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Outline

• Active Galactic Nuclei (AGN) spectral types 

• Changing-Look AGN and Quasars (CLQs) 

• Spectroscopic follow-up of CLQ candidates  

➡ Broad Line Region (BLR) structure 

➡ Theoretical timescales
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Classification and the obscuring torus
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After introducing dust in the previous slide, make the point that view from different direction show us a different 
picture. 
So, introduce Type I vs Type II distinction (broad+narrow vs narrow lines).
But note that the dusty torus as drawn in this picture is only one possible cartoon. Other possibilities include a thick 
wind launched from the disk or dust in the host galaxy. The obscuring structure must have a large radial extent. 
Close by noting that we now see transformations between types so, this picture is challenged.

Quasars/AGN Types: Unification Model

Dust

AD = Accretion disk 
BLR = Broad Line Region 
NLR = Narrow Line Region
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Close by noting that we now see transformations between types so, this picture is challenged.
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• Exhibit Type II spectra, 
but no signs of dust 
obscuration 

• Exist below a certain 
critical luminosity or 
Eddington ratio (L/LEdd) 
in a disk-wind model 
(Elitzur & Ho 2009; 
Nicastro 2000) 

4

“True” Type II 
AGN

1ES 1927+654: a bare Seyfert 2 (Boller+ 2003)
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• Balmer line disappearance with change in continuum flux
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Changing-Look AGN
The transitions go both ways

1974

1984

Tran et al. (1992)#
Storchi-Bergmann et al. (1993) 
Aretxaga et al. (1999) #
Eracleous & Halpern (2001) #
Shappee et al. (2014)

Tohline & Osterbrock (1976)#
Goodrich et al. (1995) #
Sanmartim et al. (2014) #
Denney et al. (2014)#
Barth et al. (2015)
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Accretion Disk Broad Line Region 

Viscous (“radial drift”) 10,000 yr -

Light travel Hours Days

Dynamical Days Years

Thermal Days-years -

Dust Crossing time - 24 M8−1/2 L443/4 yr

Physical Timescales in AGN
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Parker et al. (2016)

Changing-Look Quasars (CLQs) and AGN 
(CLQs: Lbol ≳ 1044 erg s-1)

LaMassa+ 2015 (1) 
Ruan+ 2016 (4)  

Runnoe+ 2016 (1)  
Gezari+ 2016 (1) 
CLM+ 2016 (10) 
Yang+ 2018 (20) 
Stern+ 2018 (1)  

CLM+ 2018 (16)
CLAGN
CLQs
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Repeat Spectroscopy from 
SDSS-II, SDSS-III BOSS

A Systematic Search for Changing-Look Quasars in the 
Sloan Digital Sky Survey (SDSS)

Photometry from 
SDSS, Pan-STARRS 

20102001
Above: 2 serendipitous changing-look 
quasars at 0.2 < z < 0.6 (CLM+2016)
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• X-ray flux changes by factor N, with no evidence for 
variable absorption:  
• N = 5 in J233317 (Ruan et al, in prep.) 
• N = 10 in Mkn 1018 (Krumpe+ 2017) 
• N = >10 in NGC 2617 (Shappee+2014)  
• N = 30 in HE 1136-2304 (Parker+2016) 
• N = 12 in SDSSJ0159 (LaMassa+2015) 
• N = >3 in iPTF 16bco (Gezari+ 2016) 
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Variable Absorption Ruled out by X-rays3 Figures

Figure 1: Turn-on CLQ J233317 from MacLeod et al. (2016) that has now re-dimmed. In
the light curve (left panel), there are epochs of XMM and Chandra observations in the dim
and high states, with no indication of increased absorption in the dim state. Repeat spectra
are displayed in the right-hand panel. For our proposed targets, we are striving to obtain
X-ray spectra before and after the event, similar to what we currently have for this object.

