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Kelly+ 2009

Optical Quasar Variability

• rms ∼ 0.2 mag over ∼1 year

• Aperiodic, stochastic red noise

• Optical contains reprocessed 
UV emission (Edelson+ 2015)

Continuum:

2

Composite SDSS spectrum 
(Vanden Berk+ 2001)
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Broad Emission Lines:
• Less variable, lagged (tlt,BLR)

 

(z = 0.016, MBH=6.5×107 Mʘ)
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Kelly+ 2009

Optical Quasar Variability

• rms ∼ 0.2 mag over ∼1 year

• Aperiodic, stochastic red noise

• Optical contains reprocessed 
UV emission (Edelson+ 2015)

Continuum:

3

• Less variable, lagged (tlt,BLR)

• Large changes rare

(z = 0.016, MBH=6.5×107 Mʘ)
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LONG-TERM VARIABILITY WITH LSST

• Constrain the timescale for quasar variability

‣ Modeling SDSS S82 light curves as a DRW

• Constrain physics through extreme variability

‣ Changing-Look Quasars

• Determine incidence of transient AGN 
phenomena 

4
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PHYSICAL TIMESCALES IN AGN

• viscous (“radial drift”) timescale  
Optical: ~10,000 yrs
UV: ~days

5

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 H! 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 = "L!(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 "Edd and MBH to the measured values
for J1021+4645 from Shen et al. (2011), we obtain:

tinfl = 5%104
! #
0.1

"!1
#

"Edd

0.05

$!2
! $
0.1

"2
#

r
50RS

$7/2 #
M8

2.1

$

yr.

(1)

Here, # is the disk viscosity parameter, $ is the accretion
e"ciency, 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)
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PHYSICAL TIMESCALES IN AGN

• viscous (“radial drift”) timescale (~10,000 yrs)
• light travel timescale tlt = R/c (~hrs; days for BLR)

6
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PHYSICAL TIMESCALES IN AGN

• viscous (“radial drift”) timescale (~10,000 yrs)
• light travel timescale tlt = R/c (~hrs; days for BLR)
• dynamical timescale tdyn (~days; months-yrs for BLR)

7

H

free-fall:  tff ~ (R/g)1/2

sound crossing: ts ~ H/cs

orbital: torb ~ 2π tff 
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PHYSICAL TIMESCALES IN AGN

• viscous (“radial drift”) timescale (~10,000 yrs)
• light travel timescale tlt = R/c (~hrs; days for BLR)
• dynamical timescale tdyn (~days; yrs for BLR)
• thermal timescale tth (days-yrs)

8

 tth
 = 4.6 (α/0.01)-1  (M/108M)  (R/100RS)3/2  yr.
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SDSS Repeated Imaging
• Stripe 82: 

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

• NGC:           
2-3 epochs 
(N=25,000)

9

MacLeod+ 2012

(Recalibrated data: 
Ivezic+ 2004)
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Ensemble (mag)

SF is larger on average at longer timescales, and smaller wavelengths.

Structure Function Analysis
For irregularly sampled data, statistical samples are best 

analyzed using the (model-independent) structure function  

10

See also, e.g.: 
Vandenberk+ 2004 
Schmidt+ 2010
Morganson+ 2014
Kasliwal+ 2015
Peters+ 2015
Kozlowski 2016A

MacLeod+ 2012
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Simple, fast [O(N)]

Two variability parameters:

   SF∞: asymptotic rms in Δm
   τ: characteristic time scale

(Kelly+ 2009;  Kozłowski+ 2010; 
Zu+ 2012)

  

FITTING LIGHTCURVES AS A DAMPED RANDOM WALK (DRW)

11

SF∞τ

(also known as Ornstein-Uhlenbeck process and as CAR(1) process)

auto-correlation function

Predicts exponential form for 
Structure Function:

∆m

∆t
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STRIPE 82:  OBSERVED DRW 
PARAMETERS

12

MacLeod+ 2010

−27 < Mi < −26 

rest-frame



Chelsea MacLeod - TDSS Overview SDSS-IV Collaboration Meeting, Jun. 27 2016

EDDINGTON RATIO AS THE DRIVER OF VARIABILITY?

• With SDSS S82 data, can see clear dependence of variability 
on physical quantities such as Eddington ratio (see also SF 
analyses from Kozlowski 2016A; Wilhite+2005)

13

MacLeod+ 2010
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EFFECT OF 
SURVEY LENGTH

14

Due to intrinsic τ for 
quasars (+ time dilation), 
need >10 yrs 
(MacLeod+ 2011)

Can reliably constrain 
timescale for lengths >10τ 
(Kozlowski 2016c)

MacLeod+ 2011

1   yr
3   yr 
10 yr 
40 yr 
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Probing Long-term 
Variability with LSST

• AGN variability studies will be based on millions of 
light curves with ~900 observations over 10 yrs

• LSST overlap with SDSS, Pan-STARRS, PTF, etc. yields 
30 yr-long light curves for 20,000 quasars

• 10 yr-long light curves are sufficient at low z and light 
weight end of BH mass spectrum (τ ∝ M0.4 , Kozlowski 
2016a) 

