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Introduction

Ohad Shemmer

The LSST AGN Science Collaboration (SC) held a meeting on January 3, 2017 in
Grapevine, TX. The main goal was to start the development of a comprehensive Roadmap
that will guide the SC activities during the pre- and post-commissioning phase of the LSST
survey. The Roadmap presented below is intended to serve as an internal AGN SC, living
document that builds on past and current LSST-related AGN studies, including the AGN
chapters in the LSST Science Book (Abell et al. 2009), the LSST Observing Strategy White
Paper (Marshall et al. 2017), and the various contributions that can be linked to from the
LSST AGN SC website.1 Its purpose is to describe and prioritize critical AGN science goals,
many of which were identified at the meeting, along with tentative timelines to achieving
these goals.

Three dedicated Working Groups (WGs), composed of AGN SC members, have been
formed during the Grapevine meeting in order to work on specific projects described by
the Roadmap. These WGs are focused on: 1) AGN Selection, Classification, and Char-
acterization, 2) Redshift Estimates, and 3) AGN Variability Science. Each WG and its
tasks/projects are described in detail in each of the following chapters, which appear in the
order that paves the way to AGN investigations during and after LSST operations. The first
chapter is devoted to optimizing AGN selection in order to construct the largest possible
census. The second is focused on developing methods for improving the crucial redshift in-
formation. The last chapter involves precursor AGN variability studies in order to optimize
AGN selection and prepare for the arrival of millions of AGN light curves.

Each chapter begins with a general overview, followed by sections dedicated to a par-
ticular topic or topics. The structure of each section includes a short background, followed
by a ranked list of major tasks in order of decreasing priority; several sections end with a
paragraph detailing additional, lower-priority tasks. Each major task can be viewed as an
abstract for a particular stand-alone project. Interested SC members are encouraged to work
on one or more of these projects and to seek funding support for their performance. Addi-
tional, more specific questions regarding these projects should be forwarded to the chapters’
leading authors. The task lists are not considered to be final, and AGN SC members are
encouraged to suggest additional tasks/project along with their suggested priorities

1https://agn.science.lsst.org/
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Chapter 1: AGN Selection, Classification, and Characterization

Gordon Richards, Niel Brandt, Franz Bauer, et al.

1.1 Overview

For all AGN science with LSST, the first goal is seemingly straightforward: identify
efficient and complete ways to pinpoint the location of actively accreting supermassive black
holes (SMBHs) on the sky, whether through short-lived transient events or longer-lived
fueling. However, optimal methods for doing so are not expected to be generic for all types of
AGN, which can be split broadly into four major classes: unobscured quasars/AGN, obscured
quasars/AGN, low-luminosity AGN (LLAGN), and transient SMBH fueling events. In the
following sections of this chapter, we highlight the challenges LSST will face for each of these
classes of objects and we identify the most important goals for the AGN SC in coming years
for addressing those challenges.

Construction of LSST’s AGN census will build upon a considerable volume of past work.
Color-selection has been the gold standard for identification of unobscured quasars since their
discovery (e.g., Koo & Kron 1982; Warren et al. 1991; Richards et al. 2002). Identification
of quasars by their variable nature (e.g., Bonoli et al. 1979; Trevese et al. 1989; Butler &
Bloom 2011) and lack of proper motion (e.g., Sandage & Luyten 1967; Kron & Chiu 1981)
are also not new. Even the idea of performing a multi-faceted quasar selection (e.g., colors,
variability, and proper motion) is not new (e.g., Koo et al. 1986). However, at the same time,
the quality, quantity, and type of data that LSST will provide will allow more complete AGN
selection and thus these approaches must be considered from a “new again” perspective.

Historically, the selection of AGN whether via color, variability, or proper motion has
relied on “cuts” in the parameter space in question. This process works quite well in that it
produces samples that are sufficiently efficient that spectroscopic follow-up is cost effective.
However, such methods are not statistically optimal and only in recent years have we seen
the implementation of “machine learning” methods (e.g., Richards et al. 2004; Bovy et al.
2011). This field is growing rapidly and LSST science stands to benefit considerably from
considering all of the latest research in statistics and computer science (e.g., Feigelson &
Babu 2012). Below, we highlight the most pressing tasks that are needed to accomplish the
goal of optimal identification of classical type-1 AGN (i.e., those dominated by their central
engines). In a subsequent Section we consider the other three AGN classes.

1.2 Unobscured Quasars/AGN Selection Methods

Colors/Flux Ratios: Color-selection by itself is certainly the most mature of the avenues
for identifying AGN (unobscured or otherwise). Any application of modern statistical tech-
niques to color data will be a major first step in the process. It is unlikely that any final
method(s) adopted for LSST AGN selection will be completely color based, thus it will be
important to extend such efforts to multi-parameter selection methods using the information
from the following methods.