Figure 2: CLQ fraction as a function of continuum flux ratio between the bright and dim
states (L3240,high/L3240,low) for three different thresholds in the flux deviation of the Hβ
BEL, Nσ(Hβ). Based on 130 CLQ candidates observed with the MMT, Magellan Clay, and
William Herschel telescopes (MacLeod et al., 2018). The positive trend indicates that strong
Balmer line variability is associated with the largest continuum variations in quasars. For
the highest-significance transitions (Nσ(Hβ) > 3), the CLQ fraction increases from 10% to
roughly half as the continuum flux ratio between states at 3420Å increases from 1.5 to 6.
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4

Selection Total #

SDSS Quasars in DR7Q 105783

Lacking BOSS spectra 80299

EVQs: |∆g| > 1 mag, |∆r| > 0.5 mag

(σ < 0.15 mag), z < 0.83 1727

Observed spectroscopically (MMT: 64%, 130

Mag.: 15%, WHT: 15%, Pal.: 6%)

CLQs: Hβ (dis)appearance at Nσ(Hβ) > 3 16

Table 1. Selection of spectroscopically variable quasars. Each step includes the criteria listed on the previous rows.

3.1. Spectroscopic Data

3.1.1. SDSS/BOSS

The final spectroscopically confirmed quasar catalog from SDSS-I/II, based on the Seventh Data Release of SDSS
(DR7; Abazajian et al. 2009), is presented in Schneider et al. (2010). This catalog contains 105,783 quasars that have
luminosities larger than Mi = −22.0. These quasars form our parent sample, and are hereafter referred to as the
DR7Q catalog.

As described by Richards et al. (2002), the bulk of quasar target candidates in SDSS I/II were selected for spectro-
scopic observations based on their optical colors and magnitudes in the SDSS imaging data or their detection in the
FIRST radio survey (Becker et al. 1995). Low-redshift, z ! 3, quasar targets were selected based on their location
in ugri-color space and the quasar candidates passing the ugri-color selection are selected to a flux limit of i = 19.1.
High-redshift, z " 3, objects were selected in griz-color space and are targeted to i = 20.2. Furthermore, if an unre-
solved, i ≤ 19.1 SDSS object is matched to within 2” of a source in the FIRST catalog, it is included in the quasar
selection. Additional quasars were also (inhomogeneously) discovered and cataloged in SDSS-I/II using X-ray, radio,
and/or alternate odd-color information, and extending to fiber-magnitudes of about m < 20.5 (e.g., see Anderson et al.
2003).

In MacLeod et al. (2016), we looked for significant changes in the BELs of quasars that had a second epoch of
spectroscopy in BOSS, which was part of the third incarnation of the SDSS (SDSS-III; Eisenstein et al. 2011). In this
work, we target quasars that lack a BOSS (DR12) spectrum, with two exceptions: two of the CLQs from MacLeod et al.
(2016), J002311 and J225240, were targeted for follow-up spectroscopy here because they showed a strong dimming in
PS1 since the BOSS spectrum.

3.1.2. William Herschel Telescope (WHT)

Relatively bright (g < 20.5) and highly variable (|∆g| > 1.3 mag) CLQ candidates were observed on February 6-8
and May 30, 31 2016 using the 4.2m William Herschel Telescope (WHT) in La Palma. Observations were performed
using the Intermediate dispersion Spectrograph and Imaging System (ISIS). The 5300 dichroic was used along with
the R158B and R300B gratings in the red and blue arms, respectively, along with the GG495 order sorting filter in the
red arm. Typically 2× binning in the spatial direction was used to improve the signal-to-noise ratio (SNR) along with
a narrow CCD window to reduce memory usage and readout times. This set-up gives a spectral resolution of R ∼1500
at 5200 Å in the blue and R ∼1000 at 7200 Å in the red for a slit width of 1.′′0 and total coverage ∼ 3100–10600 Å.

Typically, calibration images were taken at the start of each night including bias frames, lamp flats and CuNe/Ar arc
lamp images. Spectroscopic standard stars were observed at ∼2h intervals throughout the night though this cadence
was not always possible. The slit was oriented at the parallactic angle. Exposures were taken in 1800s increments
and the number of shots on target was adjusted based on the latest PS1 photometry. WHT data were reduced using
custom pyraf scripts and standard techniques.

For analysis of follow-up spectra from WHT and other telescopes described below, we correct for telluric absorp-
tion where needed by using a standard star observation at similar airmass and the empirical method described in
Wade & Horne (1988) and Osterbrock et al. (1990).

