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Changing-Look AGN (“CLAGN”)
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• Broad Balmer BEL (dis)appearance associated with large 
continuum change in Seyfert galaxies

• Changing-Look Quasars at Lbol > 1044 erg s-1 (“CLQs”)
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CLAGN
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A Challenge To The AGN Unification Model
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Figure 1. Schematic

view of the central

structure of an LLAGN.

The red arrows indicate

the MIR emission of

the various components

and its nature.

VLT/VISIR and Gemini/Michelle imaging in narrow-band filters to probe the 12µmcontinuum

and polycyclic aromatic hydrocarbon (PAH) at 11.3µm for two samples of nearby LLAGN. These

were selected to have absorption-corrected X-ray fluxes F2−10keV > 10
−12

erg/s/cm
2
, taken from

the literature, mainly [15] and [16]. The X-ray flux limit corresponds to an estimated 12µmflux

of 10mJy, assuming the MIR–X-ray correlation from [13], and represents roughly the lowest

detectable flux with the ground-based MIR instruments that we used. The sample consists

of LLAGN with a mean X-ray luminosity �logL2−10keV/erg s−1� = 40.4 at a mean redshift of

�z� = 0.005, corresponding to a distance of �D� = 19Mpc and a resolved physical scale of

�r0� = 40pc. The southern sample of 18 LLAGN was observed in 2009, between April and

September, with VLT/VISIR in the PAH2 (11.25 ± 0.59µm) and NeIIref1 (12.27 ± 0.18µm)

filters, and is described in more detail in [14]. These LLAGN have mixed properties, e.g.,

optical classification and are not complete in any sense. The northern sample consists of 10

low-luminosity Seyferts drawn from the Palomar LLAGN survey [17] and were observed with

Gemini/Michelle in February 2010 in the Si-5 (11.6± 0.55µm) and Si-6 (12.5± 0.6µm) filters.

All observations were performed in the standard chopping and nodding mode. The data were

reduced with the observatory delivered pipeline packages and photometric fluxes were measured

with custom IDL routines [9].

3. Results
We detected 7 out of 18 southern and all 10 northern LLAGN with all detected objects being

visible in both filters. The high number of non-detected LLAGN can be explained by the high

uncertainties in the X-ray luminosities that were used for the sample selection. Indeed, many

of these have been revised to much lower values in more recent X-ray observations (further

discussed in [14]). Therefore we included 9 additional LLAGN with VISIR observations taken

from the literature. All detected LLAGN appear point-like in the MIR at an angular resolution

of ∼ 0.4�� , and no extended or off-nuclear emission is visible in the central 4
��
around these nuclei,

similar to the findings for most of the brighter AGN [18]. The corresponding VISIR images can

be found in [14] and a detailed analysis of the Michelle data will be presented in a future work.

3.1. Comparison to Spitzer – star formation contribution
Because Spitzer/IRS spectra (angular resolution ∼ 4

��
) are widely used throughout the literature

to infer AGN properties, a comparison with the Michelle and VISIR photometry is of great
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SDSS Repeated Imaging
• Stripe 82 (S82): 

~60 epochs 
over 10 yr 
(N=9,275)

• NGC:  2-3 
epochs 
(N=25,000)

4

MacLeod+ 2012

Repeat 
spectroscopy from 

BOSS for 15% 

(Recalibrated data: 
Ivezic+ 2004)
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Systematic Search for CLQs

MacLeod, Ross et al. (2016)
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4 MacLeod et al.

blue), and span a greater wavelength range, than the original
SDSS instruments.

The BOSS spectra presented in this work all have
LAMBDA EFF=5400Å (Dawson et al. 2013), i.e., the SDSS
plate holes were drilled to maximize the signal-to-noise at
5400Å, and therefore do not need the spectrophotometric
corrections from Margala et al. (2015). Also, the BOSS spec-
tra presented here do not have the PROGRAM=APBIAS tar-
get flag, which would indicate an o!set in the fiber position
with respect to the earlier SDSS spectrum.

