
Overview of Optical/UV Spectroscopic 
Properties of Quasars

A subjective story of what we know 
and how (and how well) we know it.

by Mike Eracleous

“Quasars [are] in Crisis” and we are here to comfort them!  
Edinburgh, August 5–9, 2019 
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Example of an optical spectrum

spectrum kindly provided by Ed Moran
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Example of a FUV spectrum
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spectrum from the HST archive



Composite FUV + EUV spectrum 
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The Astrophysical Journal, 794:75 (17pp), 2014 October 10 Stevans et al.

Figure 5. Composite spectra with rest-frame wavelengths 465–1750 Å made from 159 AGNs with redshifts 0.001 ! zAGN ! 1.476, resampled to 0.1 Å, plotted
in 1 Å bins, normalized to unit flux at 1100 Å, and showing broad FUV and EUV emission lines atop a power-law continuum. Eight continuum windows are shown as
small red boxes along the bottom. Composite data are shown in black; the red curve is a composite of individual spline fits. (Top) Geometric-mean-combined HST/COS
spectrum with frequency distribution, Fν ∝ ναν , with break at λbr ≈ 1000 Å and spectral indices αν = −1.41 ± 0.15 (EUV, λ < 1000 Å) and αν = −0.83 ± 0.09
(FUV, λ > 1200 Å). (Bottom) Median-combined composite with break at λbr ≈ 1025 Å and spectral indices αν = −1.32 ± 0.15 (EUV) and αν = −0.74 ± 0.09
(FUV).
(A color version of this figure is available in the online journal.)

We estimate this uncertainty by selecting 1000 bootstrap sam-
ples with replacement from our sample of 159 AGN spectra.
The resulting distributions of spectral index in frequency lead to
mean values: αEUV = −1.41 ± 0.15 and αFUV = −0.83 ± 0.09
in the EUV and FUV. Figure 7 shows a montage of spectra for
individual AGNs, illustrating the wide range of spectral slopes
and emission-line strengths.

We also investigated the range of uncertainties arising from
UV extinction corrections from two quantities: E(B − V ) and
RV . We alter the measured E(B −V ) by ±16% (1 σ ) as reported
by Schlegel et al. (1998). We deredden the individual spectra
with E(B − V ) multiplied by 1.16 or 0.84, compile the spectra
into a composite, and fit the continua. Over these ranges, we find

that the index αEUV changes by (+0.064,−0.022) while αFUV
changes by (+0.046,−0.023). Next, we estimate the sensitivity
to deviations from the canonical value RV = 3.1, which Clayton
et al. (1988) found to vary from RV = 2.5 to RV = 5.5.
We follow Scott et al. (2004) and deredden individual spectra
with RV = 2.8 and RV = 4.0 and compiling the spectra into
composites. We find that αEUV changes by (+0.041,−0.051) and
αFUV by (+0.032,−0.059). We estimate the uncertainties arising
from correcting pLLS absorption of strength log NH i ! 15.0 by
altering the measured column densities by ±1 σ as reported in
Table 2. We find that αEUV changes by (+0.037,−0.010) and
αFUV by (+0.011,−0.011). The formal statistical errors for the
spectral indices are negligible (<0.001) owing to the high S/N

11

figure from  Stevans et al. 2014, ApJ, 794, 75



Blowin’ in the Wind
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figure from Reichard et al 2003, AJ, 126, 2594



A whirlwind tour of observed continuum 
properties
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Spectral energy distributions and αox
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As we wish to investigate the mean properties of quasars as a
function of luminosity, color, etc., we next combine the corrected
individual SEDs and construct a number of different mean SEDs.
We first convert the flux densities of each individual object to
luminosities in our adopted cosmology and shift the bandpasses
to the rest frame. We then create a grid of points separated by
0.02 in log frequency and linearly interpolate between the 19 rest-
frame effective frequencies that are populated by our gap-repaired
photometry.

The resulting geometric mean SEDs are shown as colored
curves in Figure 11. The individual data points for our quasars
are also shown, color-coded by band. Themean of all our objects
is shown in cyan with the dashed cyan line showing the effect of
ignoring the host contribution (where the host contribution is in-
dicated by the thin cyan line that peaks near 1014.3 Hz). The bot-
tom panel shows the 1 ! standard deviation for the overall mean
SED, with thicker line segments indicating the regions where the
SED is least affected by gap repair. We have further constructed
mean SEDs for the optically luminous/dim and optically blue/red
halves of the population. The median values used to split the dis-
tributions are optical: log (L) ¼ 46:02; IR: log (L) ¼ 46:04; color:
!(g" i) ¼ "0:04; where extremely red quasars having !(g"
i) > 0:3 were excluded from the construction of all the composite
SEDs (19 quasars in all). These mean SEDs are given in tabular
form in Table 3.

Since the quasar sample is not completely homogeneous (e.g.,
z > 3 quasars were generally selected 1 mag deeper than z < 3
quasars) we have not tabulated the confidence intervals (as in
Fig. 11 of Elvis et al. 1994). However, the standard deviation of

the overall mean and the luminosity- and color-subdivided mean
SEDs give the reader an idea of the range of SED shapes. As
the sample size increases with additional data, particularly from
Spitzer, it will be possible to make further subdivisions (e.g.,
luminous blue quasars, as a function of mass, etc.) to better ex-
plore the range of SEDs.

One of the primary purposes of constructing these mean SEDs
as a function of various quasar properties is to see how the MIR
part of the SED changes with these properties. Interestingly,

Fig. 11.—Mean quasar SEDs and the data used to construct them. The points show the data; the lines show themean SEDs. From left to right: black crosses, MIPS70;
black points, MIPS24/ ISO15; red points, S8:0; green points, S5:8; cyan points, S4:5; blue points, S3:6; gray points, K; yellow points, H; cyan points, J; black points, z;
magenta points, i; red points, r; green points, g; blue points, u; orange points, n; purple points, f ; black crosses, X-ray. The dotted lines show the range of "ox with
luminosity for the luminosity extremes of our sample (Strateva et al. 2005). From top to bottom (at 1014 Hz) the thick solid lines are color coded as follows: green,
optically luminous SDSS quasars; red, optically red SDSS quasars; cyan, all SDSS quasars; blue, optically blue SDSS quasars; black, Elvis et al. (1994) radio-quiet
mean SED; gray, Hatziminaoglou et al. (2005) mean SED (normalized to Elvis et al. 1994 at 1 #m); orange, optically dim SDSS quasars. The near-IR luminous/dim
composites are nearly identical to the optical composites. The thin green, cyan, and orange curves show the host galaxy contribution assuming (LBol/LEdd) ¼ 1 (see
eq. [1]) for the elliptical galaxy composite spectrum of Fioc & Rocca-Volmerange (1997). The dashed cyan curve shows the effect of ignoring the host contribution. The
inset at the upper right zooms in on theMIR region of the spectrum. The three curves are normalized at 1.3 #m, and the y-axis shows relative luminosity ($L$), while the
x-axis is in microns. The bottom panel shows the 1 ! error array (dex) for our overall mean SED. Those frequencies where over 100 quasars contribute to the mean SED
are shown as thicker line segments and are relatively unaffected by the gap-repair process.

TABLE 3

Mean Quasar SEDs

log Hz All !All Blue Red Opt. Lum. Opt. Dim. IR Lum. IR Dim.

12.50..... 44.43 0.49 44.39 44.47 44.76 44.12 44.82 44.10

12.52..... 44.49 0.49 44.44 44.53 44.81 44.18 44.87 44.16

12.54..... 44.54 0.49 44.50 44.58 44.87 44.23 44.93 44.22

12.56..... 44.59 0.49 44.55 44.64 44.93 44.28 44.98 44.27

12.58..... 44.65 0.49 44.60 44.69 44.98 44.33 45.04 44.32

12.60..... 44.70 0.50 44.65 44.74 45.03 44.38 45.09 44.36

12.62..... 44.74 0.50 44.70 44.78 45.09 44.42 45.15 44.40

12.64..... 44.79 0.50 44.74 44.83 45.14 44.45 45.20 44.44

12.66..... 44.83 0.51 44.78 44.87 45.19 44.49 45.25 44.48

12.68..... 44.87 0.51 44.82 44.91 45.23 44.52 45.29 44.51

Notes.—All of the SEDs are taken to have "x ¼ "1:0 beyond 1017 Hz and
thus have constant luminosity beyond this value. Units are log (ergs s"1).
Table 3 is available in its entirety in the electronic edition of the Astrophysical
Journal Supplement. A portion is shown here for guidance regarding its form
and content.

SEDs OF TYPE 1 QUASARS 483No. 2, 2006

“flat” SED, αox ~ 1.1

“steep” SED, αox ~ 1.6

host galaxy

figure from Richards et al 2006, ApJS, 166, 470



The Baldwin effect

✦ Change of Wλ with L
❖ Observed in the UV resonance 

lines (C IV, Lyα)

✦ What’s the cause?
❖ Change in the continuum 

shape with luminosity?
❖ Change of BLR covering 

fraction with luminosity?
❖ Change of BLR ionization state 

with luminosity?
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Fig. 4.—^) Baldwin diagram corresponding to Fig. 3a but with multiple observations averaged into single points, (b) Same as Fig. 4a but for Lya. 

Figure 5a. The table gives the number of observations, N, the 
amplitude. A, the slope, /?, and the regression coefficient, r, for 
both the C iv and Lya lines. 

While the slopes of the correlations between C iv equivalent 
width and continuum luminosity are consistent with photoion- 
ization models (Mushotzky and Ferland 1984), the results for 
Lya are clearly inconsistent with such models. The models also 
predict that the Lya/C iv line ratio should decrease with 
increasing luminosity, while our data show that Lya/C iv is 
approximately constant, or in one case, increases monotoni- 
cally with luminosity. One flaw in the photoionization models 

is that they are based on calculations performed on a single 
cloud. When models are run on ensembles of clouds in a range 
of radii and with a range of velocities, the dependence of line 
emission on ionization parameter is greatly diminished 
(Binette et al. 1989). 

