller than 7 kimtsn 80% of objects in

Figure5. For every unique pair of observations for the comparisonpdam
the distribution of rest-frame time intervals (to@dm= -2.5log(f1/ ;) mea-
sured from continuum flux density ratios at 5100 A (bottonhtjgandAm

at 5100 A as a function of rest-frame time interval betweeseolmtions (bot-
tom left). TheAmdistribution has a median of 0.03 and a standard deviation

our sample. 0f0.22.
2.2. A Comparison Sample of Typical SDSSQuasars 300M . . . -

In order to characterize the variability properties of tadi 2]
quasars, we generated a comparison sample of SDSS quasarg 250} ]
with multiple spectroscopic observations in the seventada 200l L 1
release (DR7) quasar cataldg (Schneiderlét al.|2007). Typi- §
cally, each object is observed two to three times, althoeghs ‘5 150l ]
eral objects have as many as ten observations. Startingwith g
list of objects with multiple observations, we selectedstm £ 100H 1
the redshift range .08 < z < 0.7, which matches that of our 2
SBHB candidates. To ensure our ability to make reliable mea- S0y 1
surements from the spectra, we also required%ub 20in 0 - , , ' ' ' '
the H5 region (using th&/N values fro 1b).
These criteria resulted in a comparison sample of 212 gsiasar 2F + 3

that we analyze in an identical way to the sample of SBHB
candidates throughout this work to facilitate a fair conpar
son free of any methodological biases.

All observations of quasars in the comparison sample were

Am,, [mag]
o

carried out with the SDSS spectrograph through fibers of di- ot . f_l
ameter 3. The resulting spectral resolution was 2.7 A, which -1 . E E
is slightly better than that achieved in followup obsemwas o . i ;

of the sample of SBHB candidates (see Talle 2). Differences
in spectral resolution between SDSS spectra and followup s s s s s s s s s
spectra is inconsequential for our purposes since all thess li 0 1000 2000 3000 4000 50 100 150 200
of interest, including the narrowHand [O1ni] lines, are al- Rest-frame time interval [days] Number of obs. pairs
ways broader than the instrumental resolution.

Given that quasar variability properties are known to de- fhiglfjfigtﬁ-bli%ne\é?%sﬂgﬁepﬁg g?nﬁgfvearl\gazitggnf?_r Egestlfgr?{)a}rfisilgrgm
pe_nd on Iumlnqsny_a_lnd red.ShIft.' itis lmpor_tant_t_hat the-red sured from integrated Bi flux ratios (bottom right), and thg iétesrate(BH
shifts and luminosities (primarily the luminosities) ofeth  Amas a function of rest-frame time interval between obseswati(bottom
comparison sample span the same range as those of the SBHEBft). The Am distribution has a median of 0.02 and a standard deviation of
candidates. The redshift distribution of the quasars in the0-28-
comparison sample is shown in the bottom panel of Figlre 1.
The redshifts span the range08 < z < 0.68, with a me-

dian value of 0.38, very similar to the binary candidates de-
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scribed in Sectiof 211. The monochromatic luminosity dis- SDSS J133432.35+171147.0
tributions of the binary candidates and the comparison sam- 140F UT 2010/03/20 KPNO 4m -
ple are shown in Figurel 4 (see Section] 2.3 below for a de- i 1
scription of the luminosity measurements). The binary can-
didates span the range.23 < log L)\ L,(5100A)/erg st] <
44.68 with a median value of 43.75 and a standard deviation
of 0.31. The comparison sample spans the rangé44l
Iogé)\ LA(5100A)/erg s'| < 45.17 with a median value of
43.88 and a standard deviation of 0.33. The shapes of the red-
shift and luminosity distributions of the SBHB candidated a
comparison quasars are not identical, of course, as irticat
by the Kolmolgorov-Smirnov (KS) test, which gives probabil
ities that the redshift and luminosity distributions werawn i
from the same parent population of 0.002 and 0.006, respec- 40
tively. i o

The distribution of rest-frame time intervals is shown in 4600 4700 4800 4900 5000 5100
the top panels of both Figufd 5 and Figlde 6. The me- Rest Wavelength/]
dian, observed-frame time interval between observatidns o _. .

- - . . . Figure7. An example of the spectral decomposition for SDSS
the same object in this sample is approximately 225 days, ;133432 35171147.0. The red line shows the total model, including the
with concentrations of time interval between observati@ans power-law continuum, Fe template (which is weak in this object), the nar-
less than 100 days and approximately 300 days (these are ndew [Oni] lines, and the broad and narrowsHines. The individual line
obvious in relevant histograms because a very fine binningProfiles are shown in blue.
would be required to resolve them, but the concentratioas ar
evident in the associated scatter plots). The minimum time cases, the optical continuum was not well fitted by the above
interval in the observed frame is less than a day, and the maxprocedure; For example in some cases where data were miss-
imum is nearly eight years. ing in one of the fit windows. In these cases, manual adjust-
. _ . ments were made to the initial guess or wavelength range of

2.3. Spectral Decomposition and Emission-Line the fit. Finally, continuum-subtracted spectra were geredra
Measurements by subtracting the best-fitting optical continuum modehiro

In order to isolate the broadMHine and quasar continuum, the data.
we perform a spectral decomposition that deblends the quasa In the second step, we characterize the[PA\A4959, 5007
continuum, optical Fe, H3, and [Oil] emission compo-  emission lines and subtract them. We parameterize theegrofil
nents. All line and continuum fitting is performed using the of narrow emission lines in the spectrum based on the profile
IRAF tasksPECFIT(Kriss[1994) in three steps. This process of the [O111] A5007 line. In order to isolate that line, we fit
is qualitatively similar to the approach of Paper | and was a low-order polynomial to the local continuum (i.e. the red
adopted because, in objects where the line profiles areparti wing of the broad H line) in manually selected wavelength
ularly complex, it is more effective at characterizing tleelr  windows. The polynomial is temporarily subtracted and the
wing of HS under the [QI1] emission than methods that fit remaining [Q11] A5007 line is fitted with two Gaussians to
all the components simultaneously (elg., Shanglét al.] 2005) adequately account for any possible profile asymmetry (no
In fact, attributing various components of the fit to diffiete  physical meaning is attributed to the individual Gaussgians
physical regions is not advisable, but it is unavoidabléiin t ~ The [O111] A4959 line profile is then taken to be identical to
case, and we feel that this method minimizes the danger ofthat of [O111] A5007, but appropriately shifted in wavelength
misrepresenting the data. and scaled down in flux by a factor of3. With the [Oi]

In the first step, we fit and subtract the optical continuum, profiles thus characterized, the low-order polynomial dest
which includes contributions that can be characterizechby t back to the data and the [@] doublet is subtracted to isolate
combination of a featureless power law of the fofgx A™ the H3 profile.
and the optical Fe template of_Véron-Cetty et al. (2004). In the third and final step, we decompose thepiofile. In
We adopt two suites of two initial guesses, where the initial typical quasars, the Hprofile can be adequately represented
guesses differ in the properties of the starting power ldwe T by a combination of four Gaussian components. Two of the
first suite includes only the power-law continuum andiFe Gaussians account for the narro lihe and are constrained
template. The second suite adds a Gaussian to account foto create a profile identical in shape and tied in wavelergth t
Hell A\4686 emission and was only selected when thelHe the [O111] A5007 line, although the flux of the profile is al-
emission was visually evident in the spectrum. The fit is-opti lowed to vary and even to be zero if this provides the best fit.
mized in three windows at 4150-4200, 4435-4700, and 5100-The other two Gaussians are allowed to vary freely to charac-
5700 A and the best fit is selected by applying the Bayesianterize the broad H line. In cases where these profiles are very
Information Criterion (hereafter BIC, Schwartz 1878). Al- complex, an additional Gaussian is necessary to adequately
though it is appropriate to minimize the statistic when per-  characterize them. These cases are identified by visuadasp
forming the fit, the reduceg? is ineffective at choosing be- tion, and are outliers in the distribution of reducgtiwhen
tween models because a fit with more free parameters willwe fit them with only two Gaussians (typically?/v > 16).
always perform better at this test. The BIC provides an eval- Including the third Gaussian results in a decrease in the BIC
uation of the goodness of fit, similar to that provided by the of > 10, indicating that the additional free parameters associ-
reducedy?, but penalizes the model based on the number of ated with the third Gaussian significantly improve the fit. An
free parameters, and thus evaluates whether the addition oéxample of the fitting results is shown in Figlite 7.
new free parameters truly improves the fit. In a minority of  We measure spectral properties from the parametric models

120~ ]
100- ]