2.3 Multi-wavelength Coverage

We cross-matched our superset of quasars with various ra-
dio and X-ray catalogs. We use the combined radio catalog
of Kimball & Ivezić (2014), which includes sources from five
radio catalogs (FIRST, NVSS, GB6, WENSS, and VLSSr),
to help identify blazar contaminants in S82 during the se-
lection process. We check the latest release of the XMM-
Newton serendipitous source catalog (Rosen et al. 2015) and
the Chandra Source Catalog (CSC; Evans et al. 2010) for
archival X-ray observations of any interesting objects from
our search.

3 SAMPLE SELECTION

Our superset is any object listed in the DR7Q catalog of
spectroscopically confirmed quasars, which includes both
point-sources and resolved objects with Mi < !22. To select
quasars that may have varying spectral features, we quan-
tify the photometric properties of this spectroscopic quasar
dataset and assume that significant BEL changes will be
associated with a significant change in flux. We use the g-
band SDSS photometry and extend the time baseline from
10 to 15 years by including g-band PS1 photometry in our
analysis4. Since our aim is to find changing-look quasars, we
search for quasars that, along with the earlier spectrum in
SDSS DR7, have a later spectrum in BOSS.

Initially, we limit our sample to the S82 region, so that a
well-sampled light curve exists for each object, making it eas-
ier to identify true large-amplitude photometric variability.
There are 9474 quasars in S82, including extended sources
which are not in the point source catalog of MacLeod et al.
(2012). Motivated by the light curve for J0159+0033, we
search for quasars that show at least a 1.0 mag dimming
or brightening in the g-band among any observations in the
combined SDSS and PS1 light curve5. For objects with at
least ten photometric data points, light curve outliers are
flagged as being 0.5 mag away in g from the light curve
running median ("30% of the sample). Since our aim is
to find large, gradual changes in flux without a significant

4 The SDSS g filter is close enough to the gP1 filter in overall
response that we can ignore any color terms.
5 For a similar search but for large-amplitude (1.5 mag)
nuclear brightening in resolved SDSS galaxies, see
Lawrence et al. (2012), which utilizes results from
the PS1 Faint Galaxy Supernova Survey available at
http://star.pst.qub.ac.uk/sne/ps1fgss/psdb/.

Selection Total # In S82

SDSS Quasars in DR7Q 105783 9474
with BOSS spectra 25484 2304

and |!g| > 1 mag and !g < 0.15 mag 1011 287
and that show variable BELs 10 7

Table 1. Selection of spectroscopically variable quasars.

amount of contamination due to poor photometry, we re-
ject these light curve outliers during the variability selec-
tion. This selects 1692 objects with |"g| > 1 mag and pho-
tometric uncertainties !g < 0.15 mag. Approximately 15%
of these were observed again with the BOSS spectrograph;
we focus on these 287 objects. Thirty-six objects in this sub-
sample are detected in the radio, and of these, three were
clearly blazars, as they were radio sources and exhibited fast
and large-amplitude variability (2–3 mag within months; e.g.
Ruan et al. 2012). We do not consider these three objects in
our further analysis, as we are interested in BEL changes un-
related to blazar activity. After visually searching through
all SDSS/BOSS spectra for BELs that are clearly present in
one epoch but not another, we identify seven quasars from
S82 in which at least some BELs satisfy this criterion.

We then extend our search to the entire SDSS footprint,
which contains 105783 quasars in DR7Q. Of the 105746
quasars (> 99%) which have PS1 detections, 6348 have
shown at least a 1.0 mag change in their g-band light curves.
Of these, 1011 have BOSS spectra, which includes the 287
quasars from S82. After visually inspecting each spectrum,
we find three additional quasars with disappearing BELs.
The final yield is higher for the S82 sample due to the im-
proved cadence; we are able to more e#ciently identify high-
amplitude variability as well as more reliably identify spu-
rious data points6. The distributions of the time scales and
magnitude changes involved are shown in Fig. 1. This se-
lection algorithm skews our search to those objects showing
BEL changes over roughly ten years, since this is the times-
pan between SDSS and BOSS spectra, although the rest-
frame timescales probe down to shorter timescales (bottom
panel). The improved time coverage of the S82 regions can
also be seen from the contours in the panels; the S82 sample
(in white) fills in gaps in |"t| while reaching to larger |"g|.