Two alternative explanations have been discussed for the 
equivalent width correlations in individual objects. Wamsteker 
and Colina (1986) suggest that the low-luminosity Seyfert gal- 
axies have photoionization-bounded broad-line regions (BLR), 
which result in line luminosities that are directly proportional 
to continuum luminosities, while high-luminosity quasars have 

Ll/(1550)rest (1030 ergs s 1 Hz 1 ) 
Fig. 5a Fig. 5b 

Fig. 5.—{a) Baldwin diagram for C iv line showing the effects of time variability using eight objects with 15 or more observations each, along with the 
high-redshift sample of SSB for reference, (b) Same as Fig. 5a but with multiple observations averaged into single data points. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

figure from Kinney et al. 1990, ApJ, 357, 338



In polarized light…

✦ Optical-NIR light probes cooler 
portions of disk (weak relativity 
and broadening)

✦ Polarization via e– scattering 
within or interior to the BLR.  
Polarized light excludes broad 
emission lines and nebular 
continuum. 

✦ Polarized-light spectrum reveals 
“uncontaminated” features of 
the primary continuum:
❖ Balmer edge
❖ Tail of thermal emission from 

multi-T disk
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or very little emission line flux21, 22. This is very likely to indi-
cate that the scatterers reside interior to the broad-line clouds.
In these Type 1 cases, the scatterers are thought to be elec-
trons and not dust grains, since the scattering region is interior
to the dust sublimation radius. Because electron scattering is
wavelength independent, the polarized light therefore produces
a copy of the spectrum originating interior to the scattering re-
gion. (We note that this electron scattering is conceptually dif-
ferent from the one in previous works23, 24, which was assumed
to be intrinsic to the accretion disk atmosphere and gave rise to
the prediction of perpendicular PAs.) In the optical polarized
light from these quasars, which excludes the emission from the
broad-line region, we actually found a hydrogen Balmer-edge
feature in absorption for the first time, which we believe origi-
nates in the disk and is a very specific indication of the thermal
and optically-thick nature of the emission21, 22.

Figure 1: Overlay of the polarized- and total-light spectra ob-
served in six different quasars. We plot scaled νFν data: Q0144-
3938 (redshift z=0.244), green; 3C95 (z =0.616), blue; CTS A09.36
(z=0.310), light blue; 4C 09.72 (z=0.433), red; PKS 2310-322
(z=0.337), light green. Plotted in purple are the data for Ton 202
(z=0.366) from a previous paper25. Total-light spectra, shown as bold
traces in the optical and as squares in the near-infrared, are normal-
ized at 1µm in the rest frame, by interpolation (except for 3C95 for
which we normalized by νFν observed at 1.3 µm in the rest frame).
Polarized-light spectra, shown as light points in the optical and as bold
points in the near-infrared both (vertical error bars, 1-σ), are sepa-
rately normalized, also at 1µm, by fitting a power-law to the near-IR
polarized-light spectra. For both total-light and polarized-light data,
horizontal bar lengths indcate bandwidth. The normalized polarized-
light spectra are arbitrarily shifted downwards by a factor of three rel-
ative to the normalized total-light spectra, for clarity. The total-light
spectra in νFν turns up at around or slightly longward of 1 µm. In
contrast, the polarized-light spectra in νFν all consistently and sys-
tematically decrease towards long wavelengths, showing a blue shape
of approximately power-law form.

We can then use the same polarized light, but in the near-
IR, to reveal the hidden spectrum of the disk, by stripping off the
dust radiation from the torus exterior to the scattering region.
In previous work25, we suggested that this method appears to
work in at least one quasar that has polarization data with high
signal-to-noise-ratio at two wavelength bands in the near-IR.
However, crucial information needed at the time was whether
the near-IR polarized light behavior is consistent and systematic
in different objects. If it is, this would critically argue against,
for example, a possible secondary polarization component re-
lated to dust grains newly arising in the near-IR. Therefore we
undertook the near-IR polarimetry of five other quasars. The
targets were selected to be polarized in optical continua but es-
sentially not in emission lines, to ensure the scattering to be
interior to the broad-line region. These properties were either
already known22 or were determined in our optical polarimetric
survey and follow-up spectropolarimetry.

In Fig.1 we show the spectra of linearly polarized light
measured in the near-IR broad-band imaging polarimetry, and
optical spectropolarimetry, of the six quasars in total (includ-
ing the one studied in the previous work). Details of the mea-
surements, as well as the procedures for removing instrumental
polarizations, can be found in the Supplementary Information.
Generally, polarization degrees observed for these quasars are
∼1% at ∼0.5 µm, gradually decreasing to ∼0.5% at ∼2 µm,
and PAs are essentially constant over the near-UV/optical/near-
IR wavelengths for a given object. A significant result here is
that all the objects behave in a similar and systematic way show-
ing blue polarized-light spectra. While the total-light spectra in
νFν turn up at around 1 µm toward longer wavelengths due to
the onset of dust emission, all the polarized light spectra, which
eliminate dust, display a rapid decrease in νFν , with a shape of
approximately power-law form.

The measurement of the spectral index α in Fν (∝ να)
for each object is shown in Fig.2. The measured slopes are con-
sistent with each other within their errors, and the individual
slopes as well as their average clearly point to a shape much
bluer than those observed in the UV/optical. Astonishingly, they
are all consistent with the Fν ∝ ν+1/3 shape. The weighted
mean of the measured slopes is α = +0.44±0.11. Although the
sample size is small, there does not appear to be any luminos-
ity dependence, as seen in Fig.2, and we did not find dependen-
cies on black hole massesMBH or Eddington ratiosL/LEdd de-
rived from the width of the Hβ Balmer line. This is expected if
the near-IR spectrum is in the long-wavelength limit of the disk
model, which is independent of parameters such as black hole
mass or Eddington ratio. In this case, by regarding each mea-
surement as a measurement of the same quantity, the weighted
mean over these measurements becomes physically meaningful.
We note that, if we formally convert the mean slope to the ra-
dial temperature distribution for the case of an optically-thick
disk, we obtain T ∝ r−0.78±0.03, consistent with the predicted
dependence T ∝ r−3/4.

The systematic behavior of the near-IR polarized light,
as well as the constancy of the PAs over all wavelengths,

2

figure from Kishimoto et al. 2008, Nature, 454, 49

Balmer 
edge

Fν ∝ ν  +1/3



Time lags vs wavelength
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figure from Cackett et al 2006, ApJ, 857, 53

τ ∝ λ4/3

• HST/STIS
• Swift

the lags shift up and down, maintaining approximately the
same overall wavelength dependence and shape. We demon-
strate this in Figure 8 where we show two realizations toward
the upper and lower ends of the range of lags. We note that this

general up and down shifting is mostly, but not always, seen,
and for some realizations the trend with wavelength is more
significantly altered.

Table 5
HST/STIS Continuum Light Curves from the G750L

MJD-57000 Flux Density (10−14 erg s−1 cm−2 Å−1)

5600 Å 6250 Å 6850 Å 7450 Å 8000 Å 8800 Å 9350 Å

581.662 2.42±0.02 2.44±0.01 2.13±0.02 2.06±0.01 1.94±0.02 1.68±0.01 1.41±0.05
582.656 2.45±0.03 2.46±0.03 2.17±0.01 2.06±0.02 1.93±0.02 1.68±0.02 1.37±0.05
583.650 2.30±0.02 2.37±0.02 2.05±0.01 1.97±0.01 1.85±0.02 1.59±0.02 1.34±0.05
583.782 2.35±0.02 2.39±0.02 2.07±0.01 1.97±0.01 1.85±0.02 1.58±0.02 1.32±0.04
584.578 2.20±0.02 2.27±0.02 2.04±0.02 1.98±0.01 1.87±0.02 1.63±0.03 1.34±0.04
585.571 1.97±0.05 2.10±0.02 1.87±0.02 1.85±0.02 1.76±0.02 1.55±0.03 1.24±0.06
586.542 1.81±0.03 1.82±0.02 1.65±0.01 1.62±0.01 1.54±0.02 1.36±0.02 1.19±0.04
587.559 2.24±0.02 2.26±0.02 1.93±0.01 1.85±0.01 1.72±0.02 1.51±0.02 1.31±0.04
588.486 2.42±0.02 2.41±0.02 2.05±0.01 1.92±0.02 1.80±0.02 1.57±0.03 1.32±0.05
589.414 2.36±0.02 2.37±0.02 2.07±0.01 1.96±0.01 1.85±0.02 1.63±0.02 1.36±0.04
590.407 2.33±0.03 2.34±0.02 2.07±0.01 2.00±0.02 1.88±0.02 1.62±0.02 1.38±0.04
591.401 2.32±0.03 2.34±0.02 2.05±0.01 1.95±0.01 1.84±0.02 1.63±0.02 1.37±0.05
592.394 2.17±0.02 2.23±0.02 2.00±0.01 1.92±0.02 1.85±0.02 1.62±0.02 1.36±0.05
593.388 2.12±0.04 2.21±0.02 1.95±0.01 1.90±0.01 1.83±0.02 1.57±0.03 1.34±0.04
594.315 2.20±0.03 2.24±0.02 1.98±0.01 1.97±0.01 1.80±0.02 1.59±0.02 1.30±0.05
595.309 2.18±0.02 2.23±0.02 1.98±0.01 1.96±0.02 1.83±0.02 1.59±0.03 1.31±0.04
596.428 2.04±0.02 2.10±0.02 1.81±0.01 1.74±0.02 1.66±0.02 1.44±0.02 1.25±0.04
597.422 2.02±0.02 2.08±0.02 1.81±0.01 1.73±0.01 1.65±0.02 1.49±0.02 1.21±0.04
598.289 1.90±0.02 1.99±0.03 1.77±0.01 1.78±0.02 1.68±0.02 1.48±0.02 1.24±0.04
599.283 1.81±0.02 1.94±0.02 1.71±0.01 1.70±0.02 1.65±0.02 1.43±0.02 1.23±0.04
600.210 1.78±0.03 1.93±0.02 1.68±0.02 1.70±0.01 1.62±0.02 1.46±0.02 1.17±0.04
602.197 1.58±0.02 1.71±0.02 1.49±0.01 1.49±0.02 1.43±0.01 1.31±0.03 1.06±0.04
603.191 1.65±0.02 1.77±0.02 1.54±0.00 1.54±0.01 1.47±0.02 1.31±0.03 1.13±0.04
604.185 1.65±0.02 1.74±0.02 1.48±0.01 1.47±0.01 1.42±0.01 1.28±0.02 1.09±0.03
605.238 1.68±0.02 1.78±0.02 1.51±0.01 1.49±0.01 1.42±0.01 1.30±0.02 1.08±0.03
606.172 1.64±0.02 1.70±0.02 1.51±0.01 1.52±0.01 1.48±0.02 1.33±0.02 1.12±0.04

