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Abstract

Nearly all young stars are variable, with the variability traditionally divided into two classes: periodic
variables and aperiodic or “irregular” variables. Periodic variables have been studied extensively,
typically using periodograms, while aperiodic variables have received much less attention due to a
lack of standard statistical tools. However, aperiodic variability can serve as a powerful probe of
young star accretion physics and inner circumstellar disk structure. For my dissertation, I analyzed
data from a large-scale, long-term survey of the nearby North America Nebula complex, using
Palomar Transient Factory photometric time series collected on a nightly or every few night cadence
over several years. This survey is the most thorough exploration of variability in a sample of
thousands of young stars over time baselines of days to years, revealing a rich array of lightcurve
shapes, amplitudes, and timescales.

I have constrained the timescale distribution of all young variables, periodic and aperiodic, on
timescales from less than a day to ~ 100 days. I have shown that the distribution of timescales for
aperiodic variables peaks at a few days, with relatively few (~ 15%) sources dominated by variability
on tens of days or longer. My constraints on aperiodic timescale distributions are based on two new
tools, magnitude- vs. time-difference (Am-At) plots and peak-finding plots, for describing aperiodic
lightcurves; this thesis provides simulations of their performance and presents recommendations on
how to apply them to aperiodic signals in other time series data sets. In addition, I have measured
the error introduced into colors or SEDs from combining photometry of variable sources taken at
different epochs. These are the first quantitative results to be presented on the distributions in
amplitude and time scale for young aperiodic variables, particularly those varying on timescales of

weeks to months.
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Chapter 1

Introduction and Background

Understanding the origins of stars and planets requires understanding the complex interplay of grav-
ity, magnetic fields, plasma physics, radiative transport, and both gas-phase and surface-catalyzed
photochemistry. Protostars and newly formed stars represent complex physical laboratories that,
despite decades of work, are still incompletely understood. For example, we understand that stars
form from overdensities in molecular clouds, that magnetic fields mediate the interaction between
stars and circumstellar disks, and that planets are the natural end state of circumstellar disk evo-
lution. However, we cannot yet predict how the properties of molecular clouds translate into those
of new stellar populations, under what conditions does the interaction of magnetic fields with disk
gas produce accretion or outflows, or what types of disks lead to what types of planetary systems.

Observational astronomy is currently undergoing a revolution with the advent of time-domain
surveys such as the Optical Gravitational Lensing Experiment (OGLE), the All-Sky Automated
Survey (ASAS), the Catalina Real-Time Transient Survey (CRTS), and the Palomar Transient
Factory (PTF). Future projects in this direction include the Zwicky Transient Facility (ZTF) and
the Large-Scale Synoptic Survey Telescope (LSST). The coming flood of optical time-domain data
will enable new approaches to long-standing questions in all fields of astrophysics, including star
formation — if we have the necessary tools to make full use of the data.

One of the goals of this thesis is to develop these very tools. This work presents an unprecedented
characterization of a population of young stars using several years of data from the Palomar Transient
Factory. The high cadence and long baseline of the data are unmatched among blind surveys of star-
forming regions, and allow a variety of variability on timescales of days to years to be treated with
a unified approach. To interpret the data, I create and validate new statistical tools to quantify
the variability, without relying on traditional assumptions such as periodic behavior. I present
preliminary conclusions, but only scratch the surface of this rich data set, let alone the richer data

sets that are still to come.



2
1.1 State of Knowledge of Young Stellar Physics

1.1.1 Standard Model of Star Formation

It is generally accepted that stars form from the gravitational collapse of overdensities in molecular
clouds (McKee & Ostriker, 2007, and references therein). As the infalling gas compresses and heats,
it forms a pressure-supported protostar surrounded by a still-infalling envelope. The initial angular
momentum of the system causes the envelope to evolve into a rotationally-supported circumstellar
disk, from which accretion continues onto the star. Outflows of material may occur during either
the envelope or the disk phase. Star formation may be taken to end when the circumstellar gas disk
dissipates after a few million years, although, at least for solar- and low-mass stars, this happens
before the star reaches the main sequence.

Observationally, young stars are often classified by their optical and infrared spectral energy
distribution, following the scheme defined by Lada (1987) and extended by Andre et al. (1993).
Class 0 objects resemble cool (several hundred K) blackbodies, and are usually undetected at optical
wavelengths. Class I objects are dominated by an infrared component, but have a significant optical
excess over a cool blackbody. Class II objects resemble stellar photospheres in the optical, but have
a significant infrared excess compared to a warm (few thousand K) blackbody. Finally, Class III
objects are dominated by stellar emission. These classes are frequently treated as synonymous with
the evolutionary phases described above (e.g., identifying Class 0 objects as protostars embedded
in an envelope), although in reality there is not a one-to-one correspondence. For example, Class I
objects can be either newly formed stars with a significant envelope, or more evolved stars with no
envelope but an edge-on disk (Masunaga & Inutsuka, 2000). The spectral energy distributions are
observational categories only, and depend on both the physical state of the system and the angle
from which we view it. However, they remain useful descriptions, and will be used throughout this

thesis as a rough indicator of a star’s circumstellar environment

1.1.2 Physics of Circumstellar Disks and Accretion

While it is accepted that circumstellar disks accrete material onto their central stars, the exact
mechanism that transfers angular momentum from the inner disk outward is still unclear (Hart-
mann et al., 2006, and references therein). The favored model at present invokes magnetorotational
instability (MRI) to generate accretion (Balbus & Hawley, 2000), but even this model faces consid-
erable obstacles, particularly its requirement that the disk be ionized. In light of the uncertainties,
many authors still use the more schematic accretion model of Shakura & Sunyaev (1973), describ-

ing the angular momentum transport by a parameter «. Authors typically assume o ~ 0.01-0.1,



implying a “viscous” accretion timescale of

e g () = 00 (i)™ (%) (57 a

Disk evolution will typically take place on this timescale.

Both pre-main-sequence stars and protostars show evidence of strong magnetic fields (Johns-Krull
et al., 1999; Imanishi et al., 2001; Donati et al., 2010) of order a few kiloGauss. These magnetic fields
will interact with circumstellar gas, drastically changing how matter accretes from the circumstellar
disk to the star. As we will show later, the nature of accretion from the disk to the star has a direct
impact on the types of variability we expect to observe.

Circumstellar gas must be partially ionized to interact with stellar magnetic fields, but the re-
quired ionization fraction is very low, of order 107° (Martin, 1996). Photoionization of metals
provides more than the required ionization fraction, even at low temperatures and high column den-
sities where hydrogen cannot be efficiently ionized by either Balmer emission or Lyman-continuum
emission. Assuming sufficient ionization, the stellar magnetic field will grow strong enough to redi-
rect incoming material when

B> 1

For disk accretion this condition is difficult to relate to fundamental parameters such as the accretion
rate, because p has a complicated dependence on the disk geometry and viscosity. However, the

truncation radius rspn can be easily derived for spherical accretion onto a magnetic dipole:

B M
P 47T7‘21)ff
2GM

vrp = .

Substituting into Equation 1.2,

Bf Tsph =6 M’Uff
8t \ R, 8mr2

sph
B? ~ MV2GMrl/iR:®
repn ~ BYTRPTNT(26M) YT (1.3)

The magnetic truncation radius for disk accretion, based on careful modeling of the disk properties,
turns out to be proportional to, and within a factor of two of, this idealized spherical radius (Ghosh

& Lamb, 1979; Koenigl, 1991). For a fiducial T Tauri star (M = 0.5 My, R, = 2 Rg, By = 1 kG,
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Accretion State Definition Accretion Rate (Mg /yr) Expected Scenarios

Boundary Layer Tsph < Ry > 1075 FU Orionis outbursts

Magnetic Boundary Layer | R, < reph S 2R 1076-10° Protostars

Funnel Accretion 2R, S 7Tsph < Teor Relative-10~6 Classical T Tauri stars

Propeller Regime Teor < Tsph < TLC 10~2L-Relative Weakly accreting and nonaccret-
ing stars

Pulsar Regime TLC < Tsph <107 Does not occur

Table 1.1: Accretion rates required to achieve each of the five accretion regimes from Romanova
et al. (2008) for a fiducial T Tauri star, together with the stage(s) of early stellar
evolution where each regime applies. Here, r¢p is given by Equation 1.3, reor is the
corotation radius, and rpc is the radius at which matter corotating with the magnetic
field would need to travel faster than the speed of light. Because of disk-locking, the
accretion rate that separates the funnel and propeller regime is proportional to the
long-term average accretion rate for any individual star; see the text for details.

and M = 10"7 Mg /yr), repn ~ 7 Ro = 0.03 AU.

Because matter becomes coupled to the stellar magnetic field at the truncation radius, it will
transfer angular momentum to or from the star at that radius. To first order, torques between the star
and the disk material will tend to make the star rotate at the Kepler period at the truncation radius.
This process is called disk locking. In practice, additional torques in the system — in particular,
angular momentum lost through outflows and jets — will cause the star to rotate slightly slower than
material at the truncation radius. This qualitative argument has been confirmed by simulations,
which predict the star should rotate at 70-80% of the disk-locked rate (Long et al., 2005). However,
disk-locking is a slow process, taking 10%-10¢ years (Hartmann, 2002). It is plausible, therefore, that
even if a star is disk-locked on average, fluctuations in the accretion rate will cause the instantaneous
disk truncation radius to differ from the corotation radius.

Romanova et al. (2008) classified disk accretion onto young stars or compact objects into five
regimes, based on the relative importance of the central object’s magnetic field, its rotation rate, and
disk accretion rate (or, more precisely, the density of the circumstellar medium). Using Equation 1.3,
one can find the accretion rates at which a fiducial T Tauri star with M = 0.5 Mg, R = 2 Rg,
B =1 kG, and P,y = 10 days appears in each of these regimes. The results are summarized in
Table 1.1. Since Equation 1.3 assumes the lowest possible density for an accretion flow at fixed M,
that provided by spherical accretion in free fall, and the weakest radial dependence of magnetic field
strength, that of a dipole, it will always overestimate the truncation radius at a given accretion rate.
Therefore, the accretion rates in Table 1.1 are overestimates accurate only to order of magnitude.

Disk-locked stars should fall in the funnel accretion regime because they rotate slightly more

slowly than the inner disk edge (reph S Toor); in effect, the rotation rate of the star adjusts itself

until it lies in the funnel regime. Because the star rotates slower than the disk at the edge of the
magnetosphere, gas, once loaded onto stellar magnetic field lines, will have sub-Keplerian speeds

and will tend to fall toward the star. Fluctuations in the accretion rate may temporarily shift the
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truncation radius beyond the corotation radius, moving the star into the propeller regime and driving
more matter into outflows rather than accretion (Romanova et al., 2003).

Gas on closed magnetic field lines inside the corotation radius will concentrate into “funnels”
anchored at the poles, and will approach the star at close to free-fall speed. The flow is highly
supersonic, so it will shock when the ambient gas pressure exceeds the ram pressure of the accretion
flow. Following Calvet & Gullbring (1998), one can parametrize the density of the accretion flow as

M
Pacc = m
where f, the fraction of the star’s area onto which accreting material is funneled, appears to be

~ (.01 in most cases. To order of magnitude, the shock will appear at the height where

3 1,
3 1 M
nkT = ————u
2" 24nfR2 1!
1 M 2GM
n = (1.4)

3kT4nfR2\ R

For a fiducial T Tauri star with M = 0.5 Mg, R =2 Ry, T = 4,000 K, and M=10"% Mg /yr, the
critical density is 5 x 10'® cm™3. In the Sun, this is the density of the chromosphere (Fontenla et al.,
1999). To bury the shock below the photosphere, which has a density of ~ 107 cm™2 in both the
Sun and pre-main-sequence stars (Fontenla et al., 1999; Siess et al., 2000), one needs an accretion
rate of M >3 x 10~7 Mg, or a smaller covering fraction f < 0.03%.

The temperature of the post-shock gas is given by

GM _ §kTshock
R 2 umgy

(1.5)

For the example T Tauri star above, Typock ~ 2x 108 K. The dense gas cools relatively quickly, so the
post-shock region is typically only ~ 10 km thick (Calvet & Gullbring, 1998). For a shock formed
above the photosphere, X-ray emission from the shocked gas heats the accretion flow 100 — 1,000 km
before the shock to temperatures of ~ 2 x 10* K and the underlying photosphere to temperatures of
~ 1 x10* K. This “hot spot” is responsible for the excess ultraviolet and optical emission associated
with accretion.

The processes associated with the circumstellar disk operate on a variety of timescales separated
by several orders of magnitude. In addition to the viscous and disk-locking timescales introduced
above, orbiting material may evolve on a dynamical timescale (tqyn ~ \/m ), and the rotation
period of the star may affect the behavior of the stellar magnetosphere and inner disk. A comparison

of characteristic timescales for the fiducial T Tauri star of this section is presented in Table 1.2.



Timescale ‘ Definition ‘ 0.03 AU 0.1 AU 1AU
Dynamical Time tayn ~ 2m\/13/GM 3d 16 d 14y
Rotation Period trot ~ 27 /82 10d

Viscous Time tayn ~ (1/af2) (r/h)* 60 y 300y 9,000y

Disk-Locking Time | tpg, ~ 0.2(M/M)(Q/Q)(Ry/repn)? | 24,000 y

Table 1.2: Characteristic timescales for a fiducial T Tauri star with M = 0.5 Mg, R, = 2 R,
B, = 1kG, M = 1077 Mg/yr, Pioy = 10 days, repn ~ 0.03 AU, a(r) = 0.01, and
h(r)/r = 0.05.

1.2 Current Knowledge and the Potential of Variability

Variability has been a known characteristic of young stars ever since their discovery; Joy (1945)
first identified T Tauri stars as a class of variables decades before they were recognized as newly
formed stars. We now know that accretion (Romanova et al., 2006, and references therein) and disk
evolution (e.g., Turner et al., 2010) are both highly dynamic, making variability intimately linked
to the processes that drive early stellar evolution. Therefore, variability in pre-main sequence stars
can further our insight into physical processes associated with the formation and early evolution of
both stars and planets. However, the full breadth of variable phenomena has not been explored in
quantitative detail.

Optical flux variations in pre-main sequence stars depend on dynamic or radiative transfer effects
that can occur on timescales ranging from hours to decades, or possibly longer. Different amplitudes
and timescales can be associated with each of the postulated physical phenomena, as illustrated
in Figure 1.1. In addition, the observed behavior of any individual system can be modified by
orientation with respect to the line of sight, so phenomenologically distinct variables may have a

common physical origin.

1.2.1 Major Variability Mechanisms

The wide range of plausible aperiodic behavior originates for the most part in the circumstellar
environment. Variability of circumstellar origin is superposed on an underlying periodic modulation
that is expected due to rotation of surface inhomogeneities, analogous to enhanced sunspots, across
the projected stellar disk, as well as any short timescale chromospheric flaring.

Possible driving phenomena are listed below.

1.2.1.1 Stellar Magnetic Activity

Young stars are believed to be highly active, with hot chromospheres and coronae (e.g., Costa et al.,
2000) and extensive starspots (Rydgren & Vrba, 1983; Herbst et al., 2007). If starspots are unevenly
distributed over the stellar surface, the star will appear to vary periodically as the starspots rotate in

and out of sight. This will create periodic variability with amplitudes of a few tenths of a magnitude
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and periods of a few days, depending on the distribution of the spots, the rotation rate of the star,
and the inclination of the system.

Optical flaring is also associated with magnetic activity (Kowalski et al., 2010; Kretzschmar,
2011), and so one might expect to see white-light flares (with amplitudes of up to a few tenths of
a magnitude, and timescales of less than an hour) associated with the enhanced activity of pre-
main-sequence stars. However, searches for such flares fail to find widespread optical flaring activity

(Stassun et al., 2006).

1.2.1.2 Disk-to-Star Accretion

As reviewed in subsection 1.1.2, accreting stars have not only a 10° K accretion shock, but also a
preshock region and postshock hot spot with temperatures of ~ 10* K. The optically thick hot spot
can make a substantial contribution to the stellar flux: a hot spot with T.;; ~ 8,000 K covering
1% of a star with T.rs ~ 4,000 K will have 16% the bolometric luminosity of the undisturbed
photosphere and 38% of the specific luminosity at 500 nm. The contribution of the optically thin
preshock region at optical or near-infrared wavelengths is roughly an order of magnitude lower than
that of the hot spot (Calvet & Gullbring, 1998), so it can be neglected.