Our sample selection is given in Table 1.

4 THE CHANGING-LOOK QUASARS

Our initial search through the S82 quasars yielded the fol-
lowing results: (i) significant BEL changes are seen on long
timescales ("2000 to 3000 days in the rest frame) in the se-
lected sample; (ii) these changes are associated with large
(|"g| " 1) amplitude changes in the photometry, and (iii)
emerging (disappearing) BEL features correspond to con-
tinuum brightening (dimming). Given the extra temporal

6 Without having a well-sampled light curve, outliers due to poor
photometry are more di"cult to identify by our algorithm and
therefore can cause the object to pass the |!g| > 1 mag criterion.

MNRAS 000, 1–17 (2015)

Other discoveries:
LaMassa+ 2015 
Ruan+ 2016 
Runnoe+ 2016 
Gezari+ 2016 

>15% of strongly variable 
quasars are CLQs on rest-
frame timescales of 8-10 yr.
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Spectroscopic Followup 
Of CLQ Candidates
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1. In SDSS DR7Q (N=105,783), not BOSS

2. |∆g| > 1,   |∆r | > 0.05,   σ < 0.15 mag     
in SDSS / PS1 3π (“EVQ”)

3. z < 0.83, Radio-quiet

4. |∆g| > 1 from earlier spectrum

Magellan

MMT

William Herschel

(6.5m)

(4.2m)

(6.5m)

Goal: Test the CLQ fraction among 
highly variable QSOs.

Selection criteria:
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SDSS-IV Time Domain 
Spectroscopic Survey  

★ Unbiased spectral survey for ~200,000 celestial variables (SES; 
Morganson+ 2015; Ruan+ 2016)

★ Repeat spectra for 13K Quasars (RQS; MacLeod+ 2017)

★ Repeat spectra for ~1K Hypervariable Quasars (|Δm| > 0.7 mag) 
using SES selection method 

★ Repeat spectra for ~200 CLAGN Candidates on S82X (|Δg| >1 mag) 

using MacLeod+16 selection method 
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Paul Green (P-I, SAO), Scott Anderson (P-I, UWa), Chelsea MacLeod (SAO), 
Michael Eracleous (PSU), Niel Brandt (PSU), Sean McGraw (PSU), Kate 
Grier (PSU), Jessie Runnoe (UMich), Eric Morganson (UIUC), John Ruan 

(UWa), Don Schneider (PSU),  Yue Shen (UIUC), the TDSS Team, the 
SDSS-IV Collaboration, and the Pan-STARRS1 Science Consortium
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Results From WHT Follow-up (g<20.5)

• CLQ fraction is 30% of |Δg| >1.3 mag, g < 20.5 targets
9
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Results From WHT Follow-up (g<20.5)

• CLQ fraction is 30% of |Δg| >1.3 mag, g < 20.5 targets
10
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TDSS S82X CLAGN Target

• 189 CLAGN targets on 
S82X special plates

11

SDSS 
spectrum

2001 2015

g 
(m

a
g)

SDSS 
(2001) 

TDSS 
(2015) MJD

Obs. Wavelength (A)
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Two CLQs from SDSS/BOSS search 
“turn back off”
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Variable Absorption Ruled Out By X-rays

• X-ray flux changes by factor: 
• 10 in Mkn 1018 (Husemann+2016)
• >10 in NGC 2617 (Shappee+2014) 
• 30 in HE 1136-2304 (Parker+2016)
• 12 in SDSSJ0159 (LaMassa+2015)
• >3 in iPTF 16bco (Gezari+ 2016) 