Figure 7. Contour plots showing the 1σ (green), 2σ (blue), and 3σ (red) two-
dimensional lag centroid distributions from 105 realizations of the light curves.
The histograms show the 1D centroid lag distributions. The numbers in the
contour plots show the correlation coefficient, indicating that the lag
measurements from each realization are highly correlated.

Figure 6. Lag as a function of wavelength for the HST (black, circles) and Swift
(red, squares) bands, calculated with respect to the Swift W2 band (wavelength
indicated by a vertical dotted line). The solid line shows the best-fitting τ∝ λ4/3

relation when ignoring the points from 3000 to 4000 Å. The black and red
uncertainties are calculated from the FR-only approach, while the gray uncertainties
are from the full FR+RSS approach (see the text for details). A clear excess and
discontinuity in the lags is seen around the Balmer jump (3646 Å), which is
highlighted further when looking at the residuals (bottom panel).
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The Astrophysical Journal, 857:53 (12pp), 2018 April 10 Cackett et al.

NGC 4593

← x-ray

Balmer cont.

1.5 days → 2500 Rg/M7

~ 3200 Rg for NGC 4593
(M7 = 0.76)



A general, qualitative picture of the BLR 
to guide our thinking 
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m=10



Basic arrangement and properties

✦ Continuous medium (based on 
smoothness of line profiles) but 
with density fluctuations and 
multiple phases.

✦ Can get mass and characteristic 
size from reverberation time  
combined with line widths

✦ Dust in the outskirts (from IR 
continuum reverberation)

✦ Density stratification  
but in what sense/direction?

✦ Hints of disky geometry… 
(stay tuned for the clues)

13

Fiducial Configuration 
M ~ 108 M⦿    and   L/LEdd ~ 0.1 
R ~ 1017 cm ~ 7000 Rg 
T ~ 104 K 
n ~ 109–1013 cm–3 



Time scales of interest
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Lessons from studying samples of 
quasars and AGNs

15



Classification via “Eigenvector 1”

16

Marziani et al. A Main Sequence for Quasars

FIGURE 2 | The optical plane of the Eigenvector 1, FWHM(Hβ) vs. RFeII. The
green shaded area indicatively traces the distribution of a quasar sample from
Zamfir et al. (2010), defining the quasar MS. The thick horizontal dot-dashed
line separates populations A and B; the thin identifies the limit of NLSy1s. The
vertical dot-dashed line marks the limit for extreme Population A (xA) sources
with RFeII! 1. Dotted lines separate spectral types, identified as explained in
section 4.

and ideas were in place as early as in year 2000 to introduce
the idea of two quasar populations, A and B: Population A
with FWHM(Hβ) ≤ 4,000 km s−1; Population B (broader) with
FWHM(Hβ) > 4,000 km s−1 (Sulentic et al., 2000a,b). Later
developments have confirmed that the two populations are two
distinct quasar classes. Population A may be seen as the class that
includes local NLSy1s as well as high accretors (Marziani and
Sulentic, 2014), and Population B as a class capable of high-
power radio-loudness (Zamfir et al., 2008, see section 5). It now
seems unlikely that the two populations are just the opposite
extremes of a single quasar “main sequence” defined in the plane
FWHM(Hβ) vs. RFeII (Sulentic et al., 2011, section 5), although
the subdivision at FWHM(Hβ) = 4,000 km s−1 is not widely
considered in literature. It is therefore worth analyzing the issue
in some more detail after considering the main correlates along
the MS.

5. A BIRD’S EYE VIEW OF THE MS
CORRELATES

Several correlates have been proved as especially relevant in the
definition of the MS multifrequency properties.

• Balmer emission line profile shape – Several past works found
a clear distinction between Pop. A and B in terms of Balmer
line profile shapes (Sulentic et al., 2002; Marziani et al.,

2003b): Pop. A sources show Lorentzian Balmer line profiles,
symmetric and unshifted; Pop. B, Double Gaussian (broad +
very broad component, HβBC + HβVBC, section 6.2), most
often redward asymmetric. While several authors described
the Balmer line profiles of NLSy1s as Lorentzian (e.g., Véron-
Cetty et al., 2001; Cracco et al., 2016), the transition between
the profile types is apparently occurring at 4,000 km s−1 and
not at 2,000 km s−1, the canonical limit of NLSy1. This early
result (Sulentic et al., 2002) has been confirmed by several
later analyses (e.g., Zamfir et al., 2010; Marziani et al., 2013b;
Negrete et al., 2017). Figure 3 shows composite spectra in the
FWHM range 2,000–4,000 and 0–2,000 km s−1: the profile
shape remains the same as the line gets broader (Negrete et al.,
2017). Mirroring Paolo Padovani’s prescription as enunciated
at the Padova meeting (Padovani 2017: no more RL, only
jetted!), we would recommend to speak of Population A and
B... and no more NLSy1s! In both cases, it is not just a matter
of nomenclature: inter-sample comparison will be biased if the
subdivision is inappropriate.

• UV diagnostic ratios – Major trends involve strong UV
emission lines. Schematically, moving from spectral type B1++
to A4 we find: NVλ1240/Lyα: ↗; AlIIIλ1860/SiIII]λ1892: ↗
CIII]λ1909/SiIII]λ1892 ↘ W(NIII]1750) ↗ W(CIVλ1549)
↘. These trends can be interpreted as an increase in density
and metallicity and decrease in ionization parameter of the
LIL-emitting part of the BLR toward the strongest FeII
emitters at the tip of the MS (Baldwin et al., 1996; Wills et al.,
1999; Bachev et al., 2004; Nagao et al., 2006; Negrete et al.,
2012, 2013).

• CIVλ1549 centroid shifts – The CIV1549 centroid blueshifts
are a strong function of a source location along the E1
MS, reaching maximum values in correspondence of the
extreme Pop. A (xA, spectral types A3 and A4). They can be
accounted for by a scaled, almost symmetric and unshifted
profile (such as the one of Hβ) plus an excess of blueshifted
emission, corresponding to a “virialized” emitting region plus
an outflow/wind component, respectively (Marziani et al.,
2010). The relative prominence of the two components is a
function of the location on the MS: the outflow component
can dominate in xA sources, and be undetectable in sources at
the other end of the MS (B1++) where the broader profiles are
found. If we measure the centroid shift at half maximum c( 12 ),
large blueshifts are found only in Pop. A (Sulentic et al., 2007).
The blueshifted excess is at the origin of a correlation between
centroid shifts of CIVλ1549 and FWHM CIV (Coatman et al.,
2016; Sulentic et al., 2017). This has important implications for
MBH estimates.

• [OIII] blueshifts – The [OIII]λλ4959,5007 doublet mimics
the blueshift observed for CIVλ1549 with respect to the rest
frame. The average blueshift amplitude increases toward the
high RFeII end of the MS (Zamanov et al., 2002; Marziani
et al., 2003a; Zhang et al., 2013; Cracco et al., 2016).
This is emphasized by the distribution in the OP of the
[OIII]λλ4959,5007 “blue outliers” (BOs) which show blueshift
at peak of amplitude ! 250 km s−1. Large [OIII] shifts
such as those of the BOs are found for FWHM(Hβ)< 4,000
km/s.
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EV1

from Shen & Ho 2014, Nature, 210, 513
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doi:10.1038/nature13712

The diversity of quasars unified by accretion
and orientation
Yue Shen1,2 & Luis C. Ho2,3

Quasars are rapidly accreting supermassive black holes at the centres
of massive galaxies. They display a broad range of properties across
all wavelengths, reflecting the diversity in the physical conditions of
the regions close to the central engine. These properties, however, are
not random, but form well-defined trends. The dominant trend is
known as ‘Eigenvector 1’, in which many properties correlate with
the strength of optical iron and [O III] emission1–3. The main physical
driver of Eigenvector 1 has long been suspected4 to be the quasar lumi-
nosity normalized by the mass of the hole (the ‘Eddington ratio’),
which is an important parameter of the black hole accretion process.
But a definitive proof has been missing. Here we report an analysis
of archival data that reveals that the Eddington ratio indeed drives
Eigenvector 1. We also find that orientation plays a significant role
in determining the observed kinematics of the gas in the broad-line
region, implying a flattened, disk-like geometry for the fast-moving
clouds close to the black hole. Our results show that most of the diver-
sity of quasar phenomenology can be unified using two simple quan-
tities: Eddington ratio and orientation.