If the accretion flow is steady, Wood et al. (1996) and Mahdavi & Kenyon (1998) showed that
the star will appear to vary periodically as the hot spot rotates in and out of sight. This will create
periodic variability with amplitudes of ~ 0.5 mag and periods of a few days, depending on the
luminosity of the spot, the rotation rate of the star, and the inclination of the system.

Changes in the accretion rate are also expected to change the hot spot luminosity and produce
optical variability. Since such changes are expected to be driven by disk physics, they are covered

below.

1.2.1.3 Magnetic Field Interaction Between the Star and the Disk

Since in general the star will not be corotating with the inner regions of its circumstellar disk, any
magnetic field lines threading the disk will be stretched, distorted, and eventually reconnected as
the disk and star rotate. These reconnection events may produce more powerful flares than ordinary
coronal flares (Favata et al., 2005), although it is not clear whether these flares would be optically
visible.

Since they fill the space between the inner disk edge and the stellar surface, stellar magnetic fields
can also produce variability by modulating the accretion flow (Romanova et al., 2004b). Competition
between magnetic and gas pressure can lead to cycles of accretion as the stellar magnetic field
switches between a configuration that allows accretion and one that does not (Aly & Kuijpers,

1990; Romanova et al., 2004a). Amplitudes of several tenths of a magnitude are possible, and
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the timescale of the variability can range from days to months depending on the specific physical
mechanism invoked for the interaction.

Finally, magnetic fields can excite large-scale structures in the disk (Bouvier et al., 1999; Ro-
manova et al.,, 2013). In addition to causing variable accretion flow, warps and spiral arms can
cause the star to appear fainter if the system is highly inclined and the structure passes through
our line of sight. Amplitudes may be up to several magnitudes, depending on the optical depth and
covering fraction of the obstructing material. Stable disk structures produce periodic variability on

a dynamical timescale.

1.2.1.4 Differential Rotation of a Three-Dimensional Disk

Turner et al. (2010) demonstrated that circumstellar disk turbulence can create transient dust struc-
tures far from the plane of the disk. These structures evolve and disappear on timescales of a fraction
of the dynamical time. If we are looking at the disk close to edge-on, these structures may intersect
our line of sight to cause dimming. As noted above, the timescale of the variability may be quite
short, even if the obstructing material is far from the inner edge of the disk, and due to the chaotic

nature of the turbulence the lightcurve will not repeat.

1.2.1.5 Envelope-to-Disk Infall

Vorobyov & Basu (2010) have shown that, when a circumstellar disk is still accreting from a sur-
rounding envelope, the disk may grow massive enough to become gravitationally unstable. If the
disk fragments, the accretion rate from the disk onto the star, and the luminosity of the system,
will vary by orders of magnitude as individual fragments fall onto it, possibly producing what we
observe as FU Ori and EX Lup events. This mechanism is expected to operate only during the
embedded stages of star formation; once the envelope has drained onto the disk, the disk will no

longer fragment.

1.2.2 Previous Work on Periodic Variability

Periodic variability in young stars has been well studied over the past three decades (most recently,
by Grinin, 2000; Rebull et al., 2006; Herbst et al., 2007; Irwin et al., 2008; Cieza & Baliber, 2007),
typically using periodograms (e.g., Lomb, 1976; Scargle, 1982) to identify the dominant period.
Authors typically assume that any periodic signal reflected the rotation period of the star, whether
the variability itself is from accretion hot spots or from cool starspots (Herbst et al., 1994). By
invoking the disk-locking model, authors were even able to apply this assumption in cases where the
variability was clearly associated with the inner disk (as in Bouvier et al., 1999).

The most common science case for studies of periodic variability was testing whether disk-locking
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was common in young stellar populations (e.g., Herbst et al., 2000; Cieza & Baliber, 2007; Irwin
et al., 2008). However, studies along these lines found conflicting results. Periodic variability was
also used to constrain the spin-down of stars from the pre-main-sequence stage to the early main
sequence (Herbst et al., 2007, and references therein). These studies form the basis of current

theories of wind-driven angular momentum loss from young main sequence stars.

1.2.3 Previous Work on Aperiodic Variability

In contrast to the thoroughly studied periodic variability, aperiodic variability is cataloged but
relatively unexplored in the literature. We know from surveys of periodic variability that roughly
half to two-thirds of variable stars in star-forming regions do not have well-defined periods (e.g.,
Scholz & Eisloffel, 2004; Rodriguez-Ledesma et al., 2009), but these surveys usually discard aperiodic
variables as irrelevant to the goal of characterizing rotation periods. As aperiodic variables constitute
a large fraction of variable stars in star-forming regions, characterizing and understanding them is
essential to completing our understanding of young star and disk physics.

Some variability surveys have attempted to arrange aperiodic variables into classes (Carpenter
et al., 2001, 2002; Alves de Oliveira & Casali, 2008; Morales-Calderén et al., 2009; Stauffer et al.,
2014). Sometimes, particularly if color variability data was available, the authors would interpret
their lightcurve classes by invoking stochastically time variable disk-to-star accretion, circumstellar
extinction, or both. However, these interpretations were often necessarily tentative — there was
simply not enough quantifiable data to make rigorous conclusions.

Where study of aperiodic variability has made significant progress is in the study of episodic
brightening or dimming events, which are usually interpreted as accretion increases or extinction
increases, respectively. Examples of the former include the extreme (>2-6 mag) “outburst events”
as exemplified by EX Lup and FU Ori objects (Herbig, 1977). These types of sources are interpreted
as undergoing episodes of rapid mass accumulation due to an instability in the inner disk. In the
context of stellar mass assembly history, the duration and frequency of such outbursts is important
to establish empirically since these events are thought, based on theory, to play a determining role in
setting the final mass of the star. Accretion outbursts may also determine a star’s appearance to us
on the so-called “birthline” in the canonical HR diagram of stellar evolution (Hartmann et al., 1997;
Baraffe et al., 2009), from which stellar masses and ages are usually derived without considering the
effects of accretion history.

Examples of the latter, extinction-related, variability include UX Ori stars, which undergo long-
lived extinction events featuring a distinctive blueward shift in color while approaching minimum
light, as well as the broader category of stars identified by, e.g., Carpenter et al. (2001, 2002) as having
color-color and color-magnitude trends consistent with shorter-timescale, random variation along

reddening vectors. More recently, so-called “dipper” events (e.g., Cody & Hillenbrand, 2010; Morales-
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Calder6n et al., 2011) are attributed to repeated sub-day or several-day circumstellar extinction
enhancements. Such repeating but aperiodic flux dips or eclipse-like events have been qualitatively
explained by Flaherty & Muzerolle (2010), Flaherty et al. (2012), and others using rotating non-
axisymmetric disk models or by Turner et al. (2010) with a vertical disk turbulence model. Periodic

versions of the dipper class are known as AA Tau stars (e.g., Bouvier et al., 1999).

1.3 Challenges for Variability Surveys

One of the reasons studies of periodic variables have met much more success than studies of their
aperiodic counterparts is because the latter place much more stringent demands on observing pro-
grams. A periodic variable can be characterized by two numbers, an amplitude and a period, both
of which can be inferred from a few tens of observations over two or three periods. Because their
behavior cannot be interpolated from phased lightcurves, aperiodic variables must be monitored
continuously at high time resolution (ideally, higher than the highest frequencies in the underlying
lightcurve) to get equivalent information about their behavior.

In addition, aperiodic variables may have long-term as well as high-frequency variability compo-
nents, or their behavior may change unpredictably over long timescales. Characterizing this behavior
requires monitoring for months or even years, while periodic variability can often be fully charac-
terized with only a month of data. Finally, placing “irregular” variables into the broader context of
young stellar variability requires that the same monitoring be applied to hundreds of variables to
build up a meaningful sample.

In a world of limited telescope time, real surveys have been forced to make tradeoffs between these
requirements. The work of Herbst et al. (2000), for example, was able to monitor a large number of
stars for over eight years because the authors had exclusive access to a small telescope. However,
frequent poor weather conditions at the site meant that the survey sacrificed time resolution, and
could only follow long term trends.

At the other extreme, Cody et al. (2013) obtained a month of minute-resolution, high precision
photometry using the orbiting MOST telescope. However, they got observing time to monitor only
five stars. Not only did the authors have to base their conclusion on a small sample, but they noted
that a month was not enough of an observing window to see the full variability of some of their
targets.

Finally, time domain spectroscopic surveys such as Johns & Basri (1995) or Choudhury et al.
(2011) offer the most information at each epoch, but at the cost of both temporal coverage and
number of stars surveyed. Most such studies have drawn their conclusions from data of a single star.

The Palomar Transient Factory North America Nebula (PTF-NAN) Survey, described in the

following chapter, offers a nightly cadence over three years for thousands of stars. Although it
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sacrifices some time resolution by making only nightly rather than hourly observations, its main
limitation is in photometric precision when observing crowded fields. For sufficiently high amplitude
sources, however, it offers a better dynamic range than either Herbst et al. (2000), who could only
sample long-term variability, or Cody et al. (2013), whose work was specialized toward short-term

variability.

1.4 Summary of Following Chapters

The primary goal of this work is to demonstrate that variability can be used to place interesting
constraints on the physics of young stars and their circumstellar environments. To this end, we not
only carry out a survey of variability in a nearby star-forming region, but also develop new lightcurve
analysis methods and apply them to specific problems in stellar variability.

Chapter 2 presents our survey of the North America Nebula complex, including a brief overview
of the Palomar Transient Factory (PTF), known characteristics of the star-forming region, and the
details of the data reduction. Much of the work described in this chapter was carried out by members
of the PTF collaboration, or by Rebull et al. (2011), who had carried out an infrared survey of the
North America Nebula complex a few years before.

Chapter 3 presents an analysis of the lightcurves of candidate members selected by Rebull et al.
(2011), concentrating on well defined brightening events (“bursts”) or dimming events (“fades”).
The relative simplicity of bursting or fading events, along with the scrutiny to which they had
been previously subjected in the literature, makes them an excellent starting point for any study
of aperiodic variability as a whole. In addition, bursting and fading have been relatively poorly
studied on timescales of weeks, while our data allows us to explore these timescales very well. We
find several interesting objects, including lightcurve types that have not been previously reported in
the literature.

Chapter 4 and Chapter 5 are dedicated to finding a general-purpose statistic that can characterize
how quickly or how slowly a lightcurve varies, regardless of lightcurve shape or sampling (a “timescale
metric”). In the process, we outline a systematic method for characterizing lightcurve statistics and
present a standalone program for doing so. We also identify the strengths and limitations of the two
timescale metrics we identify as the best, and present recommendations for their use.

Chapter 6 applies the timescale metric selected in Chapters 4-5 to carry out a broad study of the
lightcurves produced by our survey of the North America Nebula complex. We infer the timescale
distribution of both periodic and aperiodic variables in the region, and look for systematic differences
as a function of stars’ infrared or optical spectroscopic properties. As a side application, we develop
a formalism to quantify the error introduced when researchers neglect variability when comparing

photometry taken at different epochs.
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Finally, Chapter 7 summarizes the main findings of this dissertation, and outlines how future

studies can benefit from the progress made here.



14

1.5 References

Alves de Oliveira, C., & Casali, M. 2008, A&A, 485, 155, arXiv:0804.1548

Aly, J. J., & Kuijpers, J. 1990, A&A, 227, 473

Andre, P., Ward-Thompson, D., & Barsony, M. 1993, ApJ, 406, 122

Balbus, S. A., & Hawley, J. F. 2000, Space Sci. Rev., 92, 39, arXiv:astro-ph/9906317

Baraffe, 1., Chabrier, G., & Gallardo, J. 2009, ApJ, 702, L27, arXiv:0907.3886

Bouvier, J. et al. 1999, A&A, 349, 619

Calvet, N., & Gullbring, E. 1998, ApJ, 509, 802

Carpenter, J. M., Hillenbrand, L. A., & Skrutskie, M. F. 2001, AJ, 121, 3160, arXiv:astro-ph/0102446

Carpenter, J. M., Hillenbrand, L. A., Skrutskie, M. F., & Meyer, M. R. 2002, AJ, 124, 1001,
arXiv:astro-ph/0204430

Choudhury, R., Bhatt, H. C., & Pandey, G. 2011, A&A, 526, A97, arXiv:1011.3412
Cieza, L., & Baliber, N. 2007, ApJ, 671, 605, arXiv:0707.4509
Cody, A. M., & Hillenbrand, L. A. 2010, ApJS, 191, 389, arXiv:1011.3539

Cody, A. M., Tayar, J., Hillenbrand, L. A., Matthews, J. M., & Kallinger, T. 2013, AJ, 145, 79,
arXiv:1302.0018

Costa, V. M., Lago, M. T. V. T., Norci, L., & Meurs, E. J. A. 2000, A&A, 354, 621
Donati, J.-F. et al. 2010, MNRAS, 409, 1347, arXiv:1007.4407

Favata, F., Flaccomio, E., Reale, F., Micela, G., Sciortino, S., Shang, H., Stassun, K. G., & Feigelson,
E. D. 2005, ApJS, 160, 469, arXiv:astro-ph/0506134

Flaherty, K. M., & Muzerolle, J. 2010, ApJ, 719, 1733, arXiv:1007.1249

Flaherty, K. M., Muzerolle, J., Rieke, G., Gutermuth, R., Balog, Z., Herbst, W., Megeath, S. T., &
Kun, M. 2012, ApJ, 748, 71, arXiv:1202.1553

Fontenla, J., White, O. R., Fox, P. A., Avrett, E. H., & Kurucz, R. L. 1999, ApJ, 518, 480
Ghosh, P., & Lamb, F. K. 1979, ApJ, 232, 259

Grinin, V. P. 2000, in Astronomical Society of the Pacific Conference Series, Vol. 219, Disks, Plan-
etesimals, and Planets, ed. G. Garzon, C. Eiroa, D. de Winter, & T. J. Mahoney, 216

Hartmann, L. 2002, ApJ, 566, L.29

Hartmann, L., Cassen, P., & Kenyon, S. J. 1997, ApJ, 475, 770

Hartmann, L., D’Alessio, P., Calvet, N., & Muzerolle, J. 2006, ApJ, 648, 484, astro-ph/0605294
Herbig, G. H. 1977, ApJ, 217, 693

Herbst, W., Eisloffel, J., Mundt, R., & Scholz, A. 2007, Protostars and Planets V, 297, arXiv:astro-
ph/0603673



15
Herbst, W., Herbst, D. K., Grossman, E. J., & Weinstein, D. 1994, AJ, 108, 1906

Herbst, W., Rhode, K. L., Hillenbrand, L. A., & Curran, G. 2000, AJ, 119, 261, arXiv:astro-
ph/9909427

Imanishi, K., Koyama, K., & Tsuboi, Y. 2001, ApJ, 557, 747

Trwin, J., Hodgkin, S., Aigrain, S., Bouvier, J., Hebb, L., Irwin, M., & Moraux, E. 2008, MNRAS,
384, 675, arXiv:0711.2398

Johns, C. M., & Basri, G. 1995, ApJ, 449, 341

Johns-Krull, C. M., Valenti, J. A., & Koresko, C. 1999, ApJ, 516, 900

Joy, A. H. 1945, ApJ, 102, 168

Koenigl, A. 1991, ApJ, 370, L.39

Kowalski, A. F., Hawley, S. L., Holtzman, J. A., Wisniewski, J. P., & Hilton, E. J. 2010, ApJ, 714,
L98, arXiv:1003.3057

Kretzschmar, M. 2011, A&A, 530, A84+, arXiv:1103.3125

Lada, C. J. 1987, in IAU Symposium, Vol. 115, Star Forming Regions, ed. M. Peimbert & J. Jugaku,
1-17

Lomb, N. R. 1976, Ap&SS, 39, 447

Long, M., Romanova, M. M., & Lovelace, R. V. E. 2005, ApJ, 634, 1214, arXiv:astro-ph/0510659

