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Spectroscopic Searches: The physical picture

Cuadra et al. (2009), 
See also Hayasaki et al. (2007). Artymowicz & Lubow (1996)
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Spec. Search: Selection from the SDSS
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Spec. Search: 88 binary candidates

Eracleous et al. (2012)

88/15,900 SDSS DR7 AGN w/: 

✦ z < 0.7 

✦ Single-peaked, 
velocity offset broad 
Balmer lines.



Spec. Search: Examples of their spectra
from

 Eracleous et al. (2012)

velocity (km/s)



Spec. Search: Spectroscopic monitoring
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Spec. Search: RV curves
Ve

lo
ci

ty
 [1

03
 k

m
 s-

1 ]

Year
2008 2009 2010 2011 2012 2013

Year

−3.60

−3.55

−3.50

−3.45

−3.40

−3.35

−3.30

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J153636

2002 2004 2006 2008 2010
Year

−1.4

−1.2

−1.0

−0.8

−0.6

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J095036

2008 2010 2012 2014
Year

−0.6

−0.5

−0.4

−0.3

−0.2

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J161911

2007 2008 2009 2010 2011
Year

1.15

1.20

1.25

1.30

1.35

1.40

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J153644

2002 2004 2006 2008 2010 2012
Year

−1.1

−1.0

−0.9

−0.8

−0.7
V

el
oc

ity
 [1

03  k
m

 s−
1 ]

J093844

2006 2008 2010 2012
Year

−2.8

−2.6

−2.4

−2.2

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J092712

2002 2004 2006 2008 2010
Year

1.7

1.8

1.9

2.0

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J094603

Runnoe et al. (2017)



Spec. Search: RV curves
Ve

lo
ci

ty
 [1

03
 k

m
 s-

1 ]

Year
2008 2009 2010 2011 2012 2013

Year

−3.60

−3.55

−3.50

−3.45

−3.40

−3.35

−3.30

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J153636

2002 2004 2006 2008 2010
Year

−1.4

−1.2

−1.0

−0.8

−0.6

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J095036

2008 2010 2012 2014
Year

−0.6

−0.5

−0.4

−0.3

−0.2

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J161911

2007 2008 2009 2010 2011
Year

1.15

1.20

1.25

1.30

1.35

1.40

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J153644

2002 2004 2006 2008 2010 2012
Year

−1.1

−1.0

−0.9

−0.8

−0.7
V

el
oc

ity
 [1

03  k
m

 s−
1 ]

J093844

2006 2008 2010 2012
Year

−2.8

−2.6

−2.4

−2.2

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J092712

2002 2004 2006 2008 2010
Year

1.7

1.8

1.9

2.0

V
el

oc
ity

 [1
03  k

m
 s−

1 ]

J094603

Runnoe et al. (2017)



Hypothesis: Quasars with single-peaked, 
velocity-offset broad lines are the active 
secondary in a binary.



Spec. Search: Limits on the SBHB properties
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Runnoe et al. (2017)



Spec. Search: Limits on the SBHB properties

  Pmin = 260 years 
    Mmin = 4.1x108 M⊙   

Pmin

Runnoe et al. (2017)



Quasar variability: Radial velocity jitter

0 2 4 6 8 10 12
Rest−frame ∆t [years]

50

100

150

200

H
β 
∆

V
 S

F 
[k

m
 s−

1 ]
Preliminary velocity “jitter’’ structure 
function for SBHBs

With data from  
Runnoe et al. (2015)



Quasar variability: Changes in profile shape
10 LIU ET AL.
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FIG. 7.— Example of the cross-correlation analysis to measure the velocity
shift of the broad Hβ between two epochs. (a) Broad Hβ spectrum of the
original SDSS (black) and followup (red) observations. The spectral range
of the cross-correlation analysis is marked by the dotted vertical lines. The
followup spectrum has been scaled to match the integrated broad Hβ line
flux in the cross-correlation range. (b) Same as in panel (a), but for the nar-
row [O III] emission lines. Shown in brackets are the 99% confidence ranges
(2.5σ) in units of pixels of the velocity shift of [O III]λ5007 (with 1 pixel
corresponding to 69 km s−1). Here and in other figures throughout the paper
showing the cross-correlation analysis results, negative values mean that the
emission line in the followup spectrum needs to be blueshifted to match that
in the original SDSS spectrum (i.e., the emission line in the followup spec-
trum is redshifted relative to that in the original spectrum). (c) χ2 for the
cross-correlation analysis of the broad Hβ as a function of pixels. The solid
magenta curve is the sixth-order B-spline fit of the 21 grid points centered on
the one with the minimal χ2. The dashed horizontal segment indicates the
∆χ2 = 6.63(2.5σ) range, also indicated in the magenta brackets in units of
pixels.

To measure the temporal velocity shift of the broad lines
using cross-correlation analysis (ccf; Section 4.1; see also Pa-
per I), we have re-sampled the second-epoch spectra so that
they share the exact same wavelength grids (in vacuum) as
the original SDSS spectra, which are linear on a logarithmical
scale (i.e., linear in velocity space) with a pixel scale of 10−4
in log-wavelength, corresponding to 69 km s−1.