The optical and ultraviolet spectra of quasars show emission lines with
a wide variety of strengths (equivalent widths) and velocity widths. How-
ever, despite their great diversity in outward appearance, quasars possess
surprising regularity in their physical properties. A seminal principal-
component analysis1 of 87 low-redshift broad-line quasars discovered
that the main variance (Eigenvector 1, or EV1) in their optical proper-
ties arises from an anti-correlation between the strength of the narrow
[O III] l 5 5,007 Å and broad Fe II emission. Along with other proper-
ties that also correlate with Fe II strength2,3,5, these observations estab-
lish EV1 as a physical sequence of broad-line quasar properties. In the
two-dimensional plane of Fe II strength (measured by the ratio of Fe II

equivalent width within 4,434–4,684 Å to broad Hb equivalent width,
RFe II ; EWFe II/EWHb) and the full-width at half-maximum of broad Hb
(FWHMHb), EV1 is defined as the horizontal trend with RFe II, where the
average [O III] strength and FWHMHb decrease1,2. Figure 1 shows the
EV1 sequence for about 20,000 broad-line quasars drawn from the Sloan
Digital Sky Survey (SDSS)6,7 (see Supplementary Information for details
of the sample).

The statistics of the SDSS quasar sample allows us to divide the sample
into bins of RFe II and FWHMHb (the grey grid in Fig. 1) and study the
average [O III] properties in each bin. Figure 2 shows the average [O III]
line profiles in each bin, as a function of the quasar continuum lumi-
nosity L measured at 5,100 Å. In addition to the EV1 sequence, the [O III]
strength also decreases with L5,100 Å, following the Baldwin effect8,9

initially discovered for the broad C IV line10. The [O III] profile can be
decomposed into a core component, centred consistently at the systemic
redshift, and a blueshifted wing component. The core component strongly
follows the EV1 and Baldwin trends, while the wing component only
shows a mild decrement with L and RFe II (Supplementary Information
and Extended Data Figs 1–2). This may suggest that the core component
is mostly powered by photoionization from the quasar, while the wing
component is excited by other mechanisms, such as shocks associated
with outflows11.

In addition to the strongest narrow [O III] lines, all other optical nar-
row forbidden lines (such as [Ne V], [Ne III], [O II] and [S II]) show sim-
ilar EV1 trends and the Baldwin effect. Hot dust emission detected using
WISE12, presumably coming from a dusty torus13,14, also increases with
RFe II. In the Supplementary Information (and Extended Data Figs 3–7)
we summarize all updated and new observations that firmly establish
the EV1 sequence.

The [O III]-emitting region is photoionized by the ionizing continuum
from the accreting black hole. But the EV1 correlation of [O III] strength
with RFe II holds even when optical luminosity is fixed, as demonstrated
in Fig. 2. This suggests that another physical property of black hole accre-
tion changes with RFe II, one that, in turn, affects the relative contribution
in the ionizing part of the quasar continuum as seen by the narrow-line
region. The most likely possibility is the black hole mass MBH, or equiv-
alently, the Eddington ratio L/MBH, given that L is fixed. The much less
likely alternative would be that the [O III] narrow-line region changes
as a function of RFe II. Reverberation mapping studies of nearby active
galactic nuclei (AGN)15 have suggested that a virial estimate of MBH may
be derived by combining the broad-line region size RBLR (measured from

1CarnegieObservatories, 813Santa Barbara Street, Pasadena, California91101, USA. 2Kavli Institute for Astronomyand Astrophysics, PekingUniversity, Beijing 100871,China. 3Departmentof Astronomy,
School of Physics, Peking University, Beijing 100871, China.
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stacked spectral properties.
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Spectra from opposite ends of EV1
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526 SULENTIC ET AL

Figure 2 Spectra of typical AGN in the rest frame range λλ4200–5500 Å. Upper: I Zw 1, a FeII
strong narrow line Seyfert 1. Lower: NGC5548, a FeII weak broad line Seyfert 1. Ordinate is flux
in units of 10−15 ergs s−1 cm−2 Å−1 [NGC 5548 was taken with a 2 arcsec slit so absolute flux
scale is below the normalized flux scale of international monitoring campaign spectra (Korista
et al 1995)].

ones (M96 found K-S probabilities of 0.002 and 0.035 for the HIL-LIL differences
inRQandRL samples respectively). These differences contradict results of studies
that did not subtract CIVλ1549NC where mean FWHM(CIVλ1549BC) ≤ FWHM
(HβBC) [e.g. FWHM(Hβ)= 1.1–1.3 FWHM(CIVλ1549BC); Corbin 1991with IUE
data, Laor et al 1995, Corbin & Boroson 1996]. There is also evidence for a
difference between RL core [FWHM(HβBC) ≈ 4700 ± 400 km s−1 (error of the
mean): n = 26] and lobe [FWHM(HβBC) = 6000 ± 600 km s−1 n = 32]
dominated sources (Brotherton 1996). This result was confirmed in an analogous
comparison of FWHM(HβBC) in steep (SS) and flat (FS) spectrum RL sources
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figure from Sulentic et al 2000, ARA&A, 38, 521

Lower Right
high L/LEdd?
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low L/LEdd?



Comparison of resonance and recombination line profiles 
from opposite ends of EV1
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PHENOMENOLOGY OF AGN EMISSION LINES 533

Figure 5 Emission-line profiles for (lower) NGC5548, a RQ Population B Seyfert 1 source, and
(upper) I Zw 1, a RQ Population A NLS1 source. Left panels show the respective CIVλ1549BC
profiles, and right panels show HβBC. Ordinate is flux in units of 10−15 ergs s−1 cm−2 AA−1, and
abscissa is radial velocity in km s−1 relative to the source rest frame (dot-dashed line). Dotted
lines are the residual spectra after FeIIopt was subtracted (upper right) or after the HβBC (thick
solid line, all other panels) was subtracted. Note (lower left) that the apparent shift to the red of
CIVλ1549NC in NGC 5548 is a result of self-absorption.

ambiguous if an inflection suggestive of multiple components is present in the line
profile.
Studies of profile wings are another way of characterizing profile shape (van

Groningen & van Weeren 1989, Stirpe 1989, Penston et al 1990, Romano et al
1996). A sample of about 100 Hα line profiles (4 to 1 RL bias; Romano et al 1996,
Robinson 1995) shows not only a mix of log and power-law functions needed to
fit the profile wings but also profiles that frequently show significantly different
red and blue wing shapes. The latter probably reflects the presence of multiple
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Diversity of profile shapes

19
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534 SULENTIC ET AL

Figure 6 Examples of sources with unusual Balmer line profiles after underlying continuum
subtraction. Vertical lines at bottom of the lower panels indicate positions of contaminating narrow
emission lines. Upper left: Arakelian 120, an apparently small-separation, double-peaked RQ
source. Upper right: Arp 102B, a prototype broad separation double-peak RL source. Lower left:
OQ 208, a single-peaked RL source with large-peak redshift. Lower right: Pictor A, an RL source
Balmer lines that recently changed from single- to double-peak source.

components, such as the redshifted VBC discussed earlier. Higher s/n profile
samples, easily obtainable with the new generation of large telescopes (see Arav
et al 1997, 1998), promise to greatly clarify the profile shapes and composite nature
of broad-line profiles.
Line profiles with the most unusual shape tend to be RL sources and include

the rare objects that show double-peaked structure in the Balmer lines with wide
peak separation !vr ≫ 1000 km s−1, (e.g. Arp102B, see Figure 6; Chen et al
1989, Halpern et al 1996), 3C390.3 (Zheng et al 1991, O’Brien et al 1998), and
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Lessons from reverberation mapping of 
the broad-line region
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m=20



What measurements do we get from R.M.?

✦ The lag between continuum variations and total emission-line flux. 

We convert this to a ``BLR radius’’ via 

                                                     RBLR = c τlag

but we must interpret  and treat RBLR very carefully; it is not the radius of any 
physical structure; it is a moment of the responsivity distribution.

✦ Trends between time lags and line properties (width, luminosity) 
❖ for ensembles of objects
❖ for single lines in same object as they vary 
❖ for different lines in same object but from ions of different ionization energies

✦ The lag between continuum and velocity-resolved  
emission line flux variations (across the line profile)

✦ Velocity-Delay maps (for sufficiently high S/N)

21

⎫
⎬
⎭

for sufficiently  
high S/N



How big is the BLR?                                                (c τ) ∝ L0.5 
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F IG. 6.ÈBLR size Èluminosity relation. The solid line is the best Ðt to
the data. The dashed line is a Ðt with a slope of 0.5.

not consistent with previous results. Second, under the
assumptions that the shape of the ionizing continuum in
AGNs is independent of L , and that all AGNs are charac-
terized by the same ionization parameter and BLR density
(as suggested by the similar line ratios in low- and high-
luminosity sources), one expects The theoreti-R

BLR
P L0.5.

cal prediction is based on the assumption that the gas
distribution, and hence the mean BLR size, scales with the
strength of the radiation Ðeld. Our present result suggests
that those assumptions should be reexamined. This is also
implied from recent models (e.g., Kaspi & Netzer 1999 and
references therein) which show a wide distribution of
properties (such as BLR density, column density, and ion-
ization parameter) across the BLR of a single active nucleus.
Therefore, a range of properties may also exist among dif-
ferent AGNs, and the above assumptions of uniform ioniza-
tion parameter and BLR density for all AGNs is likely
incorrect. If an e†ective ionization parameter can be
deÐned, our result suggests that it may be a decreasing
function of luminosity.