Astrometry and (Lack of) Proper Motion: As some AGN and stars have very similar
colors, the fact that AGN do not have proper motions (while Galactic stars do) has long been
used as a discriminant. LSST’s use of astrometric data will be no different in that regard.
Where LSST will be unique is in its ability to take advantage of differential chromatic
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refraction (DCR) of AGN (Kaczmarczik et al. 2009). In short, the DCR procedure makes
use of the astrometric offset of an emission-line object from that expected (in the astrometric
solution) for a power-law source. Here we consider DCR’s use for selection; see Chapter 2
for its use with redshift estimation.

Variability: As quasars vary in their brightness much more than the average star and in a
much different way than the typical variable star, variability will be a cornerstone of AGN
classification for LSST. However, variability by itself is unlikely to be a panacea. Even for
luminous quasars, it has been shown that variability combined with colors works better for
selection than variability alone (Peters et al. 2015). Moreover, even though lower-luminosity
AGN are expected to have the most variable nuclei, increasing contamination from the host
galaxy will compromise variability-selection methods if insufficient care is taken.

Multiwavelength Data: The fourth way that LSST will identify unobscured AGN is by
combining with multiwavelength data. This can be considered more generally as “combina-
tion with data from other facilities” as some data (e.g., Euclid) may also be in the optical.
In nearly all cases we will have tiered multiwavelength data to contend with: shallow over
a large area to deep over a small area. For unobscured AGN, multiwavelength data will
enhance our ability to identify high-redshift quasars and can be used to modify the AGN
probabilities for objects on the border; this process will be most useful within the context of a
probabilistic redshift distribution (see Chapter 2). Objects detected in the X-ray or IR with
sufficiently high predicted luminosity will have increased AGN probability. Objects that are
bright in the UV will have significantly decreased AGN probability (for high photometric
redshifts), while objects that are radio bright will have increased probability. Currently, the
greatest depth of the full sky is 2MASS in the near-IR, WISE in the mid-IR, ROSAT (and
soon eROSITA) in the X-ray, and NVSS in the radio (soon to be replaced by EMU/Wodan).
Somewhat deeper, but with less coverage we have UKIDSS and VHS in the near-IR; SpIES,
SSDF, SERVS, SDWFS, and SWIRE in the mid-IR; the XMM-Newton Slew Survey and the
Chandra Source Catalog in the X-ray; and GALEX in the UV. The key deep fields will be
located within the deep-drilling fields (DDFs), e.g., X-SERVS which will become important
in training general selection in the DDFs (Chen et al. 2018, submitted).

LSST will optimize the identification of unobscured AGN using the following relevant
parameters:

• color
• variability
• astrometry (DCR and proper motion)
• brightness
• Galactic coordinates
• morphology
• probability of belonging to another class
• multiwavelength and multi-facility matching

Ideally, all of these will be used simultaneously. Here we only have considered the inputs to
the selection algorithms in generic terms; however, in Appendix A, we specifically identify
the database entries that represent those attributes in the context of the current LSST “Data
Model”.
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1.2.1 Major AGN SC Tasks Ranked by Decreasing Priority

1. Establish public training/test sets that AGN SC members can use as a benchmark to
test different selection algorithms (i.e., a “data challenge” sample). This could include
(or be completely based upon) simulated data. It must include color, astrometry, time-
domain, and multiwavelength information needed to test all of the processes described
above. One example is HSC optical imaging in the XMM-LSS and COSMOS fields.

2. Generate realistic catalog-level simulated data. Such simulations would need to cover
as much “area” and as many epochs as possible in all six LSST bands in a format that
mimics the yearly data releases. As much physics and empirical correlations as possible
must be included, such as: luminosity-dependence of emission features, magnitude-
color correlations, variability physics, astrometric errors, DCR, proper motion, nuclear
vs. host galaxy luminosity correlation (and its relationship to morphology), star-galaxy
separation, lensing probability, broad absorption lines and dust reddening (intrinsic,
host galaxy, and intervening). In other words, the simulations must account for known
quasar spectral diversity and its effects on LSST photometry.

3. Determine what “color” means in the LSST context. Application of the color-based
facet of the selection algorithm(s) requires that the AGN SC first determine how we
will compute the colors (and/or flux ratios)—given lack of simultaneous data in multi-
ple bandpasses. Alternatively, we could explore methods that do not compute a single
“color” for each object but rather operate on the full multi-band light curves. Nev-
ertheless, it will be important for display purposes to establish what is meant by the
colors of each object.

