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FIG. 3.— Distribution of broad Hβ peak and centroid velocity offset for
the parent, offset, followup, and velocity-shift detected sample, respectively.

Labeled on the plot are median values (in units of 103 km s-1) of |Voff -V 0
off

|

for different samples, where V 0
off denotes the median of Voff. Vertical dotted

lines indicate V 0
off of the parent sample.

in Section 2.1.5.

2.1.1. Spectral Model Fitting

To measure velocity offsets between the broad and nar-
row emission lines, we first construct models of the spectra.
Each SDSS spectrum was decomposed using a combination
of models for the power-law continuum, Fe I I emission com-
plex, broad emission lines, and narrow emission lines. First,
the line-less regions are fit by a pseudo-continuum model us-
ing an Fe I I template plus a power-law continuum. After sub-
tracting the pseudo-continuum, the narrow and broad emis-
sion lines are then fit using multiple Gaussians, where the
widths and velocities of different narrow lines are tied to be
the same. The fitting was performed separately around each
broad emission line (Hα, Hβ, and Mg I I ). For the Hβ re-
gion, [O I I I ] is occasionally fit by two Gaussians for the core
and wing (possibly associated with galactic outflows) compo-
nents, respectively. In these cases, the narrow Hβ emission
line is tied to the core [O I I I ] component. All fits have been
checked by visual inspection to ensure that models reproduce
data well.

2.1.2. Measuring Velocity Offsets of Broad Emission Lines

Using the spectral models, we measure the offset of the
broad emission lines relative to the systemic velocity. The
systemic redshift is estimated from the core component of
[O I I I ], which may be different (by a median offset of 32 km
s-1 with a standard deviation of 125 km s-1) from the nom-
inal redshift listed by the DR7 catalog based on the SDSS
spectroscopic pipeline (Stoughton et al. 2002). Our adopted
systemic redshift agrees with the improved redshift for SDSS
quasars from Hewett & Wild (2010) within uncertainties. As
discussed in Paper I, we focus on the Hβ-[O I I I ] region. [O I I I ]
allows a good estimate of the systemic redshift, and also pro-
vides empirical constraints on the profile of the narrow Hβ
component. While Hα is stronger than Hβ and therefore of-
fers better S/N for each object, it would restrict us to a ∼five
times smaller parent sample (i.e., 3,873 quasars at z < 0.36).
Compared to Hβ, C IV and Mg I I are less well understood in
terms of their BLR structure; furthermore, C IV is more asym-
metric and more likely to be associated with a non-virial out-
flowing component. Despite these caveats, we also compare
Hβ with independent measurements from Mg I I and Hα when
available to control systematics and check for consistency.
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FIG. 4.— Distribution of broad Hβ FWHMs and median S/N per pixel of
the SDSS spectra for the parent, offset, followup, and velocity-shift detected
sample, respectively. The median values for different samples are indicated.

TABLE 1
SDSS QUASARS WITH OFFSET BROAD BALMER EMISSION LINES

SDSS Designation zsys Plate Fiber MJD V
peak

off
σVoff

Vcen
off

(1) (2) (3) (4) (5) (6) (7) (8)

001224.01-102226.5 0.2288 0651 072 52141 -1952 119 -638
001247.93-084700.5 0.2203 0652 326 52138 -176 39 283
001257.25+011527.3 0.5047 0389 379 51795 717 162 753
002043.58+141249.4 0.5880 0753 253 52233 379 65 375

NOTE. — Col. (1): SDSS names with J2000 coordinates given in the form of “hh-

mmss.ss+ddmmss.s”; Col. (2): Systemic redshift from Hewett & Wild (2010); Cols. (3)-(5):

Plate ID, fiber ID, and MJD of the SDSS spectrum; Col. (6): Broad Hβ peak velocity offset in

km s-1. Positive (negative) value means redshift (blueshift); Col. (7): 1σ uncertainty of broad

Hβ peak velocity offset in km s-1 , taking into account both statistical and systematic errors esti-

mated from Monte Carlo simulations (Shen et al. 2011b); Col. (8): Broad Hβ centroid velocity

offset in km s-1.

(This table is available in its entirety in a machine-readable form in the online journal. A portion

is shown here for guidance regarding its form and content.)