15

LSST: MB = -23 at z ~ 2, 
SDSS: MB > -23 at z < 0.5
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 Transient AGN phenomena

16

• Tidal Disruption Events    
(e.g. Gezari+ 2012)

•Microlensing            
(Lawrence+ 2016)

Δm

SDSS qsos: Δt = 1400-1600 days

n/
N

to
t

8 A.Lawrence et al

Category Number Figure Notes

Known and probable SNe 16 B1,B2 red, fast
Radio sources 6 B3 3 known AGN; most erratic
AGN, falling 16 B4,B5 smooth, slow
AGN, rising 7 B6 smooth, slow
AGN, peaked 5 B7 smooth, slow
AGN, complex 7 B8 mostly with two peaks
probable AGN 8 B9 mostly smooth, slow, blue
emission line stars 4 B10 blue, fast or erratic
unknown type 7 B10,B11 mostly poor light curve quality

Table 2. Classification of three year light curves. Light curves for all objects shown in Appendix B. Examples shown in Fig. 6
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Figure 7. Examples of slowly evolving AGN light curves over a
ten year period, coming to a clear peak and then declining. The
open circles represent CRTS data, seasonally averaged. (CRTS
data with less binning is shown in Figs B12-B13) The filled cir-
cles to the right represent the PS1 and LT data; the filled circles
to the left represent the SDSS era photometry. The grey curves
are smooth polynomial Bezier curves simply meant to guide the
eye.

(J121834) is a radio source, and likely to be a blazar. One
is an object we found spectroscopically to be an emission
line star. Two others are of uncertain nature, but could be
supernovae.

3.5 Spectroscopic results

Table A4 summarises the known spectroscopic information
for our sample, which is dominated by the new spectroscopy
which we have collected. We collected spectra for 47 ob-
jects from the WHT as part of this programme; in addi-
tion we have spectral information available for three objects
from the Nordic Optical Telescope (NOT; J094612), from
the Isaac Newton Telescope (INT, J122417); and the Palo-
mar 5m (P5m, J221441), all of which were collected as part
of the related FGSS supernova programme. A further ob-
ject (J105040) has a spectrum from SDSS, but no WHT
spectrum - it was morphologically classified as a galaxy, but
observed spectroscopically as a ROSAT target, and found
to be an AGN at z = 0.306. Finally we note that J081916
has both a WHT spectrum and an earlier SDSS spectrum,
which was likewise obtained because it was a ROSAT tar-

get. Of these 51 objects with spectral information, 8 were
SNe, 4 were variable stars, and 38 were AGN. The remain-
ing object (J025633) had two spectra near peak (from WHT
and NOT) which were very blue and featureless. J025633 is
a radio source, and so is likely to be a blazar, but could be
a flare star of some kind.

Overall, we have a sample of 39 extremely variable AGN
(including J025633) with spectroscopic information. With
the exception of J025633, they are all broad-line AGN. The
median redshift is z = 0.7, and they cover the range z = 0.28
to z = 1.99. Three examples, at low, middling and high
redshift, are shown in Fig. 8. At first glance, they look like
fairly normal quasars, but to quantify this we have measured
fluxes for some key lines.

Table A5 tabulates some measurements of emission line
strengths for 37 objects (not including J025633, which is
featureless, and J105040, which has only a low-state SDSS
spectrum). The fluxes were measured by fitting a polyno-
mial continuum to line-free regions, and subtracting this fit,
and integrating the remaining flux. Because of the redshift
range, we see di!erent combinations of lines; however broad
Mg II !2798 is seen in all objects, so we take this as a rep-
resentative flux for the Broad Line Region (BLR). To rep-
resent Narrow Line Region (NLR) strength we used both
[OII] !3727 and [OIII] !5007. [OII] is in the visible range
for more objects, but is often undetected in our spectra,
and is more likely to have a significant contribution from
star forming activity in the host galaxy, whereas [OIII] will
almost always be dominated by the AGN. In all cases, as
well as line fluxes, we tabulate rest-frame equivalent widths
as these will be much less susceptible to any flux calibra-
tion issues. We examine the spectroscopic properties of our
sample a little more closely in section 4.2.

4 ANALYSIS

4.1 AGN and host luminosities

We calculated absolute magnitudes for the AGN transients,
using the measured spectroscopic redshifts and a standard
concordance cosmology with H0 = 72 km s!1 Mpc!1 and
"tot = 1. We used the peak g-magnitude, and calculated
k-corrections assuming F! ! "!" with # = 0.5. The AGN
transients then have median Mr = "23.87. This is typical

c! 2013 RAS, MNRAS 000, 1–??
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Beginning to probe tails on long ∆t.

• Changing-Look Quasars!

Lawrence+ 2016
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• Broad Balmer BEL (dis)appearance associated with large flux change

• Serendipitous discovery for z = 0.31 QSO (LaMassa+2015)

• Archival X-ray observations rule out variable obscuration. 
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CHANGING-LOOK 
QUASARS (CLQS)

HαHβ

2010

2001

8 MacLeod et al.

Figure 5. Quasars with disappearing BELs. The top panels show J0159+0033, which was discovered in LaMassa et al. (2015). The
cyan and purple spectra in the second (right) panel show additional BOSS epochs at MJD= 55209 and 56267, respectively.