4. Explore different machine learning techniques (e.g., Random Forests, Support Vector
Machines, Gaussian Mixture Models, Deep Learning, etc.), including both parametric
and non-parametric approaches. The algorithms in standard machine learning libraries
generally lack the ability to 1) output probabilities, 2) take Bayesian priors (e.g.,
brightness and Galactic latitude), 3) handle errors, and 4) handle missing data. The
AGN SC must interact with the Informatics SC in this regard to adapt and test different
machine learning algorithms in order to determine the optimal approaches.

5. Continue to test the effects of different cadence schemes on AGN selection (and AGN
physics; Marshall et al. 2017). While the default plan is for uniform cadence, there
are a number of proposals for cadences that deviate from uniform. It is not inherently
obvious whether AGN science would benefit or suffer from each of these algorithms.
Therefore, each needs to be tested with explicitly-defined metrics. A working hypoth-
esis is that AGN may be best served by a cadence that is uniform in log ∆t (e.g., with
spacing akin to a Golomb ruler) rather than in time. The AGN SC should therefore
develop its own cadence proposal, generate an OpSim2 that uses it and evaluates it
(along with OpSims that represent other cadences) within the Metric Analysis Frame-
work (MAF)3 (with the metric itself also to-be-determined).

2https://www.lsst.org/scientists/simulations/opsim
3https://www.lsst.org/scientists/simulations/maf
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6. Work with (and simulate) asynchronous light curves for variability selection. LSST
time domain analysis will be utilizing information more efficiently if data from multi-
ple bands are combined to create a “single” light curve. The AGN SC must determine
how best to merge multi-band light curves (e.g., kriging), accounting for (or determin-
ing) colors, brightness-color dependence, time delays, non-simultaneity, intergalactic
absorption, etc. Moreover, traditional variability analysis requires a parametric fit to
the data. The possibility of performing non-parametric analysis (i.e., simply using the
full, raw light curves) should be investigated and if a parametric fit is needed, deter-
mine the best form(s) (e.g., CARMA, DRW, Slepian wavelet variance, etc.; see also
Mahabal et al. 2017). Furthermore, given that AGN variability is nuclear, the AGN
SC should investigate the possibility of performing such analysis in the context of dif-
ference imaging (building on work from other SCs like those working on supernovae).
Many of these issues can be investigated with existing (and ongoing) data sets such as
Stripe 82, HSC, DES, Pan-STARRS, Catalina, Kepler, etc.

7. Establish “truth tables” in the DDFs for multiwavelength selection. The LSST project
needs to begin to tabulate spectroscopic (and multiwavelength) information in the
currently-defined DDFs and establish a mechanism for storing and updating said in-
formation. Multiwavelength photometry must be incorporated, using Tractor-based
forced photometry at the fiducial optical position (from data most similar to LSST).
Alternatively (or in addition), implement true SED-based band merging (e.g., Budavari
& Szalay 2008). Establish a ‘wish list’ for additional spectroscopy in the DDFs prior
to the start of survey operations.

8. Develop luminosity function and clustering algorithms that work with probabilistic
AGN candidates and apply these algorithms to the simulated data. Write papers
based on the results that illustrate the size of the uncertainties that LSST data will
produce given the model assumptions.

9. Establish a plan for working with intermediate products in the first year of the survey
(e.g., reference images and prior classifications).

Additional important tasks that the SC should attend to on a short timescale include
(i) appointment of expert “ambassadors” for each major source of multiwavelength data,
(ii) continue ongoing discussions with other LSST SCs and groups (e.g., improve star-galaxy
separation techniques in conjunction with the Galaxies SC, work with DM group to en-
sure good AGN-host deblending, folding multiwavelength data back into the LSST Data
Model, whether or not to use photo-z’s as feedback to produce rest-frame quantities), and
(iii) interpretation of LSST Data Model outputs and how they relate to the key parameters
mentioned above as well as relevant parameters that were used for the analysis of SDSS data
(e.g., proper motion information based on USNO and GAIA data, morphology characteri-
zation, variability information, and novel DCR parameters that LSST will produce).

1.3 Transient, Obscured, and Low-Luminosity AGN Selection Methods

1.3.1 Background
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A key goal for the LSST AGN SC is to optimize AGN selection to enable the largest
possible census. While “traditional” selection/classification/characterization methods are
expected to drive the selection of bright AGN in the yearly data releases, there are three
motivations for investigating additional “non-traditional” methods. For instance, the nom-
inal angular resolution of LSST should allow separation of galaxy and nuclear components,
enabling us to extend the selection and characterization of AGN nuclei well below the tradi-
tional “quasar limit” (i.e., LLAGN) where unresolved host-galaxy contamination had previ-
ously become dominant. At the extreme limit of LLAGN are another class, namely obscured
AGN, where there is little or no optical continuum emission from the AGN along our line of
sight.