3.1.3. MMT Data

Observations of a fainter set of targets were made with the Blue Channel Spectrograph on the 6.5m MMT situated
on Mount Hopkins, Arizona. Observations were carried out over several dates in 2016-2018 (see Table 2 for exact
dates). Here, the 300 ℓ mm−1 grating was used with a clear filter and 2× binning in the spatial direction. The central

arXiv:1810.00087   EVQ = Extremely Variable Quasar
MacLeod et al., 2018, ApJ submitted 

Follow-up Spectroscopy of Changing-Look Quasar 
Candidates MMT

6.5m
Magellan
6.5m

*

*

https://arxiv.org/abs/1810.00087
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• Power-law 
continuum 

• Host galaxy 

• BELs 

• NELs 

• Iron lines 

• Balmer continuum
11

Spectral 
Decomposition:

7

Figure 1. Example of a spectral decomposition for hypervariable quasar J000116 showing an intermediate luminosity change (|∆L3240| ≃
350 × 1042 erg s−1) and retaining some broad Hβ flux. This object is not classified as a CLQ here because there is still broad Hβ visible
in the dim state, and the significance of the BEL change is Nσ(Hβ) < 3. In the left panel, the SDSS spectrum, best-fit model, and model
components are shown. In the right panel, the SDSS spectrum is shown in gray, and the spectral decomposition for the follow-up spectrum,
in black, is shown. The follow-up spectrum is scaled so that the integrated [O III]λλ4959,5007Å model narrow line flux matches that of
the SDSS spectrum.

Among the objects that do not exhibit strong BEL changes in the follow-up spectrum, in many cases this is due
to a rebrightening since the last PS1 epoch, as revealed by CRTS photometry. Roughly half the observed cases were
found to have recent brightening by several tenths of a magnitude. When excluding the rebrightened sources, we find
a CLQ confirmation rate of 20-50% for flux deviations Nσ(Hβ) >3-1, respectively, from our follow-up.

Among the non-CLQs that did show a strong continuum change, in some, the BEL flux remained after clearly
responding to the change in the continuum level, e.g., J000116 and J012946 (Figures 1 and 5). § 4.2.5 elaborates on
the latter object. See Figure A2 for more objects with significant continuum and BEL variability that still retain a
small portion of the broad Hβ line. The object J233843 in the last panel of Figure A2 lost all the 3240Å power-law
continuum flux. This object might be classified as a Type 1.8, since it still has broad Hα and a slight amount of broad
Hβ in the dim state. In several other candidates, Balmer BEL flux was retained in the dim state simply because
the fractional luminosity change was relatively small; i.e., they were very luminous before dimming. Moreover, by
comparing Figures 3 and 4, the CLQ fraction is more sensitive to the fractional continuum luminosity change rather
than the absolute change.

4.2. Other Behavior and Objects of Interest

4.2.1. Strong He IIλ4686Å variability

Figure 2 (top panel) shows an example of a CLQ (J000904) with vanishing BELs, and a particularly strong change
in He IIλ4686Å. In reverberation mapping studies of NGC 5548 (Fausnaugh et al. 2016), He II is seen to respond
quickly and strongly to continuum variations, implying that the size of the He II emission region is very close to the
ionizing continuum source. A strong He II change is also seen in Mkn 110 (Kollatschny & Bischoff 2002), and the
source J013203 shown in Figure 5, although broad Hβ is still clearly present in the dim spectrum.

4.2.2. NLS1 AGN: J123359

J123359 (Figure 2) shows a remarkable change in Fe II emission in a NLS1 AGN. See Blanchard et al. (2017) for
a similar spectral change in a NLS1. J123359 has a relatively small continuum change and large Eddington ratio
compared to the other CLQs, making it a noticeable outlier.

4.2.3. The Post-Starburst Quasar J210200

QSfit (Calderone et al 
2017)

arXiv:1810.00087 MacLeod et al., 2018, ApJ submitted 

https://arxiv.org/abs/1810.00087
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• Proportional 
change = 
constant EW 
constant SED

12

Flux ratio between 
repeat spectra

arXiv:1810.00087 MacLeod et al., 2018, ApJ submitted 

https://arxiv.org/abs/1810.00087


Chelsea MacLeod - BHI Seminar Oct 23 2018

• The CLQ fraction 
increases from 
10% to ~50% as 
the 3420Å 
continuum flux 
ratio increases 
from 1.5 to 6.