8ol

f, [10 erg §* cmi2 A™Y

60f




Flux Variability of Supermassive Black Hole Binary Candes 7

obtained for the B and [Oi11] A5007 lines in the SDSS spec-

tra and give the results in Tablgs 3 @nd 4. The total line fluxes 13; SN=1 ] E
are obtained by integrating the emission-line model whieege t 6 h E
model is above 1% of the peak flux density of the line. We 4k — E
verify visually that this scheme includes the entire linexflu 2k ’_’7 “ :
(see Appendik’AR for a detailed discussion). The continuum 0f
luminosity is measured at 5100 A from the power-law com- 15 SN=5 E
ponent of the continuum fit and is included in Takle 4. The 10F h B
continuum luminosity distributions for th(;.mSBHB candidate . | ]
and comparison sample are shown in Figdre 4. The luminos- E E
ity range in both samples is relatively narrow, spanning/onl £ oL E
about an order of magnitude. T 300 SIN = 10 3
Using the spectral decompositions, we also determine a g - o
suite of parameters to characterize the &hd [Oi11] A\5007 5 20F 3
line profiles. Although not all of these quantities are neede £ 10 3
for the variability analysis carried out in this paper, we in 2 o
clude them in Tablds| 3 afd 4 for future reference. Following 30F gN=23 E
Paper |, the first four central moments of the line profilgs, 20E I — E
are calculated fromu, = K> (A = (\)"fi, where)\; and f;
i 10F 3
are the discrete wavelength and flux densities, the noreraliz of ] —
tion constanK is given by YK =5 fi, and()\) = K> \ifi 300 SN 42 - 3
I I E = =
is the first moment (i.e. the centroid) of the line profile. 38— — E
From these measurements we can derive the skewness coeffi- 156 E
h _ 3/2 . - 10& 3
cient,s= pus/u5’“, which describes the degree of asymmetry B E
of the profile. Symmetric profiles hage= 0 and positive val- e
ues ofrihe skevxyness coefr;icient indicate that tr;m line leans t ~1000 'SOOFWHMO[km 7 500 1000

bluer wavelengths (i.e., the red wing is more extended thanF_ & Distibut Fthe FWHM of b5 A from the 50 synthet
; i i - 2 i igure 8. Distributions of the of ¥ measured from the 50 synthetic
the blue)' The kurtosis coefficierk, ,u4/,u2, describes the spectra generated for 5 different objects. Each panel septe a different

shape of the line profile, with boxy profiles having smaller gpject and is labeled with the value 6f/N measured from the observed
values ofk. We also calculate the Pearson skewness coef-spectrum. The standard deviations of these distributidelsl yhe FWHM

ficient, p= ((\) = Am)/p; *. In this case )y is the median  uncertainties as a function &N.
wavelength corresponding to the point where the area of the

line profile is split in half. Note that this definition matche 2000y
that given in Paper I, but the values given in Table 4 of Paper | I
had the sign reversed, inadvertently. We correct this ikésta
in this paper. Positive values of the Pearson skewness-coeffi
cient also describe blue-leaning line profiles.

An accurate accounting of the uncertainties associated wit
the spectral properties must include both the effect ofanimis
the spectrum as well as uncertainties incurred during the in
teractive fitting procedure. To estimate these uncertsntie
carry out Monte Carlo simulations of the spectral decomyposi
tion. First, we select five spectra that span the rang®/bf I ]
presentin the sample of SBHB candidates, making an effort to ol . * .
include instances of qualitatively different spectralmedies. o T T T T T
We calculate thé&/N within +25 A of the peak of the broad HB SIN
H g profile after continuum subtraction. For each of these five
objects, we generate fifty realizations of the best-fittirafel Figure9. Uncertainties in the FWHM taken from the widths of the distri
spectrum by adding Gaussian noise with a constant amp"tudéions in the_previoui:‘igure verst&ilil. These are fitted with a fun_ction of
equal to that measured at the peak of the broadite. Each m%]fgrg‘;g A(S/N)™ +B, whereA = 234133, B = ~10340, anda = 0.71
synthetic spectrum is then run through the spectral fitting p '

cedure (including the interactive continuum placement and . . . 1
line fitting) and all of the spectral properties are measured e find that the uncertainty usually scales as eitf¢Nj

by fitting the synthetic spectrum in the same manner as the?! (§/N)™/2. In a handful of cases, we fit the fractional uncer-
observed spectrum (see description above). We adopt the ref2inty (relative to the mean of the distribution of realizat)
sulting standard deviation in the distribution of each roeag ~ 'ather than the absolute uncertainty as a functio§/&¥ be-
property as the uncertainty for that measurement atShst cause we find that this relationship is much more clear. Using
As an example of the outcome of this experiment, we show these relationships we estimate uncertainties on the mehsu
in Figure[® the distribution of H FWHM values for differ- ~ guantities for the objects in the sample. For the FWHM and
ent values of theS/N. Next, we fit a simple function of the ~Peak wavelength shift of [@I], we find a negligible spread
form o = A(S/N)™ +B to the relation between tH8/N and in the values measured from the synthetic spectra, likely be

corresponding uncertainty, as seen in the example of Fiure cause the line profiles have strong peaks and few data points,
therefore we set the following upper limits to these unéerta
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ties: 70 km ! and 30 km §', respectively. In AppendixJA  structure function. In this approach, we consider evengpos
we investigate the sources of uncertainty in detail, iniclgd  ble pair of spectra for each object to obtain a measure of the
the uncertainty arising from the choice of method for decom- dispersion in the magnitudes, wheken=-2.5 log(f;/ f2), at
posing the spectra. The results presented in the tablessof th different time scales for the entire sample.
paper do not include the uncertainty from the choice of de- Forthe SBHB candidates, the right panels of Figlites 2 and
composition method. @ show the distributions of continuum and integratetiriag-

The primary objective of the multi-epoch spectroscopy of nitude differences, respectively, of unique pairs of obser
the SBHB candidates is to search for radial velocity varia- tions. Although the distribution is centered near zerogher
tions, which will be the topic of an upcoming paper. As a re- are noticeable wings that are more pronounced f@rthan
sult, while particular care was taken with the wavelength ca the continuum. The distribution of continuum magnitude dif
bration, theabsolute flux calibration can be uncertain by upto ferences has a median-68.05 and standard deviation of 0.43
a factor of two, largely because of variable seeing. To bypas while the distribution of 8 magnitude differences has a me-
this uncertainty, we assume that the integrated [[dumi- dian of-0.03 and a standard deviation of 0.59.
nosity does not change over the time scales spanned by our The distribution of magnitudes does not take into account
observations. To support this assumption, we verify that th the time interval between observations, which is known to
narrow-line regions (NLRs) of our targets have a smaller an- play a role in determining the amplitude of flux variability
gular size than the spectrograph aperture (circular fibéts w in typical quasars_(Vanden Berk el al. 2004; Macleod et al.
a radius of 1’5 in the case of SDSS spectra and a slit with ). Figure§12 and 3 also show the continuum and inte-
a width of 1’5 in the case of follow-up spectra). To do this, grated H3 magnitude differences, respectively, for the SBHB
we use luminosity-based prescriptiori.of Bennert et al. 2200  candidates as a function of the rest-frame time delay betwee
which gives a measure of the outer extent of the NER_, the observations. It is readily apparent that a substainsied
defined as the radius of the ring aperture where thie J@lux tion of observations are separated by 1000-3000 days. This
in their images drops tod3above the background and typi- is a direct result of the observing strategy we adopted, &vher
cally enclosing 98% of the detectable emission) as a functio the goal was to evaluate the binary hypothesis based on the
of the [O11] luminosity. The scatter in this relationship is Hg radial velocity variability. It is also noteworthy that the
0.14 dex in logR\LR), SO in order to obtain an upper limit on  distributions of continuum and integrategsHinagnitude dif-
the size of the NLR in our objects, we add this to the val- ferences are fairly similar.
ues calculated from the prescription. For maximum sizes of
the NLRs in our sample, we use the [[@ luminosity from 3.2. Ensemble Variability
the SDSS spectrum for each object (because these have the
best flux calibration) and obtain 800 fadR\LR, max < 14600 pc
with a median value of 2700 pc and corresponding angular
sizes of 012 < o < 1746 with a median value of/312. Based
on this calculation, none of the objects in the sample have
maximum NLR sizes larger thar’s. The angular sizes that

In order to quantify the ensemble variability of the SBHB

candidates as a function of the time interval between obser-
vations, we compute the structure function, which provides
a measure of the average relative change in the flux of the
objects in the sample. There are multiple definitions in the

we estimate are also consistent with expectations from morgitérature, we adopt two here. The first version and the cor-
recent work (e.gl, Hainline et’al. 2013, 2014). Given that th responding uncertainty, from Vanden Berk €t al. (2004), are
images of Bennert et A, (2002) and Young étlal. (2014) showdefined as follows:
that the NLR emission is actually concentrated far inside of _ 7 > 2

the outermost extent that is measuredRyr, we determine (A= \/§<|Am|> (7am) (@
that there should be no variability as a result of a small size
or orientation of the spectroscopic slit. Intrinsic narrbme OoF = >
variability in response to changes in the ionizing contimuu _ .
can take place on time scales of years (e.g., NGC 5548 which We evaluate the magnitude differenceAm =
demonstrates about 20% variation over 20 years, suggesting2-5 109(f1/f2) between two epochs (rest-frame time
that the NLR extends down to a few pars et glinterval At), after scaling the later spectrum to thga same
2013). Because the NLR is so large in the binary candi- (O] flux as as the former spectrum. The quantitym
dates and comparison sample, which are more luminous thariePresents the formal measurement uncertaintAim and
NGC 5548, we do not expect intrinsic variability on the time Ormsam and ormso,, are the standard deviations of the
scales of our observations. Thus, whenever we compare twgdM and oam distributions. The structure function is then
spectra from this point forward, we scale all flux densitieg a ~ calculated in time interval bins.

w2 (| AM) 208 Amt Ofrsosn ()

integrated line fluxes so that the integratediQflux of the The second version of the structure function we consider is
later observation matches that of the earlier one. defined by MacLeod et al. (2012) as
3. ANALYSIS SFor(Al) = \/ [0.741QR(AM)]2- 02 . 3)

3.1. The Distribution of Magnitude Differences whereIQR is the interquartile range (full width_at quarter

In this work, we consider the rest-frame, ensemble flux maximum) of the cumulativesm distribution and»3 ,, is the
variability in the continuum and Bl emission line. Because median of the squaredm measurement uncertainties. The
each object in the SBHB candidate sample has only been obuncertainty in this structure function is simulated by Isti@tp
served a handful of times, the light curves are poorly sathple resampling of the distribution ahm 1000 times, calculating
and cannot provide a useful characterization of the vdifgbi  the corresponding value of the interquartile range for eéach
of individual objects. Therefore, we consider the vari@pil  eration, and finally evaluating the width of the resulting-di
of the sample of SBHB candidates as a whole by means of theribution of SFor.