Mahdavi, A., & Kenyon, S. J. 1998, ApJ, 497, 342

Martin, S. C. 1996, ApJ, 470, 537

Masunaga, H., & Inutsuka, S.-i. 2000, ApJ, 531, 350

McKee, C. F., & Ostriker, E. C. 2007, ARA&A, 45, 565, arXiv:0707.3514

Morales-Calderén, M. et al. 2011, ApJ, 733, 50, arXiv:1103.5238

——. 2009, ApJ, 702, 1507, arXiv:0907.3360

Rebull, L. M. et al. 2011, ApJS, 193, 25, arXiv:1102.0573

Rebull, L. M., Stauffer, J. R., Megeath, S. T., Hora, J. L., & Hartmann, L. 2006, ApJ, 646, 297,
arXiv:astro-ph/0604104

Rodriguez-Ledesma, M. V., Mundt, R., & Eisloffel, J. 2009, A& A, 502, 883, arXiv:0906.2419

Romanova, M. M., Kulkarni, A., Long, M., Lovelace, R. V. E., Wick, J. V., Ustyugova, G. V., &
Koldoba, A. V. 2006, Advances in Space Research, 38, 2887, arXiv:astro-ph/0604116

Romanova, M. M., Kulkarni, A. K., Long, M., & Lovelace, R. V. E. 2008, in American Institute
of Physics Conference Series, Vol. 1068, American Institute of Physics Conference Series, ed.
R. Wijnands, D. Altamirano, P. Soleri, N. Degenaar, N. Rea, P. Casella, A. Patruno, & M. Linares,
87-94, arXiv:0812.2890



16
Romanova, M. M., Toropina, O. D., Toropin, Y. M., & Lovelace, R. V. E. 2003, ApJ, 588, 400,
arXiv:astro-ph/0209548

Romanova, M. M., Ustyugova, G. V., Koldoba, A. V., & Lovelace, R. V. E. 2004a, ApJ, 616, L.151,
arXiv:astro-ph/0502266

——. 2004b, ApJ, 610, 920, arXiv:astro-ph/0404496

——. 2013, MNRAS, 430, 699, arXiv:1209.1161

Rydgren, A. E., & Vrba, F. J. 1983, ApJ, 267, 191

Scargle, J. D. 1982, ApJ, 263, 835

Scholz, A., & Eisloflel, J. 2004, A&A, 419, 249, arXiv:astro-ph/0404014

Shakura, N. 1., & Sunyaev, R. A. 1973, A&A, 24, 337

Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593, arXiv:astro-ph/0003477

Stassun, K. G., van den Berg, M., Feigelson, E., & Flaccomio, E. 2006, ApJ, 649, 914, arXiv:astro-
ph/0606079

Stauffer, J. et al. 2014, AJ, 147, 83, arXiv:1401.6600

Turner, N. J., Carballido, A., & Sano, T. 2010, ApJ, 708, 188, arXiv:0911.1533
Vorobyov, E. 1., & Basu, S. 2010, ApJ, 719, 1896, arXiv:1007.2993

Wood, K., Kenyon, S. J., Whitney, B. A., & Bjorkman, J. E. 1996, ApJ, 458, L79



17

Chapter 2

Photometric and Supplementary
Data

2.1 Introduction

This thesis describes a young star variability survey of unprecedented scope and time coverage,
monitoring several thousand members of a single star-forming region for several years at (on average)
nightly cadence. The thorough coverage of variability on a variety of scales has allowed for new results
and new types of analysis, as described in later chapters. This chapter presents the data used for

the survey as well as the target region and survey strategy.

2.2 Overview of PTF

The primary data set for this work was collected as part of a guest investigator program for the
Palomar Transient Factory (PTF). Although PTF’s primary purpose was to constrain the population
of optical transients and uncover examples of new, rare, classes of transients (Rau et al., 2009), its
wide field of view and flexible scheduling have also made it well-suited for studies of variable stars
and AGNi. Here I briefly describe the capabilities of PTF as they relate to variable-star work in the

Galactic plane.

2.2.1 Instruments and Main Survey

The primary survey telescope for PTF is the Samuel Oschin 48-inch telescope at Palomar, which is
queue-scheduled and fully robotic. The PTF Survey Camera is a mosaic of 11 chips', upgraded from
the CFH12K camera formerly located at the Canada-France-Hawaii Telescope. A readout time of
31 s minimizes overhead during survey operations. When mounted in the Palomar 48-inch, it covers

a total area of 7.26 square degrees with 1” pixels, with gaps of 33-45" between the individual chips

1The mosaic is, strictly speaking, a 2 x 6 array, but one of the 12 chips failed while the camera was being upgraded.
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of the mosaic. The images have a FWHM of 1.5-2.0”, depending on local seeing. The standard
PTF observing pattern takes exposures of 60s in either the ¢’ or Mould-R bands, reaching a limiting
magnitude of 21.3 and 20.6, respectively (Law et al., 2009).

A quick reduction of the data is carried out with a pipeline housed at the Lawrence Berkeley
National Laboratory (LBNL), for the express purpose of identifying supernovae and other optical
transients (Nugent et al., in prep.). The LBNL pipeline allows for same-night followup of promising
targets using the robotic Palomar 60-inch telescope, which can observe only an 11’ field of view
but can do so in multiple filters across the optical and near-infrared band. The Palomar 60-inch
is tasked with generating initial lightcurves of transients while the 48-inch continues its broader
survey. Additional spectroscopic follow-up is scheduled at a variety of telescopes, including the
Palomar 200-inch, the Lick 3-m, the Kitt Peak 4-m, the William Herschel Telescope, and both Keck
telescopes.

The LBNL pipeline is optimized for detecting sudden outbursts against background galaxies,
and when applied to Galactic variable stars it is reliable to only 1 mag (Nugent et al., in prep.). We
therefore used the PTF Photometric Pipeline, which performs absolute and relative photometry on
a source catalog extracted from each image, but days to weeks after the observations were taken.

As a result, we were unable to take advantage of PTF’s rapid follow-up capabilities.

2.2.2 The PTF Photometric Pipeline

The PTF Photometric Pipeline (Ofek et al., 2012, Laher et al., submitted to PASP), formerly the
TPAC PTF Image Processing Pipeline, provided us with the PTF photometry presented throughout
this thesis. Images were debiased, flatfielded, and astrometrically calibrated. Source catalogs and
photometry were generated by SExtractor (Laher et al., submitted to PASP). An absolute photo-
metric calibration good to a systematic limit of ~ 2% was generated using SDSS sources observed
throughout the night (Ofek et al., 2012). Relative photometric calibration further refined the pho-
tometry, particularly on nonphotometric nights (Levitan et al., in prep; for algorithm details see
Ofek et al. (2011) and Levitan et al. (2011)). We refer to the relative photometric magnitudes
produced by the pipeline as Rpry.

The PTF Photometric Pipeline photometry is typically repeatable to 0.5-1% for bright (15th
mag) nonvariable sources in sparse fields on photometric nights. Photometry for typical sources in
our field is less reliable, of the order of 2-3%, because nebula emission and source crowding introduce
additional errors. However, we can observe to brighter magnitudes than the PTF survey reaches in
normal observing. In typical PTF fields, photometric quality begins to decrease for stars brighter
than Rprp < 14 (Ofek et al., 2012); because our systematic noise floor is higher, our photometry
does not begin to degrade until Rprp ~ 13.5.

The pipeline flagged photometric points as bad detections if the sources were automatically
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identified as part of airplane, satellite, or cosmic-ray tracks; if they fell on an area of the chip that
had high dark current, was unusually noisy, or was poorly illuminated; if they fell on a chip edge;
if they contained dead pixels; if they were affected by bleeding from bright stars; if they contained
saturated pixels; or if they had neighbors biasing their photometry. Although flagged observations
were provided to us as part of the data, we did not use them in plotting or analyzing lightcurves. We

also removed any sources from our sample that were flagged in more than half the observed epochs.

2.3 The PTF-NAN Survey

2.3.1 The North America Nebula Complex

The North America Complex (W80) is a relatively nearby (~ 520 pc) but incompletely characterized
H II region. The Complex is contained within a highly fragmented expanding shell of molecular gas

approximately 2.4° across (Bally & Scoville, 1980), or 22 pc <dec)7 where d is the distance to

the region. The molecular shell has a kinematic age of 2 Myr (de), but Bally & Scoville argue
both that the shell is accelerating and that it did not start expanding until the H II region was
already fully developed, making the region somewhat older than its kinematic age. Part of the shell
corresponds to the 935 dark cloud, which from Earth’s vantage point appears to divide the complex
into two optical nebulae, the North America Nebula (NGC 7000) to the east and the Pelican Nebula
(IC 5070) to the west.

Because the Complex is located directly down a spiral arm from the Sun, its distance has histor-
ically been highly uncertain. The best estimate at present is from Laugalys et al. (2006), who used
multi-band photometry to solve for extinctions and distances to stars towards L935 and inferred a
distance to the cloud of 520 + 50 pc. Since the size of the complex fits well within the uncertainties,
I adopt this value as the distance to the Complex as a whole, rather than to its front face.

The stellar population of the North America Complex is only partly known. Comerén & Pasquali
(2005) identified a single O5 star, 2MASS J205551.254435224.6, as dominating the ionization of the
H II region. Other known members have spectral types ranging from B to M. The largest census of
the Complex available to date is from Guieu et al. (2009) and Rebull et al. (2011), who used Spitzer
observations to identify ~ 2,000 sources with infrared excess emission consistent with circumstellar
disks. This census is, however, incomplete, as an infrared excess survey is insensitive to stars that
have already lost their disks. The number of stars in the region may well be double the Rebull et al.

(2011) figure.
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Figure 2.1: The North America Nebula complex, as observed by PTF in a single epoch from 2009.
Only six of the 11 PTF chips are shown; the remainder, to the left of this field, were
off the nebula and probed the Galactic field population. The North America Nebula
proper (NGC 7000) is on the left side of the frame, while the Pelican Nebula (IC 5070)
is on the upper right, with the L935 dark cloud between them. The blue circles mark
the positions of candidate members selected using infrared excess by Rebull et al.

(2011).
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2.3.2 Survey Overview

We selected the North America Complex as the target for our PTF guest observer survey (the
“PTF-NAN” survey) both because it is relatively nearby, allowing us to probe G-type through hotter
M-type members with the typical PTF survey depth, and because we could use PTF variability data
to create a membership list complementary to that of Rebull et al. (2011). As shown in Figure 2.1,
almost the entire region fits in a single PTF exposure, allowing us to give the periphery and core of
the region the same coverage. Because most of our targets are intrinsically red and further reddened

by extinction, we conducted our survey in R band.

2.3.3 Cadence and Time Baselines
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Figure 2.2: The complex cadence used in the PTF North America Nebula survey. Date labels
denote the beginning of each year. Figure 2.2a shows a histogram of the number of
observations taken in each week of the survey. Figure 2.2b shows individual observation
times of all survey epochs, with each month dispersed along the vertical axis for clarity.
The period of all-night, high-cadence monitoring appears as a set of elongated points
in mid-2011. The cadence in 2011-2012 was close to nightly, while observations in 2009
and 2010 were more sporadic.

Our survey cadence was complex as a result of changing operational factors. Throughout the
survey, we took at least two exposures per night, separated by one hour, in case one of the measure-
ments was corrupted by, for example, a cosmic ray. The survey started in 2009 August, continuing
with observations every third night until October, when Palomar was shut down due to ash from
local fires. When we started our 2010 season in April, the cadence was lowered to every fifth night.
From 2010 August to October, we were able to observe every night, while the remainder of the

season was hampered by poor weather. For our 2011 and 2012 seasons, from 2011 March to 2012
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January and from 2012 March to 2012 December, we were able to observe every night, but only
during bright time, as the PTF project had started observing exclusively with the ¢’ filter during
dark time. In addition, during 2011 July and August, we obtained hourly exposures all night, in
both bright and dark time. We illustrate our observing pattern in Figure 2.2.

Our survey represents one of the most uninterrupted, multi-year optical variability surveys of
a star-forming region, featuring 894 epochs across 365 nights between 2009 August 13 and 2013
February 22. Our largest data gaps are the 1-3 month gaps in the winter, when the region is not
visible from Palomar, and the two-week gaps during dark time in most months when the R filter is
not available. Aside from these regular gaps, we have two years of uninterrupted nightly coverage,
except for occasional weather gaps, and another year and a half of lower-cadence data for probing
long-term variability.

In addition to the data presented here, PTF continued to observe the North America Nebula
region through 2013 December, although this data set has not yet been fully reduced by the PTF
Photometric Pipeline. PTF will also continue to observe the North America Nebula complex, among
other star-forming regions, at low cadence over the next few years as part of a separate search for

very-long-term variability.

2.3.4 Aliasing

While the focus of our study is on aperiodic variability, we were also able to determine periods for
those sources that were periodic. I analyzed the susceptibility of our cadence to aliasing following
the standard window function formalism.

A series of magnitude measurements (t;, 7i;), each with negligible exposure time compared to the
timescales of interest, can be expressed as the product of a continuous “real” signal m(t) multiplied
by an observing pattern w(t), where w(t) is a sum over terms §(t — t;) for each observation. The
Fourier transform m(v) and power spectrum Pm(u) of the observed signal can then be expressed in

terms of the Fourier transform of the observing pattern, @w(v) (Deeming, 1975):

The expression w(r), known as the window function, convolves the true Fourier transform of the
variability, m(v), into the observed transform rm(v) in a manner analogous to that in which the
point-spread-function of an instrument convolves the true spatial distribution of incident radiation
into an observed image. The window function therefore determines the quality of power spectra,
periodograms, and other products of Fourier analysis in the same way that a point-spread-function

determines the image quality of an instrument.
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Figure 2.3: The squared amplitude of the window function, |@(v)|® in the text, as a function of
frequency. In all plots, the blue curve represents the window function corresponding
to our PTF observations from 2009 through 2012. In Figure 2.3b, the purple curve
is the window function that would be achieved in the idealized limit of continuous
monitoring. The observed window function is well-behaved, with no major aliases
aside from the inevitable daily alias.
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If w(t) has the form »_, (¢ — ¢;) for observation times {¢;}, then the window function has the

form

w(v) = %Ze*mw (2.1)

The squared amplitude of the window function, |@(v)[?, is illustrated in Figure 2.3 for the PTF
cadence from 2009 August through 2012 December. The FWHM frequency resolution of our cadence
is 0.00099 day ', 37% larger than the resolution attainable by a continuous monitoring program over
the same baseline (0.00072 day—1). With this data we can determine 2-day periods to 4 0:004 days ¢

VSNR
200-day periods only to :l:‘wsd\/%, where SN R denotes the signal-to-noise ratio of the periodogram,

not of the original measurements.

The dominant alias is a pair of peaks at 1 day !

, which reach 56% of the primary peak at w(0).
Therefore, one expects alias peaks in a periodogram to have roughly 56% the height of the associated
true peak, although the exact ratio will vary depending on coincidences with noise fluctuations or
with overtones and other secondary peaks, as well as on how closely a given type of periodogram
is related to Fourier analysis and the power spectrum. Our experience with phasing lightcurves
in the PTF data by various trial periods confirms that, while we can frequently assume that the
highest peak in a Lomb-Scargle periodogram is the true period, the true period corresponds to the
second-highest peak in a fair number of cases.

The exact frequencies of the two daily aliases are 1.000 day~! and 1.003 day~'. The former
frequency is one per solar day, while the latter frequency is very close to one per sidereal day. We
believe that, while the 1.000 day ! alias is the ordinary alias resulting from nightly observations, the
1.003 day~! alias is caused by the scheduling of observations, over the course of the year, for when
the NAN Complex is highest in the sky, which results in observations separated by one sidereal day
on average.

1 and 20% of the height of the primary peak,

Other aliases include a yearly alias, at 0.003 day~
and an unexplained alias at 0.102 day ! (perhaps related to PTF’s operations schedule, as it is close
to one third of a synodic month) but only 4% of the height of the primary peak. In general, the
window function shown in Figure 2.3 is remarkably clean, indicating that the daily alias is the main

caveat in interpreting periodic variability.