Seyfert galaxies such as NGC 7603 (Tohline & Osterbrock
1976) and Mkn 110 (Bischo! & Kollatschny 1999). In the
Mg ii BEL profile shown in the lower left panel, the red
wing diminishes faster than the blue wing which is broadly
consistent with infalling gas. Such profile changes may

provide a tool to study the structure of the BLR and
warrants a future detailed study.

Here, we are interested in the response of the Mg ii line
to the underlying NUV continuum in comparison to what
is typically observed, since atypical behavior may indicate a

MNRAS 000, 1–17 (2015)
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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:
Ruan+ 2016 
(SDSS/BOSS)
Runnoe+ 2016 
(SDSS-IV TDSS) 
Gezari+ 2016 (PTF)

MacLeod, Ross et al. (2016)
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Changing-look Quasars in SDSS/BOSS

“Turn-off” CLQ from systematic archival search. 

19

g

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

“Turn-on” CLQ from systematic archival search. 

Changing-look Quasars in SDSS/BOSS
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PHYSICAL 
INTERPRETATIONS OF 

CLQS

• Cold chaotic accretion models (Gaspari+2015)

• Thermal timescale for global temperature change   
(e.g. Mkn 1018, Husemann et al 2016)

• Thermal instability due to low metallicity (Jiang+2016)

• Structural change in BLR on τdyn,BLR

• Some may be tidal disruption events (Merloni+2015)

21

R. E. McElroy, B. Husemann, S. M. Croom, et al.: Mrk 1018’s return to the shadows
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Fig. 2. Archival spectra focussed on the Hβ (left panel) and Hα (right panel) emission lines. The spectra are plotted in continuum subtracted
normalised flux to account for any discrepancies in flux calibration, units, or aperture size. The systemic redshift of Hα and Hβ based on the
narrow emission lines is indicated by the dashed black line. The Keck spectrum from 2009 is plotted in orange and covers only the Hβ line.
Residuals of the SDSS spectrum (2000) minus our MUSE spectrum (2014) are plotted in green to emphasise the change in flux and line shape.

0.7. Similarly, we obtain broad Hβ line fluxes of (8.0 ± 0.1) ×
10−14 erg s−1 cm−2 and (2.2 ± 0.2) × 10−14 erg s−1 cm−2 corre-
sponding to Hβ dimming of a factor of 3.57 ± 0.5. The Balmer
decrement of Hα to Hβ is 3.3 ± 0.8 for the MUSE spectrum and
4.2± 0.4 for the SDSS spectrum. Extinction has not increased as
new obscuration along the line of sight to the BLR would lead to
an increased Balmer decrement.

The evolution of the Hβ and Hα emission line profiles are
shown in Fig. 2 over the period 1996-2014. While the broad-
line shape remains almost unchanged during the bright state, our
most recent MUSE spectrum shows a drastically different pro-
file. More flux is lost on the red wing, as shown by the difference
between the SDSS and MUSE spectra (green lines) in Fig. 2.
The residual is redshifted with respect to the systemic redshift.
The Keck spectrum was the last one obtained during the bright
state and the Hβ line shows a decrease on the red side. We find
broad Hα line width (FWHM) of 4000± 100 km s−1 (SDSS) and
3300 ± 200 km s−1 (MUSE). We expect the broad line width to
increase as the AGN luminosity falls to preserve derived MBH

estimates (Ruan et al. 2015). However, following Woo et al.
(2015) we infer single-epoch BH masses of log(MBH/M⊙) = 7.9
and log(MBH/M⊙) = 7.4 in the high and low states, respectively.
This may suggest that the BLR is not in an equilibrium state or
the virial factor has changed.

2.3. Photometry

We study the long-term variability of Mrk 1018 with archival
observations in MIR and optical (u and r) bands. These in-
clude SDSS Stripe 82 (Abazajian et al. 2009), Palomar transient
factory (PTF, Law et al. 2009), SWIFT UV-optical telescope
(Roming et al. 2005), Liverpool telescope imaging (February
2016) in the optical, and WISE in the MIR (Wright et al. 2010).

It is crucial to decompose the AGN and host galaxy light
to infer the intrinsic variability of the nucleus. We estimate the
2D surface brightness distribution of the host galaxy by fitting a
simple two-component – PSF plus Sersić – to the deep u and
r band co-added Stripe 82 images with GALFIT (Peng et al.
2002). The best-fit parameters for the Sersić model are slightly
different with re = 14��.6, n = 2.23 and b/a = 0.56 for the u band
and re = 9��.9, n = 2.77, and b/a = 0.62 for the r band. We then
fit each individual image keeping those parameters fixed for the u

Fig. 3. Time series of archival photometric data for Mrk 1018. Optical r

band data is shown in red, u band in blue, and MIR in purple and green.
The dashed line shows the mean magnitude of the core (15.28 mag) in
the r band and the grey band is the ±2-sigma scatter. The photometry
indicates a rapid decline in AGN flux beginning around 2011.

and r band, and use an empirically constrained PSF from a bright
unsaturated star close to Mrk 1018. Only integrated magnitudes
can be reported for the WISE images.

