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Optical Quasar Variability
Continuum:
• rms ∼ 0.2 mag over ∼1 year

(z = 0.016, MBH=6.5×107 Mʘ)

• Aperiodic, stochastic red noise
• Optical contains reprocessed
UV emission (Edelson+ 2015)
Relative Flux Density fλ

Broad Emission Lines:
• Less variable, lagged (tlt,BLR)

Kelly+ 2009

Rest Wavelength, λ (Å)
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Composite SDSS spectrum
(Vanden Berk+ 2001)

Optical Quasar Variability
Continuum:
• rms ∼ 0.2 mag over ∼1 year

(z = 0.016, MBH=6.5×107 Mʘ)

• Aperiodic, stochastic red noise
• Optical contains reprocessed
UV emission (Edelson+ 2015)

Kelly+ 2009

Broad Emission Lines:
• Less variable, lagged (tlt,BLR)
• Large changes rare

Fairall 9, 1981-4

Type 1
Type 1.9
λ (Å)
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Kollatschny & Fricke 1985

LONG-TERM VARIABILITY WITH LSST
•

Constrain the timescale for quasar variability
‣

•

Constrain physics through extreme variability
‣

•

Modeling SDSS S82 light curves as a DRW

Changing-Look Quasars

Determine incidence of transient AGN
phenomena
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Regardless of what is happening in the broad line region, it is clear that the BELs track a large change in continuum level flux. The timescale that might be associated
with an accretion rate change is the viscous, or “radial inflow” timescale (see e.g., Krolik 1999). Indeed, Elitzur et al.
viscous
(“radial
drift”)where
timescale
(2014) provide
a scenario
AGN evolve naturally from
Type 1 to~10,000
1.2/1.5 to yrs
1.8/1.9 as the accretion rate diminishes.
Optical:
Using Equation 5 in LaMassa et al. (2015) and scaling the
UV:
~daysparameter λEdd and MBH to the measured values
Eddington
for J1021+4645 from Shen et al. (2011), we obtain:

PHYSICAL TIMESCALES IN AGN
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Here, α is the disk viscosity parameter, η is the accretion
efficiency, and r is the accretion disk radius (assumed to be
50RS for optical disk emission). The value of tinfl may be
a several times shorter based on magneto-hydrodynamical
simulations (e.g., Krolik et al. 2005), but this is still too long
the continuum
variability
of all sources presented
5
MacLeod, LSST to
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Meeting, 3 Jan 2017

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

free-fall: tff ~ (R/g)1/2
sound crossing: ts ~ H/cs
orbital: torb ~ 2π tff
MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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H

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)
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)
(Recalibrated data:
Ivezic+ 2004)

• NGC:
2-3 epochs
(N=25,000)

MacLeod+ 2012
MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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Structure Function Analysis
For irregularly sampled data, statistical samples are best
analyzed using the (model-independent) structure function

Ensemble

(mag)

MacLeod+ 2012

SF is larger on average at longer timescales, and smaller wavelengths.
MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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See also, e.g.:
Vandenberk+ 2004
Schmidt+ 2010
Morganson+ 2014
Kasliwal+ 2015
Peters+ 2015
Kozlowski 2016A

FITTING LIGHTCURVES AS A DAMPED RANDOM WALK (DRW)
(also known as Ornstein-Uhlenbeck process and as CAR(1) process)

∆m

Simple, fast [O(N)]
Two variability parameters:

∆t

SF∞: asymptotic rms in Δm

τ: characteristic time scale

τ

SF∞

(Kelly+ 2009; Kozłowski+ 2010;
Zu+ 2012)
Predicts exponential form for
Structure Function:

auto-correlation function
MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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STRIPE 82: OBSERVED DRW
PARAMETERS
−27 < Mi < −26

rest-frame

MacLeod+ 2010
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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)

MacLeod+ 2010

Chelsea MacLeod - TDSS Overview

13

SDSS-IV Collaboration Meeting, Jun. 27 2016

EFFECT OF
SURVEY LENGTH
1 yr
3 yr
10 yr
40 yr

Due to intrinsic τ for
quasars (+ time dilation),
need >10 yrs
(MacLeod+ 2011)
Can reliably constrain
timescale for lengths >10τ
(Kozlowski 2016c)
MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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MacLeod+ 2011