2.1.3. Automatic Pipeline Selection

We first examine whether there is a significant (99.7% con-
fidence) velocity offset in broad Hβ relative to the systemic
redshift using the spectral model from automatic pipeline fit-
ting. Our selection criteria are the following:

1. Median S/N pixel-1 > 5 in rest-frame 4750–4950 Å.

2. Broad Hβ rest-frame equivalent width (EW)> 3σEW.

3. Voff > 3σVoff
, where σVoff

is the total velocity offset er-
ror propagated from the velocity uncertainties of both
broad and narrow emission lines.

The uncertainty of the velocity offset, σVoff
, taking into ac-

count both photon noise in the spectrum and the ambiguity
in subtracting a narrow line component, was estimated from
Monte Carlo simulations (Shen et al. 2011b).

To quantify the velocity offset of the broad emission line
with respect to the systemic redshift, we adopt two comple-
mentary measures for the central velocity of the broad line,
i.e., line centroid, and line peak. These two measures gener-
ally give consistent results for objects whose broad line pro-
file is well-fit by a single Gaussian. But for objects with more
complex broad line profiles, which are usually well-fit by mul-
tiple Gaussians, the two measures can give different results.
We request significant velocity offsets in both line centroids
and peaks. The automatic selection yielded 1,212 objects, out
of the 20,574 objects with measurable velocity offsets in the
broad Hβ (i.e., σVoff

> 0 in the Shen et al. 2011b catalog).

The working scenario: 

 

1. Only one BH is active, 

carrying its own BLR 

2. The other (inactive) BH 

is orbiting outside the 

BLR 

BH1 BH2 

Liu, YS, et al. 2013, submitted 



Need multi-epoch spectroscopy for confirmation 

BBH period 

los velocity offset 

los acceleration 

Broad lines with small offset may have large 

acceleration 



Two strategies: 
 

1. Targeting quasars with offset broad lines: 

Eracleous et al. (2012), Decarli et al. (2013), 

Liu et al. (2013, see poster by Xin Liu) 

 

1. Targeting general quasars: Shen et al. 

(2013), Ju et al. (2013) 
 

Multi-epoch spectroscopy of broad lines 



I. The general quasar population  

 

Shen et al. 2013 (Hbeta); also see Ju et al. 2013 (MgII) 
 

Free 2-epoch spectroscopy of ~2000 quasars from SDSS DR7 with Hbeta 

coverage (most have small offsets) 

Restframe time separation: ~ 0.01-10 yr (peaks around 1 yr) 

Luminosity and virial BH mass distributions of the active BH 

Multi-epoch spectroscopy of broad lines 



BLR size estimated using the R-

L relation found in reverberation 

mapping (e.g., Kaspi et al. 2000, 

Bentz et al. 2009, 2013) 

The binary separation must be larger than the BLR size 

I. The general quasar population 

Multi-epoch spectroscopy of broad lines 



 

 

 ~ 700 pairs have good measurements of the broad line velocity 

change between 2 epochs; typical measurement errors in 

velocity shift: ~ 40 km/s (typical acceleration ~ 40 km/s/yr) 

 

 28 systems show detected (2.5sigma) velocity shifts between 

two-epochs 
 

I. The general quasar population 

Multi-epoch spectroscopy of broad lines 



proper error analysis is key 

Typical measurement 

errors in velocity shift: ~ 40 

km/s 

I. The general quasar population 

Multi-epoch spectroscopy of broad lines 

Cross-correlation method following 

Eracleous et al. (2012) 



Constraints from non-detections 

Assuming active BH M1=1.8d8 Msun 

RBLR<Roche radius 
Excess variance in velocity 

shift for large time separations 

1. Most quasars must be in binaries 

2. The inactive companion must be 

more massive than the active BH 

3. The distance of the companion 

cannot be too large 

I. The general quasar population 

Multi-epoch spectroscopy of broad lines 



Caveat 

BBHs versus broad-line-region variability 

 

Typical dynamical time of the BLR is 

 

 

BLR variability should mostly produce stochastic velocity 

shifts. Additional spectroscopic epochs needed.   

I. The general quasar population 

Multi-epoch spectroscopy of broad lines 



What’s next? 

 Additional spectra can easily strengthen or rule out the 

binary scenario 

o More spectroscopic epochs coming in SDSS-III and SDSS-IV 

(TDSS, 2014-2020) for thousands of quasars 

o Need to understand the BLR better (i.e., through 

reverberation mapping) 

Continued monitoring could eventually lead to orbit 

constraints for many candidates 