• No evidence for obscuration
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A&A 593, L9 (2016)
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Fig. 1. Comparison of the X-ray spectrum of Mrk 1018 in November
2010 and February 2016. For all data, we show the best-fit model of
a simple power law plus Galactic absorption as a solid black line. The
apparent mismatch near 5 keV between the 2016 Chandra and 2016
NuStar are instrumental effects included in the model. The X-ray flux
dropped by a factor of 7.6 and both spectra are consistent with no NH
absorption.

cannot explain the variability of Mrk 1018, several other options
including a cloud event still appeared possible. In this Letter,
we present follow-up Director’s Discretionary Time (DDT) and
archival X-ray and UV spectroscopic data that show that the
changing classification is driven by accretion rate changes and
not by an obscuration event.

2. Observations and results

2.1. Chandra and NuStar X-ray spectroscopy

Chandra observed Mrk 1018 on 2016-02-18 as part of a DDT
request. It was observed on the nominal aimpoint of the back-
illuminated ACIS-S3 chip for 27.2 ks. Mrk 1018 was also tar-
geted on 2016-02-10 with NuStar (Harrison et al. 2013) for
21.6 ks as part of the public shallow Extragalactic Survey.
The combined Chandra and NuStar X-ray spectrum covering
0.5−50 keV is shown in Fig. 1 together with an archival Chandra
observation taken on 2010-09-27 (ID: 12868, PI: Mushotzky).

Both Chandra spectra were extracted with the CIAO pack-
age (v4.5) and the latest CALDB files (4.7.0) using standard
settings for point sources. Similar settings for point sources
were also employed for the NuStar spectral extraction using the
nupipeline. Pile-up is severe only for the Chandra data from
2010 with a likelihood of >10% in the brightest 9 pixels as-
sociated with the point spread function (PSF). To mitigate the
effect of pile-up, we excluded these pixels when we extracted
the spectrum and fitted a model. Afterwards we corrected for
the loss of photons by fixing the model except for the nor-
malization, which was then determined from the total spectrum
in the 4–8 keV range. All spectra were grouped with a mini-
mum binning of 20 counts. We fitted an intrinsically absorbed
power law together with absorption by the Galactic neutral hy-
drogen (NHI,Gal = 2.43 × 1020 cm−2, Kalberla et al. 2005) to the
data. The Chandra and NuStar spectra from 2016 were fitted
simultaneously.

The 2010 and 2016 spectra and their fits are both consistent
with no absorption beyond Galactic, in particular, even partial
Compton-thick absorption is ruled out with NuStar in 2016. The
best-fit model parameters and errors on the photon index (Γ) and
2–10 keV flux are listed in Table 1. The relative normalization of
the X-ray spectra indicates that the flux has dropped by a factor
of 7.6 in 2016 compared to 2010. Furthermore, there appears to
be a hint of a weak Fe Kα line in the 2016 data.

Table 1. X-ray observations and analysis results.

Datea texp
b θoff c Nbin(χ2

ν)d Γe f2−10 keV
f

53 587(S) 5.2 2.6 113(1.1) 1.93 ± 0.05 1.11 ± 0.08
54 271(S) 3.3 4.4 58(1.1) 1.91 ± 0.08 0.92 ± 0.10
54 273(S) 3.5 6.3 61(1.2) 1.95 ± 0.08 0.78 ± 0.07
54 275(S) 4.1 5.9 73(1.0) 1.95 ± 0.07 0.85 ± 0.07
54 628(S) 4.8 1.2 81(1.0) 1.76 ± 0.06 0.97 ± 0.08
55 527(C) 22.7 0.0 169(1.2) 1.68 ± 0.04 0.92 ± 0.02
56 450(S) 1.3 2.0 14(1.1) 1.42 ± 0.18 0.79 ± 0.16
56 817(S) 2.1 4.5 3(0.5) 1.50 ± 0.60 0.16 ± 0.09
57 429(S) 3.7 3.7 9(1.3) 1.75 ± 0.27 0.15 ± 0.05
57 434(S) 3.1 3.9 8(0.5) 1.33 ± 0.26 0.25 ± 0.08