5.2. FW HM -L uminosity Relation
Our sample allows us to readdress the issue of the

velocity-luminosity relation in AGNs. Shuder (1984) noted
that the FWHM of the Balmer lines increases with lumi-
nosity for a sample of 25 AGNs. Wandel & Yahil (1985)
found a correlation coefficient of 0.5 between the Hb full
width at zero intensity (FW0I) and the 4000 continuumA
luminosity for a literature compilation of 94 AGNs. Joly et
al. (1985 ; and references therein) also reported a weak corre-
lation between the FW0I of H b and the optical luminosity
in a similar collection of objects. Boroson & Green (1992)
note the FW0I of H b is quite sensitive to noise and depends
strongly on the quality of the Fe II subtraction. These
authors found an anticorrelation coefficient of [ 0.275
between the Hb FWHM and absolute V magnitude, signiÐ-
cant at the 99% conÐdence level, in a sample of 87 PG
quasars. In a recent work Stirpe, Robinson, & Axon (1999)
measured Ha velocities for 126 AGNs and found them to
weakly correlate with the luminosity.

In addressing the issue of the velocity-luminosity relation
we note that our sample is not complete, especially with the

inclusion of the heterogeneous Seyfert sample. The results
must therefore be treated with caution. The FWHMs from
the mean spectrum are plotted against the luminosity in the
bottom panel of Figure 7. There is no signi Ðcant correlation
between the variables. However, if we omit the data point
for the narrow-line Seyfert 1, NGC 4051, which clearly devi-
ates from the other points and highly inÑuences theÐt, we
do obtain a marginally signi Ðcant correlation. The corre-
lation coefficient is [ 0.386, and its signiÐcance level is
2.7 ] 10~2. A linear Ðt gives

v
FWHM

(mean)\ (4108
~65
` 66)

]
Cj L

j
(5100 A)

1044 ergs s~1

D~0.271B0.012
km s~1 . (7)

FWHMs from the rms spectrum versus luminosity are
plotted in the top panel of Figure 7. The correlation coeffi-
cient is [ 0.540 has a signiÐcance level of 1.2] 10~3 and
the best linear Ðt to the data is

v
FWHM

(rms) \ (3752
~56
` 57)

]
Cj L

j
(5100 A)

1044 ergs s~1

D~0.267B0.010
km s~1 . (8)

F IG. 7.ÈFWHM-luminosity relations. ( T op) FWHM derived from the
rms spectrum of each object. (Bottom) FWHM derived from averaging the
FWHMs in all spectra for a given object. Solid lines are the best Ðt to the
data after excluding the outlier at the lowest luminosity (NGC 4051).

The Astrophysical Journal, 767:149 (27pp), 2013 April 20 Bentz et al.

Figure 11. Top: Hβ BLR radius vs. the 5100 Å AGN luminosity. The solid line is the best fit to the data and the gray-scale region shows the range allowed by the
uncertainties on the best fit. The left panel displays all 71 data points included in this analysis, where the open circles are the new measurements that we include
for the first time. The right panel shows the fit with Mrk 142 removed, an adopted lag for PG 2130+099 of 31 ± 4 days, and a reddening correction of 0.26 dex for
NGC 3227 (see the text for details). The slope does not change appreciably with these adjustments, but the scatter is significantly reduced from 0.19 dex to 0.13 dex.
All measurements are plotted with their associated uncertainties, but the error bars are sometimes smaller than the plot symbols. Bottom: residuals of the estimated
BLR radii compared to the measured BLR radii using the best fit to the RBLR–L relationship. The dotted lines are Gaussian functions with a width equal to the variance
in the scatter determined from the best fit, demonstrating the relative normality of the residual distribution.

significant time lag. Repeating the reverberation experiment will
also allow for the confirmation or contradiction of the outlier
status of Mrk 142. While it is possible that Mrk 142 is truly an
outlier, it is worth noting that other narrow-line Seyfert 1s in the
reverberation sample (NGC 4051, NGC 4253, NGC 4748) lie
extremely close to their expected locations, and well within the
sample scatter.

Arp 151. The tidally distorted galaxy Arp 151 was one of the
most variable objects in the 2008 LAMP campaign, with a well-
determined time lag of 4.0 ± 0.5 days. However, there appears

to be a problem with the flux calibration for Arp 151. The flux
calibration for the LAMP sample of AGNs was determined by
comparing the observed [O iii] λ5007 flux for NGC 5548 to
the known [O iii] flux from many years of spectrophotometric
monitoring. Because of the unstable nature of weather and
the need for many observations over a long period of time,
reverberation data sets rely on the narrow [O iii] emission lines
as internal calibration sources for the many nonphotometric
nights on which data are obtained. The emission lines do not
vary on the timescales probed in a single monitoring campaign,

23

figure from Kaspi et al. 
2000, ApJ, 533, 631

figure from Bentz et al.  
2013, ApJ, 767, 149

But the BLR does not end at RBLR  
and the line-emitting zones are probably fairly wide.



How big is the BLR?                 Really….

✦ Optical Fe II multiplets 
respond with a longer lag than 
the Balmer lines. ~ 2–3x

✦ NIR continuum reverberates 
with even longer lags. ~4–5x

✦ There is gas that contributes to  
the broad lines out to the dust 
reverberation “radius.” 

✦ Prefer the dust radius as the 
outer boundary of the BLR

23
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Figure 12. Residual of the dust lag from the best-fit regression line plotted
against the Eddington ratio (obtained by the CCF analysis assuming αν = 0 for
the subtraction of the accretion-disk component in the K-band flux).

with the model. The observation of an AGN with a super-
Eddington mass accretion rate is required to investigate the
effect of anisotropic illumination of the slim disk.

5.2. Structure of the BLR and Inner Dust Torus

Reverberation observations for BELs and dust thermal emis-
sion provide an important tool for investigating the structure
of the BLR and innermost dust torus. Suganuma et al. (2006)
compared the results of the dust reverberation with those for
BELs and demonstrated that the innermost dust torus was lo-
cated just outside of the BLR. Infrared interferometry is also
an important tool for investigating the dust torus. Kishimoto
et al. (2011) reported that the radius of the innermost dust torus
obtained by near-infrared interferometry was consistent with
the dust reverberation radius; however, the former tended to be
roughly equal to or slightly larger than the latter. On the basis
of our new results of the largest homogeneous sample of dust
reverberation, we discuss in this section the structure of the BLR
and the innermost dust torus.

In Figure 13, we plotted the radii of the innermost dust torus
obtained by reverberation and near-infrared interferometry, as
well as the reverberation radius of the BLR, against the optical
V-band luminosity. The dust reverberation radii and optical
luminosities were obtained from our results, and those of
the near-infrared interferometry were obtained from the data
compiled by Kishimoto et al. (2011) and Weigelt et al. (2012).
The lag–luminosity correlation of BLR has been investigated
by many authors. Among the data presented in such studies, we
used that obtained by the reverberation observation of Balmer
emission lines (mostly Hβ) compiled by Bentz et al. (2009a),
because they presented an accurate estimation of the optical
luminosity by using the HST images to carefully subtract the
host-galaxy flux.

In Figure 14, the radii of the innermost dust torus and
BLR (Hβ) were plotted against the hard X-ray (14–195 keV)
luminosity, and in Figure 15, they were plotted against the
luminosity of [O iv] λ25.89 µm emission line. Although the
hard X-ray emission and [O iv] emission line are not directly
related to the ionization state of the BLR clouds or dust
temperature, their luminosities are expected to correlate with
that of the accretion disk emission, and they would be far
less obscured by the dust torus. Therefore, they could serve
as luminosity indicators unbiased to dust obscuration (e.g.,
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Figure 13. Radii of the innermost dust torus and the broad emission-line region
(BLR) plotted against the V-band luminosity. Filled circles (colored red in
the online version) represent the K-band reverberation radii of our results
(obtained by the CCF analysis assuming αν = 0 for the subtraction of the
accretion-disk component in the K-band flux); open squares (colored purple
in the online version) represent the K-band interferometric radii obtained from
Kishimoto et al. (2011) and Weigelt et al. (2012), and crosses (colored blue in
the online version) represent the reverberation radii of broad Balmer emission
lines obtained from Bentz et al. (2009a). Solid and dashed lines (colored red
in the online version) represent the best-fit regression lines for the K-band
reverberation radii for the data obtained by the CCF analysis assuming αν = 0
and αν = 1/3, respectively, and the dot–dashed line (colored blue in the online
version) represents the best-fit regression line for the Balmer-line reverberation
radii reported by Bentz et al. (2009a). Dots (colored green in the online version)
represent the radii of the location of the hot-dust clouds obtained from the
spectral energy distribution (SED) fitting of type 1 active galactic nuclei (AGNs)
reported by Mor & Netzer (2012).
(A color version of this figure is available in the online journal.)

Melèndez et al. 2008; Diamond-Stanic et al. 2009; Rigby et al.
2009) and would be useful for estimating the radii of the BLR
and innermost dust torus for type 2 AGNs and ultraluminous
infrared galaxies. We enlarged the data for reverberation radii
of the BLR by adding the results of the recent reverberation
observations for Hβ emission lines (Bentz et al. 2006b, 2007,
2009a, 2009b; Denney et al. 2010; Barth et al. 2011a, 2011b;
Grier et al. 2012b). The hard X-ray luminosity was obtained
from the Swift BAT 58 Month Hard X-ray Survey (Baumgartner
et al., in preparation),11 and that of the [O iv] emission line was
taken from previous research (Deo et al. 2007; Melèndez et al.
2008; Diamond-Stanic et al. 2009; Gallimore et al. 2010; Greene
et al. 2010; Liu & Wang 2010; Tommasin et al. 2010).