2.3.5 Systematics

The PTF Photometric Pipeline has several limitations that must be borne in mind when analyzing
our work. The most important is that, since sources were identified using SExtractor and charac-
terized using aperture photometry, sources may be missing, misidentified, or have poor photometry
in regions with substantial Ha nebulosity. An example of a region with missing sources can be seen

in Figure 2.4.
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Figure 2.4: An example of a PTF image where not all sources were detected with SExtractor.
Red circles mark the positions of SExtractor detections; most of the sources near the
nebula filament in the center are not circled. One of the missing sources is PTF10nvg
(Covey et al., 2011), which was identified by the LBNL transient pipeline.
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In addition, the PTF Photometric Pipeline does not use color corrections when computing
(Rprr); these terms are around 0.2 mag per magnitude of r — i (Ofek et al., 2012). The lack
of a color term means that sources with large color changes over the course of their variability will
have their amplitudes slightly overestimated if they get redder as they get brighter, and slightly un-
derestimated if they get redder as they get fainter. Fortunately, it will take a large color amplitude
(A(r — i) 2 0.5) to significantly affect our measured amplitudes. The color term may be a more
significant issue for future work with the PTF data set, once improved reductions allow us to probe
variability below amplitudes of a few tenths of a magnitude.

The pipeline also underestimates photometric errors, even after including a systematic error term

(Levitan & Sesar, priv. comm. 2012).

2.4 Supplementary Data

2.4.1 Spectroscopy

We pursued optical spectroscopy both of stars with significant variability (as selected in subsec-
tion 3.2.1) and of the infrared-excess selected sample of Rebull et al. (2011) using the MMT, Keck
Observatory, Palomar Observatory, and Kitt Peak National Observatory. Several of our targets were
also observed by other members of the PTF collaboration as part of PTF’s spectroscopic follow-up
program.

We observed 257 variable infrared-excess sources in the North America Nebula using the DEIMOS
multi-object spectrograph (Faber et al., 2003) at Keck on 2012 July 18-19 and 2013 July 9, using
the 600 line/mm grating. PTF was monitoring the field during both 2012 nights that spectra were
taken, allowing us to determine the photometric state represented by each spectrum for all stars
except those varying substantially in less than a day.

The DEIMOS spectra were reduced using a modified version of the DEEP2 pipeline (Newman
et al., 2013; Cooper et al., 2012), provided to us by Evan Kirby. The spectra were bias-corrected,
dome-flatfielded, and wavelength-calibrated, but were not flux-calibrated. We corrected for sky and
nebula emission by subtracting the off-source spectrum visible within each slit. The final spectra
covered approximately the 4400-9500 A range at 5 A resolution, although the range covered by the
spectrum of any particular star could shift by ~ 500 A in either direction depending on the position
of the star’s slit on the instrument mask. Many cosmic rays were left uncorrected by the pipeline,
so when making the figures in Chapter 3, we cleaned the cosmic rays by hand for clarity.

194 sources selected by either variability or infrared excess were observed using the Hectospec
multi-object spectrograph (Fabricant et al., 2005) on the MMT on 2012 November 3, December 4,
and December 6, using the 270 lines/mm grating. The data were pipeline processed at the Harvard-

Smithsonian Center for Astrophysics (Mink et al., 2007). The final spectra cover 3700-9100 A at 6 A
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resolution. PTF observed the region on November 3 and December 6, but to interpret the December
4 spectra we had to interpolate between photometry from December 3 and December 6.

Lynne Hillenbrand had previously obtained low-resolution optical spectra of sources in the North
America Nebula complex with the HYDRA multi-object spectrograph (Barden et al., 1993) on the
3.5m WIYN telescope at Kitt Peak, using the 316 line/mm grating, on six nights between 1998 June
2 and 1998 July 21. L. H. also took spectra using the (now decommissioned) Norris multi-object
spectrograph (Hamilton et al., 1993) on the 5m Hale Telescope at Palomar, using the 600 line/mm
grating, on 1998 August 14-15, 1999 July 21-23, and 1999 September 2-5. The HYDRA and Norris
spectra do not have concurrent photometry.

The HYDRA and Norris observations were reduced for us by Gregory Herczeg using custom
routines written in IDL. The routines applied corrections for bias, dome flats, cosmic rays, scattered
light, and wavelength calibration. The spectra were not flux-calibrated. Sky and nebula emission
were corrected by taking a shorter sky exposure offset 6-10” from the target position, and subtracting
the counts in the sky exposure from the corresponding source spectrum, after scaling to the difference
in observing times. In several configurations the sky emission was scaled by an additional 10-20%
to account for changes in the sky transmission. The HYDRA spectra covered 5000-10000 A at
R ~ 1,500, while the Norris spectra covered 6100-8750 A at R ~ 2,000.

The PTF collaboration took classification spectra for 12 sources in our field: PTF09dsa, PTF09ejq,
PTF09ekb, PTF09epi, PTF09fuk, PTF10gdb, PTF10geh, PTF10qpf, PTF10suh, PTF10abyb, PTF1lcjr,
and PTF1loyt, sometimes at multiple epochs. The PTF spectra are a heterogeneous sample.
Roughly half were taken with KAST on the Lick 3-m, with the remainder divided among LRIS
on Keck, RCspec on the Kitt Peak 4-m, DBSP on the Palomar 200-inch, ACAM on the William
Herschel Telescope, and LRS on the Hobby-Eberly Telescope. The spectra extended from 3500-
4000 A to 8500-10000 A at resolutions of 5-15A.

2.4.2 Mid-IR Photometry

Luisa Rebull provided us with Spitzer photometry for all sources observed for Rebull et al. (2011),
including unpublished photometry for sources that did not have an infrared excess. The data were
reduced as described in that paper. We made use of all four IRAC channels, and the MIPS 24
pm channel, but not the MIPS 70 ym or 100 pm channels. Most of the PTF survey area was also
covered by the Spitzer data (Figure 2.5).

2.4.3 Near-IR Photometry

We supplemented the mid-IR photometry from Spitzer with J, H, and K-band photometry from
the Two-Micron All-Sky Survey (2MASS). 2MASS sources were filtered by the same quality cuts as
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(b) MIPS 24 pm coverage

Figure 2.5: The North America Nebula complex as a Spitzer mosaic (Guieu et al., 2009; Rebull
et al., 2011). The red rectangle represents the area covered by Figure 2.1. We have
IRAC data for nearly all sources of the survey region, and MIPS data for a majority
of sources.

(a) IRAC 5.8 pm coverage

adopted by Guieu et al. (2009) and Rebull et al. (2011). Only photometry with band quality flags
of ”A”,”B”, ”C”, or ”U” was considered (Rebull, priv. comm. 2014).

2.4.4 Hoa Fluxes

We used Ha photometry from the INT Photometric H-alpha Survey (IPHAS; Drew et al., 2005) to
characterize the fraction of sources of interest with strong accretion. Since the IPHAS initial data
release appeared to have been withdrawn from publication at the time of writing?, we instead relied

on the source matching carried out by Rebull et al. (2011).

2.5 Summary

Thanks to PTF, we have collected, for the first time, a homogeneous long term, medium-cadence
optical variability survey of the North America Nebula (NAN) complex. While the photometric
precision, cadence, or time baseline have all been individually exceeded by previous surveys, the
combination of factors has given us a unique perspective on pre-main-sequence stellar variability. In
particular, a survey such as PTF-NAN is the only way to comprehensively study aperiodic variability,

as both lower cadences and shorter baselines will miss key components of the variability.

2A new release was published as the thesis was being finalized (Barentsen et al., 2014), and will be incorporated
into future work.
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The PTF-NAN survey is supplemented by spectroscopic follow-up observations, as well as optical,
near-infrared, and mid-infrared photometry collected for Rebull et al. (2011). Where available, we
use Ha fluxes from the IPHAS survey to characterize stars for which we were unable to obtain

spectra.
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Chapter 3

Disk-Related Bursts and Fades in
Young Stars!

3.1 Introduction

The best-studied aperiodic variables at present are episodic variables: stars whose lightcurves contain
one or more isolated features that can be explained as accretion or extinction events. The relative
simplicity of episodic variables, along with the scrutiny to which they have already been subjected
in the literature (reviewed in subsection 1.2.3), makes them an excellent starting point for any study
of aperiodic variability as a whole. In addition, bursting and fading have been relatively poorly
studied on timescales of weeks, while our data allows us to explore these timescales very well.

The present chapter focuses on observable optical variability among the ~ 2,100 known and
suspected members of the North America Nebula complex cataloged by Rebull et al. (2011) based
on mid-infrared selection techniques. Of these, 84% are within our monitored field. Among the wide
range of behaviors exhibited by variable stars, we consider the evidence for and typical properties of
bursting or fading behavior, possibly mixed with other forms of variability. In the case of bursting
stars, while accretion-related instabilities having timescales of a few tens of days have been predicted
by a number of theoretical studies (e.g., Aly & Kuijpers, 1990; Romanova et al., 2004), no evidence
for accretion bursts produced by such instabilities has been published (Bouvier et al., 2007), although
accretion bursts on both shorter (Murphy et al., 2011) and longer (Herbig, 2008) timescales have been
observed. We assess, for the first time, the frequency of these intermediate timescale instabilities.
For fading stars, while the existence of extinction-related variability is well-established, results vary
among authors as to the frequency of young stars exhibiting such behavior, as well as the typical
timescales. We also address in this study, for the first time, the ratio of bursting to fading lightcurves
for a typical T Tauri star population.

The remainder of this chapter is organized as follows. In section 3.2, we present our photometric

1Based on work published as Findeisen et al. (2013), ApJ 768, 93. © 2013. The American Astronomical Society.
All rights reserved. Material has been edited for presentation within a thesis.
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data and our detection thresholds for variability. Section 3.3 discusses how we defined the burster
and fader populations and their key properties. In sections 3.4 and 3.5, we discuss the bursters and
faders in more detail, with an emphasis on how the largest sample yet identified of such objects
can constrain their underlying physics. In section 3.6, we describe several noteworthy objects in
more detail. Section 3.7 summarizes our results, describes limitations of our analysis, and suggests

pathways for future work.

3.2 Photometric Data

This study was based on PTF data collected between 2009 August and 2012 December, as described
in subsection 2.3.3, and reduced by the PTF Photometric Pipeline, as described in subsection 2.2.2.
The original sample selection was based on a less complete data set, through 2012 April, and some
sources that were originally in our sample fell outside our selection criteria when the remaining

months were included. For consistency, these sources were kept inside the sample.

3.2.1 Identifying the Variables

To determine which sources were variable during the observation period, we grouped all PTF de-
tections with 14 < R < 20 mag into half-magnitude bins on a chip-by-chip basis. The width of the
bins (0.5 mag) was chosen so that the brightest and least populated bin (14-14.5 mag) had roughly
100 sources on most chips. We then computed the median RMS of all the stars in each bin, and fit

the medians by an equation of the form:

RMS = /a2 + (b x 10-0-4p(mag—14))2 (3.1)

This equation is partly motivated as the sum of a systematic term and a flux-dependent term; the

1 /- .
5 (i.e., noise

exponent of the flux-dependence p was allowed to vary because the natural choice, p =
that scales as the square root of the flux, as expected from photon noise), was too shallow. In
practice we found p ~ % for most chips. We list the fit parameters in Table 3.1.

The curve found by fitting Equation 3.1 describes the locus of nonvariable stars on a given chip.
We defined the boundary between variable and nonvariable stars to be 1.75 times the median RMS.
This cutoff was determined empirically, rather than analytically, to avoid making assumptions about
the noise properties of the data. We set the cutoff by visually inspecting lightcurves with both R ~ 14
and R ~ 16; at RMS values lower than 1.75 times the threshold the lightcurves were indistinguishable
from noise, while at higher values the lightcurves were clearly structured on short timescales.

We show in Figure 3.1 plots of RMS vs. magnitude for the six chips that covered the star-forming
complex, along with the median fit and the variability detection boundary for each chip. For 14th
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Figure 3.1: RMS scatter vs. median magnitude for all sources with flags (listed in subsection 2.2.2)
in fewer than half the epochs. The fit to the median RMS as a function of magnitude
is plotted as the lower red curve, while our variability detection threshold (1.75 times
the median) is plotted as the upper red curve. X’s mark candidate bursting stars from
Table 3.4 while squares mark candidate fading stars. 27 high-amplitude variables are
beyond the upper edge of the Chip 0 plot, 10 each above the upper edge of the Chip 1
and Chip 2 plots, and 1-5 off the upper edge of each of the others.
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Chip a b D Total Sources  Variables
0 0.033 0.0053 0.68 6,090 491 (8.1%)
1 0.018 0.0130 0.52 9,330 490 (5.3%)
2 0.023 0.0145 0.49 14,057 533 (3.8%)
6 0.026  0.0072 0.62 11,036 457 (4.1%)
7 0.025 0.0081 0.60 7,720 337 (4.4%)
8 0.022 0.0105 0.55 10,393 397 (3.8%)

Table 3.1: Best-fit values for the parameters in Equation 3.1 for each of the six target chips. The
parameter a can be interpreted as the systematic noise floor at bright magnitudes, and p
is the power-law dependence of RMS on flux at faint magnitudes. The last two columns
show the total number of PTF sources on each chip as well as the number selected by
making an RMS cut at 1.75 times the value given by Equation 3.1.

magnitude stars, we are sensitive to variability with an RMS amplitude of a few percent, while
below 16th magnitude, we can probe only 10% flux variations. In Table 3.1, we list the number of
PTF sources and the number and fraction identified as photometrically variable using the methods
outlined above. Nearly 3,000 variables projected on the dark cloud and the associated nebulae are

identified. Their RMS amplitudes range from 0.03 to 1.1 mag.

3.3 Bursting and Fading Among Infrared Excess Sources

3.3.1 Sample Selection

Because the North America Nebula complex is located in the plane of the Galaxy, a significant
number of our high quality lightcurves are those of foreground or background field stars. In our
first reconnaissance of the variability properties of the region, we therefore concentrated on variable
stars among a list of candidate North America Nebula members identified by Rebull et al. (2011).
Specifically, Rebull et al. used infrared colors, primarily Spitzer IRAC 3.6 pym — MIPS 24 pm,
to identify stars surrounded by circumstellar dust. Additional considerations included location
in various color-magnitude diagrams that help distinguish young stars from contaminating dusty
sources such as extragalactic AGN and galactic late-type giants. Each source was assigned a spectral
energy distribution class based on the slope of a linear fit to all available photometry between 2 and
24 pm. Class I sources have rising slopes and are interpreted as objects with not only circumstellar
disks, but likely more spherically distributed envelopes as well. Flat-spectrum sources have roughly
constant AF) over the 2-24 ym range and have a similar interpretation. Class I sources are consistent
with traditional disk SEDs. Class III sources have the steepest slopes; most have no excess in the
IRAC bands but were selected based on an excess at 24 ym. Only 6 of the Class III sources in
Rebull et al. (2011) were not selected using either IRAC or MIPS excess criteria. Rebull et al. note
that, since their primary selection is based on infrared data, they are incomplete with respect to

Class III sources.
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IR Source Type # in RGS2011 in PTF Field PTF Counterparts With R < 18 Flags in < 50% Epochs High RMS

MIPS-Only % 25 (100%) 0 (0%)

Class 273 242 ( 89%) 11 ( 5%) 3 (27%) 3 (100%) 3 (100%)
Flat-Spectrum 272 242 ( 89%) 53 (22%) 20 (38%) 13 ( 65%) 10 ( 77%)
Class 1T 604 542 ( 90%) 321 (59%) 160 (50%) 120 ( 75%) 79 ( 66%)
Class 111 112 82 ( 73%) 76 (93%) 43 (53%) 31 (72%) 16 ( 52%)
IRAC-Only 796 613 ( 77%) 140 (23%) 27 (19%) 19 (70%) 9 (47%)
Total 2,082 1,746 ( 84%) 601 (34%) 253 (42%) 186 ( 74%) 117 ( 63%)

Table 3.2: Rebull et al. (2011) gave SED classes only for sources that were detected in both IRAC
and MIPS. Sources that were detected in only one or the other are listed for comparison,
but were not used to estimate the incompleteness from source confusion and flux limits.