For obscured AGN and LLAGN, the optical data from LSST may not be sufficient to
identify the object as such. Some LLAGN may be identified as having nuclear variability, but
for the faintest objects the errors on the variability will be insufficient for robust classification.
As such, for these classes of objects we will be dependent upon multiwavelength SED fitting
and X-ray or IR and/or radio luminosity and radio morphology to identify as an AGN what
LSST sees as a galaxy. While we focus here on obscured AGN and LLAGN, many of the tasks
listed below will also be related to identifying AGN that are unique in other bandpasses (e.g.,
blazars). In order to avoid repetition with respect to procedures required for the identification
of unobscured AGN (e.g., creating a data challenge set, testing machine learning algorithms,
establishing truth tables), these tasks are specifically geared towards identifying/classifying
transient, obscured, and low-luminosity AGN.

Lastly, in order to capitalize on the unique time-domain capabilities of LSST, we should
be prepared to assess the potential for “extreme” variability on a nightly basis in order
to trigger immediate, rapid follow-up programs of extreme AGN events, for example, tidal
disruption events (TDEs). This naturally feeds into the AGN variability WG (see Chapter 3).

1.3.2 Major AGN SC Tasks Ranked by Decreasing Priority

1. Test host and nuclear component fitting/decomposition, which is required for extract-
ing nucleus photometry/colors.

2. Determine what special measurements are needed/desired to select LLAGN. The most
general constraint should be the point-spread function (PSF) magnitude assessed from
the difference image at the location of the galaxy nucleus at each epoch (∆m detection
or upper limit).

3. For dwarf galaxies and irregulars, where a central nucleus may be ill or undefined,
one needs to explore whether the variability of aperture photometry over the entire
extent of the source, or whether relying on difference imaging, would allow for a more
efficient selection. In other words, one needs to determine whether it is better to use the
position of the variable source within the galaxy to eliminate contaminants or attempt
to improve the photometry of the source.

4. Determine the utility of folding into the selection algorithm the host color and morphol-
ogy, redshift/intrinsic properties, and multiwavelength properties. Test whether these
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parameters enhance detection rates and increase AGN probabilities, and investigate
the potential for bias.

5. Use existing data and DDFs (e.g., HSC, X-SERVS, etc.) to determine over what range
of parameter space can we successfully select LLAGN. As no real systematic studies of
the optical variability of LLAGN have been made, we will be exploring new territory
here. As such, need to prepare for the unknown and be as open as possible to a large
parameter range.

6. There is a need to identify special measurements required for TDE selection. For ex-
ample, a PSF magnitude from a galaxy nucleus to assess variability. Furthermore,
there is a need to establish a definition for “strong” or “extreme” variability (e.g., on
average, a factor of 5 or 30 increase in amplitude, respectively), and develop a frame-
work for distinguishing between large increases and decreases in flux. Such variability
criteria should be determined in a statistical manner based on distributions of variabil-
ity amplitudes as functions of other properties (e.g., luminosity). in this context, it is
important to consider more exotic possibilities such as sources exhibiting “strong” vari-
ability coincident with no observed galaxy or AGN, in consultation with the Transients
and Variable Stars SC.

7. There is a need to determine the response timescales required for follow-up observations
of TDEs, blazars, microlensing events, and changing-look quasars (CLQs) for AGN
selection purposes. This also requires development of trigger programs and determining
how these will be implemented. Additionally, we should determine whether the AGN
SC needs a dedicated event broker for this purpose as opposed to collaborating with a
general broker for AGN variability science (see Chapter 3).

8. A ‘typical’ TDE should have no spectroscopic signs of an AGN prior to the outburst.
This is obviously impossible to test after the outburst but one should develop some
photometric criterion, e.g., the surface brightness distribution at/near the nucleus be-
fore the outburst, that will enable figuring out if there was a strong, blue, nuclear point
source before the outburst. An alternative way to test that, which is beyond the scope
of this Roadmap, would be through spectroscopy at a very late time (many years in
the rest frame) after the outburst. These TDEs can be compared to events where a
prior AGN is identified in order to establish how such events differ individually and
collectively from their typical counterparts.

9. In order to maximize TDE selection, we need to explore TDE decay laws that differ
from the canonical t−5/3 dependence after the initial outburst, as recent suggestions
imply that other decay laws (e.g., an exponential decay) may be possible.

10. Determine whether there is a need for increased cadence photometry and/or time-
dependent color/SED information for TDEs and CLQs.

11. There should be a plan in place for follow-up spectroscopy and multiwavelength imaging
of TDEs, CLQs, and other extreme AGN identified by LSST.
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12. LSST will undoubtedly find new types of AGN. We should start thinking about what
we can expect and how would we select such sources.