The late evolution in the AGN light curve is shown in Fig. 3.
The mean magnitude of the nucleus was 15.28 mag (AB) in the
r band with a scatter of 0.15 dex (1σ) prior to the rapid decline.
The constant host magnitude within 5” is 15.57 mag (AB), im-
plying that the luminosity of the AGN has dropped from 1.3 to
0.3 times that of the host. The latest data point from Liverpool
telescope indicates that the AGN brightness is still declining.

3. Discussion

Our spectroscopic analysis shows that the Hα broad emission
line flux in the MUSE spectrum (2015) is a factor of ∼4.75 lower
compared to the SDSS spectrum (2000) and has changed shape
markedly. The multi-epoch photometry shown in Fig. 3 indicates
that rather than peaking in luminosity before dimming to its cur-

Article number, page 3 of 4

Mkn 1018 
(McElroy+2016)
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• Shortest timescales are ≲1yr (Gezari+2016)

• Probability grows with time difference (MacLeod, Ross et al. 
2016)

Systematic Search for CLQs

End 
LSST

• Out of highly variable, |Δg| > 1 mag luminous (Lbol ≈ 1045 erg s-1) 
quasars, CLQ fraction is ~20%.
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CLAGN: PROSPECTS FOR LSST

• Among 50 million AGN, will have thousands with |Δg|>1 mag; or more 
(variability increases with decreasing luminosity) 

• CLQs: large changes in g-r (BBB) and y (Hα), X-ray flare (Shappee+2014)

• Follow-up spectroscopy: i) Find more CLQs in faint states. ii) Extend 
CLAGN population to fainter luminosities at z < 0.8
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PREPARING FOR LSST

• Are changing-look quasars

• a unique phenomenon, or 

• the tail of regular quasar variability?

• Look for outliers in light curve parameters (e.g. Graham et al 
2016, arxiv:1612.07271v1)

• Understand long-term spectroscopic variability using large 
samples of quasars with repeat spectra

24

The field-of-view comparison: Gemini vs. LSST

8 Gezari et al.

Fig. 5.— Left: Dramatic change in spectrum between the archival SDSS legacy spectrum obtained on 2004 June 16, and the follow-up
spectrum obtained by Keck2+DEIMOS on 2016 June 4. Right: Di!erence spectrum corrected for Galactic extinction. Tick marks show
the broad Balmer lines (H!, H", and H#) as well as the broad Fe II complexes, and He I $5877. Dashed blue line shows a power law fit to
the continuum, f! ! $"! , with !! = "1.45.

curve of iPTF 16bco shows a complex shape uncharacter-
istic of a TDE, with month-long plateau, followed by a 2
week rise to another plateau. 4) The broad Balmer lines
in iPTF 16bco are narrower and stronger than have been
observed in TDEs, and iPTF 16bco does not have strong
broad He II !4686 which is characteristic of TDE spec-
tra (Gezari et al. 2012; Arcavi et al. 2014; Holoien et al.
2014, 2016a,b). 5) Finally, the fact that the broad-
line emission and X-ray continuum in iPTF 16bco are
consistent with radio-quiet quasars in the “Eigenvector
1” parameter space: the FWHM velocity width of the
broad H" line vs. the ratio of the equivalent widths of
the Fe II !4570 complex to broad H" strength (RFeII)
(Sulentic et al. 2000), favors a change in ˙Macc of a pre-
existing accretion disk, instead of a newly formed debris
disk from a TDE. Continued photometric monitoring can
determine if the light curve of iPTF 16bco eventually
evolves into a power-law decline as expected for a TDE.

3.4. Accretion Disk Instabilities

We now investigate the scenario that iPTF 16bco was
the result of a change of state in a pre-existing quasar
accretion disk. Interestingly however, iPTF 16bco puts
stringent limits on the timescale over which such accre-
tion rate changes must occur. In the rest-frame, iPTF
16bco demonstrates a dramatic change in continuum flux
over a timescale of !t < 4/(1 + z) = 3.23 yr or in
< 1.1 yr based on the archival X-ray upper limits. The
timescale by which an accretion disk can change its ac-
cretion rate should be determined by the viscous radial
inflow timescale, tinfl. Furthermore, this timescale is ex-
pected to be longer for a quasar “turning on” instead
of “turning o"”, since it scales as !!2