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)
LSST: MB = -23 at z ~ 2,
SDSS: MB > -23 at z < 0.5

MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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Category

Number

•
•

Radio sources
AGN, falling
Tidal Disruption
Events
AGN, rising
peaked
(e.g. Gezari+AGN,
2012)
AGN, complex
probable AGN
Microlensingemission line stars
unknown type

(Lawrence+ 2016)

n/Ntot

Transient AGN
phenomena
Known and
probable SNe
16
6
16
7
5
7
8
4
7

Figure

SDSS
B1,B2
B3
B4,B5
B6
B7
B8
B9
B10
B10,B11

Notes

qsos:
Δt = 1400-1600 days
red, fast
3 known AGN; most erratic
smooth, slow
smooth, slow
smooth, slow
mostly with two peaks
mostly smooth, slow, blue
blue, fast or erratic
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

get. Of these 51 objects with spectral informati
Δmstars, and 38 were AGN. T
SNe, 4 were variable
ing object (J025633) had two spectra near peak (f
Beginning
to probe
tails
∆t.
and NOT) which
were very
blueon
andlong
featureless.
a radio source, and so is likely to be a blazar, bu
a flare star of some kind.

18.5
19

Lawrence+ 2016

J150210
AGN z=0.630

19.5

g(AB)

20
20.5
21

•

21.5
J094511
AGN z=0.758

22
22.5
23

Jan 2004

Overall, we have a sample of 39 extremely vari
(including J025633) with spectroscopic informat
the exception of J025633, they are all broad-line
Changing-Look Quasars!
median redshift is z = 0.7, and they cover the rang
to z = 1.99. Three examples, at low, middling
redshift, are shown in Fig. 8. At first glance, the
fairly normal quasars, but to quantify this we have
fluxes for some key lines.

Jan 2014

2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

MJD - 51,000
Figure
Examples
of slowly
evolving
AGN light
16 a
MacLeod,7.LSST
AGN Science
Roadmap
Meeting,
3 Jancurves
2017 over

Table A5 tabulates some measurements of em
strengths for 37 objects (not including J025633

Hβ
8

MacLeod et al.

Hα
2001

g mag

CHANGING-LOOK
QUASARS (CLQS)

Figure 5. Quasars with disappearing BELs. The top panels
cyan and purple spectra in the second (right) panel show addit

2010

Seyfert galaxies such as NGC 7603 (Tohline & Osterbroc
1976) and Mkn 110 (Bischoff & Kollatschny 1999). In th
Mg ii BEL profile shown in the lower left panel, the re
wing diminishes faster than the blue wing which is broadl
consistent with infalling gas. Such profile changes ma

Broad Balmer BEL (dis)appearance associated with large flux change

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.

•

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

Seyfert galaxies such as NGC 7603 (Tohline & Osterbrock
1976) and Mkn 110 (Bischoff & 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.

Archival X-ray observations rule out variable obscuration.

MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017

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

he original

all have
the SDSS
o-noise at
otometric
OSS specPBIAS tarr position

arious raio catalog
s from five
d VLSSr),
ng the sehe XMM2015) and
2010) for
jects from

Systematic Search for CLQs
Selection
SDSS Quasars in DR7Q
with BOSS spectra
and |∆g| > 1 mag and σg < 0.15 mag
and that show variable BELs

Total #

In S82

105783
25484
1011
10

9474
2304
287
7

MacLeod,
Ross et
al. (2016)
Table 1. Selection
of spectroscopically
variable quasars.

Other discoveries:
Ruan+ 2016
amount of contamination due to poor photometry, we re(SDSS/BOSS
)
ject these light curve outliers during the variability
selection. This selects 1692 objects with |∆g| > 1 Runnoe+
mag and pho- 2016

tometric uncertainties σg < 0.15 mag. Approximately 15%
SDSS-IV TDSS)
of these were observed again with the BOSS spectrograph;
we focus on these 287 objects. Thirty-six objects
in this subGezari+
2016 (PTF)
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 unMacLeod, Ross et al. (2016)
18 visually searching through
related to blazar activity. After

(

Changing-look Quasars in SDSS/BOSS
g

“Turn-off” CLQ from systematic archival search.
MacLeod, Ross et al (2016)
MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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Changing-look Quasars in SDSS/BOSS

“Turn-on” CLQ from systematic archival search.