Additional important tasks that the SC should attend to on a short timescale include
(i) recruiting “ambassadors” who are experts in galaxy morphology and in transients from
the Transients and Variable Stars SC, and (ii) identifying critical parameters that are not
provided by the DM group.
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Chapter 2: Redshift Estimates

Roberto Assef, Franz Bauer, Niel Brandt, Matt Jarvis, Mark Lacy, Jeff Newman, Christina
Peters, Gordon Richards, et al.

2.1 Overview

Redshift estimates for the vast majority of LSST AGN will have to rely on photomet-
ric redshifts, or photo-z, techniques. There is a long history of broad-band photometric
redshift estimation techniques, although these are most commonly applied to galaxies with-
out nuclear activity. AGN are not only much less common than inactive galaxies, but also
their photometric redshift estimates can be much less accurate. It will be important for
the AGN SC to optimize and characterize the photo-z method(s) to be used, particularly
in terms of their accuracy and biases in light of the specific science goals pursued. In gen-
eral, photometric redshift techniques can be divided into two broad families: those that rely
on SED template fitting, and those that rely on empirical correlations. We briefly discuss
each of them in the following, as well as additional improvements that could be implemented.

2.2 Photometric Redshift Methods

SED Template Fitting: SED template fitting is one of the most popular techniques
for photometric redshift estimates of galaxies (e.g., Bolzonella et al. 2000; Benitez 2000).
In their simplest version, SED template fitting methods operate by taking a number of
different, pre-selected SED templates, computing their broad-band colors as a function of
redshift, and selecting the template and redshift that best match the observed photometry.
Emission lines typically do not have large enough equivalent widths to affect broad-band
colors within the photometric accuracy, so broad features such as the Balmer and Lyman
break in the optical, as well as rest-frame 1.6 µm peak in the near-IR, provide the majority
of the information for photometric redshift estimates. For obscured AGN or LLAGN, where
the host galaxy dominates the optical SED, template methods provide the most accurate
redshift estimates. Moreover, Assef et al. (2010) note that SED template fitting techniques
can provide accurate host galaxy-AGN decompositions, even when suffering from highly
inaccurate redshift estimates. Hence, such SED modeling techniques should be considered
for science goals requiring SED decomposition, even if the redshift estimates are obtained
through a different method.

Empirical Methods: While template methods have been proven to work well for galaxies
without nuclear activity and obscured AGN, the lack of such broad features in the spectra
of luminous quasars (except for the Lyman break at high redshift) makes these methods
highly inaccurate (see, e.g., Rowan-Robinson et al. 2008; Salvato et al. 2009; Assef et al.
2010). To estimate the redshifts of luminous quasars, empirical methods (e.g., Weinstein et
al. 2004; Brodwin et al. 2006; Richards et al. 2009) provide much better redshift accuracy
and hence have been strongly preferred. These methods rely on a training set with known
redshifts from which they construct empirical relations between the inputs, typically (but
not limited to) broad-band photometry, and the redshift itself. Because of this, these meth-
ods can incorporate in a natural manner many other observational properties than simply
the observed broad-band fluxes, which is a complicated task for SED template fitting meth-
ods. Empirical methods can be based on a number of different approaches, such as neural
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networks, machine learning algorithms and Bayesian kernel density estimates. As long as
a training sample that is representative of the LSST AGN sample can be constructed, or
at least one that is well characterized, these methods should be much preferable over SED
template fitting for luminous quasars.

2.2.1 Major AGN SC Tasks Ranked by Decreasing Priority

1. Determine all the possible sources of information (colors, fluxes, variability, DCR,
multiwavelength data, etc.) that can be used by photometric redshift algorithms.

2. Determine how to use existing data (Stripe 82, DES, etc.) to test the scheme to
characterize DCR. Interface with the DM group to determine what DCR parameter
will be produced.

3. Identify the actual data set(s) needed to create an initial training set. Make this
training set public so that it can be used as a benchmark to test different algorithms.

4. Identify the empirical method(s) to be used for the more luminous sources (see also
Chapter 1), and identify SED fitting methods that would be useful for LLAGN and
obscured AGN.

5. Consider hybrid classification/regression. As empirical photo-z methods will use the
same information that would be used for classification, it should be possible to join
both processes and perform the identification and photo-z estimation simultaneously.
Need to explore generation of this information as an LSST Level 2 (rather than Level 3)
product.

6. Compare the effectiveness of all the photo-z methods and identify the optimal solu-
tion(s). Compare the results to sources that have independent galaxy photo-z esti-
mates.

7. Determine the expected photo-z accuracy, considering subsamples of different charac-
teristics (e.g., LLAGN, obscured AGN, and luminous AGN).