4. MEASURING RADIAL VELOCITY SHIFT
We first describe our approach to quantify the velocity shifts

in emission lines between two epochs (Section 4.1). We then
discuss measurement uncertainties and caveats (Section 4.2).

4.1. Cross-correlation Analysis
We adopt a cross-correlation analysis (“ccf” for short)

following the method discussed in Paper I (see also
Eracleous et al. 2012). Cross-correlation analysis is preferred
over approaches based on line fitting, which are more model
dependent and are less sensitive to velocity shift. As shown
with simulations in Paper I, ccf can in general achieve a fac-
tor of a few better sensitivity in velocity shift than direct line
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FIG. 8.— Same as Figure 7, but for an example where the broad Hβ profile
changes significantly between two epochs.

fitting.
The ccf finds the best-fit velocity shift Vccf between the two

epochs based on χ2 minimization (see Paper I for details).
We have subtracted the pseudo-continua and narrow emission
lines before analyzing the broad-line velocity shifts. We have
fixed the narrow Hβ to [O III] ratio to be consistent between
two epochs. This helps minimize the error caused by incor-
rect narrow Hβ subtraction due to model degeneracy. We use
[O III] narrow emission lines, which are expected to show zero
offset,15 to calibrate the absolute wavelength accuracy; we
have subtracted off any nonzero velocity shifts detected in the
[O III] lines from the broad-line velocity shift measurements
(assuming that the nonzero shift in [O III] is due to wavelength
calibration errors). In constraining the velocity shift of nar-
row [O III], we have subtracted the pseudo-continua and broad
emission lines. Figures 7 and 8 show two examples of the ccf
where a velocity shift is detected at the > 2.5σ significance
level in broad Hβ; examples of no significant velocity shifts
can be found in Paper I. Figure 7 shows a detection in broad
Hβ whose line profiles are consistent within uncertainties be-
tween two epochs, as quantified by various measures of line
width and shape (FWHM and skewness). To double check
that the velocity shift is real and not caused by some subtle
changes in line profiles, we have also repeated the ccf with
the broad-line-only spectrum smoothed with a Gaussian ker-
nel with standard deviation σs, and verified that the velocity
shift does not change with varying σs. Figure 8 shows a detec-
tion in broad Hβ with significant line profile changes between
two epochs as quantified by line widths. As further explained
below in Section 5.4, we classify the former case as a BBH

15 There are three objects (Table 2) whose [O III] lines exhibit nonzero
velocity shifts (with absolute values of 50–60 km s−1) between two epochs,
which are likely due to either wavelength calibration errors or slit losses.

Liu et al. (2014)
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To measure the temporal velocity shift of the broad lines
using cross-correlation analysis (ccf; Section 4.1; see also Pa-
per I), we have re-sampled the second-epoch spectra so that
they share the exact same wavelength grids (in vacuum) as
the original SDSS spectra, which are linear on a logarithmical
scale (i.e., linear in velocity space) with a pixel scale of 10−4
in log-wavelength, corresponding to 69 km s−1.

4. MEASURING RADIAL VELOCITY SHIFT
We first describe our approach to quantify the velocity shifts

in emission lines between two epochs (Section 4.1). We then
discuss measurement uncertainties and caveats (Section 4.2).

4.1. Cross-correlation Analysis
We adopt a cross-correlation analysis (“ccf” for short)

following the method discussed in Paper I (see also
Eracleous et al. 2012). Cross-correlation analysis is preferred
over approaches based on line fitting, which are more model
dependent and are less sensitive to velocity shift. As shown
with simulations in Paper I, ccf can in general achieve a fac-
tor of a few better sensitivity in velocity shift than direct line
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fitting.
The ccf finds the best-fit velocity shift Vccf between the two

epochs based on χ2 minimization (see Paper I for details).
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have subtracted off any nonzero velocity shifts detected in the
[O III] lines from the broad-line velocity shift measurements
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nel with standard deviation σs, and verified that the velocity
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15 There are three objects (Table 2) whose [O III] lines exhibit nonzero
velocity shifts (with absolute values of 50–60 km s−1) between two epochs,
which are likely due to either wavelength calibration errors or slit losses.

Strateva et al. 2003) and higher-redshift analogs ( ~z 0.6; from
Luo et al. 2013), as well as additional objects identified by
Shen et al. (2011). A total of 220 objects are “classic” disk-like
emitters (objects whose Balmer profiles can easily be modeled
by a rotating accretion disk; e.g., Eracleous et al. 2009) while
the remaining objects have very asymmetric Balmer profiles
that can plausibly be attributed to a perturbed disk (for example
one with a prominent spiral) or to an SBHB (see Section 3.6).
The magnitudes of the targets are <i 18.9. The TDSS spectra
will cover Hα and Hβ for the <z 0.4 objects, and Hβ and
Mg II for the ~z 0.6 objects. The time baseline will be >10
years for most objects. The 1251 targets of this program
include 28 objects identified as promising sub-pc binary SMBH
candidates with observed Hβ line shifts between two epochs in
SDSS-I/II from Shen et al. (2013).