Flux Variability of Supermassive Black Hole Binary Candes 9
Table 3
Spectral measurements for broad FAbridged]
Peak Centroid
Object Obsev. Velocity Velocity Velocity Pearson
Name Date FWHM FWQM Shift Shift Dispersion Skewness Kurosi Integr. EW
SDSSJ (uT) (km/s) (km/s) (km/s) (km/s) (km/s) Coeff. Coeff. Flux? A)
(1) (2 3) 4) (5) (6) (") (8) 9) (10) (11)
001224 2001/08/20 3208 300 9300+ 400 -1880+90 900+ 200 4200+ 200 0.23+0.02  2.86+0.04 3500+ 100 92+4
2009/12/16  2606- 300 87004+ 400 -20804 80 6+ 200 3900+ 200 0.26+ 0.02 3.13+0.04 3200+ 100 104+ 4
2010/10/12 4400 200 8100+ 300 -2120+60 200+ 200 3900+ 200 0.19+0.01  3.71+0.04 9000+ 200 98+4
2014/08/28  4600: 300 9000+ 400 -2030+90 400+ 200 4200+200 0.20+0.02  3.52+0.04 8300+ 300 134+ 6
002444 2000/12/22 8498 100 132004+ 200 -170+ 40 100+ 90 42304+ 70 0.030+ 0.008 3.01+0.03 4010+ 80 93+ 3
2009/12/18  9400: 200 148004+ 400 -4104+80 -4004+200 4800+200 0.01+0.01  3.14+0.04 1840+ 50 106+ 4
2014/08/29 10108-200 174004+ 300 -330+60 1900+ 100 6600+ 100 0.155+ 0.009 3.64+0.03 5400+ 100 136+ 5
015530 2001/09/16 7508 200 10500+ 300 2120+ 70 1100+ 200 3500+ 200  0.04+-0.01  3.43+0.04 6300+ 200 108+ 4
2009/12/17 7206 200 101004+ 300 2200+ 70 10004+ 200 3400+200 0.07+0.01  3.32£0.04 2460+70 98+4
2011/08/31  7100= 200 100004+ 300 2320+ 60 6004+ 200 3000+ 200 -0.01+0.01 2.86+0.04 4300+100 7743
2014/08/28 6406t 300 115004 500 40+ 100 800+ 200 44004 300 0.06+ 0.05 3.55+ 0.05 7100+ 300 103+ 5
@ Integrated fluxes are in units of 70 erg s* cm 2.
Table 4
Spectral measurements for [@] A5007 [Abridged]
Object Velocity Pearson
Name  Observation FWHMI  Dispersion Skewness Kurtosis Integrated EW
SDSSJ Date (UT) fy(5100A)@ (kms?) (kms?) Coefficient  Coefficient Flug R)
1) 2 3) 4 (5) (6) (7 (8) 9)
001224  2001/08/20 364 0.2 620 310+20 -0.20+0.04 3.17+£0.05 360+20 10.0+0.6
2009/12/16 29.6: 0.2 750 510+20 -0.144+0.04 3.44+ 0.05 460+ 20 16.0+ 0.8
2010/10/12 84.0+ 0.2 680 570+10 -0.074+0.03 3.80+0.04 1590+50 18.0+0.7
2014/08/28 59.6: 0.2 780 780+ 20 0.084+0.04 3.83£0.05 1360+ 70 23+1
002444  2000/12/22 394 0.2 410 298+ 8 -0.06+0.02 4.124+0.02 544+ 9 13.04+ 0.3
2009/12/18 16.6: 0.2 520 390+ 20 -0.05+0.03 4.82+£0.04 260+10 16.0+0.8
2014/08/29 37.6:0.2 490 340+ 10 0.18+0.03 4.53+0.03 510+10 13.0+0.4
015530 2001/09/16 546 0.2 280 160+ 10 -0.06+0.03 3.694+0.04 14604+ 60 26+ 1
2009/12/17 23.6:0.2 470 250+ 10 -0.28+0.03 3.75+£0.04 870+ 30 36+ 1
2011/08/31 52.6: 0.2 310 230+ 10 -0.16+0.03 4.40+0.04 1310+ 40 25+ 1
2014/08/28 65.0+ 0.2 470 200+ 30 0.084+0.04 3.19+0.06 1800+ 100 28+ 2

a Flux densities are in units of I8 erg s* cm? A™2.
b Uncertainties on the [@] FWHM are less than 70 kni's,
¢ Integrated fluxes are in units of 0 erg s* cm 2.

For either definition of the structure function, the varlabi candidates, it is not clear that the IQR structure funct®on i
ity can only be characterized if it is detected above the un- preferable, so we consider both forms of the structure func-
certainties on the measurements. In practice, this haothe f tion. Given the distribution of magnitude differences ig+i
lowing consequences. First, on short time scales where theured2 an{3, we expect to fif gr(At) < SF(At).
variability amplitude is small, we are not always able to mea  In calculating the structure function, it is common to in-
sure the structure function. Second, because the two definiclude a term to account for the photometric uncertaintysThi
tions of the structure function are slightly different, tteen- can be done by calculating the structure function either of
poral bins where the structure function is undetermined cannearby non-varying stars, or [@], which is assumed to re-
differ. This means that for some time intervals, one of the tw main constant. However, we are assuming here that the][O
definitions yields a meaningful measurement of the strectur flux remains constant and we use it to re-normalize the spectr
function while the other does not. before calculatinghm, which, in turn does not allow us to de-

For Gaussian distributions akm, SF and SFgr will be termine the photometric uncertainty in this fashion. Iadte
identical, but for distributions with more prominent wings we propagate the uncertainties in the integrated[JCflux
(e.g., an exponential distribution), the valueSbigr will be resulting from the spectral decomposition into the errasba
smaller than the value &F corresponding to the same time on the structure function. In some cases these uncersintie
interval. SFgr is particularly robust against outliers that re- can be very large, so we calculate the structure functiargusi
sult from bad data and is an especially sensitive measure obnly measurements with small uncertainties (as determined
variability at short time scales where the amplitude of the from three iterations of 3 clipping on the distribution of per-
variability is small (MaclLeod et al. 2012). Because we are cent uncertainties in eacht bin). In practice, this approach
particularly interested in longer time scales with the SBHB trims a small number of data points with uncertainties gneat
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Figure10. A comparison of the continuum (black, filled circles) ang H
(blue, open circles) structure functions for the SBHB cdatiis. The two
versions of the structure function presented in Equatifiisaqd [3) are
shown in the top and bottom panels, respectively. At thetekbtime scale
the value of the structure function here is driven primabiy observations
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Figure1l. A comparison of the continuum (black, filled circles) ang H
(blue, open circles) structure functions for the comparisample. The
[Vanden Berk et al[(2004) and IQR structure functions arevshan the top

and bottom, respectively. The shape of the structure fomdtr the contin-

uum and emission line is similar, but not always consisteittt @ach other
within the uncertainties.

of one object and may not accurately reflect the ensemblability of the
sample. We find that the shapes of the continuum and emisamsttucture
functions are very similar, i.e. the majority of data pointatch within the

uncertainties. guasars presented in Sectlon]2.2. We measure the structure

functions of this sample in the same fashion as the SBHB
candidates, although we use a new set of temporal bins for
less than 10%. , this purpose, appropriate for the time sampling of the quasa
The continuum and H structure functions for the SBHB  fjxes.
candidates are shown in Figdrel 10. We have selected loga- The magnitude differences of the continuum and the H
rithmic time bins so as to get an equal number of pairs of ob- 5re shown as a function of the rest-frame time interval in Fig
servations in each bin and adopt this binning for all thecstru  reg[% ands, respectively. The time intervals between ob-
ture functions of the SBHB candidates in this work. We find sepyations are clearly concentrated at values below 708, day
that the structure functions for the continuum flux densitgta - mych shorter than those available for the SBHB candidates.
the integrated H line flux agree with each other within the  Thjs is an inevitable consequence of the fact that the spettr
uncertainties for the SBHB candidates. This is true for both he comparison sample were obtained as part of the SDSS |-
For both definitions of the structure function, the varigpil 5,y SBHB candidates were obtained long after their origi-
in the shortest time scale birc(20 days) appears very large. na| SDSS spectra, therefore the time interval between those
While most observations in this bin show small variability, opservations are longer. A cursory inspection of thesedigur
the value of the structure function here is driven primally  shows relatively few objects exhibiting relative flux vaidas
many observations of one object which shows large variabil- greater than 50%. The distribution of continuum magnitude
ensemble variability of the SBHB candidates and exclude it of 0,03 and standard deviation of 0.22. The distribution 6f H
from later figures. magnitude differences, shown in the right panel of Figdre 6,
. . has a median of 0.02 a standard deviation of 0.28. We char-
3.3. Comparison to the Sample of Typical SDSSQuasars acterize the ensemble variability properties of the coiinpar
To assess whether the behavior of the SBHB candidates dif-son sample by calculating the structure function, as dssmlis
fers significantly from that of typical quasars, we compare in Sectior 3.2. The structure functions for the continuum at
their variability properties to those of the sample of tghic 5100 A and the & emission line are presented in Figlré 11.

than 50%, leaving the majority of points with uncertaintiés
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Figure12. A comparison of the 5100 A continuum structure functions the Figure13. A comparison of the i structure functions for the SBHB can-
SBHB candidates (black, filled circles) and the comparisomle (red, open  didates (black, filled circles) and the comparison samjeld, (open circles).
circles). The dashed line shows the modified exponentiameterization of ~ The dashed line shows the modified exponential parametierizaf com-
combined comparison sample and SBHB structure functiors. Sectiofi3 ~ bined comparison sample and SBHB structure functions. $eto8[3 for
for additional details. additional details.