As shown in Figures 13–15, the radii of the BLR (Hβ) and
innermost dust torus showed significant correlation with these
luminosities, and the reverberation radius of the BLR was found
to be systematically smaller than that of the innermost dust
torus, as presented by Suganuma et al. (2006). In addition, we
found that the reverberation radius of the innermost dust torus
appeared to be systematically smaller than the interferometric
radius of the innermost dust torus, as presented by Kishimoto
et al. (2011). We then applied the regression analysis for the

11 http://heasarc.gsfc.nasa.gov/docs/swift/results/bs58mon/
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Line width vs lag relation 
r.m.s. profiles of various lines in same object
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the virial product using ! cent and !peak for the time-delay pa-
rameter and "line and FWHM as the line-width parameter. Fits
to these data and the other virial relationships described below
are summarized in Table 7, in each case for a best-fit slope and
for a force-fit to a slope of b ¼ "1

2 . Fits were obtained using
the orthogonal regression program GaussFit13 (Jefferys et al.
1988), which accounts for errors in both parameters. These
data show clearly that (1) the virial relationship!V / !"1=2 is
robust, i.e., precisely how the time delay and line width are
measured is not critical, and (2) the least scatter in this rela-
tionship is obtained by using ! cent and "line to parameterize the
relationship. This is confirmed by computing the virial prod-
uct c!!V 2=G for each measure; the combination of ! cent and
"line has a mean precision (standard deviation divided by the
mean) of about 0.032, which is lower than for the other pairs
of measurements.

It is important to point out that the fractional errors in
FWHM are rather larger than those in "line. A simple conse-
quence of this is that the #2 statistic can be misleading, as it is
larger for "line than for FWHM. In any case, we hasten to point
out that the scatter in these relationships is sufficiently large
that it is clear that simple virial motion is an incomplete de-
scription of gas motions in the BLR. Figure 4 shows the virial
relationship obtained by using the line widths measured from
the mean spectra, uncorrected for narrow-line contamination.
The deleterious effect of the narrow-line contribution on the
line width measurements is most strongly apparent for H$, as
expected. In Figure 5 we show that correcting the spectra for
narrow-line H$ improves the result, but only somewhat. It
seems clear that the rms spectrum should be used for these
measurements.

NGC 3783 and NGC 7469.—Figures 6 and 7 show the virial
relationship for NGC 3783 and NGC 7469 respectively, two of
the other well-studied AGNs for which multiple measurements
of the emission-line lags are available, although in both cases
there are far fewer data than for NGC 5548. The measurements
for NGC 3783 are in excellent agreement with viral relation-
ship. The results for NGC 7469 are in poorer agreement, but
the best-fit slope is within 2 " of the virial prediction. Again
our conclusions do not hinge critically on which time-lag and
line-width measures we use.

3C 390.3.—Figure 8 shows the case of 3C 390.3, which
seems to afford some difficulties. The left-hand column shows

a plot of line-width measures, "line in the top panel and FWHM
in the bottom panel, versus !cent . The apparent lack of con-
sistency with a virial relationship arises for the following
reasons:

1. All the lines in this object are very broad, and each of the
measured lines are contaminated by blending: Ly% is blended
with N v k1240, C iv k1549 is blended with He ii k1640, and
He ii k4686 and H$ are blended.

2. The emission-line lags have relatively large uncertainties
and span a comparatively limited range (the largest and smallest
lags differ by a factor of only #1.5, compared to a factor of
7–14 for the other three objects discussed above).

In an attempt to circumvent the problem of line blending, we
will assume that each line is intrinsically symmetric about its
nominal wavelength. Its true width therefore can be better
estimated by measuring only the unblended half of the line and
reflecting it about the line center. The virial relationship using
these line widths is replotted in the right-hand column of
Figure 8. This gives somewhat improved consistency with the

Fig. 3.—Line widths vs. time lags for emission lines in the rms spectra of
NGC 5548. The top row shows the line dispersion "line as a line width measure,
and the bottom row shows FWHM. The left column shows the CCF centroid
!cent as the time-lag measure and the right column shows the location of the
CCF peak !peak. The solid line is the best fit to the data, and the dotted line is a
forced fit to slope "1

2 , the virial slope. The fit parameters are summarized in
Table 7. The open circles are measurements of H$ for 14 different years. The
filled circles represent all of the other lines.

TABLE 6

Rest-Frame Lags, Line Widths, and Virial Products

Object

(1)

Line

(2)

!cent
(days)

(3)

!peak
(days)

(4)

"line
(km s"1)

(5)

FWHM

(km s"1)

(6)

c!cent"
2
line /G

(106 M$)

(7)

Mrk 335 ................................. H$ .16:8þ4:8
"4:2 .18þ5

"6 917 & 52 1629 & 145 .2:76þ0:85
"0:76

H$ .12:5þ6:6
"5:5 .13þ9

"7 948 & 113 1375 & 357 .2:20þ1:27
"1:10

PG 0026+129......................... H% 98:1þ28:3
"25:5 95þ39

"32 1961 & 135 1117 & 109 73:7þ23:6
"21:7

H$ 111:0þ24:1
"28:3 92þ32

"19 1773 & 285 1719 & 495 68:2þ26:4
"28:0

PG 0052+251......................... H% 163:7þ58:5
"38:3 168þ82

"77 1913 & 85 : 2682 & 453 117:0þ43:1
"29:3

H$ 89:8þ24:5
"24:1 68þ16

"12 1783 & 86 4165 & 381 55:7þ16:1
"15:9

H& 81:6þ19:5
"15:9 65þ10

"6 2230 & 502 5633 & 3585 79:2þ40:3
"38:8

Fairall 9 .................................. H$ .17:4þ3:2
"4:3 .18þ3

"4 3787 & 197 6901 & 707 48:7þ10:3
"13:0

C iv k1549 : 29:6þ12:9
"14:4 : 33þ13

"19 3201 & 285 4628 & 1375 : 59:3þ28:0
"30:8

Ly% .11:9þ5:8
"5:6 .9þ6

"6 4120 & 308 3503 & 1474 39:4þ20:0
"19:5

Note.—Table 6 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.

13 GaussFit is publicly available at ftp://clyde.as.utexas.edu/pub/gaussfit.
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figure from Peterson et al. 2004, ApJ 613, 682
solid line = best fit 
dashed line = viral relation, Δυ ∝ τ –1/2
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7. RELATIONSHIPS BETWEEN BROAD-LINE WIDTH
AND LUMINOSITY

Figures 20–23 display the relationship between broad
Hβwidth (FWHM or sline) and broad Hβ flux. The narrow
Hβ component flux from the mean spectrum decomposition has
been subtracted from the total Hβ light curve in each case, to
obtain a light curve of the broad Hβ line alone. The flux
uncertainties have been expanded by including the estimated
uncertainty in spectral scaling determined from the [O III]
excess scatter, using the results listed in Table 2. In the case of
Mrk 50 (Figure 21) we include only data points from the main
observing campaign, since the observations taken prior to the
start of the campaign are much noisier. Mrk 279 is excluded

since the broad Hβwidth could not be measured accurately, as
described previously.
Although there is substantial scatter in some of the plots, in

each case we find an overall anticorrelation between the
broad Hβwidth and flux. To quantify this relationship, we use
the Bayesian linmix_err regression method of Kelly
(2007), fitting a model of the form bD =Vlog[ (H )]
b b a+flog[ (H )] , where DV represents either FWHM or
sline. The slopes determined by the linmix_err regression
are shown in each figure and range from b = -0.07 to −0.28.
Similar trends between broad Hβwidth and luminosity have

been seen previously in high-quality reverberation mapping
datasets. Examples include NGC 5548 (Denney et al. 2009a)
and Mrk 40 (Arp 151; Park et al. 2012a). The anticorrelation
between broad Hβwidth and luminosity arises as a result of the
relationship between the ionizing flux and the local

Figure 20. Relationship between broad Hβ width and flux for Mrk 40. In each
panel, the solid line shows the best fit to the relationship with slope β. Line
widths (FWHM and sline) are in km s−1, and flux units are 10−15 erg cm-2 s-1.

Figure 21. Relationship between broad Hβ width and flux for Mrk 50. Only
data points from the main campaign are included.

Figure 22. Relationship between broad Hβ width and flux for Mrk 1511.

Figure 23. Relationship between broad Hβ width and flux for NGC 4593.
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Figure 5. Left: comparison of the relation between the integrated Hα flux, Fbroad, and velocity separation between the blue and red peaks, ∆V = VB − VR , for three
different monitoring campaigns. The data from the present work are shown as blue circles; the data from Storchi-Bergmann et al. (2003) are shown as red triangles,
and the data from Schimoia et al. (2012) are shown as green squares. The comparison shows that during this campaign Fbroad remained at the lowest fluxes ever seen
while VB − VR was at a very large separation. This trend is in agreement with that of the previous observations. The blue dotted line represents the linear regression
for the data from Schimoia et al. (2012) + that of this work (r ∼ −0.343); while the dot–dashed line is the linear regression for the data from Storchi-Bergmann et al.
(2003) alone (r ∼ −0.823). The black dashed line is the linear regression for all the data together (r ∼ −0.354). Right: three representative profiles of each of the
three time periods covered by our previous and present work.

of the AGN in this band is probably heavily diluted by the
starburst continuum and cannot be detected.

3.2.3. The Hα Emission Line

As we can see in Figure 2, the Hα profile and flux have
varied on the shortest timescales probed by the observations. The
broad-component flux Fbroad varied overall by approximately
∼20% (Fvar = 20.44%) with respect to the mean. The two
most remarkable increases in Fbroad occurred in the interval
MJD56187–56194 and MJD56285–56290, when the line flux
increased by ∼70% in 7 days and by ∼90% in 5 days,
respectively, as seen in Figures 2 and 4. We conclude that a
substantial portion of the broad-line luminosity comes from a
region that has a size less than 5 light days.