20

MacLeod, Ross et al. (2016)

Hβ line comparison

2
Normalised Flux

PHYSICAL
INTERPRETATIONS OF
CLQS

HES − 01/12/2000
SDSS − 25/09/2000
6df − 12/08/2004
KECK − 22/01/2009
MUSE − 11/01/2015

Mkn 1018
(McElroy+2016)

1

0
SDSS − MUSE − 1

−1
4750

•

4800

4850

4900
4950
Wavelength (Å)

5000

5050

5100

Fig. 2. Archival spectra focussed on the Hβ (left panel) and Hα (right pa
Cold chaotic accretion models (Gaspari+2015)
normalised flux to account for any discrepancies in flux calibration, units

narrow emission lines is indicated by the dashed black line. The Keck sp
Residuals of the SDSS spectrum (2000) minus our MUSE spectrum (2014)

•

Thermal timescale for global temperature
change
0.7. Similarly, we obtain broad Hβ line fluxes of (8.0 ± 0.1) ×
erg s cm and (2.2 ± 0.2) × 10 erg s cm corre(e.g. Mkn 1018, Husemann et al10sponding
2016)
to Hβ dimming of a factor of 3.57 ± 0.5. The Balmer
−14

−1

−2

−14

−1

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 broadline shape remains almost unchanged during the bright state, our
dyn,BLR
most recent MUSE spectrum shows a drastically diﬀerent profile. 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
21

•

Thermal instability due to low metallicity (Jiang+2016)

•

Structural change in BLR on τ

•

Some may be tidal disruption events (Merloni+2015)

MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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Systematic Search for CLQs
•

Shortest timescales are ≲1yr (Gezari+2016)

•

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

•

Out of highly variable, |Δg| > 1 mag luminous (Lbol ≈ 1045 erg s-1)
quasars, CLQ fraction is ~20%.
22

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
MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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PREPARING FOR LSST
•

•

•

The field-of-v

Gezari+ 2016

Are changing-look quasars
•

a unique phenomenon, or

•

the tail of regular quasar variability?
Fig. 5.— Left: Dramatic change in spectrum between the archiv

spectrum obtained by Keck2+DEIMOS on 2016 June 4. Right: D
the broad Balmer lines (Hα, Hβ, and Hδ) as well as the broad Fe II
the continuum, fλ ∝ λαλ , with αλ = −1.45.

Look for outliers in light curve parameters
(e.g.
Graham
et al
curve of iPTF 16bco
shows
a complex shape
uncharacteristic of a TDE, with month-long plateau, followed by a 2
2016, arxiv:1612.07271v1)
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 λ4686 which is characteristic of TDE spectra (Gezari et al. 2012; Arcavi et al. 2014; Holoien et al.
2014, 2016a,b). 5) Finally, the fact that the broadline 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 Hβ line vs. the ratio of the equivalent widths of
the Fe II λ4570 complex to broad Hβ strength (RFeII )
(Sulentic et al. 2000), favors a change in M˙acc of a preexisting 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.

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

MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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SDSS IV Time Domain
Spectroscopic Survey
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

★ 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)

MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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SUMMARY
•

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 followup spectroscopy gives us new insights into accretion
physics

➡

Determine best follow-up strategy

MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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EXTRA SLIDES

MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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g

The shorter characteristic timescale of the light curve, corresponding to the high-freq
The fractional amplitude of the driving noise field for the mixed OU process. Since w
light curve fractional variance on timescales short compared to τH .
i Vaughan & Fabian (2003) fixed the intermediate PSD logarithmic slope to α = 1 for
j The values reported by McHardy et al. (2004) are for a sharply broken power law, a
model.
References. (1) Markowitz et al. 2003; (2) McHardy et al. 2007; (3) McHardy et al. 20
2005; (7) Vaughan & Fabian 2003.
h

DRW Model Refinements
•

DRW Power Spectral Density:

Cygnus X-1 PSD

P( f ) ∝( f0 2 + f 2 )-1 (f0 = 1/τ )