Edd (LaMassa et al.
2015). The tinfl corresponding to the Eddington ratio
and black hole mass estimated for iPTF 16bco in its dim
state, and assuming a radiation-pressure dominated in-
ner region of a Shakura-Sunyaev disk, is,

tinfl = 1300yr
! #

0.1

"!1
#

!Edd

0.005

$!2
! $

0.1

"2
#

r

10rg

$7/2 #M8

2.0

$

,

a much longer timescale than the observed rapid change
in continuum flux in iPTF 16bco.
One possibility could be an accretion disk eruption as

the result of thermal-viscous instabilities in a partial ion-

ization zone, analogous to the outbursts observed in cat-
aclysmic variables and X-ray novae (Siemiginowska et al.
1996). However, while such instabilities can produce
amplitudes of a factor of 104, the expected durations
scale with the central mass, and so while cataclysmic
variables (CVs) and X-ray novae show large-amplitude
outbursts on the timescale of weeks to months, for an
accretion disk around a 108M" black hole, this corre-
sponds to timescales of ! 105 yr. However, state changes
on ! minute timescales have been observed in some X-
ray binaries (Fender 2001; Fender & Belloni 2004), which
would imply similar changes in a SMBH on the timescale
of only ! 10 yr.
In the accretion-disk instability model, the more nar-

row the unstable zone, the more rapid the timescale
of variability. The size of the unstable zone depends
on the accretion rate: the lower the accretion rate,
the closer in the unstable region is to the inner edge
of the disk. However, the smaller the unstable zone,
the smaller the expected amplitude of variability. For
models that demonstrate a factor of ! 10 variability
(# = 0.1, Ṁ = 3"10!5M" yr!1) in Siemiginowska et al.
(1996), they have a “turn-on” timescale of ! 103 yr. This
is still 3 orders of magnitude longer than we require for
the “turn-on” timescale of iPTF 16bco.
Interestingly, the thermal timescale itself, tth !

1/##K, is much shorter, adopting Equation 8 from
(Siemiginowska et al. 1996):

tth ! 2.7(#/0.1)!1M!0.5
8 (r/1016cm)1.5 yr.

A disk with local thermal fluctuations, potentially driven
by the magneto-rotational instability, could be consis-
tent with the rapid timescale of the continuum variabil-
ity in iPTF 16bco (Dexter & Agol 2011). While an in-
homogeneous disk has been demonstrated to fit com-
posite di"erence spectra (Ruan et al. 2014) and color
variability of quasars (Schmidt et al. 2012), Hung et al.
(2016) find a simple disk model adequate to fit di"erence-
flux UV/optical spectral energy distributions of individ-
ual quasars. Moreover, Kokubo (2015) argue that the
tight inter-band correlations observed in SDSS quasar
light curves are inconsistent with the inhomogeneous disk
model. However, whether or not these thermal fluc-
tuations can be coherent enough to produce a large-

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

★ Repeat spectra for 13K 
Quasars 

★ Repeat spectra for ~1K 
Hypervariable Quasars                 
(|Δm|>0.7 mag)
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SUMMARY

26

• S82 QSO variability data consistent with thermal 
timescales; accretion disk instabilities

• Constrain τ using LSST overlap with SDSS, DES, etc. 
for bright QSOs and at low-z, faint end

• Large amplitude, long-term QSO variability with follow-
up spectroscopy gives us new insights into accretion 
physics 

➡  Determine best follow-up strategy
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EXTRA SLIDES

28



MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017

DRW Model Refinements
• DRW Power Spectral Density: 

• XRBs/ X-ray AGN:  Mixed OU 
process (Kelly+ 2011)

• Long Timescales (low f): cannot 
distinguish between f -1 or f 0 in 
optical

• Short timescales (high f): Kepler 
data shows f -3 (Mushotzky+2011; 
Kasliwal+2016)

• CARMA: flexible models (Kelly
+2014; Simm+ 2015; Zinn+2016)
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P( f ) ∝( f0 2 + f 2 )-1 (f0 = 1/τ )

The Astrophysical Journal, 730:52 (20pp), 2011 March 20 Kelly, Sobolewska, & Siemiginowska

Table 1
AGNs with X-ray Light Curves Analyzed

Name z Lit. fH a Lit. PSD Slopeb Referencec fH d PSD Slopee !L
f !H

g "h RMS Variability
(Hz) (Hz) (day) (ks) (10!2 percent s!1/2) (Percent RMS)