57 436(CN) 27.2 0.0 511(1.1) 1.62 ± 0.03 0.12 ± 0.01

Notes. (a) Modified Julian date of observations with facility indicated in
brackets C-Chandra, S-Swift, N-NuStar. (b) Effective exposure time in
ks. (c) Off axis-angle in arcmin. (d) Number of bins used for X-ray fitting
and reduced χ2 of the best-fit model in brackets. (e) Photon index with
90% uncertainty range. ( f ) Physical flux (Galactic-absorption corrected,
on-axis corrected) between 2–10 keV in units of 10−11 erg cm−2 s−1.

2.2. Swift X-ray monitoring

While Chandra obtained spectra with very high signal-to-noise
ratio (S/N) of Mrk 1018, they only probe two epochs. The
X-Ray Telescope (XRT) onboard the Swift satellite has targeted
Mrk 1018 several times between 2005 and 2016 (see Table 1).
With these data we infer the evolution of X-ray brightness, NH,
and the Γ based on interactive Swift data processing and analysis
pipeline1.

Given the individual exposure times of up to a few ks, only
a simple spectral model consisting of a power-law plus Galactic
absorption component is fitted. This simple model agrees well
even with the higher S/N Chandra observation. Pile-up does
not significantly affect the Swift data because of its wider PSF
and can be ignored. We list the best-fit power-law value and the
2−10 keV flux in Table 1. Considering the large uncertainties
of the Swift-based quantities from February 2016, the measure-
ments broadly agree with our DDT Chandra observation that has
a much higher S/N around the same time.

In all Swift observations with more than 2 ks, a second fit
with a free Galactic absorption parameter leads to lower values
or within the 90% uncertainty range of the Galactic-absorption
value. Hence, during 2005 and 2016 the Swift data show no signs
of additional absorption along the line of sight, in agreement
with the Chandra observations. We also find some variations in
Γ ranging between Γ ∼ 1.9 and Γ ∼ 1.6 during the period cov-
ered by Swift observations (Fig. 2).

2.3. HST far-UV spectroscopy

Hubble Space Telescope (HST) FUV spectroscopy of Mrk 1018
was obtained with the Cosmic Origin Spectrograph (COS,
Green et al. 2012) on February 27 2016 for two orbits granted as
DDT. The G140L grism provides a wavelength range covering
Lyα and C iv. A NUV acquisition image was also taken with the
Primary Science Aperture and MIRRORB. The COS spectrum
(Fig. 3) is compared to archival IUE spectra from 1984/86 and
HST spectra taken with the Faint Object Spectrograph (FOS) in
1996.

All spectra in the bright phase exhibit a FUV contin-
uum flux density of (1.3 ± 0.3) × 10−14 erg s−1 cm−2 Å−1 and

1 http://swift.asdc.asi.it

L9, page 2 of 4

Mkn 1018:
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• Chandra ToO program (P-I: Green)
• Test obscuration hypothesis via Nh

• Γ → L/LEdd (à la XRBs, e.g., Dong et al. 2014)

14
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Structure Function Analysis

• ~10K SDSS S82 DR7 
Quasars in DES

• 10% are extremely 
variable quasars (EVQ) 
with |∆g| > 1

• EVQs more variable on 
all timescales

• Enhanced excess 
variability on long 
timescales

15
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Figure 10. Top: g band ensemble structure functions computed from the
SDSS Stripe 82 light curves, for the control sample and the EVQ sample.
EVQs have a larger variability amplitude than control quasars (matched in
redshift and luminosity) at all timescales from days to years. Bottom: DRW
model parameters from MacLeod et al. (2010) for EVQs and control quasars.
As expected, EVQs have larger long-term variability amplitude SF∞.

EW and broad Mg II FWHM (also see Fig. 13 in Shen et al.
2011), and secondly from an anti-correlation between Mg II
EW and quasar continuum luminosity. Since the broad Mg II
FWHM and continuum luminosity are combined to provide
an estimate of the virial BH mass (e.g., Shen 2013), an anti-
correlation between Mg II EW and L/LEdd emerges.