Of the 2,082 candidates from Rebull et al. (2011), 601 had a counterpart in the PTF source
catalog. As we show in Table 3.2, the recovery rate by PTF depended strongly on the type of IR
excess. Only 5% of the relatively red Class I sources in the PTF field had detections, while fully
93% of the relatively blue Class III sources were detected by PTF. The strong correlation between
(infrared) source color and recovery rate, in the sense that redder sources are recovered less often,
suggests that most of the sources we did not recover in PTF were missed because they were below
our optical detection limits. However, from image inspection we also know that the PTF pipeline
had difficulty identifying and extracting sources from crowded or nebulous regions. If we assume
that all the Class III sources must be bright enough to detect in the optical if they are visible in the
Spitzer bands even with a small infrared excess, then source extraction problems should dominate
the 7% missing Class I1I sources. Presumably, roughly 7% of the rest of the sample also fell in regions
where the PTF pipeline could not reliably identify sources. This argument assumes that Class I1I
sources are not less likely to be in crowded or high-background regions, where the PTF pipeline is
least reliable, and should be treated with caution. We note that, while the overall incompleteness
does not affect our main science goals, the bias away from Class III sources in the parent sample
and the bias away from Class I sources from cross-matching to PTF do limit our ability to examine
how variability properties change with the degree of infrared excess.

From our sample of 601 infrared excess selected candidate members with PTF counterparts,
we restricted our attention to the 253 sources brighter than a median Rprrp = 18. The detailed
breakdown by SED type is given in Table 3.2. We found from experience that the photometric
quality for sources fainter than Rprr ~ 18 was such that, while we could determine whether a
source was variable, we could not consistently assess the structure of the variability. Considering
only sources whose lightcurves had bad photometry flags (see subsection 2.2.2 for a list) in fewer
than half the epochs further reduced the sample to 186 stars, which are shown in Figure 3.2. The
figure shows no trend with Rprgr except for more sources at fainter magnitudes, suggesting our
magnitude limits avoid any substantial systematics. High-amplitude sources (RMS = 0.3-0.4 mag)
tend to be associated with strong infrared excess, while low amplitudes are found in both strong-

and weak-excess sources.
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Figure 3.2:

PTF magnitude and IR color distributions for those PTF sources that have an in-
frared excess from Rebull et al. (2011) and whose lightcurves have flags (listed in
subsection 2.2.2) in fewer than half the epochs. The color of the dots indicates the
degree of infrared excess: blue dots are class III sources, green ones class II, yellow
ones have a flat IR spectrum, while magenta sources are class I sources. The black
sources are those that were not detected in the Spitzer 24um band, and so did not
have an IR excess class listed in Rebull et al. (2011). Not all sources appear on both
plots, as some had missing 8ym or 24pm photometry. The curves in the upper left
panel show synthetic photometry of Siess et al. (2000) isochrones for ages of 2 Myr
(red) and 100 Myr (blue), at a distance of 600 pc, indicating the expected colors of
stars with no infrared excess at all. As in Figure 3.1, X’s mark candidate bursting
stars while squares mark candidate fading stars.
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Figure 3.3: RMS distribution of the sample, and its correlation with the presence of Spitzer infrared
excess. Left: the fraction of sources with an infrared excess out of all PTF sources
with 13.5 < R < 18 and flags (listed in subsection 2.2.2) in fewer than half the epochs.
Right: the solid line denotes the distribution of RMS amplitudes for the 186 infrared
excess sources from Rebull et al. (2011) whose lightcurves have flags in fewer than half
the epochs. The dashed line represents the subset of 117 that lie above the variability
thresholds in Figure 3.1.

From this sample of 186, we studied in more detail the 117 that showed significant variability
in PTF, as defined in subsection 3.2.1. Both cuts are presented in more detail in Table 3.2. These
infrared excess selected variables include most of the high amplitude variables in the field, as shown
in Figure 3.3; most of the low amplitude variables in the field lack an infrared excess and are not
part of our sample. The 117 infrared-excess variable sources, along with the other variables in the
field, exhibit a wide range of timescales and amplitudes in their lightcurves. We sought to categorize
the lightcurves and hereafter we focus on those that can be identified as bursting or fading.

When selecting sources for inclusion on the list of bursters or faders, we defined a burst in a
lightcurve as a period of elevated fluxes above a (local) floor of relatively constant brightness. We
did not place any explicit restriction on the length of the candidate burst. However, we tended to
require elevated fluxes in multiple consecutive epochs to be certain that a brighter measurement was
not a measurement error, and we required that the period of elevated fluxes be short enough that
we could recognize the remainder of the lightcurve as a well-defined “quiescent” state. We defined
fades analogously as a period of lowered fluxes, with the caveats that we believed the lower fluxes
represented real variability and that the lower fluxes were distinct from the normal variability of
the star. Both definitions were necessarily subjective, and we review possible selection effects in

subsection 3.7.3.
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We visually inspected all 117 lightcurves for bursting or fading activity. For comparison, we also
inspected 100 randomly chosen variable PTF sources that did not have an infrared excess, mixing
them with the sample of 117 so that we did not know whether any particular lightcurve was from
the target sample or the control group. We designated a star as a burster or a fader if it had at least

one bursting or fading event during the monitoring period.

3.3.2 Burster and Fader Statistics

We identified 14 stars with candidate bursts and 29 stars with candidate fades, with two stars showing
both bursting and fading behavior. The sources are listed in Table 3.3, with their photometric
behavior summarized in Table 3.4. Lightcurves of all 41 stars are available online from the PTF
website?. The sources are also highlighted in Figures 3.1, 3.2, and 3.4.

For comparison, in the control group of 100 sources with no infrared excess, we saw only two
stars that appeared to have one burst each, and no faders other than eclipsing binaries. The burst
detected in one of the stars turned out to be a transient scattered light artifact we had failed to spot
at the time of the original analysis. The other may also have been identified as a burster because
of a systematic error in the data or in our visual inspection, or it may represent real astrophysical
variability in the field. In the former case we expect ~ 2 of the bursters in our target sample to be
mislabeled, while in the latter we expect ~ 1 false positives.

The stars listed in Tables 3.3 and 3.4, some of which are highlighted in Figure 3.5 and Figure 3.6,
show a wide variety of behaviors. We see variability from a few tenths of a magnitude to several
magnitudes. The bursts or fades last anywhere from around a day, the shortest timescale resolvable
in most of our data, to hundreds of days. Events may repeat as frequently as once a week, or
can appear only once in the three-year monitoring period. Nearly all the bursters and faders are

aperiodic, with the exception of two faders that are discussed further in section 3.5.

3.3.3 Spectroscopic Characterization

We pursued optical spectroscopy of both the variable star selected sample (this paper) and the
infrared-excess selected sample of Rebull et al. (2011) using the MMT, Keck Observatory, Palomar
Observatory, and Kitt Peak National Observatory.

Of the spectroscopic samples described in subsection 2.4.1, the 2012 DEIMOS observations in-
cluded 19 bursters or faders, and the MMT observations included 22 bursters or faders. The HYDRA
and Norris spectra taken in 1998 and 1999 included 27 bursters or faders.

2http://www.astro.caltech.edu/ptf/
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Figure 3.4: The North America Nebula complex, as observed by PTF in a single epoch from 2009.
The blue circles mark the positions of candidate members selected using infrared excess
by Rebull et al. (2011). As in Figures 3.1 and 3.2, we highlight stars with apparent
bursting activity with red X’s, and stars with apparent fading activity with red squares.
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Figure 3.5: Examples of the diverse behavior seen in our lightcurves for bursting stars. Variability
amplitudes range from a few tenths of a magnitude to 2 magnitudes. Detected bursts
can last from less than two days to over a hundred, and can be separated by anywhere
from 10 days to a year. For scale, the horizontal bar near the top of each panel shows a
10 day interval. No points having any of the flags listed in subsection 2.2.2 are plotted.
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Examples of the diverse behavior seen in our lightcurves for faders. Variability ampli-
tudes range from a few tenths of a magnitude to nearly 2 magnitudes. Fades can last
anywhere from one day to over a year, and can be separated by anywhere from 9 days
to over a year. For scale, the horizontal bar near the top of each panel shows a 10 day
interval. No points having any of the flags listed in subsection 2.2.2 are plotted.



42

3.4 The Burster Phenomenon

3.4.1 Population Properties

Upward excursions in young star lightcurves traditionally have been assumed to come from one of
two mechanisms. Long-lasting, several-magnitude events in young stars with circumstellar accretion
disks (e.g., EX Lup, FU Ori) are interpreted as dramatic increases in the accretion rate from the
disk to the star. Events lasting a few hours or less and rising by at most a few tenths of a magnitude,
particularly in disk-free stars, have been assumed to be associated with magnetic flares like those
seen on the young field star UV Cet or on the Sun. White light flares on the Sun last tens of
minutes, while those on M dwarfs last up to several hours (e.g., Kowalski et al., 2010; Kretzschmar,
2011). As these timescales are set by the cooling times of dense chromospheric material at the base
of the coronal loop, it is unlikely that magnetic flares can produce optical emission with much longer
durations than observed.

Of the 14 stars that show bursting behavior, only two, [OSP2002] BRC 31 8 and FHO 1, have
bursts lasting 1-2 hours, short enough to be plausible flares. The remainder must be driven by
temporary increases in accretion, drops in extinction, or some other phenomenon. The bursters
show a wide variety of behaviors. None are strictly periodic, although [OSP2002] BRC 31 8 and
FHO 29 do show enhanced photometric activity at roughly 300-day intervals. Some bursters, like
FHO 26, repeat every few weeks. Others, like LkHa 185 or FHO 4, show bursts only once a year
or even more rarely. While [OSP2002] BRC 31 8 and FHO 1 have very short bursts, too brief to
resolve outside our highest-cadence monitoring in mid-2011, FHO 17 featured a burst lasting over
100 days, and FHO 18 showed bursts with a range of lengths from a few days to two weeks.

Despite their variety, the bursters do not fall naturally into distinct subclasses, forming instead
a continuum of behaviors. We show in Figure 3.7 the joint distributions of burst amplitudes, burst
widths, and burst separations for all 14 bursters. To avoid systematics associated with separating a
burst or fade from the surrounding, sometimes complex, variability, and to avoid complications from
varying sampling from event to event, the timescales and amplitudes in Figure 3.7 were estimated
by eye and should be taken as illustrative values only. There is no pattern visible in the plot aside
from a rough trend where longer bursts tend to be separated by longer intervals. The absence of
distinct groups of bursters suggests that the diversity of sources can be explained by continuously
varying the parameters of a single common scenario, rather than by invoking different mechanisms
or different configurations for short- and long-timescale bursters.

If either enhanced accretion or reduced extinction are responsible for bursting events, then stars
with large infrared excess, and therefore more circumstellar material, may be more likely to show
bursting behavior than stars with small infrared excess. Using the Kendall’s 7 statistic (Kendall,

1938), we found no evidence for a correlation between the Spitzer IRAC/MIPS [3.6] — [24] color



43

o W
o o
T
1 3
o W
o o
T

N ¢ ¢
&)
1
N ¢ ¢
&)
1

o o

O O

£ [ £ r

8 20F 1 $ 20F 1
ER 2 |

3 a

£ 15F £ 15F 1
<C <C

I S

2 1.0F © 1.0F 1

0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Burst Width (days) Fade Width (days)
LR T T B L B S IR e L T T TRt T B A S S TITE

1000 F E 1000 F
» »
) B
Z Z
) 100 E o 100 F
3] E ) ;
C C
g g
5 5
O O
[0} [0}
o o
2 10f E S 10F
=} r O r
© F w ¥

0.01 1 10 100 1000 0.01 0.1 1 10 100 1000
Burst Width (days) Fade Width (days)

Figure 3.7: Plots of the characteristic amplitudes and timescales for bursters (left) and faders
(right), illustrating the wide variety of observed events. The plus signs indicate sources
that have either well-defined fixed values for their amplitudes and timescales (such as
the two periodic AA Tau analogs in the lower left corner of the fader panels), or
that have only a single measurement (such as the single-event sources in the upper
right of any panel). The ellipses represent sources that have bursts or fades of varying
amplitudes, varying widths, or varying separations within a single lightcurve. The area
below the dotted line on the lower two figures, where events would need to overlap each
other, is not allowed, though some ellipses appear there because this analysis does not
consider correlations between width and separation.
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(56% confidence) and the presence of bursting among our sample of 117 IR-excess sources, but we
did find a marginally significant correlation (2.4% confidence) with Spitzer IRAC [3.6] — [8.0] color,
in the sense that redder sources are more likely to show bursting behavior. We note that of the 14
bursters, only two, FHO 2 and FHO 24, are Class III sources. The rest have K — [8] > 1.8 and
K — [24] > 5 (see Figure 3.2 for comparison to the rest of the sample). We note that since the
K-band and Spitzer data are not coeval, the reported colors may be distorted by variability between
the epochs of observation. However, mid-infrared variability is typically a few tenths of a magnitude
or less (Espaillat et al., 2011; Morales-Calderén et al., 2011; Flaherty et al., 2012), and so should
not dramatically affect a star’s position in diagrams such as Figure 3.2.

While the weak correlation with [3.6] — [8.0] color suggests that bursters are associated with
stronger circumstellar disks, and therefore with the possibility of enhanced accretion or reduced
circumstellar extinction, the absence of a similar correlation with [3.6] — [24] color weakens this
result. As noted in Table 3.3.1, however, only a limited range of infrared color is well-represented
in this sample. It is also possible that any correlation is being diluted by radiative transfer effects,
geometry, or other factors that determine whether any particular star shows bursting behavior. We

discuss how additional data could allow more conclusive tests in subsection 3.7.3.

3.4.2 Constraints on Short-Term Accretion Outbursts

Magnetic or viscous instabilities acting at the boundary between the stellar magnetosphere and
the circumstellar disk are expected to produce short bursts of accretion on timescales of weeks to
months for certain regimes of disk properties (e.g., Aly & Kuijpers, 1990; Goodson & Winglee, 1999;
Romanova et al., 2004, 2005). However, variability from such outbursts has never been observed
(Bouvier et al., 2007). The consistent cadence and long time coverage of our PTF survey have
allowed the most sensitive search to date for such accretion events.

Of the bursting sources in Table 3.4, FHO 2, FHO 4, and FHO 24 show multiple bursts lasting
tens of days each. The separations between bursts vary: tens of days in the case of FHO 24, 100-
300 days in the case of FHO 2, and ~ 500 days for FHO 4. We show all three sources in Figure 3.8.
The timescales and shapes of these events, particularly FHO 2 and FHO 4, resemble the simulated
variations in M shown in Figure 4 of Romanova et al. (2004). Although they do not stand out in
the context of our sample, where burst durations vary continuously from < 1-150 days, FHO 2,
FHO 4, and FHO 24 are noteworthy as the first bursts reported in young stars having timescales
of tens of days. To our knowledge, these lightcurves represent the first observations consistent with
the predicted inner-disk instabilities.

Models predict that short-term accretion outbursts should have amplitudes of a few tenths of
a magnitude. For example, scaling to a fiducial star with 0.8 Mg and 2 Ry, the simulations

1

of Romanova et al. (2004) predict an accretion rate of 2 x 1078 Mgyr~! in quiescence and 6-
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Figure 3.8: Burst profiles for three bursters with durations of tens of days. No points having any of
the flags listed in subsection 2.2.2 are plotted. In this and subsequent plots, the points
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FHO 2 has the simplest event profile, showing a smooth rise and fall over a 20-30 day
interval. The bursts of FHO 4 are longer and show a more complex profile. The
lightcurve for FHO 24 shows a large number of contiguous bursts rather than a few
isolated events like the other two.
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8 x 1078 Mgyr~! in outburst. The fiducial star would have a luminosity of 1.14 L (Siess et al.,
2000), with quiescent and outburst accretion luminosities of 0.25 Lg and 0.88 Ly, respectively,
implying a brightening of ~ 0.4 magnitudes between quiescence and outburst. The three candidate
stars have amplitudes between 0.2 and 0.5 mag, consistent values given star-to-star variations in
star and disk parameters.