8. Develop a MAF that assesses how a given OpSim (e.g., with a rolling cadence and/or
high airmass observations) changes the accuracy of the chosen quasar photo-z method(s).

9. Construct a spectroscopic follow-up plan for the DDFs that would allow the training
set to be modified after the first year of the survey.

10. Determine what additional data (i.e., data external to LSST) can be added for the
photo-z estimations and on which timescales. This can include data from, e.g., Euclid,
WFIRST, or eROSITA.

11. Modify photo-z algorithms to produce probability distribution functions (PDFs) rather
than single values. Study how one should store the PDF information in an efficient
manner. Develop quasar luminosity function and clustering algorithms that work with
PDF photo-z data.
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Chapter 3: AGN Variability Science

Yan-Fei Jiang, Carole Mundell, Ohad Shemmer, Chelsea L. MacLeod, Aaron Barth, Paulina
Lira, Christina Peters, Andy Lawrence, et al.

3.1 Overview

Aside from playing a leading role in the selection of LSST AGN, AGN variability can pro-
vide invaluable information about the immediate surroundings of actively accreting SMBHs,
including both the accretion disk and broad emission line region (BELR). This information
can, ultimately, provide estimates of SMBH mass and accretion power. Different AGN vari-
ability timescales, from days, months, to years, in the rest frame, can be directly connected
to the dynamical, thermal, and inflow timescales of the accretion disks. Finding statistically
robust models to describe the AGN light curves is crucial for these studies. The unprece-
dented number of multi-band light curves that LSST will provide, covering a wide range of
timescales, will enable testing different models of AGN variability that can break the degen-
eracies between the potential controlling parameters and improve our understanding of the
underlying physical processes. AGN variability science is likely to be impacted the most due
to changes in the nominal LSST cadence. Therefore, a significant fraction of the AGN SC
work should be directed toward assessing the impact of potential LSST observing strategies
and identifying potentially harmful cadences.

3.2 Ordinary AGN Variability

Ordinary AGN variability concerns light fluctuations originating in the accretion disk
or BELR of an actively accreting SMBH. The characteristic timescales observed in such
variations provide a direct link between observations and theoretical models of the accretion
disk and BELR. In the simplest case, the shortest observable timescale (light-crossing time)
places an upper limit on the size of the variable emission region. Then there are the dynamical
and sound-crossing timescales (for a summary, see Lawrence et al. 2016). In accretion-disk
theory, the thermal and viscous timescales correspond to the heat dissipations and radial
inflow rates, respectively, and have often been related to the observed timescales in quasar
light curves (Lyubarskii 1997; Kelly et al. 2009, 2011; Kasliwal et al. 2017). Microlensing
measurements of half-light radii of accretion disks always find that the measured value is
larger than the predicted value by a factor of 3–4 (Morgan et al. 2010; Mosquera et al. 2013;
Chartas et al. 2016). These results inspired alternative models of accretion disks (Dexter &
Agol 2011). Because the effective temperature of accretion disks decreases with increasing
distance to the SMBH, emission in different wavelength bands is dominated by different
locations on the disk.

Measuring the time lags between the variabilities of different continuum bands is another
way to constrain the properties of accretion disks (Edelson et al. 2015; Jiang et al. 2017). The
color variability of AGN has also been shown to exhibit a tight “bluer when brighter” trend
(Schmidt et al. 2012). This is another way to distinguish different accretion disk models
(Ruan et al. 2014; Zhu et al. 2016). Light curves with daily cadences for a large sample of
AGN covering wide ranges of wavelength bands, that can be provided by LSST, will place a
tight constraint on the radial dependence of the effective temperature in the accretion disks.
The longer lags, on typical timescales of weeks to months, in the rest frame, between the
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continuum and the BELR lines will be important for probing the sizes of the BELRs and
testing the dependence of the BELR on AGN luminosity.

Ordinary AGN variability can be described statistically with various processes ranging
from a damped random walk (DRW) to quasi-periodic oscillation (QPO). The analysis of
AGN light curves, particularly when the sampling pattern is irregular with few data points,
typically relies on a structure function (SF) which is a robust way to estimate variability
timescales that can be compared to a DRW model (Kozlowski 2016). The SF can also be
modeled by a broken power-law power spectrum distribution (PSD) with multiple break
time scales (Kasliwal et al. 2017), or a mixed Ornstein-Uhlenbeck (OU) process (Kelly et
al. 2011). Variability on short timescales is sometimes better described by DRW+QPO, or
the 2nd order Continuous time AutoRegressive Moving Average (CARMA) process. The
latter is described by second-order stochastic linear differential equations, while DRW is,
intrinsically, the first-order CARMA process. It has been shown recently that the second-
order CARMA process is a better descriptor for some Kepler AGN (Kasliwal et al. 2015) and
for ∼ 30% of Optical Gravitational Lensing Experiment (OGLE) AGN (Zinn et al. 2017).

