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• We present the serendipitous discovery of the changing-
look quasar (CLQ) PS1-J081916 at z = 0.43 found by 
targeting SDSS galaxies with large-amplitude brightening 
in Pan-STARRS1 (PS1).

• We report results from a systematic search for CLQs 
based on repeat photometry from SDSS and PS1, along 
with repeat spectra from SDSS and SDSS-III BOSS.  

• We find 11 examples of quasars that have variable and/
or “changing-look” broad emission line (BEL) features in 
the redshift range 0.20 < z < 0.63.

• Using our selection criteria, we estimate that 10% of 
quasars exhibit CL behaviour over 5 to 8 years. 
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Fig 2. Distribution 
of max(|∆g|) vs. 

time lag for SDSS 
DR7 QSOs. The 
CLQs are shown 
as blue crosses, 
and are selected 
from objects with 
>1 spectra (red 
open points).

• mSDSS - mPS1 > 1.5 in g or r

• On the “good” list of FGSS2 transients

• Within 0.5” of SDSS galaxy

Fig 1. Light curve and spectra for PS1-J081916, 
which changed from an intermediate type AGN in 

2002 to a Type 1 in the 2013 WHT spectrum.
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Left: Light curve for J142232 showing SDSS, Catalina, PS1, and Liverpool Telescope data (the
epochs of WHT spectra are indicated with vertical dotted lines). The extra variability on top of
the long-term brightening and decay is likely regular intrinsic AGN variability. Right: Spectra
for J081916 showing the emergence of the MgII BEL at 4000Å. Blue: smoothed SDSS 20/02/2002;
Green: WHT 10/02/13; Red: WHT 07/02/2014. The final stage of flux calibration involves matching
to our quasi-simultaneous photometry data.

Left: Flux ratios for target J142232 relative to the first epoch. The red dashed line corresponds to the
continuum flux at the location of MgII; the red and blue solid lines correspond to the MgII and CIII]
integrated line fluxes, respectively. There are five epochs in total covering a period of approximately
1.5 years. The spectra were scaled as per J081916. Right: The bottom panel shows the H! feature
for J133004 at two di!erent epochs after continuum subtraction. Blue: WHT 09/06/2013; Red:
WHT 26/06/14. The top panel is simply a ratio of the two with a trend line added for clarity. The
spectra were scaled as per J081916.

REFERENCES Kochanek, C. S., 2004, ApJ, 605, 58; Lawrence et al 2012, in “Tidal Disruption
events and AGN outbursts”, ed R.Saxton, ESA conf series; Lawrence et al 2014, MNRAS submitted;
Richards, G. T., Keeton, C. R., Pindor, B., et al. 2004, ApJ, 610, 679; Sluse, D., Hutsemékers, D.,
Courbin, F., Meylan, G., & Wambsganss, J. 2012, A&A, 544, A62

Key papers including others in preparation will be available privately to the panel at
http://www.roe.ac.uk/ al/patt-temp.htm
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Large-amplitude (Δm > 1.5 mag) nuclear brightening in 
faint extragalactic objects were discovered in Pan-
STARRS-1 (PS1) 3π by comparing with the SDSS sky 
a decade earlier. Followup monitoring in ugr with the 
Liverpool Telescope (LT) combined with WHT 
spectroscopy identified a class1 of extremely variable 
AGN, including J081916 at z = 0.43, shown above.

Base selection:

Pan-STARRS “Transients”

Systematic Search for CLQs

Footnote 1: Lawrence et al. 2015, MNRAS submitted.
Footnote 2: http://star.pst.qub.ac.uk/sne/ps1fgss/psdb/   
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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

The two most likely possibilities for CLQ behavior are a: 
•  change in obscuration on timescale or 
•  change in accretion rate and/or irradiating flux.

Changing Mass Accretion Rate? 

Out of 1010 selected, we recover SDSS J0159+0033, and we 
find a total of 11 CLQs: 

•  5 with emerging BELs (e.g., Fig. 3 top panel) 
•  5 with disappearing BELs (e.g., middle panel)
•  one with both emerging and vanishing BELs (lower panel)

Motivated by PS1-J081916 and SDSS J0159+0033 
(LaMassa et al. 2015), we searched for quasars with: 

• |Δg| > 1 mag among any observations in SDSS and PS1 

• In the SDSS DR7 quasar catalog (Schneider et al. 2010), 
with a later spectrum in BOSS (see Table 1).

Simple dust reddening models fail to simultaneously 
account for the diminishing continuum and BELs in 
J1021+4645 (middle panel of Fig. 3), and a more complex 
model for intervening material is needed. Elitzur, Ho, & 
Trump (2014) provide a scenario where AGN evolve 
naturally from Type 1      1.2/1.5     1.8/1.9  as the accretion 
rate diminishes. However, the timescale associated with an 
accretion rate change seems too long unless one considers 
a disk reprocessing scenario, where the optical-emitting 
region is irradiated by the central X-ray/EUV source (e.g., 
Cackett et al. 2007, Shappee et al. 2014). 

The results will be published in MacLeod et al. (2015). 

Fig 3. Three example CLQs. Light curves are shown on the 
left, and repeat SDSS and BOSS spectra are shown on the 
right, along with their flux difference in the lower panels. 
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Figure 1. Distribution of the maximum magnitude di!erence
|"g|max versus time lag |"t|. The black contours show the dis-
tribution for the superset of quasars (DR7Q), which is based on
SDSS and PS1 photometry. The white contours are the same but
for the subsample of quasars in S82, which are shown as grey data
points (one point per S82 quasar). The contours show regions con-
taining 5, 10, 25, 50, and 75% of the data. The subsample of DR7Q
with repeat spectra are shown by open red circles, but now show-
ing the |"g|max spanned by the spectroscopic epochs versus the
corresponding time span. For objects with multiple spectra, we
choose the two epochs spanning the largest |"g| for display here.
While the data are clumped into “seasons” in the top panel, the
distribution is smoothed out when switching to rest-frame time
lag in the bottom panel. Our final selection is limited to quasars
with repeat spectra with |"g|max > 1 (indicated by the horizon-
tal dashed line). The final sample of 11 objects are plotted as blue
crosses.

Figure 2. Redshift distribution for the sample of 11 changing-
look quasars (red histogram), the full sample of 1032 highly
variable quasars (dotted histogram), those with repeat spectra
(dashed purple histogram), and the entire DR7 quasar catalog
(blue histogram).

Figure 3. [O iii] luminosity versus redshift for the DR7Q sample
(contours), our final sample of 11 (blue crosses), and examples
of previously known changing-look AGN (open circles). For the
latter, the luminosity corresponds to the bright state, cf. Figure 1
in LaMassa et al. (2015), whereas the remaining points are based
on the earlier DR7 spectrum using values from Shen et al. (2011).
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