The behavior of the lightcurves is inconsistent with white-light flares analogous to those seen on
the Sun. White-light flares tend to have a steep rise followed by an exponential decay. None of the
three bursts show an exponential profile, and the timescales of tens of days are much longer than
the minutes to hours durations observed in the Sun or in low-mass stars. A superposition of many
short flares is also unlikely: FHO 2 and FHO 24 show little variability on timescales of a single day,
as might be expected from a stochastic sum of shorter events. In addition, a 0.4 mag burst lasting
30 days corresponds to an energy release, depending on the (unknown) spectrum of the transient
emission, of ~ 6 x 103 erg for a 1.4 L star. The entire stellar magnetic field, integrating a dipole
field from an assumed R, ~ 2 Rg to infinite radius, contains only ~ 5 x 1038 (Bgy/1 kG)2 erg.
Even a 3 kG field, near the largest values observed in T Tauri stars (Bouvier et al., 2007), cannot
provide enough energy to power the bursts.

The brightness enhancements for these three objects are also unlikely to be dust-clearing episodes.
Only FHO 4 is a Class II source, while FHO 2 and FHO 24 are both Class I1I sources with excess only
in the MIPS 24 pym band. It is doubtful that these two stars have enough circumstellar dust in the
inner disk to allow significant extinction-driven variability. We note that stars with infrared excess
only in the MIPS bands can still show ongoing accretion on the order of 0.1-0.5 x 1078 Mg, yr—!
(Muzerolle et al., 2009; Espaillat et al., 2012), so the absence of an IRAC excess does not rule out
either low-level accretion or, plausibly, brief periods of accretion at a higher rate. Extinction is a
possible origin for the variability of FHO 4; color data taken over the course of one of its bursts

could test this hypothesis.

3.5 The Fader Phenomenon

The two prototypical faders are AA Tau, which fades repeatedly by 1.4 mag over 30% of an 8.2-day
cycle (Bouvier et al., 1999, 2003), and UX Ori, which fades by 3 mag for tens of days at irregular
intervals (Waters & Waelkens, 1998). Both AA Tau and UX Ori are well understood as the result of
recurring extinction by circumstellar material, from a warped inner disk edge in the case of AA Tau
or from more irregular structures in the case of UX Ori.

Of the 29 sources that show some kind of fading behavior, only two, LkHa 174 and FHO 12,
show the periodic modulation characteristic of AA Tau. Four more sources, LkHa 150, FHO 7,

FHO 15, and FHO 27, show multiple fading events with durations of tens of days, as seen for
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UX Ori stars. However, their typical amplitudes of 1 mag or less are much smaller than the 3-4 mag
fades associated with UX Ori stars.

The remaining 23 faders do not resemble either of the previously established categories. The
natural assumption is that these sources also have their variability dominated by circumstellar
extinction, with different spatial scales or different geometries causing the lightcurves to behave
differently.

All the sources except for the two AA Tau analogs are aperiodic, and, as illustrated in Figure 3.6,
they often bear little resemblance to each other. For example, FHO 19 has narrow fades repeating
every 8-10 days, but without enough coherence to be periodic. In contrast, NSV 25414 and FHO 3
both have frequent but irregular events, with the interval between adjacent fades varying by more
than a factor of two. At the other extreme, FHO 21 and FHO 22 each show only one fading event
per year, while LkHa 150 and FHO 25 fade only once in the entire survey period. Most fading events
are short, but those of LkHa 150 and [OSP2002] BRC 31 1 last for hundreds of days. Most stars
have fading events of roughly constant depth, but FHO 15 and FHO 20 have significant amplitude
variability. Most fading events are symmetric, but FHO 11 and FHO 27 show strongly lopsided
events.

Like the bursters, the faders do not separate naturally into sources with distinct timescales. We
show in Figure 3.7 the joint distributions of fade amplitudes, fade widths, and fade separations
for all 29 faders. The absence of gaps in the plot suggests that, as with the bursters, short- and
long-timescale faders have a common origin.

As with the bursters, we tested for a correlation with the presence of circumstellar material.
Using the Kendall’s 7 statistic, we found no evidence for a correlation between the Spitzer IRAC
[3.6] — [8.0] or IRAC/MIPS [3.6] — [24] colors and the presence of fading among our sample of 117
IR-excess variables at 20% and 18% confidence, respectively. However, we did not find a single
example of a fader among Class III sources (i.e., significant excess only at 24 pm), as would be
expected if circumstellar material near the star is needed for fading events to occur.

To test whether the fading events could instead be the result of variable foreground extinction, we
searched for a correlation between stars’ near-infrared color, where we can avoid variability-induced
systematic errors through the use of coeval 2MASS photometry, and the presence or absence of
fading behavior. Since unreddened M dwarfs have J — K < 1, stars with 1 < J — K < 3 must
have significant extinction, while stars with J — K < 1 may have only moderate extinction. If
fading events are caused by foreground dust, we might expect fading to be more prevalent among
the reddest stars. Using the Kendall’s 7 statistic, we found no evidence for a correlation between
the J — K color and the presence of fading among our sample of 117 IR-excess variables at 26%
confidence.

While we find that neither the degree of infrared excess nor proxies for near-infrared reddening
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are good predictors for the presence of fading behavior, the absence of faders among the Class 111
sources is consistent with fading events requiring the presence of inner disk dust and therefore the
possibility of occasionally enhanced extinction along the line of sight. We discuss how additional

data could allow more conclusive tests in subsection 3.7.3.

3.6 Individual Sources of Interest

In section 3.4 and section 3.5 we examined the 41 burster or fader candidates as an ensemble.
However, many of the sources have a character of their own. While we present brief descriptions
of all the sources in Table 3.4, in this section we focus on a small number of stars whose behavior
seems particularly difficult to explain. We present the available data on each and challenge interested

readers to develop models for these sources.

3.6.1 FHO 26

FHO 26 showed several-day-long, ~ 0.7 mag bursts in 2010 and 2011 (see upper right panel of
Figure 3.9) but became quiescent in late 2011. In 2012, except for two brief bursts, it has shown
only a 0.2 mag, 5.6-day periodic modulation. The 2010-2011 bursts do not phase up under the 2012
period. FHO 26 has a modest infrared excess, as shown in the lower left panel of Figure 3.9.

We show in the lower right panel a spectrum of the source taken in 2012 July, well into the quies-
cent phase and near the peak of the periodic variability. The spectrum shows an M4.5 photosphere

with emission from Ha (-13 A equivalent width).

3.6.2 [OSP2002] BRC 31 1

[OSP2002] BRC 31 1 grew fainter by nearly three magnitudes between 2011 April and August but
showed relatively little variability before the fade, as shown in the upper left panel of Figure 3.10.
Our spectrum, taken during the star’s faint state, shows a forest of emission lines including He,
CaIl, [O 1], [Fe I1], [S II], [Ni II], Fe II, and many others. A spectrum of [OSP2002] BRC 31 1 from
1998 shows only Ha, Ca II, and Fe IT at the same strength as in 2012, plus much weaker [O I] and
[Fe II] lines. We see few absorption lines in the spectrum in either epoch.

The 1998 and 2012 spectra are similar to high- and low-state spectra, respectively, of the long-
term variable PTF10nvg (Hillenbrand et al., 2013). Since BRC 31 1, like PTF10nvg, is a Class I
infrared excess source, it is possible that BRC 31 1 is a similar system: a high-inclination source
with circumstellar material obscuring the inner disk, stellar photosphere, and accretion zone, but not
obscuring a spatially extended jet. We note the lightcurve resembles that of V1184 Tau presented
by Grinin et al. (2008).
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Figure 3.9: A star whose regular bursting activity stopped at the end of 2011. The upper left
panel shows the full 3-year lightcurve, with the shaded period expanded in the upper
right panel to illustrate typical bursts for this source and the vertical red line marking
the time at which the 2012 July spectrum in the lower right panel was taken. The
red scale bar represents a 10-day interval. No points having any of the flags listed in
subsection 2.2.2 are plotted. The lower left panel shows the spectral energy distribution
for this source. The points are taken from non-simultaneous optical, near-infrared,
and Spitzer photometry. The solid curve is a reddened NextGen model atmosphere
(Hauschildt et al., 1999) with temperature corresponding to the star’s spectral type,
matched to the optical through J-band fluxes.



50

[0OSP2002] BRC 31 1 [OSP2002] BRC 31 1
P A 1501 ———
E;"n' . w ..?. E L
b ) 1 r
b o ¢ 1 I
16 * ! 155
E -\ ‘ i I
17F ” B 16.0
[ . [
T ' ° r
ER N 3 L
c o, t 1 c [
[ h L I o
o L 4 o L
= [ LI &.0 Y ] =
18 o o0 [ER} 9 16.5
F Yoy, B 1 L
: REEIR D ]
[ ++ . ] [
r 4 1 r
F *”* 1 r
19F #0& 3 17.0F
: b z :
P ) S T B A R B T R 17l oo
55000 55200 55400 55600 55800 56000 56200 56400 55680 55700 55720 55740 55760
Il Il Il Il 1 1 1 1
n1/2010 01/2011 01/2012 01/2013% N5/01 /11 nA/01/11 07/01/11 N’ /01 /1
BRC 31 1
e == o r
-10 - B r
- L
L - ]
| 20F
I [0SP2002] BRC 31 1 r
’l\‘z_‘ L i L
g L
e _
o ] 15+
L L
ot | L
= L
2 [ | L
< 1 10F
Zoie - L
e T T, = 5500 K 1 r
L A, = 0 mag 5?
i3l _ L
C | | | 1 0 Luanighoveunor " sl L
0 1 2 5000 6000 7000 8000 9000
log A[um] Wavelength (A)

Figure 3.10: Same as Figure 3.9, but for a star showing a sudden decline in 2011. The star was not
detected in roughly half the epochs in 2012; the non-detections are not shown. The
upper right panel highlights the decline, including a temporary dip that interrupted
it. Since we could not determine a spectral type for this source, the photosphere
shown in the lower left panel is for an assumed effective temperature.
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Figure 3.11: Same as Figure 3.9, but for a star showing an odd combination of bursting and fading.
The upper right panel shows the fades and their precursor bursts.

FHO 18, shown in the upper panels of Figure 3.11, faded twice by 0.6 mag in quick succession

in 2011. Immediately before each fading event, it brightened by 0.3 mag (upper right panel). This

behavior was not repeated for other fading events during our monitoring period. Aside from these

two fades and their precursor bursts, FHO 18 appears to be a typical Class II young star.

Our DEIMOS spectrum of FHO 18 was taken during a 0.4 mag fade. The spectrum shows a K5

star with Ha emission (-23 A equivalent width) as well as weaker Ca IT and He I emission. However,
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as this fade was not preceded by a burst the spectrum does not directly constrain the star’s unusual

behavior in mid-2011.

3.6.4 FHO 27

FHO 27 FHO 27
155 T T T T T T T T T T T T T T T T T T 15.5 —
L ; .
. * e
= 3e08
: .%;r"f HRT T i
16.0 Y f B 16.0
L ¥ (Y] l}: SR L
. AL M %
°ve o e ¢ ¢
[, . Y fa 1
'%. : L r
16.5F [ ¢ . - 16.5
[0} L * ‘ i g L
EREN < i ] E
S | * 3 $ ] ] c
o TE . sy
O L . ‘0 4 O L
= . 1 =
17.01 2 1 IR 17.0
E ’ ‘*!. . 4 L
L $ J
[ ' o]
b . *‘ 4
17.5F { HE 17.5
I ) v !
; ¢
L ’ L i
180 v v 1w v b v b b e 18.0 L P L P L
55000 55200 55400 55600 55800 56000 56200 56400 55980 56000 56020 56040 56060
| | | | | | |
n1/2010 01/2011 01/2012 01/72013 n3/n1/12 04/01/19 05/01/19
FHO 27
o o —— M 0 B e e e R
_10 u
| FHO 27 (K7) 15+ 5
i b - [
57117 -
w | b
@] 101 B
K L
=
<-12 - =
g T T, = 4000 K 1 L
: ] st
L A, = 3 mag [
_i13 u
L L | L L L L | . . . . | J 0 rasrr S A S S SN AANY! NS A A A A AR R A R A AR
0 1 2 5000 6000 7000 8000 9000

log A[um] Wavelength (A)

Figure 3.12: Same as Figure 3.9, but for a star showing a series of fades superimposed on a year-
long decay. The upper right panel highlights the asymmetric profile of one of the
fades.

FHO 27 had only 0.5-0.6 mag variability with a roughly constant or slightly rising mean magni-
tude throughout 2009-2010, but then began to show deep (up to 2 mag) fading events from late 2011

onward. At the same time, the upper envelope of the lightcurve began to gradually dim, leveling off
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in mid-2012 after a total decrease of roughly 0.8-0.9 mag. The minimum magnitude reached during
each fading event rose from 17.9 in the first fade to 17.3 in late 2012, so that the most recent fades
have only a few tenths of a magnitude depth.

While the fading events repeat every 30-90 days, they are not periodic. In addition, each fade
has a dramatically different profile from those before and after, with many of the profiles showing
strong asymmetries (Figure 3.12, upper right panel), and some fades being much shallower than the
rest (e.g., a 0.3 mag fade in late 2012 April was sandwiched between a 1.1 mag and a 0.6 mag fade).

The spectral energy distribution of the source, shown in the lower left panel of Figure 3.12, has
a strong infrared excess; Rebull et al. (2011) classify FHO 27 as a flat-spectrum source.

We acquired one spectrum of FHO 27 in 2012 July, during the star’s long-term low state but
between the deeper fading events. The K7 spectrum in the lower right panel of Figure 3.12 shows
strong Ho (-80 A equivalent width), Paschen series, and Ca IT emission. Weaker lines in the spectrum

include He I, [O 1], and O 1.

3.6.5 FHO 28

Like FHO 27, FHO 28 was dominated by 0.6 mag irregular variability in the first few years of
our survey, interrupted by occasional 1 mag fades. Then, in early 2012, it began showing rapid
variability with the same maximum brightness, but with a much higher amplitude of 2 mag. The
high-amplitude variability lasted 130 days before the star returned to its earlier behavior. Since
the source was not strictly periodic during its high-amplitude phase, it is not clear whether the
variability has been fully resolved at our daily cadence, in which case the fades are roughly 9 days
apart, or whether we are seeing a strobing effect of a more rapid 23-hour variation. The lightcurve
is shown on the top two panels of Figure 3.13.

The spectral energy distribution, shown in the lower left panel of Figure 3.13, shows a Class II
infrared excess. A spectrum of FHO 28 (Figure 3.13, lower right panel), taken during its strongly
varying phase, shows an M3 star with strong Ho emission (-60 A equivalent width) and weak Ca IT
lines. An older spectrum shows that Hoa was much weaker (-20 A) in 1998, although since we don’t
know the photometric state of FHO 28 at the time, it is not clear whether the difference between
the two spectra is related to the star’s increased activity in 2012.

FHO 28 is yet another example of how the photometric behavior of young stars can change
abruptly from one year to the next. This source would not be classified as a fader if we had only
data from its active phase, as the photometry shows no preference between high and low magnitudes
(Figure 3.13, upper right panel). It is the comparison to previous years that allows us to establish

that the brighter magnitudes represent the unperturbed state of the star.
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Figure 3.13: Same as Figure 3.9, but for a star showing an increased frequency of fades in 2012.
The upper right panel illustrates that the fades in the more active phase were nearly
superimposed.
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3.7 Summary and Discussion

3.7.1 Key Results

We have presented first results from a new variability survey of young stars that probes a large
dynamic range of timescales, from roughly a day to roughly a year. We have used this new data set
to uniformly identify stars with episodic variability, regardless of whether the episodes had day-scale,
month-scale, or year-scale durations and regardless of whether the episodes were periodic. From a
sample of 186 candidate members of the North America Nebula complex, we have identified 14 that
showed episodes of brightening (“bursters”) and 29 that showed episodes of dimming (“faders”),
sometimes mixed with more erratic variability. Two stars showed both bursting and fading at
separate epochs. We have presented basic photometric and spectroscopic properties of both bursters
and faders.

We have found that:

1. Most high-amplitude variables have a strong infrared excess, while low-amplitude variables
may or may not have a strong excess. While similar correlations have been noted before, i.e.,
that classical T Tauri stars tend to have higher amplitudes than weak-lined T Tauri stars, we
show here that a correlation between degree of infrared excess and variability amplitude also

holds among stars with infrared excess.