Circumbinary accretion disks have been theorized to occur around binary SMBHs, and
the time-variable mass accretion rate can potentially produce periodic flux variability in the
object’s light curve (Artymowicz & Lubow 1996). Furthermore, the interaction between the
binary SMBH and the gaseous accretion disk can play a major role in the binary orbital
evolution and help drive the binary toward its eventual merger (e.g., Rafikov 2013). Since
ordinary AGN variability is aperiodic, identifying compelling cases of periodically variable
quasars would be an important step toward demonstrating the existence of binary SMBHs
and studying their properties.

Searches for periodically variable quasars have uncovered an increasing number of can-
didates using data from the Catalina Real-Time Transient Survey (CRTS) and from Pan-
STARRS (Graham et al. 2015a,b; Liu et al. 2015; Zheng et al. 2016). Typical examples
from CRTS have candidate periods of ∼ 2 − 4 yr, corresponding to estimated binary sepa-
rations of order ∼ 10−2 pc (Graham et al. 2015b). Some caution is warranted in periodic-
ity searches, however, since DRW or other stochastic behavior can easily produce spurious
quasi-periodicities over a short duration, and some false positives are likely to be found
when searching large quasar samples. A necessary step is to carry out realistic Monte Carlo
simulations to test any possible variability signal against the null hypothesis of aperiodic
behavior, in order to assess the probability of a false positive periodicity signal (Vaughan et
al. 2016). Once a candidate periodic quasar is identified, further monitoring is needed over
longer timescales to test whether the past periodicity predicts future behavior. Any con-
firmed periodic quasars will be important targets for extensive follow-up to determine their
physical properties, and could provide potential candidates for gravitational-wave studies.
LSST will excel at producing quasar light curves with high signal-to-noise, long duration,
and frequent sampling, which will provide the best database for identifying and verifying
possible cases of periodic variability.

3.2.1 Major AGN SC Tasks Ranked by Decreasing Priority

1. There is a need to simulate the AGN light curves for a variety of SMBH masses,
Eddington ratios, and at different redshifts (e.g., Zinn et al. 2017). The simulations
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should be done using different cadences to see how the light curve variability property
can be recovered. The simulation(s) can rely on a sample of existing AGN to test
the methods, choose the wavelength bands, and evaluate the use of non-simultaneous
observations in different wavelength bands.

2. Both short and long timescale variabilities from a large sample of simulated LSST AGN
light curves should be used to perform photometric reverberation mapping (PRM) to
detect continuum-continuum and BELR line-continuum lags. These lags, particularly
in the DDFs, can be used to constrain the size of the accretion disk and BELR for
a large sample (≈ 104 − 105 sources) of SMBH masses and Eddington ratios (e.g.,
Chelouche et al. 2014; Jiang et al. 2017).

3. Simulations should be done to test the effects of candidate cadences on potential
continuum-continuum and BELR line-continuum lags. In particular, for quasars at
redshifts with significant line flux at the photometric band, simulations need to be
done to see how to separate the effects of BELR lines on the continuum-continuum
lags. The first steps in this direction were taken by Chelouche et al. (2014) who ex-
plored the feasibility of PRM, given the nominal LSST survey parameters, and its
sensitivity to basic sampling patterns. The main LSST survey is expected to deliver
BELR line-continuum time delays in ≈ 105 − 106 sources, although the measurement
uncertainties will likely be large even when grouped in various parts of parameter space.

4. In the DDFs, where the sampling is expected to be an order of magnitude denser with
respect to the main survey, PRM measurement uncertainties are expected to be more
acceptable. In these fields, one should: 1) assess the ability to successfully (in terms
of both quantity and quality) recover line-continuum time delays given different can-
didate cadences, especially for potential rolling cadences, and to identify particularly
harmful cadences, and 2) plan precursor spectroscopic observations of sources for which
PRM will likely yield reliable line-continuum time delays that will lead to SMBH mass
estimates given accurate line-width measurements.

5. In preparation for LSST, simulations need to be performed to assess how well periodic
signals can be detected based on realistic AGN light curves. These simulations can add
periodic signals to mock AGN light curves (for example, generated by a DRW model)
to test the ability to recover periodicity as a function of signal-to-noise, sampling,
monitoring duration, variability amplitude, and period. Tests can also be carried out
to assess the false positive rate using intrinsically aperiodic light curves.