Fairall 9 0.047 3.98+2.33
!2.40 " 10!7 1.10+1.1

!0.6 1 2.25+154
!1.73 " 10!6 1.58+0.25

!0.27 >211 70.8+232
!70.0 2.72+1.44

!0.47 36.8+23.1
!10.1

Akn 564 0.025 2.4+2.3
!0.9 " 10!3 1.2+0.2

!0.1 2 5.25+3.55
!2.04 " 10!4 0.98+0.19

0.21 2.27+7.39
!1.36 0.30+0.19

!0.12 92.8+9.29
!8.24 27.5+1.67

!1.52

Mrk 766 0.013 5+1
!3 " 10!4 1i 7 2.69+1.51

!0.94 " 10!4 0.96+0.10
!0.12 >31.0 0.59+0.32

!0.21 61.2+5.73
!5.00 29.8+4.67

!3.09

NGC 4051 0.002 2.4+13
!2.3 " 10!4j 1.1+0.1

!0.4 4 7.18+2.62
!1.84 " 10!4 1.10+0.04

!0.04 >246 0.22+0.08
!0.06 120+9.53

!8.34 59.0+8.17
!6.20

NGC 3227 0.004 2.6+5.3
!2.3 " 10!4 1.0+0.2

!0.4 6 3.73+2.51
!1.44 " 10!5 1.20+0.08

!0.08 >287 4.26+2.67
!1.72 21.8+2.68

!2.30 52.2+12.2
!7.93

NGC 5548 0.017 6.31+18.8
!5.05 " 10!7 1.15+0.50

!0.65 1 7.51+8.18
!3.33 " 10!7 1.22+0.29

!0.25 >221.6 212+169
!111 4.36+0.39

!0.32 47.6+16.6
!8.29

NGC 3783 0.010 6.2+40.6
!5.6 " 10!6 0.8+0.5

!0.8 5 4.00+3.24
!1.47 " 10!6 0.79+0.42

!0.30 >12.6 39.8+23.3
!17.8 9.02+0.90

!0.76 24.4+2.39
!1.51

NGC 5506 0.006 3.9+16
!3.8 " 10!5 1.0+0.2

!1.0 6 5.25+4.27
!2.20 " 10!5 1.11+0.16

!0.15 >18.4 3.03+2.18
!1.36 18.9+2.17

!1.90 24.4+4.47
!2.20

MCG-6-30-15 0.008 6.0+10
!5 " 10!5 0.8+0.16

!0.4 3 6.80+2.12
!1.55 " 10!5 0.70+0.10

!0.11 >36.6 2.34+0.69
!0.56 42.9+3.10

!2.87 27.7+1.35
!1.12

NGC 3516 0.009 2.00+3.01
!1.00 " 10!6 1.10+0.4

!0.3 1 3.24+46.7
!2.17 " 10!6 1.21+0.42

!0.39 >39.07 49.1+99.1
!45.9 8.28+3.07

!1.25 46.4+35.7
!10.0

Notes. Error bars denote 90% confidence intervals, except for values from Markowitz et al. (2003) and McHardy et al. (2007), who report errors at the 68% level.
Lower limits on !L are at 99% confidence.
a The location of the high-frequency break previously reported in the literature.
b The value of #, P ($) # f !# in the intermediate region of the PSD, below the high-frequency break, previously reported in the literature.
c The reference for the literature values of fH and #.
d The estimated value of the location of the high-frequency break, obtained using our Bayesian implementation of the mixture of OU processes model.
e Same as the previous column, but for the PSD logarithmic slope below the high-frequency break.
f The longer characteristic timescale of the light curve, corresponding to the low-frequency break.
g The shorter characteristic timescale of the light curve, corresponding to the high-frequency break.
h The fractional amplitude of the driving noise field for the mixed OU process. Since we have normalized the weights to have unit norm, "2 is also proportional to the
light curve fractional variance on timescales short compared to !H .
i Vaughan & Fabian (2003) fixed the intermediate PSD logarithmic slope to # = 1 for Mrk 766.
j The values reported by McHardy et al. (2004) are for a sharply broken power law, as the authors did not state confidence regions for the bending power-law PSD
model.
References. (1) Markowitz et al. 2003; (2) McHardy et al. 2007; (3) McHardy et al. 2005; (4) McHardy et al. 2004; (5) Summons et al. 2007; (6) Uttley & McHardy
2005; (7) Vaughan & Fabian 2003.
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Figure 2. Observed PSD for an observation of Cygnus X-1 in the hard state (data
points), compared with the best-fit PSD assuming the mixed OU process model
(solid line). The mixed OU process model provides a good approximation to
the observed PSD.

the characteristic frequencies of the individual OU processes
free parameters as well; however, we do not do this as this would
increase the number of free parameters to $60–70, making the
least-square optimization computationally difficult. We consider
this approach of directly fitting the PSD satisfactory for Cygnus
X-1, even if it is not as powerful as maximum likelihood, as our
primary goal in developing our method is to estimate features in
the PSD, such as the break frequencies, from light curves that
are of significantly poorer quality, for which high-quality PSDs

are not available. As such, we apply our model to Cygnus X-1
merely to illustrate that it provides a good approximation of the
PSD.

5.2. AGN X-Ray Light Curves

5.2.1. Fitting Results

We applied our method to the X-ray light curves of 10
local AGNs, studied recently by Sobolewska & Papadakis
(2009). These objects have high-quality light curves sampled
over several decades in frequency, and have been extensively
studied using Fourier-based techniques, making them a good
sample for testing our method. The sample is summarized
in Table 1, which includes the values obtained previously
in the literature from Fourier-based techniques for the break
frequency and logarithmic slope of the power spectra above
the break frequency. The 2–10 keV RXTE data are presented
in Sobolewska & Papadakis (2009) and important for studying
the longer timescale behavior. In order to also study variations
on timescales !1 day, we included XMM-Newton light curves
from the archives, when available. The XMM-Newton 2–10 keV
background-subtracted light curves were extracted using the
standard routines of the XMM Scientific Analysis System and
were binned every 48 s. Both the RXTE and XMM-Newton light
curves were fit simultaneously. The XMM-Newton 2–10 keV
count rates were converted to 2–10 keV fluxes using the
2–10 keV flux values calculated by de Marco et al. (2009),
with the exception of NGC 5506, where we used the value
calculated by Guainazzi et al. (2010). Sobolewska & Papadakis
(2009) calculated the 2–10 keV luminosities based on the best-fit
spectral model to the 3–20 keV PCA data.