•

•

•

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

PSD [(per cent)2 Hz−1]

•

10−1

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

MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017

∝1/ f

10−3

10−4

P

∝1/ f 2

Kelly+ 2011

Short timescales (high f): Kepler
data shows f -3 (Mushotzky+2011;
Kasliwal+2016)
CARMA: flexible models (Kelly
+2014; Simm+ 2015; Zinn+2016)

P

10−2

10−5
0.01

0.10

1.00
Frequency [Hz]

10.00

100.00

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
CARMA(2,
r) = we
QPO
free parameters
as well; however,
do not do this as this would
increase
numberwhen
of free parameters
( =theDRW
τ/P ≪ to1)≈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
29primary goal in developing our method is to estimate features in

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.
Table 1
Predicted ∆m Probabilities for mf aint = 24.5

∆t (days)
3
3
3
30
30
30
300
300
300

Band

P(∆m > 1 mag)

P(∆m > 2 mag)

u
r
z
u
r
z
u
r
z

2 × 10−6
2 × 10−6
2 × 10−6
7 × 10−5
4 × 10−6
2 × 10−6
0.02
0.005
0.002

2 × 10−6
2 × 10−6
2 × 10−6
2 × 10−6
2 × 10−6
2 × 10−6
6 × 10−4
6 × 10−5
1 × 10−5

240K (7K) AGN for 1mag (2mag) differences!

rter time scale variabilbutions for quasars, the probability of obnged.
∆m
> 2017
1 mag reaches
0.02 in the
30
MacLeod, LSST AGN Science Roadmapserving
Meeting,
3 Jan

MacLeod+2012

Followup Spectra of CLQ Candidates
Re-dimming

(Redimming also seen in CLAGN Mkn 1018,
McElroy et al 2016)
Is CLQ behavior a one-off event?
MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017
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A&A 593, L9 (2016)
CLUES FROM X-RAYS
Table 1. X-ray observations and analysis results.

1

0.1

67'.8/.#*2343
!"#$%&#'!"#$%&'"()