According to the structure functions, the fractional vhaility SBHB candidates and the comparison sample is robust.
amplitude in this sample is generally on the order of 10-30%, We also ask what the structure functions would look like
although it increases with increasing time interval. with zero variability, given the observed uncertaintiesisT

In Figure[12 we compare the continuum structure function is simulated in an identical fashion, except the flux raties a
of the SBHB candidates to that of the comparison sample andgenerated from a normal distribution around unity. We find
in Figure[I3 we show an analogous comparison for thie H that zero variability gives a flat structure function near oot
structure functions. We find that the SBHB candidates dis- equal to zero. This occurs because the structure function in
play variability that is consistent with that observed fgpit volves the root-mean-square of the absolute values of magni
cal quasars in a similar redshift and luminosity range, @ th tude differences, therefore, positive and negative exmuss
order of 10-30%. On the shortest time scales the variability from the mean magnitude do not cancel out. This confirms
may be even less, but that measurement is hindered by théhat, within the observed errors, the observed structure-fu
magnitude of the uncertainties. tions are not consistent with zero variability.

To ascertain the robustness of the structure functions and In view of the different distributions of time intervals for
verify the error bars, we simulate the effect on the striectur the SBHB candidate sample and the comparison sample, we
function of perturbing the data within the measured ungerta can only make a direct comparison of the measured structure
ties. TheAm distribution is redrawn by randomly selecting functions for time intervals between 300 and 900 days. To
flux ratios for each object in the sample from a normal dis- assess the similarities between the structure functiotiseof
tribution with mean and standard deviation equal to the flux two samples further, we ask whether the models in the litera-
ratio measurement and uncertainty, respectively. Xhredis- ture that are used to describe the structure functions adayp
tribution is then propagated into a structure function assu  quasars can also describe the structure functions of theBSBH
ing the observed uncertainties. We repeat this proceds 10sample.
times and determine the median of e andSF gr distribu- The structure functions of typical quasars are generally
tions in each time bin and their associated standard demimti ~ well parameterized by S|mple power-law functions (e.g.,
We find that this method reproduces the observed flux ratioVanden Berk et all_2004; al. 2012) as well as
distribution within the uncertainties and preserves thame modified exponential functions that are motivated by damped
We conclude that our uncertainties are reasonably characte random walk models. Because we see evidence of a turn-over
ized and that the match between the structure functionseof th in the structure functions of the SBHB candidates on time
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dates and the quasars of the comparison sample can be de-
Structure Funzgg'fgarameterizaﬁon scribed by acommon model. The same is true of tHestiuc-

ture functions. Since we are only able to sample the stochas-
tic variability of the SBHB candidates in a statistical sens

Type Foo T X%/v / . .
(mag) (days) and on relatively short time scales, we cannot carry outtlire
1) () (3) (4) tests of specific models for the interaction of a SBHB with a
- circumbinary disk. The models bf D’Orazio ef al. (2013) and
gﬁﬂﬂﬂﬂﬂﬁﬂ IR g'.%ig:gi? ?2161%19500 g.'g [Farris et al.[(2014) predict periodic variability on timeakes
Hp 0.335+0.021 86> 2.1 ranging from about half to about 10 times the orbital period.
HBIQR 0.429£0.058  156@-590 8.1 The variability arises from accretion rate fluctuations be t
orbital period which can also lead to flux variability becaus
2 The modified exponential function is defined in of beaming with half that period. On time scales longer than
%?%ﬁg%ﬁbiﬁg &;%Tff:%rr']zd?ggpesgféesdDhseSrecgﬁ_ the orbital period, the variability is caused by tidal iratetions
parison samples. of the binary with the circumbinary disk, leading to bright
b This value is not constrained, as discussed in Sec- spots in the disk. These time scales would amount to several
tion[3.3. decades to many centuries for the SBHB candidates in our

B _ sample, in sharp contrast to the time scale we have probed,
scales around 1000 days, we adopt a modified exponentiajyhich are~ 1 month to~ 12 years. In order to carry out direct
here. There is some variation in the exact form that is adbpte tests of the models, we would need to obtain light curves of
for examplel Vanden Berk etlal. (2004) adopt a power-law individual objects spanning much longer temporal bassline
model, but we choose the form used by MacLeod et al. (2012) These results suggest three possible conclusions. (a) The
because it is able to reproduce the break that we see in oupinary candidates are, in fact, not SBHBs, and the mechanism
structure functions. The parameterization is responsible for the offset broad lines does not leave aniimpr

1/2 on the variability properties of these objects. In this cése
SF =S (1—e‘m/’) , 4) binary candidates still represent a very interesting petr
. - of quasars where some mechanism in the BLR has produced

where S, and 7 are adjustable parameters describing the sfiset broad emission lines, as well as the correlationdiote
normalization and break time, respectively. The resulfitsy  paper | and reproduced here where the lines are skewed in the
are also shown in Figurésl12 &nd 13 with the best-fit param-gjrection of their shift. For example, such a mechanism may
eters listed in Tablg]5. Note that we find~ 10 days for e 5 1-arm spiral or a warp that leads to a high-contrast, non-
the H3 structure function calculated from Equatldn 1 (shown yisymmetric perturbation in a disk-like BLR (see examples
in the top panel of Figure_13). This value is not constrained in[Lewis et al[ 2010, Wu et 4l. 2008, respectively). Thus, the
because the variability on short time scales cannot bendisti ok of the broad line is displaced éccording to the proq'i,ecte
guished above the noise, hence no turnover is observed in th elocity of the brightest portions of the disk. (b) Some ahge
structure function. o . in the sample are SBHBs, but the contamination of our sam-

We find that the parameterizations of the combined SBHB |q by objects that are not is enough to prevent our detecting
candidate and comparison structure functions here are-gene g gifference, even though SBHBs have different variability
ally consistent with those in the literature. For structumec- — rqperties. (c) SBHBs have the same variability properties
tions of the continuum light between 4000 and 6000 A, sam- 5¢ regular quasars. In order to say more about the first two
pled on rest-frame time scales of approximately 1-1000 days pgints, we require the accumulation of additional lines\of e

MaclLeod et all. [(2012) find that their data are well fit by id ticularlv th dial velocit that widl th
s 1 g and 63503 ey T brdale ! SS1CE, Py e racial velooty curves v e

and normalization are comparable to the parameterizdions In the context of the third possibility, our main result sug-

both continuum structure functions. i iahility i
X ; gests that, if the observeddlux variability is the result of
In the range of time intervals from 300 to 900 days, the yeyerperation of the continuum, then the extent of the BLR of
structure functions of the SBHB candidates and the compar-tne SBHB candidates is comparable to that of typical quasars
ison sample overlap and are in good agreement with eachrpys in the remainder of this section, we consider the im-
other. Furthermore, the structure functions of the SBHB can pjications of these results for the structure of the BLR i@ th
didates and comparison sample can be well fit with a commonsgHB candidates. We restrict our discussion to the specific
model described by parameters comparable to those obtainedcenario in which the offset broad emission lines arise in a
for samples of normal quasars. This suggests that the SBHEg) R that is associated with the secondary BH in a SBHB.
candidates exhibit variability consistent with that exeeldor Shen et al[(2013) and Ju ef &l. (2013) have already attempted
regular quasars on timescales00 days. Hence, we con- 5 constrain the orbital properties of the SBHB population
clude that the variability properties of the binary profst  pased on the observed properties of the candidates. Here, we
are similar to those of regular quasars. are interested in examining a more specific question in the
context of our variability data: if the BLRs of SBHB candi-
4. IMPLICATIONS OF OBSERVED VARIABILITY dates have a similar extent to those of typical quasars, what
PROPERTIES are the ensuing constraints on the orbital parameters of the
Our main, new observational result is that, on time scaleshypothesized SBHBs? To this end, we compare the extent of
longer than approximately one year the variability of bdia t  a typical BLR to characteristic length scales in the bintrg,
continuum flux and the broadMHemission line flux in the  size of the Roche lobe of the accreting black hole and the ra-
SBHB candidates is consistent with the 10—-30% observed indius at the which the accretion disk of the accreting blad& ho
typical quasars of similar redshift and luminosity. Addlitt is truncated because of the tidal effect of its companion.
ally, the continuum structure functions of the SBHB candi- We begin by collecting here a number of constraints derived
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by combining observations and basic orbital mechanics. As | - L S
in Paper I, we assume that only the secondary (less massive) &