11

P ∝1/ f 2

P ∝1/ f

Cygnus X-1 PSD

Kelly+ 2011

CARMA(2, r) = QPO 
( = DRW when  τ/P ≪ 1)
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Probing Long-term 
Variability with LSST

With an accurate long-term variability model to LSST 
depths, can determine incidence of AGN contamination 
in transient searches.

30

Table 1

Predicted !m Probabilities for mfaint = 24.5

!t (days) Band P(!m > 1 mag) P(!m > 2 mag)

3 u 2! 10!6 2! 10!6

3 r 2! 10!6 2! 10!6

3 z 2! 10!6 2! 10!6

30 u 7! 10!5 2! 10!6

30 r 4! 10!6 2! 10!6

30 z 2! 10!6 2! 10!6

300 u 0.02 6! 10!4

300 r 0.005 6! 10!5

300 z 0.002 1! 10!5

shifts leave the shorter time scale variabil-
ity statistics unchanged.

Also, even when accounting for this bias in
! and SF! on a source-by-source basis, we
confirm that there is a residual spread in
! and SF! for fixed Mi, "RF , and MBH

that cannot be attributed to fitting errors.
Therefore, rather than a DRW model de-
pendent only on Mi, "RF , and MBH , the
data require either an additional physical
parameter dependence or a di"erent vari-
ability model (see below).

3. For a given time lag and wavelength, the
magnitude di"erence (!m) distribution is
exponential rather than Gaussian for large
magnitude changes. This is well explained
as a cumulative e"ect of averaging over
quasars with a range of di"erent ! and
SF!. This is a remarkable result given
that the !m distribution of every individ-
ual quasar is Gaussian.

4. We made predictions for the incidence of
quasar contamination in transient surveys
using detailed simulations of quasar light
curves from a mock LSST catalog. Due to
the exponential nature of the !m distri-

butions for quasars, the probability of ob-
serving !m > 1 mag reaches 0.02 in the
u band (where variability is strongest) for
time lags of 300 days, and 6 ! 10"4 for
!m > 2 mag. Assuming Gaussian !m
distributions will result in erroneous likeli-
hood estimates that are about 10 and 1000
times smaller, respectively.

It is clear that a major limitation for the S82
quasars is the quality of light curves in both sam-
pling density and time span. It is also clear that
our variability model needs to be better tested
given the evidence for a likely bias in the S82
time scale estimates. The best current sample
for these improvements is that from the OGLE
microlensing survey, since the light curves are
more densely-sampled and longer than for S82.
Here, the probem is the lack of spectroscopic
identification of quasar candidates, although the
follow-up confirmation of quasars is rapidly im-
proving (Koz#lowski et al. 2011b). The next-
generation surveys will also greatly improve the
constraints on the long-term SF both individ-
ually and for ensembles of quasars. The best
short-term prospects are PTF (Law et al. 2009),
Pan-STARRS (Kaiser et al. 2002), and the Dark
Energy Survey (DES; Honscheid et al. 2008).

24

MacLeod+2012
240K (7K) AGN for 1mag (2mag) differences!
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Re-dimming

Followup Spectra of CLQ Candidates 

Is CLQ behavior a one-off event?

(Redimming also seen in CLAGN Mkn 1018, 
McElroy et al 2016)
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CLUES FROM X-RAYS

• X-ray flux changes by factor: 

• 10 in Mkn1018 (Husemann+2016) 

• 12 in SDSSJ0159 (LaMassa+2015)

• >3 in iPTF 16bco (Gezari+ 2016) 

• No evidence for obscuration 
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B. Husemann et al.: What is causing Mrk 1018’s return to the shadows after 30 years?

Fig. 2. Time evolution of the X-ray photon index Γ and the 2–10 keV
flux from 2005 until 2016 based on the Swift and Chandra data.

7.8 × 10−16 erg s−1 cm−2 Å−1 seen by COS, which is a factor of
∼17 fainter. The Lyα line is shown in the lower panel of Fig. 3
after normalizing the adjacent continuum level to 1. The broad
line is well modelled with three Gaussians plus single Gaus-
sians for each absorption line. We measure a total Lyα flux of
16×10−13 erg s−1 cm−2 and 2.2×10−13 erg s−1 cm−2, respectively,
which is a factor of ∼7 brighter than in 1996. The Lyα line width
becomes narrower from 4170 ± 62 km s−1 to 1330 ± 122 km s−1

in FWHM. This is conceptually consistent with the resonant na-
ture of the line. The Lyα photons produced in the past 30 yr are
continuously absorbed and re-emitted and thereby able to scatter
to larger distance with more quiescent kinematics. This may also
explain why the broad Lyα line appears more symmetric than the
asymmetric Balmer lines, as reported in Paper I.