counts s-1 keV-1

Datea
texp b θoﬀ c Nbin (χ2ν )d
Γe
0.01
53 587(S)
5.2
2.6
113(1.1) 1.93 ± 0.05 1
54 271(S)
3.3
4.4
58(1.1)
1.91 ± 0.08 0
-./#0"#1*2345
10
54 273(S)
3.5
6.3
61(1.2)
1.95 ± 0.08 0
!"#$%&#'!'&"*++,)
54 275(S)
4.1
5.9
73(1.0)
1.95 ± 0.07 0
()*+#&'!"#$%&'"()
10
54 628(S)
4.8
1.2
81(1.0)
1.76 ± 0.06 0
Mkn 1018
55 527(C)
22.7 0.0
169(1.2) 1.68 ± 0.04 0
10
20
1
40
Mkn
1018
2
10
56 450(S)
1.3
2.0
14(1.1)
1.42 ± 0.18 0
Energy (keV)
56 817(S)
2.1
4.5
3(0.5)
1.50 ± 0.60 0
Fig. 1. Comparison of the X-ray spectrum of Mrk 1018 in November
57 429(S)
3.7
3.7
9(1.3)
1.75 ± 0.27 0
010 and February 2016. For all data, we show the best-fit modelFig.
of 2. Time
the X-ray
index Γ and
the±2–10
57 evolution
434(S) of 3.1
3.9photon8(0.5)
1.33
0.26keV0
2005
until 201627.2
based on0.0
the Swift
and Chandra
simple •power law plus Galactic absorption as a solid black line. flux
The from57
436(CN)
511(1.1)
1.62data.
± 0.03 0
pparent mismatch near 5 keV between the 2016 Chandra and 2016
(a)
NuStar are instrumental eﬀects included in the model. The X-ray flux Notes. Modified Julian date of observations with facilit
−16
−1
(b) is a factor of
erg sC-Chandra,
cm−2 Å−1 S-Swift,
seen by N-NuStar.
COS, which
brackets
Eﬀective exp
10 ofin7.6Mkn1018
ropped by a•factor
and both spectra(Husemann+2016)
are consistent with no7.8
NH× 10
∼17 fainter.
Lyα line isinshown
in (d)
theNumber
lower panel
Fig.for
3
ks. (c) The
Oﬀ axis-angle
arcmin.
of binsofused
bsorption.
after normalizing
continuum
to 1. The(e)broad
and reducedthe
χ2adjacent
of the best-fit
modellevel
in brackets.
Photo
(
f
)
line is 90%
well uncertainty
modelled with
threePhysical
Gaussians
single Gausrange.
fluxplus
(Galactic-absorpti
• 12 in SDSSJ0159 (LaMassa+2015)
−11 of
sians for
each corrected)
absorption between
line. We2–10
measure
a total
on-axis
keV in
unitsLyα
of 10flux
erg
annot explain the variability of Mrk 1018, several other options
−13
−1
−2
−13
−1
−2
16×10 erg s cm and 2.2×10 erg s cm , respectively,
ncluding a •cloud event still appeared possible. In this Letter,
which is a factor of ∼7 brighter than in 1996. The Lyα line width
>3
in
iPTF
16bco
(Gezari+
2016)
we present follow-up Director’s Discretionary Time (DDT) and
becomes narrower from 4170 ± 62 km s−1 to 1330 ± 122 km s−1
2.2. This
Swift
monitoring
rchival X-ray and UV spectroscopic data that show that intheFWHM.
is X-ray
conceptually
consistent with the resonant nature of the line. The Lyα photons produced in the past 30 yr are
hanging• classification is driven by accretion rate changes and
Whileabsorbed
Chandra
obtained
spectra
with very
high
sig
continuously
and
re-emitted
and
thereby
able
to
scatter
ot by an obscuration event.
(S/N)
Mrkquiescent
1018, kinematics.
they only This
probe
to largerratio
distance
withofmore
maytwo
alsoe
onboard
Swift satellite
explainX-Ray
why theTelescope
broad Lyα (XRT)
line appears
more the
symmetric
than the
Mrk 1018 several times between 2005 and 2016 (s
MacLeod, LSST AGN Science Roadmap Meeting, 3 Jan 2017 32asymmetric Balmer lines, as reported in Paper I.
With
data
we inferlines
the (NALs)
evolution
brig
Three
Lyαthese
narrow
absorption
canofbeX-ray
identified
2. Observations and results
−3

−4

−5

X-ray flux changes by factor:

No evidence for obscuration

Damped random walk

What can be learned from fitting individual light curves?
Mi

Mi

SF∞
redshift
Mi

Mi

SF∞
MBH

τ increases with wavelength and
black hole mass, and is nearly
constant with redshift and
luminosity
SF∞ increases with decreasing
luminosity and rest-frame
wavelength, and without a
τ
correlation with redshift
redshift SF∞ is correlated with black hole
mass, independent of the
anti-correlation with luminosity
SF∞ is anti-correlated with the
Eddington ratio, which suggests
a scenario where optical
fluctuations are tied to
variations in the accretion
τ
rate.
MBH MacLeod et al. 2010

S82 Variability-Based Quasar Selection

•

DRW model:

•

SF rising slope:

•

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

Butler & Bloom 2011;
MacLeod+ 2011;
Choi+ 2014 (extended AGN)
Schmidt+ 2010;
Palanque-Delabrouille+ 2011;
Peters+ 2015

MacLeod+ 2011
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S82
Variability-Based
Quasar
Selection
Leod et al. (2010), we express the long-term variability in terms of the

•

on (SF), where the SF is the rms magnitude difference as a function of
DRW model:
Butler & Bloom 2011;
etween measurements.
The characteristic time scale for the SF to reach
MacLeod+ 2011;
Choi+ 2014 (extended AGN)

ue SF∞ is the damping time scale, τ . The SF for a DRW is
SF rising slope:
Schmidt+ 2010;
−|∆t|/τ 1/2
SF (∆t) = SF∞ (1 − e
) ,
Palanque-Delabrouille+ 2011;

•

Peters+ 2015

•

otic valueSDSS
at large
∆t is 78,086
III: adding
qsos (Paris+ 2012)
√
SF (∆t >> τ ) ≡ SF∞ = σ̂ τ .

ags,
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