BH is active, in other words, all observed properties of the
AGN, such as the bolometric luminosity and the Eddington
ratio, refer to the secondary. Adapting equations (1) and (2
of Paper |, we write the orbital period and separation of the

binary as
2625Mg

T B ©)

and
0.432Mg

v ©
whereq=M,/M; < 1 is the mass ratidylg is thetotal mass
of the binary in units of 19M,, andV, is the true orbital
velocity of the secondary in units of 1&m s, assuming a
circular orbit. In Paper | we presented the observed distrib
tion of projected orbital velocities,u, = V. sinising (where
i and ¢ are the inclination and phase angles of the binary),
spanning a range from one to a few thousand ki $here-
fore, as long asand¢ do not have extreme values, we expect
V., 3 to be of order a few. Combining equatiofs (5) dnd (6) we
can cast Kepler's third law for such a binary as

P

2/3
( 10° yr) be-

In Figure[14 we show graphically the physical parameter
space described by the binary separat@ifin pc), and the
total mass of the two BHsVg(= Mit/10° M). The dot-
ted lines in Figuré_14 show the relation betweseand Mg
(a < Mg; see eqnl]6), for a fixed value of the orbital speed
of the secondary BHW, = 4000 km &%), and three different
values of the mass ratig & 0.01, 0.1, and 1). These lines
effectively delineate the entire range of combinationa ahd
Mg since theg = 0.01 line is nearly identical to thg@=0 line
and sinceq > 1 contradicts our basic assumption that only

a=0228Mm°

(7)

the secondary BH is active. The solid lines in Figuré 14 are

lines of constant orbital period, following Kepler’s thilaw
(ax Mé/s; see eqfl7). If the orbital speed of the secondary BH
increases, then the lines of constgmbove towards the lower
right; their horizontal shift corresponds to a changdinby

a factor {/2/4000 km §%)2 as prescribed by equatidd (6).

In order for gas in the vicinity of the secondary black hole to
be gravitationally bound to it, the gas must be within its Rec
lobe. The following parametric expression for the effestiv
radius of the Roche lobe of the second#y; (the radius of

a sphere with the same volume as the Roche lobe), relative t

the binary separatiom, is given by Eggletdr (1983)

Rio 0.49¢%/3

2 O~ g EErna g

(8)

_ 1.0}
(@] L
2

©

0.1L, -

100
My [10° Mg

Figure 14. Constraints on the binary parameters of the SMBH candidates
derived by considering the size of the BLR in comparison teeptharacter-
istic lengths in the binary. The dotted lines are lines ofstant mass ratio for

a fixed orbital velocity of the secondary BH. The thin solitels are lines of
constant orbital period. The conditions that the BLR is idrlty truncated

and is smaller than the Roche lobe are depicted by grey bahai® details

can be found in Sectidd 4 of the text.

lobe radius by Eggleton (20111, section 6.1, eqn 6.8)

Rir 2.2
R, (1-9"’?) X2 (a),

R

r 22
= - (1.9+ ] ) GO
wherex,(q) is given by equatior{{8). In Figute15, we illus-
trate how the secondary Roche lobe radius and the truncation
radius vary with the mass ratio for a binary wih= 0.3 pc
andMg = 1 (henceP ~ 1500 yr). For a larger value @, R_»
andR;; increase proportionally. However;; is always small
compared tdR_ , anda.

To estimate the extent of the BLR we start with the empir-

ical radius-luminosity Rg r—L) relationship of Bentz et al.

§2013), connecting the reverberation lag of the brogdikix,

Thg, to the monochromatic luminosity of the AGN at 5100 A.
This relationship is calibrated over four orders of maghétu

in monochromatic luminosity and has some scatter, whereas
our sample spans a relatively narrow luminosity range (abou
an order of magnitude). To account for the scatter, we do

At some critical distance from the secondary, the accretingnot apply theRg r—L directly but instead we consider the

object stops dominating the potential, which departs &igni
icantly from spherical symmetry with the result that orbits
(coplanar with the binary orbit) at that radius cannot be cir

measured lags of the AGNslin Bentz et al. (2013) with lumi-
nosities in the same range as the AGNs of our sample. For
this narrow range of luminosities there is no discernible co

cular. Therefore an accretion disk around the secondary isrelation therefore we simply adopt the median lag to obtain

truncated at this critical distance because particle @di#rt
to cross each other. Detailed calculations of the disk &unc

an estimate oRgr = C714g = 0.01770:522 pc, corresponding to
a monochromatic luminosity of log[, (5100 A)/erg s] =

tion radius are presented by Paczyh5ki (1977, and refesence43.62. The upper and lower bounds &g, define the in-

therein). For our purposes we adopt the following approxi-
mate expression for the truncation radius relative to thehigo

tervals within which we find 13 of the[Bentz et al.[ (2013)
AGNs above and below the best valueRy g, respectively
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(analogous to £1¢” intervals). The extent of the BLR (its

effective outer radius) is likely a few times larger thiag r, 0.1 e I I I
as evidenced by the following observational results: (& Th T
Ha line responds to continuum variations with a lag that is I

imately twice as long as that ofBI—(e.g.,I. 0.10

approxi
;0). Similarly, the lines of the optical
Fell complex respond to continuum variations with a lag that I
is approximately 2—3 times as long as that ¢f {Barth et al. 0.08
[2013). (b) The dust sublimation radius, as inferred frorarin T
ferometric imaging and from the reverberation lag of therhea
IR continuum relative to the optical continuum is 4-5 times
larger tharRg, r (€.9., Kishimoto et al. 2011; Suganuma et al.
@%;LKQshLda_e_t_dlL_ZD_M). In view of the above results, we
takeRyug = 4RgL R to be a plausible estimate of the maximum 0 04'
extent of the line-emitting gas in the BLR of a typical quasar )
Because of the scatter in tRg gr—L relation we illustrate the
outer extent of the BLR as a broad band rather than a sharp 0 02’
line in Figure[I#. In the illustration of Figufe 15 we show :
the BLR and dust sublimation radii as dashed lines. For the ’
combination of binary parameters adopted in that illugirat 0.00[
RgLr can be either smaller or larger thBp depending on the 0.1 0.2 0.3 0.4 0.5
value ofq, but it is always smaller thaR,». In contrastRy.« : : : : :
is always larger thaR;, but it can be either smaller or larger q
thanR_; depending on the value qf

If we suppose that the extent of the BLR of SBHB candi- Figure15. Comparison of the secondary Roche lobe radRis,(solid black
dates is the same as that of typical quasars, then we obtai nLEI% and truncation radiusR, solid red line) to the empirically calibrated

- . . . radius RgLr, lower dashed line) and dust sublimation radiBg&, up-

lower limits on t_he orbital separ_atlon and total mass_ inthe b per dashed line). In this particular realization we haveiassl a binary with
nary. We consider two scenarios to place constraints on theatotal mass of M, (Mg = 1) and an orbital separation @& 0.3 pc and we
binary properties, amounting to two ways of placing the trun plotR.2 andRy as a function of the mass ratiq, We takeRgr = 0.017 pc
caton raciusrelative to the st sublimation and BLR radi {003 % LESE B e R dpmeng s ety o

In the first, more extreme scenario, we require that

b 0 - ;
Raus < Rer, which is equivalent to assuming the BLR has the of the orbital speed of the accreting BH. Specifically, we can

same extent as in a typical quasar of a given luminosity. This S s ¢
condition can also be viewed as a requirement that the po-S€tV2 = 8000 km §' without violating the observational con-
tential in the outskirts of the BLR is still dominated by the Straints, which would lead to an allowed mass range that is

secondary BH. If we adopt this scenario, we effectively as- four times higher than that depicted in Figliré 14 for a given

sume that the binary separation is large enough that the BLRorfbital se?aratiohn, and orbital periods that are approtepa
must not be tidally truncated by the primary black hole. Thus @ factor of two shorter. . o

we obtain the dashed black line at the upper right corner of 1N question of the allowed orbital periods is important be-
Figure[T#, which is based on the best estimatBg§. The cause it has a bearing on the detectability of radial vefocit
grey band represents the uncertaintyRiie about the best ~ variations. If the expected orbital periods are of ordet 0
estimate, arising from the scatter in the correlation betwe &S in the first scenario described above, then we would not

Raug and quasar luminosity. The allowed valuesaaindMg be able to detect significant radial velocity variations ur o
are in the strip between the extreme valueg ahd above the ~ ©N90ing spectroscopic monitoring program with observestio
Ry = Raug band. This leads to larger orbital separations and SPanning a decade (see illustration in Fig. 5 of Decarliet al
we infer large total masseg, 101° M., and very long orbital 2013). Thus, if we do detect significant velocity variations
periods, > 10° yr. ' we may conclude thain the context of the SBHB scenario