4. DISCUSSION

The double-peaked Hα profile of NGC 1097 has been
monitored by our group for more than 20 yr (Storchi-Bergmann
et al. 1993, 1995, 1997, 2003). Recently we reported the
discovery of short-timescale variability (Schimoia et al. 2012)
of ∼7 days, consistent with the shortest timescale variations
detected here of !5 days. Another previous finding was an
inverse correlation between Fbroad and the velocity separation
between the blue and red peaks, ∆V = VB − VR . This
inverse correlation supports the reverberation scenario: when
the ionizing flux is low, the innermost parts of the accretion
disk are relatively more important and the profile becomes
weaker and broader, when the ionizing flux is high the inner disk
becomes more highly ionized, therefore the bulk of the Balmer
line emission moves to larger radii (Dumont & Collin-Souffrin
1990) and the profile becomes both stronger and narrower.

Figure 5 shows, in the left panel, a comparison of the
measurements of Fbroad and ∆V of the present and previous
works. The right panel shows three typical profiles for each of
the three epochs we have collected the data.

The left panel of Figure 5 shows that in the current campaign,
the broad Hα flux Fbroad reached historically low levels and
remained low throughout the campaign, with variations compa-
rable to or just barely larger than the uncertainties in the mea-
surements. The separation ∆V between the blue and red peaks

was also at the largest values we have ever observed in this
source, what is still consistent with the reverberation scenario.

We now investigate the significance of the inverse correlation
between the integrated flux of the Hα double-peaked line and
the velocity separation of the blue and red peaks. Figure 5
(left) shows that there is a distinct behavior between the data
from Storchi-Bergmann et al. (2003) (red triangles)—taken
between 1991 and 2002, and that from our more recent studies,
corresponding to the period between 2010–2013, including both
the data from Schimoia et al. (2012) and that of the present work
(blue circles and green squares).

Between these two data sets there is a temporal gap of
approximately 7–8 yr. The right panels of Figure 5 show that in
the first data set (1991–2002) the profile showed large variations,
both in flux and peak separation, with a strong inverse correlation
between the two. In the more recent observations that begun
in 2010, the profiles became broader. In order to investigate
the significance of the inverse correlation, we have grouped
the data as follows: (1) only the data from Storchi-Bergmann
et al. (2003); (2) only the most recent data of Schimoia et al.
(2012) + that of the present work; and (3) all the data together.
The resulting linear regressions are shown as dashed lines in
Figure 5.

We have calculated the correlation coefficient and respective
significance for the three different groups of data above:

1. For the data from Storchi-Bergmann et al. (2003) alone
we found a linear correlation coefficient r = −0.823+0.034

−0.038,
which implies significance levels from 99.95% to 99.99%;

2. For the data from Schimoia et al. (2012) plus that of this
work we found a correlation coefficient r = −0.343+0.049

−0.050,
which gives significance levels from 89.25% to 97.17%;

3. For all data together we found a correlation coefficient of
r = −0.354+0.029

−0.029, and the respective significance levels are
97.05% and 99.06%.

Thus we conclude that for any set of data there is an
inverse correlation with a significance level "90%, while for
the complete data set the correlation is ∼97%. The data are
thus consistent with a low-flux state corresponding to the
widest separation between the two peaks, which leads us to
the conclusion that the overall data are consistent with the
reverberation scenario.
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figure from Barth et al  
2015, ApJS, 217, 16

figure from Schimoia et al  
2015, ApJ, 800, 63



Velocity-dependent time lags (across the line profile)

✦ Many objects show the signature of “rotating” gas. But some do not.

✦ The signature for the same object changes from one campaign to the next. 
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Figure 11. Light curves and cross-correlation functions for NGC 5548. The format is the same as in Figure 7. The dashed red lines show the results of second-order
polynomial linear least-squares fits, which were used to detrend the light curves prior to calculating the interpolated cross-correlation function.

Figure 12. Top panel: mean (black) and rms residual (red) Hβ profiles for Mrk
704. The narrow-line component of Hβ and the [O III] λλ4959, 5007 lines have
been modeled out of the mean spectrum. The vertical dashed lines show the
velocity bins used to produce velocity-resolved light curves. The bin boundaries
were chosen so that the total mean-spectrum flux in each bin is approximately the
same. Bottom panel: lags measured for the emission in each velocity bin, with
interpolated cross-correlation function lags shown in red and JAVELIN lags
shown in black. The JAVELIN lags are offset by +100 km s−1 for clarity.

Figure 13. Upper panel: mean and rms residuals for Hβ in NGC 3227; lower
panel: lag in each velocity bin. The format is the same as in Figure 12. In
the upper panel, the 2007 mean (blue dashed line) and rms (blue solid line)
Hβ profiles from Denney et al. (2009b) are shown. In the lower panel the
lags from Denney et al. (2009a) are shown as open blue circles. Note that
Denney et al. (2009a) used slightly different velocity bins than those
defined here.
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remaining bins show a pattern that suggests a virialized BLR
(Figure 13), with large lags at the line center and shorter lags at
higher positive and negative velocities. These can be compared
with results from Denney et al. (2009a), which do not show a
decrease in the lag at higher positive velocities. Lower lags at
high negative velocity might be interpreted as evidence for
outflow. There is no strong evidence for outflow in the 2012
data. Again, more sophisticated modeling will clarify the
situation. As noted earlier, the 2014 data on this source are
marginal and are not included in this analysis. We note that a
very similar dependence of lag on velocity bin is seen from an
independent RM campaign from 2017 (M.S. Brotherton 2018,
private communication).

NGC 3516. In 2007 (Denney et al. 2009a), the highest
positive velocities in the Hβ emission line showed the shortest
lags, with the lags steadily increasing toward the line center and
continuing to increase slightly to higher negative velocity

(Figure 14). This behavior could be interpreted as an infall
signature. In 2012, at least in the core of the line, this trend
seems to be reversed.
NGC 4151. On account of the brightness and favorable

variability characteristics of NGC 4151 during this campaign,
the results for this AGN are superb. The uncertainties in the lag
for each velocity bin are quite small (Figure 10) and there is a
very clear virial-like pattern where the largest lags are seen at
the lowest velocities (Figure 15).
NGC 5548. Due to less favorable variability characteristics

in 2012, the NGC 5548 results are not as clear as they were in
either 2007 (Denney et al. 2009a) or in 2014 (Pei et al. 2017);
the uncertainties in each velocity bin are comparatively large
(Figure 11). The pattern as a function of wavelength seems to
be quite similar to the complex pattern observed in 2014 (see
Figure 10 of Pei et al. 2017) as well as in 2015 Lu et al. (2016).
This is also similar to Mrk 704 (Figure 12), and possibly
indicates a multicomponent BLR.

4. Line Width and Black Hole Mass Calculation

In order to compute the mass of the central black hole from
Equation (1), we need to characterize the line width ΔV in
addition to the mean emission-line lag τ. The two line width
measures commonly used for this are full width at half
maximum (FWHM) and the line dispersion

v P v dv

P v dv
, 6line

2 1 2
ò
ò

s =
⎡
⎣
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⎤
⎦
⎥⎥

( )
( )

( )

which is the square root of the second moment of the line. The
integral is over the line profile P(v) as a function of line-of-
sight (Doppler) velocity. There are practical advantages and
disadvantages to each of these. The FWHM is usually trivial to
measure, but presents problems when the data are noisy or the
profiles are complex. The line dispersion, on the other hand,

Figure 14. Upper panel: mean and rms residuals for Hβ in NGC 3516; lower
panel: lag in each velocity bin. The format is the same as in Figure 12. In the
upper panel, the 2007 mean (blue dashed line) and rms (blue solid line) Hβ
profiles from Denney et al. (2009b) are shown. In the lower panel the lags from
Denney et al. (2009a) are shown as open blue circles.

Figure 15. Upper panel: mean and rms residuals for Hβ in NGC 4151; lower
panel: lag in each velocity bin. The format is the same as in Figure 12.

Figure 16. Upper panel: mean and rms residuals for Hβ in NGC 5548; lower
panel: lag in each velocity bin. The format is the same as in Figure 12. In the
upper panel, the 2007 mean (blue dashed line) and rms (blue solid line) Hβ
profiles from Denney et al. (2009b) are shown. In the lower panel the lags from
Denney et al. (2009a) are shown as open blue circles, while those from Pei
et al. (2017) are shown as open black triangles.
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Velocity-Delay maps (a few examples of optical lines)
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Figure 12. Velocity-delay maps for all three emission lines seen in
PG 2130+099. The dotted lines show the “virial envelope,” V 2τc/G = 8.3 ×
106 M⊙, measured from the mean time lag (Grier et al. 2012).

PG 2130+099 has long been a curiosity. Early on, Kaspi et al.
(2000) measured a time lag of ∼180 days in this object, placing it
well above the RBLR–L relationship. Later studies by Grier et al.
(2008) and Grier et al. (2012) found much shorter lags on the
order of tens of days: Most recently, Grier et al. (2012) reported
a mean Hβ time delay of 12.8+1.2

−0.9 days. These studies attributed
the discrepancies to undersampled light curves combined with
long-term secular changes in the Hβ equivalent width in the
data from Kaspi et al. (2000). However, even with the new,
shorter lag measurements, PG 2130+099 is still a major outlier
from the RBLR–L relation, as it is now positioned far below the
relation (Grier et al. 2012). Despite the higher sampling rate of
the more recent campaigns, ambiguities remain as to whether
the measured Hβ lags represent the true mean BLR radius, as
the light curves were missing data at key points in time. We see
in our velocity-delay map that the majority of the response in
the Hβ emission seems to be centered on a delay of ∼30 days
(Figures 12 and 13).