By combining existing SDSS spectra and those collected
during the TDSS, this program aims to address the following
scientific goals. First, the observations will empirically
characterize the variability of the BEL profiles, i.e., determine
what property of the profiles is varying (e.g., width,
asymmetry, shift, relative strengths and velocities of the peaks
or shoulders), as well as the magnitude and timescale of the
variations. Second, the data will be compared to a wide array of
models of disk perturbations, including warps, self-gravitating
clumps, and spiral or other waves. Third, this program aims to
determine whether the variations represent systematic drifts of
the line profiles and evaluate whether these changes are
consistent with RV shifts due to orbital motion in an SBHB.

An example of disk-like emitter variability seen in one of the
targets of this program is shown in the top panel of Figure 10.

3.8. Variability of Broad Balmer Lines of Quasars
with High-S/N Spectra (TDSS_FES_NQHISN)

This program will yield second (or third) epoch spectra of
bright, low-redshift ( <z 0.8) SDSS quasars with existing high-
S/N spectra (requiring that the median S/N per spectral pixel
across the full SDSS spectral range is >23). The combination
of old and new spectra will be used to study the general broad-
line variability of quasars, including line shape changes and
line centroid shifts, on multi-year timescales. The scientific
goals are similar to those of the previous program (see
Section 3.7). In addition to furthering our understanding of the
dynamics of the gas in the broad-line region, the data from this
program will be important for two more applications: (i) a
comparison of the variability properties of typical quasar BELs
to the variability properties of disk-like emission lines (see
Section 3.7), and (ii) selection of SBHB candidates via velocity
shifts.

The focus of this program is quasars in DR7Q at <z 0.8.
Thus, the spectra will include the Hβ line, as well as the narrow
[O III] doublet that will provide a reliable redshift and a velocity
reference (e.g., Hewett & Wild 2010). Included in this sample
are 1486 quasars with a median S/N>23 per pixel.

For an example of a quasar targeted in this program, see
Figure 10. This program is also producing serendipitous
discoveries, for example the changing-look quasar from
Runnoe et al. (2016) was identified from NQHISN spectra.

4. Repeat Quasar Spectroscopy

Quasar variability on multi-year timescales is poorly
characterized for large samples, and our efforts to date have

produced unexpected and exciting results on the (dis)
appearance of broad absorption and emission lines (e.g., Filiz
Ak et al. 2012; Runnoe et al. 2016) as well as large variability
of the continuum and broad-line profile shapes. Clearly, in
addition to continuing the existing TDSS programs, a more
systematic investigation of quasar spectroscopic variability is
warranted. As part of the eBOSS ELG survey (Raichoor
et al. 2017), the TDSS was allotted a nominal target density of
10deg−2. As for previous plates, we reserve 10% of TDSS
fibers for the FES programs described in Section 3. For the
remaining fibers, we target known quasars for an additional
epoch of spectroscopy (therefore, no SES targets were included
on the ELG plates). The target list includes a magnitude-limited

Figure 10. Top: SDSSJ004319.74+005115.4, a disk-like emitter quasar at
redshift z=0.308 (see Section 3.7) originally observed with the SDSS-I/II
spectrograph (red) with an additional epoch of spectroscopy from the TDSS
(blue). The inset shows the area surrounding the Hβ emission line. This object
has dramatic profile variations over 15years (observed frame) that may provide
clues to the structure and dynamics of the BLR. Bottom: SDSSJ011254.91
+000313.0, a z=0.238 quasar observed at high S/N (see Section 3.8) that
also has a spectrum in BOSS (shown in black and very similar to the SDSS
spectrum). The TDSS and BOSS spectra (MJDs 57002 and 55214) have been
scaled so the flux of [O III] matches that of the earlier SDSS spectrum (MJD
51794). The same level of smoothing has been applied to SDSS, BOSS, and
TDSS spectra, and all have an effective wavelength l = 5400eff Å.
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Quasar variability: Time-domain surveys
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Conclusions: Where do we go from here?

Search status: cautiously optimistic  
 
Spectroscopic monitoring is ongoing and we have demonstrated the 
methodology for placing limits on the properties of the hypothetical 
binaries. This has yielded 3 excellent candidates.

Caveat: regular quasar variability 
 
The biggest caveat to this approach is that the spectroscopic 
signals we seek are not unique, they can be produced by regular 
quasars.  Upcoming spectroscopic surveys and RM will tackle this.

Complementary tests are critical 
 
With the exception of GWs, observational signatures of SBHBs are 
not unique.  Thus, conducting complementary tests of a 
candidate’s nature is critical to finding them.  See upcoming talks.

Regular quasar variability 
 
The biggest caveat to this approach is that the spectroscopic 
signals we seek are not unique, they can be produced by regular 
quasars.  Upcoming spectroscopic surveys and RM will tackle this.