In the second scenario we require tRady < R », which is one or more of the following may be true: (a) the mass of

equivalent to assuming only that the BLR is bound to the sec-SBHB is X severak 10° Mg, as long as the secondary BH
quv uming on'y \ v s the one that is active, (b) the BLR is not confined within

ondary BH. This case is more conservative in the sense thathe truncation radius defined by equatibh (9). (c) the BLR is

it results in less stringent constrains on the propertiethef ; . ) et )
binary given that the extent of the BLR is set by the observed@ssociated with the primary BH. Possibility (c) impliesttha
g > 1, effectively, which corresponds to the lower right cor-

uasar luminosities and , > R;. This more generous as- . .
gumption leads to massBLeglogRl\t/lr@ and periods?z 10 yr, as ner of Figurd_I¥ where the equations above no longer apply
indicated by the dashed black line and grey band at the lower@1d must be re-cast accordingly.
left corner of Figurd_14. We consider this possibility more
likely because the emission line profiles of our SBHB candi- 5. SUMMARY
dates are generally asymmetric, unlike the typical quasps p We have presented new spectroscopic observations of a
ulation (see, for example, Figure 5 of Paper ). Their asym- sample of 88 quasars that are candidate SBHBs. These were
metries suggest that the structure of the BLR in SBHB can- selected in Paper | based on the fact that their broaeiis-
didates is not typical; this may result from the tidal effe€t  sion lines are displaced from the frame of their host gakaxie
the primary BH onto gas that is bound to the secondary BH. by ~ 1000-5000 km 8, which was taken as the signature
The above constraints are modified if we adopt a higher valueof motion of the accreting BH around an unseen compan-

0.06f

Radius [pc]

RN ST RN RN PR TR NN TSN TN
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ion. Moreover, in the first round of followup observations, hospitality. TB acknowledges support from the Alfred P.
presented in Paper & 20% of the objects observed showed Sloan Foundation under Grant No. BR2013-016 and sup-
changes in the velocity offsets of their broad Hines that port from the National Aeronautics and Space Administratio
were consistent with binary motion. Our primary goal in this under Grant No. NNX15AK84G issued through the Astro-
paper was to present the new observations and improvementshysics Theory Program. We thank Yue Shen for his help
in our analysis methodology, including a more extensivé-ana with the SDSS comparison sample and Stephanie Brown for
ysis of the uncertainties. The new observations extend theher help in proofreading the manuscript. We also thank the
temporal baseline of our ongoing monitoring campaign and staff at Kitt Peak National Observatory, Apache Point Obser
form the basis for a study of radial velocity variations, eihi  vatory, and the Hobby-Eberly Telescope for their expenp hel
will be the subject of a forthcoming paper. in carrying out the observations.

We have also taken this opportunity to study the variability =~ This work is based on observations obtained with the
of the optical continuum and the integrated flux of the broad Apache Point Observatory 3.5-meter telescope, which is
HS emission line in the sample of SBHB candidates. We owned and operated by the Astrophysical Research Consor-
compared the variability properties of this sample withstho  tium.
of a comparison sample of typical quasars of similar retlshif =~ This work is based on observations at Kitt Peak Na-
and luminosity with multiple epochs of spectroscopy avail- tional Observatory, National Optical Astronomy Obserwmato
able from the SDSS. We decomposed the optical spectra tNOAO Prop. ID: 2014A-0098; PI: Runnoe), which is oper-
separate the quasar continuum, broat] Bind narrow [QiI] ated by the Association of Universities for Research in As-
emission and calculated spectral properties. These measur tronomy (AURA) under cooperative agreement with the Na-
ments, which are of general interest for the sample but are notional Science Foundation.
all used in this work, are presented in an appendix along with The Hobby-Eberly Telescope (HET) is a joint project of the
a careful analysis of the associated uncertainties. University of Texas at Austin, the Pennsylvania State Unive

For each sample, we calculated the structure function forsity, Stanford University, Ludwig-‘Maximillians-Univeitét
the optical continuum and broad#emission line. We found  Minchen, and Georg-August-Universitat Goéttingen. The
that the ensemble variability of the SBHB candidates is con- HET is named in honor of its principal benefactors, William
sistent with that of the comparison sample of typical quasar P. Hobby and Robert E. Eberly.
ontime scales of approximately one year or longer. Morgover The Marcario Low-Resolution Spectrograph is named for
the continuum and H structure functions of the two samples Mike Marcario of High Lonesome Optics, who fabricated sev-
are described by a common model, with parameters applica€ral optics for the instrument but died before its complegtio
ble to typical quasars. This result is robust in the sengdttha itis a joint project of the Hobby-Eberly Telescope parthgrs
cannot be a consequence of measurement uncertainties and &d the Instituto de Astronomia de la Universidad Nacional
inconsistent with no variability. Furthermore, the amydié Auténoma de México.
of variability of the broad H# emission line on a given time This research has made use of the NASA/IPAC Extragalac-
scale is comparable to that of the optical continuum measure tic Database (NED) which is operated by the Jet Propulsion
at 5100 A. One possible conclusion is that, taken togethér an Laboratory, California Institute of Technology, under tract
assuming that the Bl flux variability is driven by the con-  with the National Aeronautics and Space Administration.
tinuum variability, these results suggest that the extéthe

BLR is SBHB candidates is similar to that in typical quasars. REFERENCES
But other interpretations are possible, as we note at thiabeg
ning of sectioh }. Amaro-Seoane, P., Aoudia, S., Babak, S., et al. 2012, Clisand

i i icati i Quantum Gravity, 29, 124016
We have consldered the |mp_I|cat|ons of these results in theArmitage’ P.3 & Natarajan, P. 2002, ApJ, 567, L9
context of the binary hypothesis. If we suppose that the BLR Artymowicz, P., & Lubow, S. H, 1996, ApJ. 467, L77
of SBHB candidates is similar to that of typical quasars and /grzllourliwarélani Z.\,/Brgzher,CA., Buéke_%pfjlgggfﬁes ag(%%m, 794, 141
i i H 1 H allo, L., braito, V., Della Ceca, R., et al. , ApJ, ¢
is not truncated t_)y the blnary companion (our first scenario) Barrows. R. S.. Stém, D., Madsen. K.. et al. 2012, Apd, 744, 7
we infer long orbital periods, 10° yr) and large total masses  Barth, A. J., Pancoast, A, Bennert, V. N., et al. 2013, ABY, 128

(2,109M,,). If, however, we only require that the BLR gas Eegelmtafll\i MF- CI-kBléﬁldgf?{ IR- a-, %\/‘Fl{ees’/y'sl 5%?',' N?gﬂz%idzwg :
is contained within the Roche lobe of the accreting BH and S%y2 | e~ 0<® Mo SChuiz, H, THSON, A ., & TS, P AR

its outer parts can feel the tidal influence of the companion Bentz, M. C., Horne, K., Barth, A. J., et al. 20|10, ApJ, 7206L4

i i ihilityv i i Bentz, M. C., Denney, K. D., Grier, C. J., et al. 2013, ApJ,, 7610
(our second scenario, a more “.kely pOSS_IbIlIty In YIeW CE.th Berczik, P., Merritt, D., Spurzem, R., & Bischof, H.-P. 20@%J, 642, L21
skewed and asymmetric/Hprofiles), we infer orbital peri-  gjecha, L., Cox, T. J., Loeb, A., & Hemquist, L. 2011, MNRASL.2, 2154
ods and masses that are approximately an order of magnitudgode, T., Bogdanotj T, Haas, R., et al. 2012, ApJ, 744, 45

; ogdanowvt, T. 2015, Astrophysics and Space Science Proceedingsp30,
Ipwer. Thes_e mfere_nces can be tes_ted b_y measurements (ﬁoroson’ T A& Green, R. F. 1992, ApJ. 80, 109
limits on radial velocity variations, which will be the fosof Boroson, T. A., & Lauer, T. R. 2010, AJ, 140, 390
a forthcominag paper. Comerford, J. M., Gerke, B. F., Stern, D., et al. 2012, Ap3, A2
g pap Comerford, J. M., Griffith, R. L., Gerke, B. F., et al. 2009¢JA702, L82
Comerford, J. M., Schluns, K., Greene, J. E., & Cool, R. J@bJ, 777,
64

. . . Cuadra, J., Armitage, P. J., Alexander, R. D., & BegelmanCM2009,
National Science Foundation. We thank the anonymous ref-~"\NRAS' 393, 1223 g c

eree for comments and suggestions. JR acknowledges helpecarli, R., Dotti, M., Fumagalli, M., et al. 2013, MNRAS, 331492

; ; ; ; ; Denney, K., Assef, R. J., Bentz, M., et al. 2011, in Narrowmd_Beyfert 1
ful discussions with Jonathan Trump, Kate Grier, and Mike =2 2 ot 0 ea in the Universe

DiPO_mDEO. ME thanks the m_embel’S of the Center for Rela- Denney, K. D., Peterson, B. M., Dietrich, M., Vestergaard, &Bentz,
tivistic Astrophysics at Georgia Tech and the Department of Dil\,{/ia%éﬁog‘é’, SAF% §§2V248? Hernauist, L. 2005, Nature #8504
Astronomy at the University of Washington, where he was D'Orazio, D. J., Haiman, 7., & MacFadyen, A. 2013, MNRAS, 42697

based during the early stages of this work, for their warm Dotti, M., Colpi, M., Haardt, F., & Mayer, L. 2007, MNRAS, 37956



16 Runnoe et al.

Dotti, M., Montuori, C., Decarli, R., et al. 2009, MNRAS, 39873

Eggleton, P. 2011, Evolutionary Processes in Binary andipelStars
(Cambridge: Cambridge University Press)