2. Even within the individual burster and fader classes, we see a wide variety of timescales,
amplitudes, and burst or fade profiles. This includes events that occur only once or twice
in our three-year monitoring period, and would be missed in a shorter survey. It is not clear
whether these varied behaviors imply varied underlying mechanisms. We find no gap separating
groups of bursters or faders with different amplitudes or timescales (Figure 3.7), suggesting
that they are all members of a single population, but in-depth study of representative objects

will be needed to settle the issue.

3. We identify three bursters whose photometric and spectroscopic characteristics are consistent
with published models of accretion driven by instabilities at the boundary between the stellar
magnetosphere and the circumstellar disk. To our knowledge, this is the first time candidate

objects corresponding to these models have been identified.

4. A substantial number of sources show variability over long timescales. Among other exam-
ples, FHO 14 and FHO 28 showed enhanced fading activity in an interval 100-200 days long.
[OSP2002] BRC 31 1 changed from a 15th magnitude star in 2010 to a 18-19th magnitude star
in 2012. [OSP2002] BRC 31 8 and FHO 29 both showed bursting modulated by a timescale of
roughly 300 days. Except for the sudden decay of [OSP2002] BRC 31 1, these are behaviors
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that have not been associated with bursting or fading activity before, for lack of sufficient

sampling.

3.7.2 Comparison to Previous Work

While much previous time domain work on young stars has focused on finding and characterizing
periodic variables, there have been some studies of more general variability. Here we discuss whether
our population statistics are consistent with the existing literature.

We see bursting behavior in 14 sources, or 12 4+ 3% of the R < 18 mag variables with an infrared
excess. To the best of our knowledge, no one has reported a short-term optical burst fraction for
pre-main-sequence stars, so we have no published results to which to compare this figure.

We see fading behavior in 29 sources, or 25 + 4% of the variables with an infrared excess and
16 £+ 3% of all sources with a good PTF lightcurve and an infrared excess. For comparison, Alencar
et al. (2010) found that 28% of stars selected from X-ray or Ha emission, all variables, showed
periodic fading behavior in unfiltered optical light. Morales-Calderén et al. (2011) found fades
(periodic or not) in the mid-infrared in 5% of variables and 3% of their total sample, selected by
proper motion, X-ray or Ha emission, or infrared excess. Finally, Cody & Hillenbrand (2010) found
I-band fading behavior in 6% of their variables and 5% of their total sample, selected by kinematics,
Ha emission, forbidden line emission, lithium absorption, or infrared excess. Each of these surveys
was a few weeks in duration, shorter than our survey, but had higher cadence by factors of 10-200.

To test whether our results are consistent with previous work after accounting for differences in
our observing strategies, we clipped our lightcurves to a 30-day period of high-cadence observations,
up to eight per night, between JD 2455765.5 and 2455795.5. This allowed us to compare our data
to Morales-Calderén et al. (2011), who observed their field for a month at roughly a 2-hour cadence.
We found that 12 of our faders (LkHa 174, V1701 Cyg, and FHO 3, 5, 14, 16, 18, 19, 20, 21, 22,
and 28) were recognizable as such during the 30-day period, indicating that with only a month of
high-cadence data we would have reported a 10+3% fader fraction out of the variables in our sample
or 6 + 2% of the infrared-selected sample. This is slightly higher than, though consistent with, the
Morales-Calderon et al. results. Since our ground-based survey had more data gaps than the Spitzer
observations of Morales-Calderén et al., however, our fader rate had we observed with their exact
cadence may have been higher. On the other hand, it is possible that we are overestimating our
recovery rate, since we had already identified these stars as faders using the full data set and were

aware of their nature while examining the clipped lightcurves, introducing hindsight bias.
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3.7.3 Limitations of the Present Work

We were careful to identify bursting and fading events using only the lightcurves themselves, and not
any ancillary data such as SEDs or spectra, to avoid psychological biases in interpreting ambiguous
cases. However, we could not eliminate all ambiguity: the qualitative nature of event identification
inevitably made some kinds of events easier to detect than others. The easiest events to identify
were either those where the event lasted for several days, so that the lightcurve resolved the event
profile, or those where the event repeated many times over our observing baseline, so that we could
be confident that a high or low point represented real variability rather than a statistical fluke or an
isolated error in the data reduction. We tried to confirm, using thumbnail images, whether isolated
high or low points represented brief but real changes in the stellar flux, but image inspection allowed
us to verify only high-amplitude events. We therefore may be incomplete to variability on timescales
of a few hours.

We also had difficulty identifying bursts or fades lasting longer than several months, particularly
if they were superimposed on other variability. Some stars in our sample showed erratic variability
on timescales of months, and it is not always clear from only three years of data whether a star that
spent several months in a high (or low) state had undergone an anomalous change in brightness, or
whether we were merely seeing an extreme in a continuous series of brightness fluctuations. We chose
to err on the side of caution, and only counted sources where the lightcurve apart from the candidate
burst or fade had much lower-amplitude variability. However, this introduced a bias against mixed
variability modes.

There are at least two sources in the North America Nebula complex that, while they meet our
definition of bursters, are absent from our sample. PTF10gpf (Miller et al., 2011) was an R = 16.5
star at the beginning of the survey that brightened to R ~ 12.5 in mid-2010 and has remained
there since. The source was disqualified from this paper’s sample because it failed three criteria
in the photometry produced by the PTF Photometric Pipeline: it was flagged as blended with
nearby stars at nearly all epochs, it was flagged as saturated in nearly all epochs after the outburst,
and its median magnitude of 12.9 was well above our flux limits. PTF10nvg (Covey et al., 2011)
did not rise past PTF’s saturation limits; however, as noted in Table 3.3.1, the PTF Photometric
Pipeline had difficulty identifying sources around nebulosity. PTF10nvg is located just off a bright
nebula filament, and neither it nor any other nearby sources were extracted. These two omissions
illustrate key sources of incompleteness in this work: crowding, nebula contamination, and a limited
magnitude range. Fortunately, these problems do not apply to the majority of sources in the Spitzer-
selected sample, which are well-separated, in low-background regions, and of less than one magnitude
amplitude.

This work is based primarily on a long-term, single-band photometric survey, which has allowed

us to identify and characterize new types of bursters and faders. However, the data we have presented
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here cannot identify without ambiguity the physics behind each kind of bursting or fading variability,
or even whether all bursters or all faders represent different cases of a common variability mechanism.

The following additional data would provide more insight into the nature of bursters or faders:

e Time series color information would help test whether all of the faders are caused by variable
extinction along the line of sight to the star. Color data would also help us interpret bursters
by providing color constraints to better estimate the energy released in the burst. We plan to

present a color analysis of our bursters and faders in future work.

e Spectroscopic monitoring, especially at high dispersion, would allow us to compare accretion
and wind indicators in a star’s high and low states, allowing us to distinguish which events are
accretion-powered, which represent partial or total obscuration of the photosphere, and which

are driven by something else entirely.

e Polarimetry would help identify which bursts or fades are associated with changes in the obscu-
ration of the star, as it probes what fraction of the measured flux comes from the photosphere
and what fraction is scattered from the disk (e.g., Grinin, 1992; Bouvier et al., 1999). In
particular, it could be used to directly test the hypothesis that all fades are obscuration events

— if they are, then they should all show stronger polarization at minimum light.

We have shown, using the unprecedented PTF data set, that the class of faders is far broader
than previously appreciated, and that bursters, while fewer in number, show a comparable diversity.
We have identified new phenomenology within both classes. These objects can serve as prototypes

for future study of particular forms of bursting or fading activity.
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[RGS2011] ID Short SED R Roed RMS AR Total Unflagged
Name Class (mag) (mag) (mag) (mag) Detections Detections
205032.32+442617.4 FHO 1 II 17.4 17.5 0.13 1.12 873 870
205036.934+-442140.8  [OSP2002] BRC 31 1 I 16.8 16.6 1.24 4.94 750 505
205040.29+443049.0 LkHo 139 II 14.6 14.6 0.13 0.92 883 778
205042.78+442155.8  [OSP2002] BRC 31 8 16.9 16.9 0.18 1.97 877 872
205100.90+443149.8 V1701 Cyg II 15.5 15.4 0.36 1.89 769 629
205114.80+424819.8 FHO 2 II1 13.8 13.8 0.075 0.91 857 750
205115.14+441817.4 LkHa 150 II 16.4 16.3 0.29 2.22 879 833
205119.43+441930.5 FHO 3 11 17.1 17.0 0.48 2.74 873 865
205120.99+442619.6 LkHa 153 II 15.1 15.1 0.13 0.80 882 866
205123.59+4-441542.5 FHO 4 11 17.6 17.6 0.13 1.13 875 875
205124.70+441818.5 FHO 5 II 18.0 17.9 0.24 2.06 872 839
205139.26+442428.0 FHO 6 II 14.8 14.7 0.26 1.49 884 872
205139.93+443314.1 FHO 7 II 16.7 16.5 0.53 2.66 879 877
205145.99+-442835.1 FHO 8 II 17.8 17.7 0.27 2.71 874 870
205155.70+443352.6 FHO 9 11 15.9 15.8 0.26 1.76 881 865
205158.634+-441456.7 FHO 10 Flat 16.7 16.7 0.12 0.90 879 825
205203.65+-442838.1 FHO 11 II 18.0 17.9 0.13 0.98 870 836
205228.334+-442114.7 FHO 12 II 16.5 16.4 0.26 1.71 878 863
205230.89+442011.3 LkHo 174 II 16.7 16.7 0.28 1.51 878 878
205252.48+441424.9 FHO 13 II 18.1 18.12 0.42 2.63 874 795
205253.434+-441936.3 FHO 14 II 18.0 17.9 0.14 1.11 873 853
205254.30+435216.3 FHO 15 II 17.1 17.0 0.34 2.01 877 785
205314.00+441257.8 FHO 16 II 17.1 17.0 0.18 1.21 877 877
205315.62+434422.8 FHO 17 II 17.3 17.5 0.49 2.21 848 720
205340.134+-441045.6 FHO 18 II 17.0 17.0 0.21 1.87 875 875
205410.154+-443103.0 FHO 19 18.0 17.9 0.24 1.88 869 867
205413.74+442432.4 FHO 20 II 16.3 16.2 0.21 2.36 876 876
205424.41+444817.3 FHO 21 II 16.7 16.6 0.24 1.59 876 876
205445.66+444341.8 FHO 22 17.4 17.3 0.31 2.99 874 872
205446.614+-441205.7 FHO 23 II 17.4 17.3 0.16 0.87 763 665
205451.27+430622.6 FHO 24 II1 15.9 15.8 0.13 0.70 860 860
205503.014-441051.9 FHO 25 Flat 16.1 16.1 0.12 1.31 876 872
205534.30+432637.1  [CP2005] 17 11 17.2 17.2 0.10 0.88 850 850
205659.324+-434752.9 FHO 26 18.0 18.0* 0.23 1.72 861 827
205759.844-435326.5 LkHa 185 II 14.6 14.6 0.074 0.70 884 884
205801.36+434520.5 FHO 27 Flat 16.6 16.3 0.61 2.35 878 866
205806.10+435301.4 V1716 Cyg II 16.5 16.5 0.16 1.10 879 879
205825.554+-435328.6 FHO 28 II 17.8 17.7 0.40 2.40 874 871
205839.734+440132.8 FHO 29 Flat 16.7 16.8 0.59 3.17 879 877
205905.984-442655.9 NSV 25414 II 14.7 14.6 0.45 2.21 884 823
205906.69+-441823.7 FHO 30 II 17.2 17.2 0.14 1.23 872 869

Table 3.3: R denotes the mean PTF magnitude, Rpeq the median PTF magnitude, and AR the
peak-to-peak amplitude.

@ While this star is fainter than R,,.q = 18 in the 2012 December data release, the target selection was done using the
2012 April release, at which time the source had R,,cq < 18.



60

[RGS2011] ID Short Ryeqa Event Lightcurve Spectrum
Name (mag) Notes Notes
205032.32+442617.4 FHO 1 17.5 Burster  Several bursts, each lasting
only 1-2 hours.
205036.934+-442140.8  [OSP2002] 16.3 Fader Faded in mid-2011, still at min-  Spectrum dominated by emis-
BRC 311 imum. See subsection 3.6.2. sion lines in both 1998 and
2012. Both epochs show Ha,
Ca II, Paschen series, and Fe II
emission; 2012 also has [O IJ,
[Fe 11, [S 11, and [Ni I1].
205040.29+443049.0 LkHa 139 14.6 Burster One burst lasting 3 days in
2011.
205042.78+442155.8  [OSP2002] 16.9 Burster  300-day modulation,  with
BRC 31 8 daily 1-2 hour bursts near
maximum of the modulation.
205100.904+443149.8 V1701 Cyg 15.3 Fader Fades lasting several days,
roughly once a month.
205114.804+424819.8 FHO 2 13.8 Burster Bursts lasting ~ 50 days, ev-
ery 100-300 days. See subsec-
tion 3.4.2.
205115.14+441817.4 LkHo 150 16.3 Fader Faded by 1 mag in early 2012
for 3-4 months. Long rise with
40.4 mag variations during re-
covery.
205119.434+441930.5 FHO 3 16.9 Fader 2-day fades at intervals from 4
to 7 days.
205120.99+442619.6 LkHo 153 15.0 Burster One burst lasting 2-15 days,
and several lasting less than
1 day each
205123.594+441542.5 FHO 4 17.6 Burster Two bursts lasting ~ 60 days, M2 star with Ha, He I, [N II],
separated by 350 days. More Ca II emission. Ha and Ca II
complex profile than FHO 2. half as strong in 2012 as in
See subsection 3.4.2. 1998.
205124.70+441818.5 FHO 5 17.9 Fader Many short 1 mag fades last-
ing ~ 1 day, mixed with some
longer (~ 3 day) but shallower
(~ 0.6 mag) fades.
205139.264442428.0 FHO 6 14.8 Fader Many short fades lasting ~

4 days,
50 days,

separated by 20-
superimposed on
lower-amplitude erratic vari-

ability.

Table 3.4: Phenomenology of candidate bursters and faders. R,,.q denotes the median PTF mag-
nitude. Lightcurves for all these sources are available online from the PTF website.
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Spectrum

Notes

205139.93+443314.1

205145.99+442835.1

205155.70+443352.6

205158.63+441456.7

205203.65+442838.1

205228.33+-442114.7

205230.89+442011.3

205252.48+-441424.9

FHO 7

FHO 8

FHO 9

FHO 10

FHO 11

FHO 12

LkHo 174

FHO 13

16.3

17.7

15.9

16.7

17.9

16.5

16.7

18.0

Fader

Fader

Fader

Fader

Burster

Fader

Fader

Fader

Fader

Three fading events, 50, 150,
and > 180 days long, each with
complex bursts in their cores;
one additional event, lasting <
70 days, started at the end of
the 2010 season. Decline seen
over 2012, though not as pro-
nounced as in FHO 27.

One 0.5 mag fading event last-
ing 100 days.

One 0.6 mag fading event
lasting ~ 6 days in 2011
July. 4-day, 0.6 mag, fading
events separated by 10-20 days
throughout rest of lightcurve.
Two fades ~ 0.3 mag deep last-
ing 4-5 days, and one lasting <
10 days. Events separated by
several months. Mixed with er-
ratic variability of ~ 0.2 mag.
Two bursts ~ 0.4 mag high
lasting < 3 days each, sep-
arated by 7 days. Mixed
with erratic variability of ~
0.2 mag.

Slow decay over ~ 100 days
followed by a rapid rise in ~
30 days. Weaker, shorter fade
2 years before had a fast decay
followed by a slow rise.
1.5-day fading events repeating
every 5.8 days.

Fading events lasting 3 days,
repeating every 7.7 days.
Roughly 1/3 of the cycles do
not have a fade.

Fades lasting several days, ev-
ery 10-20 days. Most fades
have depths of ~ 1 mag;
roughly every ~ 200 days a

fade is deeper, ~ 1.4 mag.

K5 star with Ha and Ca II

emission.

K7 star with strong Ha emis-
sion, as well as He I and [O I]
emission.

K5 star with Ha, Ca II, and

He I emission.