Three Lyα narrow absorption lines (NALs) can be identified
in the FOS spectrum taken in 1996. Surprisingly, an additional
Lyα NAL appears 20 yr later. We label the NALs from 1 to 4
(Fig. 3). NAL 1 has an equivalent width (EW) of 0.65 Å exactly
at the systemic redshift of Mrk 1018. The new NAL 2 is blue-
shifted by ∼700 km s−1 with respect to the systemic redshift and
has an EW of 0.32 Å. Absorbers 3+4 are blue-shifted by more
than 1500 km s−1 with EWs of 0.9 Å and 0.4 Å and less variable.
These EWs imply NH < 1019 cm−2 and do not lead to measurable
X-ray absorption. Only absorber 1 is detected in C iv, while ab-
sorber 2 remains undetected. The lower EW of absorber 2 com-
bined with the lower S/N at C iv during the fading phase may
simply prevent a detection. Although C iv is undetected for the
new NAL, the short-time variability of the line at this strength
can only be produced by neutral gas within the host galaxy.

3. Discussion

3.1. Inconsistency with a cloud event

We have peculated in Paper I whether a dense cloud might be
moving into our line of sight and causes the dimming of the
nucleus. Such a scenario could explain the potential periodic-
ity of such an event. For a BH mass of MBH ∼ 8 × 107M⊙ (Pa-
per I) an orbital period of 30 yr would correspond to a velocity of
3300 km s−1 at a mean distance of 0.03 pc. The combined high-
quality Chandra and NuStar spectrum clearly shows that this
scenario can be reliably ruled out because no significant NH can
be detected. In particular, the high energies probed by NuStar
imply that Compton-thick obscuration is excluded. The apparent

Fig. 3. Upper panel: FUV spectra of Mrk 1018 taken between 1984 and
2016 with IUE and the HST FOS and COS. Lower panel: Compari-
son of the Lyα emission-line shape in 1996 and 2016. The spectra are
normalized so that the adjacent continuum level is one. The solid black
lines are the best-fit model as described in the text.

Fig. 4. Optical to X-ray SED for Mrk 1018 for two epochs. Shown are
the photometry of the nucleus in the SDSS r and u band (see Paper I),
the NUV and FUV from GALEX and HST observations, and the unab-
sorbed power-law X-ray spectrum from Chandra. The black dashed line
represents a model for a geometrically thin relativistic accretion disc as
described in the text.

time evolution in Γ and flux without any significant X-ray ab-
sorbing NH column density favours a scenario in which the phys-
ical state of the accretion disc underwent a significant change or
reconfiguration.

3.2. Accretion disc changes probed by the spectral energy
distribution

GALEX observations in the NUV and FUV were taken 2008 Oc-
tober 21 as part of the medium imaging survey when Mrk 1018
was still in the bright phase. Within 100 days it was targeted
by Swift in the X-rays and U band as well as by the Palomar
Transient Factory in the r band. The corresponding SED of the
nucleus is shown in Fig. 4. The SED significantly changes spec-
tral shape in the optical-FUV range when Mrk 1018 was fading,
as revealed by the HST observation in combination with quasi-
simultaneous u and r band photometry (see Paper I).
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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
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S82 Variability-Based Quasar Selection

• DRW model:          
Butler & Bloom 2011; 
MacLeod+ 2011;                     
Choi+ 2014 (extended AGN)

• SF rising slope:      
Schmidt+ 2010;           
Palanque-Delabrouille+ 2011;                
Peters+ 2015

• SDSS III: adding 78,086 
qsos (Paris+ 2012)
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As in MacLeod et al. (2010), we express the long-term variability in terms of the

structure function (SF), where the SF is the rms magnitude di!erence as a function of the

time lag ("t) between measurements. The characteristic time scale for the SF to reach an

asymptotic value SF! is the damping time scale, ! . The SF for a DRW is

SF ("t) = SF!(1 ! e"|!t|/! )1/2, (2)

and the asymptotic value at large "t is

SF ("t >> !) " SF! = "̂
#

! . (3)

For short time lags,

SF ("t << !) = SF!

!
|"t|
!

= "̂
"
|"t|. (4)

Therefore, "̂ regulates the rise of SF ("t << !). The "̂ parameter is related to # in the

equation SF ("t) = A("t/1yr)", where A and # were used to select quasars in Schm10.

However, A and # do not provide unique information on the characteristic time scale !

(although since "̂ $ !"1/2, there is some information on !). In Section 4, we demonstrate

that the inclusion of ! , in addition to "̂, in the selection of quasars enables the selection of

highly pure samples with high completeness.

3. The SDSS Stripe 82 Data Set

The Sloan Digital Sky Survey (SDSS, York et al. 2000) provides homogeneous and

deep (r < 22.5) photometry in five passbands (ugriz, Fukugita et al. 1996; Gunn et

al. 1998; Smith et al. 2002). To test our quasar selection method, we utilize the g-band

light curves from the SDSS Stripe 82 (S82), which covers the sky region defined by

22hr 24m < RA < 4hr 8m and !1.27 # < Dec < 1.27 # (an area of %290 deg2). The light

curves span about ten years, and the observations are clustered into yearly seasons about

• DRW model:          
Butler & Bloom 2011; 
MacLeod+ 2011;                     
Choi+ 2014 (extended AGN)

• SF rising slope:      
Schmidt+ 2010;           
Palanque-Delabrouille+ 2011;                
Peters+ 2015

• SDSS III: adding 78,086 
qsos (Paris+ 2012)