Eggleton, P. P. 1983, ApJ, 268, 368

Eracleous, M., Boroson, T. A., Halpern, J. P., & Liu, J. 208@JS, 201, 23

Eracleous, M., & Halpern, J. P. 2003, ApJ, 599, 886

Eracleous, M., Halpern, J. P., M. Gilbert, A., Newman, J.8AEilippenko,
A. V. 1997, ApJ, 490, 216

Eracleous, M., Lewis, K. T., & Flohic, H. M. L. G. 2009, NewAR3, 133

Escala, A., Larson, R. B., Coppi, P. S., & Mardones, D. 2004],/07, 765

Fabbiano, G., Wang, J., Elvis, M., & Risaliti, G. 2011, Na&tu477, 431

Fargs, B. D., Duffell, P., MacFadyen, A. I., & Haiman, Z. 2Q1ApJ, 783,
134

—. 2015a, MNRAS, 447, L80

—. 2015b, MNRAS, 446, L36

Ferrarese, L., & Merritt, D. 2000, ApJ, 539, L9

Fu, H., Myers, A. D., Djorgovski, S. G., & Yan, L. 2011, ApJ, %303

Fu, H., Yan, L., Myers, A. D., et al. 2012, ApJ, 745, 67

Gaskell, C. M. 1996, in Lecture Notes in Physics, Berlin Bger \erlag,
Vol. 471, Jets from Stars and Galactic Nuclei, ed. W. Kun@§ 1

Gebhardt, K., Bender, R., Bower, G., et al. 2000, ApJ, 533, L1

G“é%%”ggy Maoz, D., Kaspi, S., Netzer, H., & Smith, P. S.499NRAS,

Graham, M. J., Djorgovski, S. G., Stern, D., et al. 2015, NgtG18, 74

Grier, C. J., Peterson, B. M., Horne, K., et al. 2013, ApJ,, 464

Guedes, J., Madau, P., Mayer, L., & Callegari, S. 2011, AR9, 125

Glltekin, K., Richstone, D. O., Gebhardt, K., et al. 2009,)A898, 198

Hainline, K. N., Hickox, R., Greene, J. E., Myers, A. D., & Zakska, N. L.
2013, ApJ, 774, 145

Hainline, K. N., Hickox, R. C., Greene, J. E., et al. 2014, A{g7, 65

Hawkins, M. R. S. 1993, Nature, 366, 242

Hayasaki, K., Mineshige, S., & Sudou, H. 2007, PASJ, 59, 427

Hopkins, P. F., Hernquist, L., Cox, T. J., et al. 2006, ApJR, 1L

Ju, W., Greene, J. E., Rafikov, R. R., Bickerton, S. J., & Bade@. 2013,
ApJd, 777, 44

Junkkarinen, V., Shields, G. A., Beaver, E. A., et al. 200fJ /649, L155

Khané F(I)\él) Holley-Bockelmann, K., Berczik, P., & Just, A1B, ApJ,
773,1

Kishimoto, M., Honig, S. F., Antonucci, R., et al. 2011, A&B36, A78

Komossa, S., Burwitz, V., Hasinger, G., et al. 2003, ApJ,, 585

Komossa, S., Zhou, H., & Lu, H. 2008, ApJ, 678, L81

Kormendy, J. 1993, in The Nearest Active Galaxies, ed. JkBea,
L. Colina, & H. Netzer, 197-218

Koshida, S., Minezaki, T., Yoshii, Y., et al. 2014, ApJ, 7889

Koss, M., Mushotzky, R., Treister, E., et al. 2012, ApJ, 145

—. 2011, ApJ, 735, L42

Kriss, G. 1994, Astronomical Data Analysis Software and@ys, 3, 437

Lewis, K. T., Eracleous, M., & Storchi-Bergmann, T. 2010,J&p 187, 416

Liu, T., Gezari, S., Heinis, S., et al. 2015, ApJ, 803, L16

Liu, X., Greene, J. E., Shen, Y., & Strauss, M. A. 2010a, Ad5, .30

Liu, X., Shen, Y., Bian, F., Loeb, A., & Tremaine, S. 2014, Ajg89, 140
Liu, X., Shen, Y., Strauss, M. A., & Greene, J. E. 2010b, AR, 427
Lodato, G., Nayakshin, S., King, A. R., & Pringle, J. E. 200\RAS, 398,

1392
Loeb, A. 2010, Phys. Rev. D, 81, 047503
MacLeod, C. L., lved, Z., Kochanek, C. S., et al. 2010, ApJ, 721, 1014
MacLeod, C. L., lved, Z., Sesar, B., et al. 2012, ApJ, 753, 106
Magorrian, J., Tremaine, S., Richstone, D., et al. 1998]1A3, 2285
Maness, H. L., Taylor, G. B., Zavala, R. T., Peck, A. B., & RokK, L. K.
2004, ApJ, 602, 123
Merritt, D., & Poon, M. Y. 2004, ApJ, 606, 788
Milosavljevic, M., & Merritt, D. 2003, ApJ, 596, 860
Noble, S. C., Mundim, B. C., Nakano, H., et al. 2012, ApJ, &b,
Paczynski, B. 1977, ApJ, 216, 822
Peterson, B, M., Denney, K. D., De Rosa, G., et al. 2013, Apd, 09
Popovt, L. C. 2012, NewAR, 56, 74
Rodriguez, C., Taylor, G. B., Zavala, R. T., et al. 2006, /A%, 49
Rodriguez, C., Taylor, G. B., Zavala, R. T., Pihlstrom, Y. .Peck, A. B.
2009, ApJ, 697, 37
Roedig, C., Sesana, A., Dotti, M., et al. 2012, A&A, 545, A127
Runnoe, J. C., Brotherton, M. S., Shang, Z., Wills, B. J., &8&inpeo,
M. A. 2013, MNRAS, 429, 135
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 5806
Schneider, D. P, Hall, P. B., Richards, G. T., et al. 2007,183, 102
Schwartz, G. 1978, The Annals of Statistics, 6, 461
Sesana, A. 2015, Astrophysics and Space Science Procegdihdgl47
Sesar, B., Svilko, D., Ivezt, Z., et al. 2006, AJ, 131, 2801
Shang, Z., Wills, B. J., Wills, D., & Brotherton, M. S. 2007p4, 134, 294
Shang, Z., Brotherton, M. S., Green, R. F., et al. 2005, Ap9, 81
Shen, Y., Liu, X., Greene, J. E., & Strauss, M. A. 2011a, AR5, A8
Shen, Y., Liu, X., Loeb, A., & Tremaine, S. 2013, ApJ, 775, 49
Shen, Y., Richards, G. T., Strauss, M. A, et al. 2011b, AA98, 45
Shi, J.-M., Krolik, J. H., Lubow, S. H., & Hawley, J. F. 2012pA, 749, 118
Smith, K. L., Shields, G. A., Bonning, E. W., et al. 2010, Ap16, 866
Suganuma, M., Yoshii, Y., Kobayashi, Y., et al. 2006, ApXD 686
Tsalmantza, P., Decarli, R., Dotti, M., & Hogg, D. W. 2011,JA@38, 20
Valtonen, M. J., Ciprini, S., & Lehto, H. J. 2012, MNRAS, 427,

Vanden Berk, D. E., Wilhite, B. C., Kron, R. G., et al. 2004,JAp01, 692
Vasiliev, E., Antonini, F., & Merritt, D. 2014, ApJ, 785, 163

Vasiliev, E., & Merritt, D. 2013, ApJ, 774, 87

Véron-Cetty, M.-P., Joly, M., & Véron, P. 2004, A&A, 417, 515
Vestergaard, M., & Peterson, B. M. 2006, ApJ, 641, 689

\olonteri, M., Capelo, P. R., Netzer, H., et al. 2015, MNRA89, 1470
\olonteri, M., Haardt, F., & Madau, P. 2003, ApJ, 582, 559

Wang, J.-M., Chen, Y.-M., Hu, C., et al. 2009, ApJ, 705, L76

Wu, S.-M., Wang, T.-G., & Dong, X.-B. 2008, MNRAS, 389, 213
Young, J. E., Eracleous, M., Shemmer, O., et al. 2014, MNRIS8, 217
Yu, Q. 2002, MNRAS, 331, 935

Yu, Q., Lu, Y., & Kauffmann, G. 2005, ApJ, 634, 901

APPENDIX
EVALUATION OF UNCERTAINTIES IN SPECTRAL MEASUREMENTS

In this appendix we carry out a variety of tests to quantig/tincertainties in the quantities reported in this papeluding the
moments of the line profiles and other properties of the bemai@sion lines. We pay particular attention to uncertamérising
from the decomposition of the observed spectra since thkadetne uses for the decomposition may lead to systematicsen
the results (e.g., Denney et al. 2011; Runnoelét al.|2013)batye by comparing the results from two different decomipmsi
methods, the one adopted in this paper and the one adoptegér P We then consider how the measurement of moments of
line profiles is influenced by noise in the wings of the profilekich leads us to define an optimal spectral window aroued th
peak of the line profile for making such measurements. Binedl examine the differences resulting from making measargsn
on the observed spectra and on the parametric models thailoethese spectra and close with a comparison of the mofile
moments measured in Paper | and those measured here.