13

CLQ fraction among highly variable quasars

Red: highest significance CLQs

arXiv:1810.00087 MacLeod et al., 2018, ApJ submitted 

https://arxiv.org/abs/1810.00087
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• CLQs found at low L/LEdd : argues for accretion disk instability

14

Trend with Eddington Ratio

arXiv:1810.00087 MacLeod et al., 2018, ApJ submitted 

https://arxiv.org/abs/1810.00087
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• Transition from Type I to True Type II QSOs on ~yr timescales?

15

Trend with Accretion Rate in a 
Disk-Wind Scenario

arXiv:1810.00087 MacLeod et al., 2018, ApJ submitted 

(Elitzur & Ho 2009) 

https://arxiv.org/abs/1810.00087
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Physical Timescale for Accretion
• Viscous (“radial drift”) timescale in inner disk  

For AGN, 
UV: ~days 
Optical: ~10,000 yr

16

Changing-Look Quasars in SDSS 11

Figure 7. Probability, p, of BEL (dis)appearance as a function of
rest-frame time lag, based on our sample (see text). The errors in p
are computed as p/

√
Nbin, where Nbin (shown as the normalized,

dotted histogram) is the number of highly variable quasars with
repeat spectra (red open data points in Fig. 1) which fall in each
time bin. None of our 10 objects have |∆t| < 1000 days, so for
this bin we only show an upper limit corresponding to < 1 object.
The ratio of changing-look objects to Nbin is listed in each bin.

highly variable sample with repeat spectra, i.e., the ratio of
blue crosses to red open circles in each of the four time bins
shown in the bottom panel of Fig. 1. Out of the highly vari-
able objects with repeat spectra, we find the highest proba-
bility for changing-look behavior on rest-frame timescales of
2000–3000 days and 3000–4000 days (p = 0.076± 0.009 and
p = 0.15±0.03, respectively). When restricted to the redshift
range 0.2 < z < 0.63, p increases to p = 0.113 ± 0.016 and
p = 0.18 ± 0.04, respectively. Note that p will be higher for
the subsample with spectroscopic epochs spanning a> 1 mag
change (i.e., those showing a > 1 mag change from one spec-
tral epoch to the next, shown by the red open circles above
the dashed line in Fig. 1) – this subsample is more repre-
sentative of the objects in which we could have observed
changing-look behavior. However, the size of this subsample
is too small to make any statistical conclusions. Along with
being biased by the sparse sampling of spectroscopic epochs,
we are also likely biased toward long rest-frame timescales
given that Hβ is only visible at z < 0.8. Fig. 7 suggests
that the fraction of changing-look quasars rises to 0.2 at
∆t ∼ 10 yr; therefore, future surveys are needed to deter-
mine if the fraction of changing-look quasars continues to
rise on even longer timescales.

While the timescales for BEL changes explored in Fig. 7
are limited to the timing of spectroscopic observations, seven
of our objects have S82 light curves, which provide more in-
formation on the timescales over which the transitions may
have occurred. In general, the light curves show strong in-
creases in flux over 1000 days in the observed frame (or
roughly two years in the quasar rest frame; Fig. 4), but
strong decreases in flux over considerably longer timescales
(several years in the observed frame; top two panels of
Fig. 5). The light curve for J0225+0030 (Fig. 6) shows a
rise over less than a year in the quasar rest frame following
a slow decline over 5 years in the rest frame.

5.2 A Change in the Central Engine?

To explore a physical scenario where the amount of avail-
able ionizing flux from the central engine has changed,
we must consider both the timescale for BEL response
as well as the timescale for the continuum variability. In
the first case, since BELs result from photoionization (e.g.,
Peterson 1993), they should respond on the light cross-
ing timescale tlt = RBLR/c days, where RBLR is the ra-
dius of the BLR. Using the R − L relation calibrated
by Bentz et al. (2013), the BLR size is estimated to be
RBLR = 2954RSM

−1
8 L0.533

44 , where M8 = MBH/(10
8M⊙)

is the mass of the central super-massive black hole in units
of 108M⊙, L44 = λLλ(5100)/(10

44 erg s−1), and RS is the
Schwarszchild radius RS = 2GMBH/c

2. This gives tlt =
34L0.533

44 days, similar to the observed BEL lags in reverber-
ation mapping (RM), although the lags are typically shorter
since the majority of the ∼50 AGN studied through RM
have lower luminosities.