To investigate this, we ran a one-dimensional delay map
analysis of PG2130 +099 in MEMECHO to look for an
indication of where the true lag lies. Figure 15 shows the
model continuum light curve envelope in the bottom panel,
and the Hβ light curve from Grier et al. (2012) in the top
right panel; the top left panel shows the delay map recovered
by MEMECHO. The MEMECHO model fits the data fairly
well in this case, and there are two clear peaks in the delay
map. The stronger peak is centered around 12.5 days, and the
slightly weaker peak is centered at 31 days. We compare this
with the two-dimensional velocity-delay map (Figures 8, 12,
and 13), which shows a large signal on the blue side of the
emission concentrated at around 30 days and a fainter signal to
the redward side that stretches down to shorter lags. A plausible

Figure 13. False-color velocity-delay maps for Mrk 335, Mrk 1501, 3C 120, and PG 2130+099. The dotted lines in each panel correspond to virial envelopes for each
object as listed in Figures 9–12. The Hβ emission is shown in red, Hγ emission in green, and He ii λ4686 emission in blue.
(A color version of this figure is available in the online journal.)

10
figure from Grier et al 2013, ApJ, 764, 47



Highlights of what we have learned from R.M.

✦ Line emission from the BLR is driven (largely?) by photoionization
The flux of the broad lines responds directly to changes in the ionizing 
continuum

✦ The BLR is stratified in ionization
❖ Higher ionization lines respond faster than lower-ionization lines
❖ The lag of a given line depends on the continuum luminosity so as to preserve 

the ionization parameter of its emission zone

                                          c τlag ∝ L1/2

✦ The gas in the BLR is virialized. 
❖ Broader lines respond faster, following Keplerian dynamics (more or less).  

                                          c τlag ∝ (width)–1/2 
❖ The BLR “breathes:” optimal zone for a given line moves in and out so as to 

preserve the black hole mass

                                          (width)–1/2 ∝ L1/4
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Hints of diskiness…

✦ Widths of Balmer lines of radio-loud quasars depend on jet inclination.

✦ Virialized gas  
(and basic physical considerations)

✦ Symmetric velocity-resolved lags

✦ Double-peaked lines

✦ The ƒ of the viral relation decreases with increasing FWHM.
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Variability of broad lines on long time 
scales, of order years–decades

30

m=30



What might happen in a decade or two?
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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
10deg−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: SDSSJ004319.74+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 15years (observed frame) that may provide
clues to the structure and dynamics of the BLR. Bottom: SDSSJ011254.91
+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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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
10deg−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: SDSSJ004319.74+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 15years (observed frame) that may provide
clues to the structure and dynamics of the BLR. Bottom: SDSSJ011254.91
+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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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
10deg−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: SDSSJ004319.74+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 15years (observed frame) that may provide
clues to the structure and dynamics of the BLR. Bottom: SDSSJ011254.91
+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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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
10deg−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: SDSSJ004319.74+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 15years (observed frame) that may provide
clues to the structure and dynamics of the BLR. Bottom: SDSSJ011254.91
+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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SDSS J1345+1144, ∆t = 7.2 yrs

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.

figure from Liu et al. 2014, ApJ, 789, 140
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Broad double-peaked lines in NGC 7213 2173

Figure 2. The nuclear emission line profiles from 2011 September 27 (MJD 55831) to 2013 July 23 (MJD 56496). The reference spectrum of 2011 September
27 (MJD 55831) is displayed in each panel in dashed lines for comparison.

(iii) FDP was then obtained as the sum of FBlue and FRed (be-
ing thus the total integrated flux of the double-peaked line), while
FRed/Fblue was obtained from the ratio between FBlue and FRed.

The parameters defined above are similar to those used to quantify
the variability of the double-peaked profile of NGC 1097 (Schimoia
et al. 2015). The main difference is that the double-peaked profile
of NGC 7213, in some epochs, does not display clear blue and red
peaks, but shoulders, instead. Thus, instead of measuring the flux
density and position of the blue and red peaks we rather measured
the integrated flux of each side of the double-peaked line, which
is more robust for this case. The values of FBlue, FRed, FDP and
FRed/Fblue are listed in Table 2, while the time variation of these
parameters is shown in Fig. 4.

3.2 Variability time-scales

From our previous studies of the broad double-peaked H α profile of
NGC 1097, we concluded that it shows two main variability time-
scales: a long one, identified as a dynamical time-scale for the gas
orbiting in the disc (see Section 4); and a shorter one that can be
identified with the light travel time between the ionizing source

and the emitting portion of the disc. In NGC 7213, we tentatively
identify these time-scales as follows:

(i) Long variability time-scale: significant changes in the inte-
grated flux of the double-peaked profile can occur on time-scales
of a few months. For instance, from 2012 July 21 (MJD 56129) to
2012 November 22 (MJD 56253) FDP decreased by ∼30 per cent in
approximately four months. During the same period, the relative
intensity of the red and blue sides of the profile, FRed/Fblue, also
changed by 46 per cent. But we also note that between 2013 April
13 (MJD 56395) and 2013 July 23 (MJD 56496) – a time interval
of ∼100 d – FRed/Fblue almost did not vary, keeping a value of ∼1.5.
We thus conclude that the time-scale of the FRed/Fblue variations is
!3 m.

(ii) Short variability time-scale: from 2013 April 13 to 2013
July 23 we obtained more frequent observations, separated by time
intervals of a week to a month. The shortest time interval between
consecutive observations is 7 d (from 2013 June 30 to 2013 July
07). On this time-scale FDP did not display changes larger than the
uncertainties in the measurements. During the period from 2013
April 13 (MJD 56395) to 2013 May 11 (MJD 56423) FDP changed
from 409.8 ± 22.1 to 461.6 ± 25 × 10−15 erg s−1 cm−2 thus by

MNRAS 472, 2170–2180 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/472/2/2170/4083629 by Pennsylvania State U
niversity user on 24 July 2019

422 LEWIS, ERACLEOUS, & STORCHI-BERGMANN Vol. 187

Figure 4. Same as Figure 2, but for Pictor A.

mean or the “minimum” profile. The latter is constructed by
selecting, at each wavelength, the minimum flux density from
among all the spectra of the same object. This minimum
spectrum represents a base profile which is common to all the
profiles. As an idealized example, if the emission arises from
a circular accretion disk with an emissivity enhancement (such
as a hot spot or spiral arm), then the minimum profile would
be that of the underlying circular accretion disk. The difference
spectra from the minimum would clearly reveal the (positive)
emissivity enhancement as it travels through the disk and affects
different portions of the emission line profile. However, even in
this idealized scenario, one must use caution in interpreting
the minimum profile. In the simple additive models mentioned
above, the variability is expected to be cyclical. The minimum
profile will not be equivalent to the profile of the underlying disk
if only a portion of the cycle has been observed (see Section 5.1).

The mean and minimum comparison spectra were subtracted
from each individual spectrum and the resulting difference
spectra are shown in Figures 17–23. As with the rms profiles,
we are not concerned with the variations in the broad-line flux,
thus the profiles were normalized as described above. Because
the spectra were renormalized by their broad-line flux, the
narrow emission lines will vary from one observation to the
next. Rather than remove the narrow lines, which would require
assumptions about the shape of the underlying profile, these
regions were simply not plotted in the difference spectra and the
omitted regions are indicated by vertical gray stripes. As can be
seen in Figures 17–23, the prominent features in the difference
spectra are generally broader than the omitted spectral regions;

Figure 5. Same as Figure 2, but for CBS 74.

thus these gaps do not greatly impair the interpretation of the
difference spectra.

There are several trends commonly seen in the difference
spectra of most objects. In general, trends are best illustrated by
the differences from the minimum spectrum.

1. The difference spectra suggest the presence of distinct
“lumps” of emission, and typically there are multiple
lumps, sometimes at both negative and positive projected
velocities, at any given time. The amplitude of these lumps,
relative to the flux in the minimum spectrum at the position
of the lump, is typically 20%–30% although when the lump
is located at the wings of the profile, the relative flux is much
larger (∼50%). The lumps typically represent 5%–10%
of the total broad Hα flux. An exception is Pictor A, in
which the spectrum has undergone significant changes in
profile shape; the flux in the “lumps” of emission is several
times larger than in either the minimum or the average
spectrum, and the lumps are as much as 20% of the total
broad-line flux. The changes in these distinct “lumps” of
excess emission, either in shape, amplitude, or projected

Schimoia et al. 2017, MNRAS, 472, 2170 Lewis et al. 2010, ApJS, 187, 416
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Looking to the future…
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What observations might lead to progress, IMHO?

✦ Long-term photometric and spectroscopic variability surveys!  
We are only starting to appreciate the possible variability modes (e.g., CLQs)
❖ Photometry can uncover new variability modes. Combine past surveys (SDSS, 

PanSTARRs) with LSST for long baseline.
❖ SDSS-IV and SDSS-V can reveal variations of the emission lines. Need to 

understand the range of possibilities in order to use the broad lines as tools and 
as constraints for models

✦ Reverberation mapping has been quite productive. Continue!
❖ Higher S/N and denser monitoring are desirable
❖ Target objects with diverse line profiles
❖ More continuum lag measurements needed (good test of disk models!)

✦ Spectropolarimetry has potential but the signals are not always easy to 
decipher.  Need more observations and comparison to detailed models. 

                                                What others can you think of?
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Concluding thoughts

38

The biggest question is “What is going on in quasars?” But in order to 
answer that question, we need to start with less ambitious ones:

✦ Where is the primary continuum from the accretion disk?

✦ What is the relation of the accretion disk/flow to the BLR?

✦ Do ALL AGNs/quasars have a BLR? If not, why not?

✦ What are the phases of the BLR gas? How are they connected to  each other?

✦ What is the relation of the absorption line gas to the emission line gas?

                                                and many more…