Radio-quiet quasars with significantly weaker broad emis-
sion lines, termed “weak line quasars” (WLQs, e.g., Fan
et al. 1999; Plotkin et al. 2008, 2010; Diamond-Stanic et al.
2009; Sehmmer et al. 2010; Shemmer & Lieber 2015), are of-
ten X-ray weak compared to quasars with normal broad-line
strength (e.g., Wu et al. 2011; Luo et al. 2015). The latter stud-
ies proposed a scenario where there is a geometrically-thick
“shielding gas” in the innermost region of the accretion disk
(as motivated by earlier ideas in, e.g., Madau 1988; Leighly
2004), which blocks the hard ionizing continuum from the
inner disk (and the X-ray flux from the hot corona immedi-
ately surrounding the BH) from reaching the BLR (and the
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Figure 11. Correlation between maximum g-band variability and Eddington
ratio estimated from SDSS spectrum. There is a general trend of decreasing
Eddington ratio when the maximum g-band variability increases. The red
points are the selected EVQs, and the cyan points are the median Eddington
ratio in each bin of maximum g variability.
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Figure 12. Distribution of quasars in the broad Hβ FWHM versus optical
Fe II strength RFeII ≡ EWFeII,4434−4684Å/EWHβ . EVQs have weaker Fe II

strength compared with the control sample and all DR7 quasars, consistent
with them being lower-Eddington ratio systems (see discussion in §4.1).

[O III] narrow-line region), resulting in the observed weak line
emission. Depending on the orientation of the system, the X-
ray emission is either visible to the external observer when
viewed at high inclinations (X-ray normal), or blocked by the
shielding gas along the light-of-sight to the observer (X-ray
weak). In any case, the BLR receives fewer ionizing photons
and hence the broad line strength (in particular the strength of
high-ionization lines) is reduced.

A plausible origin for this shielding gas is a geometrically
thick inner accretion disk, such as in the slim disk model (e.g.,
Abramowicz et al. 1988; Wang et al. 2014). The slim disk
model is naturally connected to Eddington ratio: when the
Eddington ratio is high (L/LEDD � 0.3), optically thick advec-
tion becomes important and the slim accretion disk becomes
a more appropriate solution than the standard thin disk model
(Shakura & Sunyaev 1973). Alternatively, in the global sim-
ulations of high accretion-rate disks by Jiang et al. (2014),
the disk is unlikely to maintain a thin configuration through-
out and may be puffed up in the inner region, which nat-
urally provides the required shielding gas. Although these
theoretical studies generally focused on high Eddington ratio
systems, we speculate that there is a continuous trend in the

Rumbaugh et al. (2017)
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• EVQs have stronger BELs

➡ Not due to orientation effect

• EVQs have lower L/LEdd
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Figure 9. Emission line strength and Eddington ratio distributions for various samples. EVQs have stronger Mg II C IV and [O III] lines (i.e., larger EWs) than

normal control quasars matched in redshift and luminosity. In addition, EVQs have on average lower Eddington ratios than the control sample. KS tests show

that the difference between the EVQ and control sample distributions for EW(Mg II), EW(C IV), and the Eddington ratio differ by > 6σ, while the distributions

for EW([O III]) differ by > 95%.

Compared to normal 
quasars at similar 
redshifts, luminosities: 

Rumbaugh et al. (2017)

Are CLQs Just The Tails?
(Which EVQs are CLQs?)
Which QSOs are EVQs?



EVQs in SDSS/PS1: Low L/LEdd 
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EVQs in SDSS/PS1: Low L/LEdd 



NLS1 CLQ
• log(L/LEdd) = -1.057, Strong FeII line change
• Similar to TDE candidate (Blanchard+17)

19
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Outstanding Questions

20

• Are all CLQs part of the low Eddington tail, or are some one-
off events with different physics, e.g., TDEs? 