The Effect of the Spectral Decomposition

Denney et dl.[(2009) considered this issue for two objecsented multiple times during reverberation mapping cagsi
and concluded in those cases that the measurements yieldrgiesults. We are interested in this question generballyalso
more specifically for objects with shifted broad emissiaore$.

We use the SDSS spectra from our sample to address thisaubstiause we have decomposed them twice, first following the
method described in Paper | and again following the new ntbtlescribed in Sectidn 2.3. There are two significant diffees
between these methods. Firstly, Paper | uses the Borosore&{i992) Fe template whereas here we adopt the template of
Véron-Cetty et dl. (2004). The primary difference betwdesse templates is that Véron-Cetty et al. (2004) identifieggéon
of narrow lines and excluded these from theinFeemplate. In practice, the two templates are similar witlmalsdifference
around 5000 A that can be important, particularly when the Eeission lines are strong and/or narrow. Secondly, we aalopt
different procedure for subtracting the narrow lines thmRaper I. In both cases, an [ line is used to constrain the shape of
the narrow k5. In Paper |, a narrow line template was constructed by fittieg O111] profiles with a cubic spline after fitting the
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Figure 16. A comparison of two spectral properties measured in idahfashion on broad H spectra that were decomposed following the two differerthioas
described in AppendixAl1. Top: A direct comparison of theasweed properties. The dashed line shows where the measitseane equal and red open points
are rejected from statistics in Talfle 6 by up to 5 iteratioh8c clipping. Middle: distribution of the measurement dis@epy described in Appendix A.1.
Bottom: The discrepancy as a function of S/N in broaél Aihe dashed line shows the median value for the discrepdtesyctipping.

underlying wing of the broad Hline with a low-order polynomial. Here we fit the [[@] profiles with combination of Gaussians
instead. In practice, the method adopted in Paper | tendshtioest more of the underlying flux in the [@] region than the one
adopted here because no assumption is made about the sbdg@eithwings.

In order to make measurements of the spectral quantitiegeriist (line widths, shifts, fluxes, and profile models; Easd6),
we isolate the broad Biprofile by subtracting the continuum, and thel;¢O 111] and narrow Hb lines. The measurements are
made directly on the data following the procedure adoptdehiper | and also on the best-fitting model for the brogdoirbfile
as in the procedure adopted in this paper. The resultingumeaents for two representative quantities are compaiga &iL6.
In this figure, the top row shows the measurements from eaabnagosition method plotted against each other with a uojtes!
line superposed for reference. The middle row shows theilalision of discrepancies between the measurements. Wet ado
convention where the discrepancy in a quarXitis always taken to b&X = Xpaper 1~ Xpaper 11and the fractional discrepancy is
AX/(X). The bottom row shows the relation between the discrepaatyden measurements and B at the peak of the
broad H3 line. Statistical measures describing these distribstame summarized in Tall¢ 6.
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Table 6
Measurement discrepancies between spectral decomposigthod$
Standard Fractional Quitlier
Property Mean Median Deviation Differene Fraction®
1) 2 3) 4) (5) (6)
Centroid Velocity Shift (kmsl) -300 -200 300 e 0.02
Velocity Dispersion (km g) 5 50 200 0.08 0.05
Skewness Coefficient -0.08 -0.04 0.18 e 0.10
Pearson Skewness Coefficient -0.02 -0.01 0.03 e 0.10
Kurtosis Coefficient 0.10 0.06 0.20 0.07 0.11
FWHM (km s1) -100 -70 500 0.09 0.09
FWQM (km S‘l) -600 =500 1000 0.13 0.02
Peak Velocity Shift (km ') -30 -20 300 e 0.06
Int. flux (erg st cm2) -60 -40 100 0.11 0.07
EW (A) 9 8 10 e 0.03
Ferl int. flux (erg s cm2) 70 70 200 0.05
Fen EW (A) 7 6 11 0.02
[On]int. flux (erg st cm™) -4 -1 40 0.06
[0 EW (A) 5 3 7 0.07
1(5100 A) (erg ' cm2 A1) -2.9 -2.3 2.7 0.20 0.06

a Statistics after outlier rejection for the distributionfsneeasurement discrepancies
shown in Figur&6. The discrepancy in a quantiiy taken to beAX = Xpap —Xpapi -

b The listed value is the standard deviation of the fractiafiiérence distribution,
where the fractional difference i8X/(X).
¢ The outlier fraction is the fraction of objects rejecteceafip to 5 iterations of @

clipping.

We find that the distributions of discrepancies between nreasents often have a small number of significant outliehsclv
we reject before calculating statistics for the distribnt. We iteratively reject 30 outliers relative to the median until one of
the following three conditions is met: a) there aresn8o outliers left b) fewer than 1% of the total points have begeated in
the last iteration, or c) we have repeated the process fivastiffihe rejected points are shown as red open circles in lédnang
scatter plots and are included in the relevant histogranhesé@ points are excluded when calculating the statistjpsried in
Table® and their fractional number is included in the ladticm of the table.

To investigate whether the magnitude of the discrepaneipsnds on th&/N at the peak of the broadHine, we evaluate the
root-mean-square dispersion about the best-fitting parammeodel near the peak of the line and plot it against therdjsancy
in the bottom row of FigurE16. In most cases displayed ineHiggires, the discrepancies between methods are smaltbst at
highestS/N and become larger at low&y/N.

The measurements based on different spectral decompssitipee reasonably well. Trends in the measurement dswiEs
(i.e., asymmetries in the histograms of Figlré 16) can brébated to the difference in the [@] subtraction. The method of
Paper | depresses the wing of the broad lithe more than the method of Paper Il and makes the profilegi@usThus the
measurements from Paper | give bluer centroid wavelengtimsewhat larger skewness coefficients, and smaller FWQRhé&or
broad H3 lines. Moreover, the [@1] lines in Paper | have somewhat larger EWs. The relativecités measured by cross-
correlating broad M spectra are not affected, although the absolute velocitiibroad H lines measured from the original
SDSS spectra incurs an uncertainty of 300 kinas a result of the different methods of fitting the profilesuabthe peak in
Papers | and I1.

Practices for Measuring Spectral Properties

The practices adopted for measuring spectral propertiesyagy between authors. Most notably, some authors make the
measurements directly from the observed spectra whilaofiigparametric models to the spectra and make the measnteme
from the models (e.d., Vestergaard & Peterison 2006 versasgstt all 2007). Another variation in practices is the wenegth
around a broad emission line profile used to make the measmtemWe determine the best wavelength window for making
spectral measurements by systematically evaluating me@dspectral properties for two windowing methods: a fixeddaeiv,
where a hard wavelength limit is adopted for all objects, affléxible window that extends from peak wavelength untilfthe
has dropped to some percentage of the line peak. For the rapeetra, we find that the best window is, 46100 A for a
fixed-width scheme and down to 1% of the peak flux for a flexibleesne. We prefer the window based on a percentage of the
peak flux because of its flexibility; the window can expanddoanmodate very broad lines, asymmetric lines, or, in tlse ca
of this sample, very shifted lines. In the case of measurésnmaade on the data, a more “conservative” range is requined f
the flexible window so that the measurement is not influengeddise. When making measurements on the observed data, it
is therefore best to use a window going out from the line aeuntél the spectrum reaches 7% of the peak flux. Measurements
involving the height the line peak (e.g., FWHM) are not parérly sensitive to the window, whereas the moments ofitie |
profile and integrated flux do depend on the window; the camseces of using too wide a window are much more significant
in measurements made on the data. Following the methodeldggted for comparing measurements from different spectra
decompositions, we investigate the differences betweekinganeasurements on the data versus the best-fitting mddel.
general, though it appears that measurements made on themamore sensitive to the characteristics of and spikelsein t
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Figure 17. A comparison of the velocity shift of the peak and Pearsomwskss coefficient measured for the SDSS spectra in this wathaPaper |.

noise, we find that the overall effect is negligible (e.ge fitactional difference in the velocity dispersion is 2%jgared to the
differences that can result from different spectral decositfppn methods.

A Comparison of Measurementsin This Sample

In this work we measure spectral properties on the besiditihodels from the decomposition described in Sedfioh 2.3 in
the wavelength window where the model is greater than 1% eptak model flux. This differs from Paper | in the spectral
decomposition, the wavelength window of interest, and gezgum on which the measurements are made. As a resub,ither
scatter between the properties originally measured foSMD8S spectra and those we adopt here. Measured spectratipgsp
are listed here in Tablésg 3 aht 4 and can be compared to thealnglues in tables 3 and 4, respectively, in Paper I. Fer th
velocity shift of the peak and the Pearson skewness coeffjciee compare the Paper | measurements with our adopteésvalu
in Figure[IT. These properties are of particular interesaibse the velocity shift of the peak anchors the radial Vglacrves
and because of the correlation between the Pearson skeeowffisient and velocity shift of the peak identified in Papérhe
correlation shown in Figure 5 of Paper | illustrates the taray for profiles to be asymmetric in the direction of theiftsiwe
find that this correlation is robust against the details efghectral decomposition and measurement and show it hEigurg 18.
For the measurements in this work, the Spearman Rank ctoretoefficient isp = 0.419, with a probabilityp = 7.7 x 107 that
this distribution of points would be found by chance. Thukijlevthe details of the correlation do depend on the measemé&sn
the general trend is robust and statistically significant.
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