One assumption in RM studies is that the structure
of the BLR remains stable over the duration of the exper-
iment. For Seyferts, the optical continuum variations are
typically a factor 1.3 over rest-frame timescales of ∼months
(e.g., Edelson et al. 2015). The photometric variability pre-
sented here is more dramatic in comparison: on average
by a factor 4 in g-band flux over seven years in the rest
frame. Furthermore, we observe a stronger Mg ii response in
J0225+0030 over 4.5 years in the rest frame (Section 4.3)
than typical in RM studies (e.g., Cackett et al. 2015), which
might be expected if the source of ionizing photons has
significantly diminished. In this case, the BLR may have
time to adjust its overall structure in response to such large
changes in ionizing flux, and BEL changes might be ex-
pected on the dynamical timescale of the BLR. For typical
Seyfert galaxies, tdyn ≈ RBLR/∆V ≈ 3 to 5 years (Peterson
2006), where ∆V is a typical cloud velocity. This timescale
will be slightly longer for higher-luminosity quasars, since
tdyn ∝ L3/4M−1/2

BH , assuming Keplerian rotation and that
RBLR ∝ L1/2 for photoionized lines. The time between SDSS
and BOSS spectra is long enough so that a dynamical re-
sponse of the BLR cannot generally be ruled out for our
sample.

Regardless of what is happening in the broad line re-
gion, it is clear that the BELs track a large change in con-
tinuum level flux. The timescale that might be associated
with an accretion rate change is the viscous, or “radial in-
flow” timescale (see e.g., Krolik 1999). Indeed, Elitzur et al.
(2014) provide a scenario where AGN evolve naturally from
Type 1 to 1.2/1.5 to 1.8/1.9 as the accretion rate diminishes.
Using Equation 5 in LaMassa et al. (2015) and scaling the
Eddington parameter λEdd and MBH to the measured values
for J1021+4645 from Shen et al. (2011), we obtain:

tinfl = 5×104
! α
0.1

"−1
#

λEdd

0.05

$−2
! η
0.1

"2
#

r
50RS

$7/2 #
M8

2.1

$

yr.

(1)

Here, α is the disk viscosity parameter, η is the accretion
efficiency, and r is the accretion disk radius (assumed to be
50RS for optical disk emission). The value of tinfl may be
a several times shorter based on magneto-hydrodynamical
simulations (e.g., Krolik et al. 2005), but this is still too long
to explain the continuum variability of all sources presented

MNRAS 000, 1–17 (2015)

For stellar-mass BHs 
(X-ray binaries, dwarf 

novae), 
days to months
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• Balmer line (dis)appearance in CLQs not likely due to variable 
absorption or tidal disruption events (TDEs)  

• CLQs are at lower Eddington ratios, suggesting variability associated 
with accretion disk instabilities. 

• CLQs give clues about the structure of the BLR, but the timescales are a 
puzzle. 

• Proposed solutions: 
• State transition involving an advection dominated accretion flow 

(ADAF; Noda & Done 2018 arXiv:1805.07873).  
• Instability driven limit cycles involving magnetic torque at the ISCO 

(Ross+ 2018 arXiv:1805.06921). 
• Magnetically elevated disks in all AGN (Dexter & Begelman 2018 

arXiv:1807.03314).
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Conclusions - Interpretation
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Extra Slides
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CLQ 
J153612

arXiv:1810.00087 MacLeod et al., 2018, ApJ submitted 

13

“Flickering” CLQs from SDSS/BOSS 
search

CLM, Ross + 2016
arXiv:1810.00087 MacLeod et al., 2018, ApJ submitted 

https://arxiv.org/abs/1810.00087
https://arxiv.org/abs/1810.00087
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Asymmetric Balmer profiles

• “Disk-emitter Quasars: BLR as rotating disk structure 
(Strateva et al 2003; Eracleous et al. 2009)

arXiv:1810.00087 MacLeod et al., 2018, ApJ submitted 

https://arxiv.org/abs/1810.00087