• Different physics operating in EVQs over longer timescales 
compared to normal quasars?
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Summary, Conclusions, & Future

• Quasar variability can be extreme; Eddington ratio is a 
driving factor.

• CLQ fraction is roughly 30% among EVQs; but may be 
largely uncertain if recent short-term variability is 
unaccounted for.

• Importance of continued monitoring; ZTF, LSST!

21
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Extra Slides
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Followup Spectra of 
CLQ Candidates 
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We have presented 12 objects that have repeat spectra. Each of these objects show

considerable photometric and spectral variations; more specifically, the emergence or
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Systematic Search for CLQs

4 MacLeod et al.

To select quasars that may have varying spectral features,
we quantify the photometric properties of this spectroscopic
quasar dataset and assume that significant BEL changes
will be associated with a significant change in flux. We use
the g-band SDSS photometry and extend the time baseline
from 10 to 15 years by including g-band PS1 photometry in
our analysis4. For a similar search but for large-amplitude
(1.5 mag) nuclear brightening in resolved SDSS galaxies,
see Lawrence et al. (2012), which utilizes results from the
PS1 Faint Galaxy Supernova Survey5. Since our aim is to
find changing-look quasars, we search for quasars that, along
with the earlier spectrum in SDSS DR7, have a later spec-
trum in BOSS.

Initially, we limit our sample to the S82 region, so that
a well-sampled light curve exists for each object, making it
easy to identify any large-amplitude photometric variabil-
ity over long timescales. There are 9528 quasars in S82, in-
cluding extended sources which are not in the point source
catalog of MacLeod et al. (2012). Motivated by the light
curve for J0159+0033, we search for quasars that show
at least a 1.0 mag dimming or brightening in the g-band
among any observations in the combined SDSS and PS1
light curve. We exclude outliers in the light curves which are
flagged as being 0.5 mag away in g from the running median
(!30% of the sample), since our aim is to find large, gradual
changes in flux without a significant amount of contamina-
tion due to poor photometry. This selects 1692 objects with
|!g| > 1 mag and photometric uncertainties !g < 0.15 mag.
Approximately 15% of these were observed again with the
BOSS spectrograph; we focus on these 287 objects. Out of
the 36 radio-detected objects in this subsample, three were
clearly blazars, as they were radio sources and exhibited fast
and large-amplitude variability (2–3 mag within months; e.g.
Ruan et al. 2012). We do not consider these three objects in
our further analysis, as we are interested in BEL changes un-
related to blazar activity. After visually searching through
all SDSS/BOSS spectra for BELs that are clearly present in
one epoch but not another, we identify eight quasars from
S82 in which at least some BELs satisfy this criterion.

We then extend our search to the entire SDSS footprint,
which contains 105783 quasars in DR7Q. Of the 105746
quasars (> 99%) which have PS1 detections, 6348 have
shown at least a 1.0 mag change in their g-band light curves.
Of these, 1010 have BOSS spectra, which includes the 287
quasars from S82. After visually inspecting each spectrum,
we find three additional quasars with disappearing BELs.
The final yield is higher for the S82 sample due to the im-
proved cadence; we are able to more e"ciently identify high-
amplitude variability as well as more reliably identify spu-
rious data points6. The distributions of the time scales and
magnitude changes involved are shown in Fig. 1. This se-
lection algorithm skews our search to those objects showing
BEL changes over roughly ten years, since this is the times-
pan between SDSS and BOSS spectra, although the rest-
frame timescales probe down to shorter timescales (bottom

4 The SDSS g filter is close enough to the gPS1 filter in overall
response that we can ignore any color terms.
5 http://star.pst.qub.ac.uk/sne/ps1fgss/psdb/
6 Without having a well-sampled light curve, outliers due to poor
photometry are more di!cult to identify by our algorithm and
therefore can cause the object to pass the |"g| > 1 mag criterion.