6. Results from pre- and post-commissioning variability science should be fed back into
AGN selection in general.

3.3 Extreme AGN Variability

Variability is a key characteristic of AGN, capable of probing size scales that are oth-
erwise not directly measurable, giving us SMBH masses, and setting a severe challenge to
AGN theories; for example, the optical-UV variability observed is too fast for simple ac-
cretion disk theories, and are puzzlingly simultaneous. These long standing issues have
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been re-awakened by a number of recent discoveries and trends, for example, TDEs, mi-
crolensed outbursts, blazars, flaring AGN, extreme variables and CLQs, and the realization
that decadal timescales may be crucial to understanding AGN physics. LSST is perfectly
designed to make progress in these areas, but needs to be accompanied by well organized
spectroscopic observations. Some of the requirement is for contemporaneous observations,
but we also need precursor observations, and links to historic samples.

3.3.1 Major AGN SC Tasks in Decreasing Priority

1. The AGN SC should develop a strategy for triggering (mostly rapid) follow-up obser-
vations (photometric and spectroscopic) of different AGN variability events including,
e.g., transient AGN, microlensing, and CLQs, not just for classification purposes. In
the LSST era, this cannot rely on an individual object, hand-crafted approach, but
rather on a “factory” approach. Therefore, we need to design and implement predic-
tive algorithms that bring such extreme events (e.g., a microlensing event approaching
a cusp, a blazar flare, or the peak of a CLQ outburst) to our attention, and interface
with event brokers from other science collaborations.

2. Develop a strategy for precursor massive spectroscopic monitoring on the longest
timescales. Many spectra with high signal-to-noise ratios over timescales of years-to-
decades, exploiting several legacy surveys (e.g., Stripe 82) are required for identifying
peculiar AGN or extreme AGN variability.

3. Investigate cadence effects on extreme AGN variability science given the likely rarity
of these events and the different timescales of each.

4. There is a need to develop model light curves for various types of extreme AGN vari-
ability and pre-simulate a full range of predicted behaviors to quantify what we will
be able to infer from the alert stream per night and cumulatively.

5. There is a need to identify sufficiently deep, wide-area, multi-band and multi-temporal
blind data for developing and testing AGN SC event brokers. These brokers should
assume response times ranging from days to weeks and distinguish between follow-up
requiring small (i.e., 4 m) telescopes and large (i.e., 8 m) telescopes. These should
also consider three different approaches to deal with the alerts: (i) issue an alert and
allow others to respond, (ii) establish a global network of partners/facilities who would
follow-up on the alerts, and (iii) propose for significant portions of target-of-opportunity
time on various facilities, perhaps jointly with other SCs.

6. There is a need to develop careful host-subtraction techniques that would impact, e.g.,
TDE discovery.

7. Results from from extreme variability science should be fed back into AGN selection
in general.
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Appendix A

Coming soon...
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9. Budavári, T. and Szalay, A.S. 2008, ‘Probabilistic Cross-Identification of Astro-
nomical Sources’, The Astrophysical Journal, 679, 301-309

10. Butler, N.R. and Bloom, J.S. 2011, ‘Optimal Time-series Selection of Quasars’,
The Astronomical Journal, 141, 93

11. Chartas, G., Rhea, C., Kochanek, C., Dai, X., Morgan, C., Blackburne, J., Chen,
B., Mosquera, A., and MacLeod, C. 2016, ‘Gravitational lensing size scales for
quasars’, Astronomische Nachrichten, 337, 356

12. Chelouche, D., Shemmer, O., Cotlier, G.I., Barth, A.J., and Rafter, S.E. 2014, ‘On the
Performance of Quasar Reverberation Mapping in the Era of Time-domain
Photometric Surveys’, The Astrophysical Journal, 785, 140

13. Dexter, J. and Agol, E. 2011, ‘Quasar Accretion Disks are Strongly Inhomoge-
neous’, The Astrophysical Journal, 727, L24

14. Edelson, R., Gelbord, J.M., Horne, K., McHardy, I.M., Peterson, B.M., Arévalo, P.,
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Ž., Kent, S., Loveday, J., Lupton, R.H., Rockosi, C.M., Schlegel, D.J., Stoughton,
C., SubbaRao, M., and York, D.G. 2002, ‘Spectroscopic Target Selection in the
Sloan Digital Sky Survey: The Quasar Sample’, The Astronomical Journal,
123, 2945-2975

40. Richards, G.T., Nichol, R.C., Gray, A.G., Brunner, R.J., Lupton, R.H., Vanden Berk,
D.E., Chong, S.S., Weinstein, M.A., Schneider, D.P., Anderson, S.F., Munn, J.A.,
Harris, H.C., Strauss, M.A., Fan, X., Gunn, J.E., Ivezić, Ž., York, D.G., Brinkmann,
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