Selection Total # In S82
SDSS Quasars in DR7Q 105783 9528

with |"g| > 1 mag and !g < 0.15 mag 6348 1692
and that have BOSS spectra 1010 287

and that show variable BELs 11 8

Table 1. Selection of spectroscopically variable quasars.

panel). The improved time coverage of the S82 regions can
also be seen from the contours in the panels; the S82 sample
(in white) fills in gaps in |!t| while reaching to larger |!g|.

Our sample selection is given in Table 1.

4 THE CHANGING-LOOK QUASARS

Our initial search through the S82 quasars yielded the fol-
lowing results: (i) significant BEL changes are seen on long
timescales (!2000 to 3000 days in the rest frame) in the
selected sample; (ii) these changes are associated with large
(|!g| ! 1) amplitude changes in the photometry, and (iii)
emerging (disappearing) BEL features correspond to contin-
uum brightening (dimming). Given the extra temporal infor-
mation provided by S82 light curves, our selection algorithm
could more easily identify large-amplitude outbursts and re-
liably reject spurious data points, yielding eight objects of
interest in S82.

When extended to the full SDSS footprint, where the
inclusion of the PS1 3" photometry generated lightcurves
for >99% of the DR7Q quasars, our combined search yielded
three additional objects (Table 1). We present all 11 objects
here, six of which show appearing BEL features and six which
show disappearing BELs7 – one object shows evidence for
both.

Our final sample of changing-look quasars is listed in
Table 2, and the redshift distribution is compared to the
full quasar sample in Figure 2. We note that all of our ob-
jects are at z < 0.63, but this is potentially a selection e#ect,
as we discuss in Section 5. However, this sample extends the
range of known changing-look AGN to z = 0.63 at quasar
luminosities. We show the 5007Å [O iii] luminosity as a func-
tion of redshift for the full DR7Q sample and our final ob-
jects in Figure 3. For comparison, we also plot examples
of previously studied changing-look AGN, as in Figure 1 of
LaMassa et al. (2015).

In the following sections, we compute the flux deviation
between two spectra at any given wavelength, N!(#) = (f2"
f1)/

!

!2
2 + !2

1 (e.g., Filiz Ak et al. 2012), to determine the
significance (in units of !) of a BEL change. In particular,
we assess the significance of a BEL change by comparing its
flux deviation to that of the underlying continuum at that
wavelength.

7 The quasar SDSS J214822.25+011217.6 exhibited a disappear-
ing BEL due to the appearance of a broad absorption line (BAL).
Since emerging BAL troughs is a di#erent phenomenon than the
changing-look behavior studied here (see Filiz Ak et al. 2012), we
do not include this quasar in our results.

c! 0000 RAS, MNRAS 000, 000–000

• |Δg| > 1 mag among any observations in SDSS and PS1 
• In the SDSS DR7 quasar catalog (Schneider et al. 2010)
• Must have repeat spectra (have z, L, BH mass)

MacLeod et al. (2016)25
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Sample Selection of CLQ Candidates
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Sample Selection of CLQ Candidates



Spectroscopic Followup of CLQ Candidates, C. MacLeod 28

SDSS-IV Time Domain 
Spectroscopic Survey

Higher z

Lower zL
u

m
in

o
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ty

Timescale

Repeat spectra for:

• 13K quasars

• 1K hypervariable quasars                 
(|Δm|>0.7 mag)

• 3500+ quasars at z < 0.83

With large sample of quasars with repeat spectra:
• Spectroscopic variability as function of quasar properties

Morganson et al (2015); 
MacLeod et al (2017)
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TDSS Repeat Quasar Spectroscopy: 
Early Results

29

Emerging blue-shifted Balmer lines!
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TDSS Repeat Quasar Spectroscopy: 
Early Results
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Emerging blue-shifted Balmer lines!
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Multiepoch Sky Surveys And 
The Lifetime Of Quasars

• 3814 quasars in the SDSS Early Data Release and 
Digitized Sky Survey (Martini & Schneider 2003): 
quasar lifetime must be > 20,000 yr

• I.e., none seem to disappear or appear between  
epochs

31