Table 3.4: Phenomenology of candidate bursters and faders. R,,.q denotes the median PTF mag-
nitude. Lightcurves for all these sources are available online from the PTF website.
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205253.43+441936.3

205254.30+-435216.3

205314.004-441257.8

205315.62+434422.8

205340.13+-441045.6

205410.15+443103.0

205413.744-442432.4

205424.41+444817.3

205445.66+-444341.8

FHO 14

FHO 15

FHO 16

FHO 17

FHO 18

FHO 19

FHO 20

FHO 21

FHO 22

18.0

17.1

17.1

17.6

17.0

18.0

16.2

16.6

17.3

Fader

Fader

Fader

Burster

Fader

Burster

Fader

Fader

Fader

Fader

0.4-0.7 mag fading events last-
ing 6-12 days every 20-30 days.
One 0.2 mag, 150-day fad-
ing event with several of the
shorter fades within it.

Three low states lasting 100,
30, and 70 days, in order, sep-
arated by one year; all three
show high variability at mini-
mum. First two fades 1.3 mag
deep, third only 0.8 mag.
Combination of 0.6 mag fades,
lasting 2-4 days, and 0.3 mag
fades, lasting 60-80 days.
Several 0.4 mag bursts lasting
1-3 days, followed by a qui-
escent period, followed by a
1.5 mag burst lasting 150 days.
Two 0.4 mag fades lasting 5
and 3 days, 11 days apart.
Both fades immediately pre-
ceded by 0.3 mag bursts. See
subsection 3.6.3.

Two 0.8 mag bursts lasting 10
and 7 days, 240 days apart.
Several 0.3 mag bursts sepa-
rated by tens of days.

Several fades lasting 3 days
each,

10 days.

repeating every 8-
Fade depth varies
between 0.5 and 0.9 mag.

2-5 day fading events; longer
events tend to be deeper.
Three fades, lasting ~ 10 days
(first part mnot observed),
5 days, and 11 days, separated
by 250 and 330 days.
Complex fades lasting 6-
20 days, separated by 230 and
300 days. Hints of a double
profile for each event. One
additional 3-day fade 50 days

after the third main fade.

K8 with Ha, He I, and O I

emission.

K5 star with Ha, He I, Ca II,

and [N II] emission.

Table 3.4: Phenomenology of candidate bursters and faders. R,,.q denotes the median PTF mag-
nitude. Lightcurves for all these sources are available online from the PTF website.
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205446.61+441205.7

205451.27+430622.6

205503.01+-441051.9

205534.30+432637.1
205659.32+434752.9

205759.844-435326.5

205801.36+434520.5

205806.10+-435301.4

FHO 23

FHO 24

FHO 25

[CP2005] 17
FHO 26

LkHa 185

FHO 27

V1716 Cyg

17.3

15.9

16.0

17.1
17.9

14.6

16.1

16.5

Fader

Burster

Fader

Fader

Burster

Burster

Fader

Burster

Several fades lasting 2-6 days,
separated by a few weeks.
Fades range from 0.6 mag to
0.3 mag, the level of the under-
lying erratic variability.

0.2
~ 15 days in 2010, followed by

mag burst lasting
a series of 0.5 mag bursts in
2012 lasting 15-40 days each.
See subsection 3.4.2.

One ~ 5-10-day fade in late
2010

One 65-day fade in 2010.
Several bursts in 2010-2011,
lasting 4-5 days each and sep-
arated by 10-30 days.
tivity in 2012.
tion 3.6.1.
First half of a 0.3 mag burst

No ac-

See subsec-

before a data gap in mid-2011.
Rise time 2 days.

Multiple fading events last-
ing 15-40 days and separated
by intervals ranging from 30-
60 days. Events superimposed
on a steep decline over the
course of 2012, more extreme
than in FHO 7. Fading events
get shallower over the course
of the decline. See subsec-
tion 3.6.4.

Two bursts, the first lasting 5-
20 days and the second 3 days,
separated by 35 days. Com-
plex profiles.

M4.5 star with Ha emission.

K7 star with strong Ha, Ca II,
Paschen series, and He I emis-

sion, and weaker lines of [O I]

and O I.

Table 3.4: Phenomenology of candidate bursters and faders. R,,.q denotes the median PTF mag-
nitude. Lightcurves for all these sources are available online from the PTF website.
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205825.554+-435328.6 FHO 28

205839.734-440132.8 FHO 29

205905.984-442655.9 NSV 25414

205906.69+-441823.7 FHO 30

17.7

16.8

14.6

17.2

Fader

Burster

Fader

Fader

130-day interval of repeated
8-day fading events in 2012;
only 5, well-separated events
each in 2010 and 2011. 2011
fades were typically only 2 days
long, while 2010 events were
too sparsely sampled to con-
strain their length. See subsec-
tion 3.6.5.

High states in early 2010, early
2011, late 2011,
first half of 2012.

and entire
2010-2011
bursts repeat roughly every
270-300 days, but 2012 behav-
ior does not fit the period.
1 mag fading events lasting 10-
15 days, with +0.5 mag vari-
ability at minimum. Fades re-
peat every ~ 30 days.
Short 0.6 mag fades, typically
2 days or less, separated by be-
tween 10 and 60 days. Two
0.15 mag fades lasting 30 days
each in mid-2011 and late 2012.
All fades are superimposed on

0.4 mag erratic variability.

M3 star with Ha emission in
both 1998 and 2012, though
the line is stronger in 2012.
The 2012 spectrum also has
weak emission of Ca II, [N IIJ,

He I.

Table 3.4: Phenomenology of candidate bursters and faders. R,,.q denotes the median PTF mag-
nitude. Lightcurves for all these sources are available online from the PTF website.
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Chapter 4

Theoretical Performance of
Timescale Metrics

4.1 Introduction

Periodic lightcurves can be easily characterized by their period, and a number of standard methods
exist in the literature for determining the period of a lightcurve (e.g., Scargle, 1982; Lenz & Breger,
2005). No analogous metric exists for characterizing aperiodic signals. However, as argued in
subsection 1.2.1, the timescale is a key observational characteristic that can discriminate between
variability associated with different regions of a young star-disk system. Therefore, I attempt to find
a robust metric for characterizing the variability timescale of aperiodic variables and quantitatively
distinguishing rapidly- from slowly-varying signals.

I define a good timescale metric as one that meets the following criteria:

Universal: it is defined for any lightcurve with any sampling, provided some minimum number of
data points are present. In particular, it should not require evenly spaced samples, nor should

it place preconditions on the properties of the underlying signal.
Data-Driven: it does not require hand-tuning, but is determined entirely by the data.

Versatile: it gives consistent results across lightcurves having different shapes or characteristic

behaviors.
Accurate: it correlates with the “true” timescale of a lightcurve.
Precise: it has a low statistical variance.
Dependable: it gives consistent results across different noise levels or cadences.

Robust: it changes little if a small number of data points are added or removed, even if those points

are outliers.
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Well-Characterized: it offers a way to determine the significance of the detected timescale.

As an illustrative example, the popular Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982)
is versatile (in the sense that non-sinusoids will give the correct period, albeit at lower significance
than a sinusoid of the same period and amplitude would), accurate, precise, and well-characterized.
It is not universal (it works well only for sources dominated by a single periodic component), nor
data driven (the analyst must choose an appropriate frequency grid), nor dependable (many real
cadences will introduce aliases, sidelobes, or other artifacts), nor robust (each observation contributes
equally to each point in the periodogram, allowing combinations of outliers to create false peaks at
particular frequencies). There may never be a timescale metric that meets all these criteria, but
they help guide an objective comparison of competing metrics with each other. As the example with
the periodogram shows, even a metric that fails several criteria can still be very valuable in the right
applications.

This chapter describes algebraic calculations directed toward identifying a good aperiodic timescale
metric. To my knowledge, these calculations have not been done before in this context. Numerical

simulations toward the same goal are presented in Chapter 5.

4.1.1 Motivation for an Analytic Treatment

Numerical simulations allow a timescale metric to be tested under a range of lightcurve parameters,
observing strategies, and signal-to-noise ratios. However, they cannot address every issue. An

assessment of timescale metrics based entirely on simulations would have three key limitations:

e the number of simulations needed to capture the full range of lightcurve behaviors would be
difficult to determine. This is particularly a problem for long-timescale stochastic lightcurves,
where the behavior in any individual lightcurve can deviate far from the ensemble average.
Results based on too-few simulations, even if formally significant, could have undetected biases,

while ensuring that there are enough simulations would carry a steep computational cost.

e while a simulation can characterize the behavior of a timescale metric for any assumed ob-
serving strategy, it offers little guidance on how to generalize the results. Since the space
of possible cadences is too large to cover effectively, it can be difficult to distinguish which
simulation results are a general property of a timescale metric and which are specific to the

cadences that have been tried.

e a simulation cannot be used to test the bias or consistency of a timescale metric, because
it does not provide the true value being estimated by the metric. Even if a simulation can
show that the value of a timescale metric converges as the duration or cadence of a lightcurve
increases, it will not show whether the limit of convergence is in fact the correct value of the

statistic.
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The analytical work described in this chapter provides supporting information to address all three
concerns. By concentrating on the average behavior of a particular timescale metric on a lightcurve,
a theoretical analysis is immune to “cosmic variance” from individual lightcurves (but, conversely, it
cannot constrain the amount of error introduced by individual lightcurve variation in a real analysis).
The work in this chapter distinguishes between cadence-dependent and cadence-independent prop-
erties of a timescale metric by working in terms of the functions underlying a particular lightcurve,
without reference to a specific cadence. Finally, by working with the underlying function rather
than simulated observations of limited cadence or length, the analysis in this chapter establishes the

baseline needed for characterizations of the bias or consistency of a timescale metric.

4.1.2 Conventions in this Chapter

In keeping with typical statistical conventions, I use P() to denote probabilities, F'() to denote
cumulative distributions, and f to denote probability densities throughout this chapter. E() denotes
an expectation value, and V() a variance. The covariance of X and Y may be denoted either V(X,Y),
or, for clarity, cov(X,Y’). The correlation coefficient will be denoted p(X,Y’). To avoid confusion
in calculations that contain absolute values, I use a semicolon rather than the more typical vertical
bar to denote conditional probabilities or densities, i.e., the probability of A given B will be denoted
P(A; B) rather than P(A|B).

When describing specific lightcurve models, m(t) denotes the source magnitude as a function of
time t. When analyzing stochastic models, the source magnitude may be denoted M rather than
m to emphasize its interpretation as a random variable, but the meaning is otherwise unchanged.
Many models require an arbitrary reference time, denoted ty. mg denotes a reference magnitude,
usually, but not always, the mean of the lightcurve model. A denotes an amplitude parameter for
deterministic models, and o, an amplitude parameter for stochastic models; the latter can usually
be interpreted as an RMS amplitude. Finally, the timescale for periodic models is represented by
w = 27t/ P, where P is the period, while the timescale for aperiodic models is denoted .

This chapter contains a large number of equations. For clarity, only equations describing key

results are numbered. Equations representing intermediate steps in derivations are not numbered.
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Figure 4.2: Theoretical power spectra for the lightcurves discussed in this section, in arbitrary
units. A frequency of 1 unit corresponds to a time separation of 1 unit in Figure 4.1.
Lightcurve model parameters are as in Figure 4.1.
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4.2 Test Signals

4.2.1 Sinusoid

As the archetypal periodic function, a sinusoidal signal serves as a good reference point for compar-

ison to aperiodic functions. For all calculations, I adopt the form
m(t) = mo + Asin (w(t — o)) (4.1)

Note that in this convention, A is the half-amplitude, not the peak-to-peak amplitude. The 5-95%
amplitude of a sine is 24 cos (£(0.10)) = 1.975A. The RMS amplitude is A/7.
The power spectral density of a sinusoid, following the Fourier transform convention of Gillespie

(1996), is the well-known result

S(v) = 1A2 <5(1/ - %) +6(v+ 113)>

T2
where ¢ denotes the Dirac delta function. By definition, a sinusoid has only a single frequency

component.

4.2.2 AA Tau

For a periodic function less well-behaved than the sine, I adopt an abstraction of an AA Tau variable,
i.e., a lightcurve with periodic dips. For the dip profile I assume a half-sine waveform. This profile
adequately represents the fact that most dips have smooth walls and lack a flat bottom (Cody, priv.
comm. 2012; McGinniss et al., in prep.).
The adopted form is
mo — Acos (5 25) if [¢] < ¢

m(t) = (4.2)
mo otherwise

where ¢ = frac (21(15 - to)) — %
™

where the convention that —% <o < % is adopted for convenience. d¢ is the half-width of the dip

in units of the period, and can range from 0 to % The 5-95% amplitude for an AA Tau lightcurve is

0 if 26¢ < 0.05

Acos () if 0.05 < 25 < 0.95

Acos (04%3)”) — Acos (04%‘3)”) if 0.95 < d¢
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The RMS amplitude is

A T . T
7T\/§\/26¢ <86¢cos (25¢> + 7 sin <26¢>> + 72 — (469)?

The power spectral density of an AA Tau lightcurve, following the Fourier transform convention

of Gillespie (1996), is approximately

S(v) = A? (0.0365 +0.0615 (5(1/ - %) +0(v+ ;_,)> +0.0360 <§(y - %) +0(v+ 123)>
+0.0132 (5(u — %) +o(v+ ]?;)> +0.0021 (6(u — %) +o(v+ %)

)
+0.0003 (5(u - %) +(v+ Ji)) +0.0002 (6(V - ;) +(v+ ;)) +. )

and follows from the Fourier series of Equation 4.2.

4.2.3 White Noise

A white noise process is a probabilistic model where magnitudes are drawn from a Gaussian distri-

bution, and are independent of the magnitudes at all other times. I adopt the notation

E(m(t)) = mo
V(im(t) = o2, (4.3)
cov (m(t;),m(t;)) = o020t t;)

where § denotes the Kronecker delta, not the Dirac delta, and cov(X,Y") denotes the covariance of
random variables X and Y. o, can be interpreted as the RMS amplitude of the white noise process.
The 5-95% amplitude for a white noise process is 20,,v/2 erf "1 0.90 = 3.2910,,.

The power spectral density of a white noise process, following Gillespie (1996), is
S(v) = 202,
By definition, a white noise process has a uniform power spectrum.

4.2.4 Squared Exponential Gaussian Process

The squared exponential Gaussian process is a probabilistic model where magnitudes are drawn

from a Gaussian distribution, and the correlation between magnitudes at any two times follows a
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Gaussian function of the difference between them. I use the form

t) = mo

m(t)) = op, (4.4)
Cov(m(ti),m(tj)) = O-?ne—(ti—tj)z/QTQ

Again, o, denotes the RMS amplitude of the squared exponential Gaussian process. The 5-95%
amplitude for a squared exponential Gaussian process is 20,,v/2 erf 1 0.90 = 3.2910,,.
The power spectral density of a squared exponential Gaussian process, following the Fourier

transform convention of Gillespie (1996), is
Sv) = 2\/%7‘0’%6_(27””)2/2
The power spectrum is flat for v < 1/7, but has almost no power at higher frequencies (Figure 4.2¢).

4.2.5 Two-Timescale Gaussian Process

To test how well different timescale measures work with lightcurves that have multiple components,
I consider an extension of the squared exponential Gaussian process that decays on two different

timescales, following

E(m(t)) = mo
m(t)) of + 03 (4.5)
t

cov (m(ti), m( ])) O-%ef(tiftjﬁ/%'f + a'%ef(ti*tj)z/?‘rg

<

where o7 and 71 are the RMS amplitude and timescale of the first component, and oy and 7o are
those of the second component. I assume, with no loss of generality, that 71 < 7. The 5-95%
amplitude for a two-timescale Gaussian process is 21/20% + 203 erf 1 0.90 = 3.291/0? + 02. The
RMS amplitude is \/m .

The power spectral density of a two-timescale Gaussian process, following the Fourier transform

convention of Gillespie (1996), is
S(v) =2v2r (7’1<7%e_(27"“’)2/2 + Tzage_(2”2”)2/2>
There is a lot of power for v < 1/71, but almost none at higher frequencies (Figure 4.2d).

4.2.6 Damped Random Walk

Although a damped random walk, or more formally an Ornstein-Uhlenbeck process, is normally

defined in terms of a stochastic differential equation, it can be shown that the samples X (¢;) of a
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damped random walk are jointly normally distributed (Doob, 1942). Therefore, a damped random
walk is a Gaussian process and can be described with the same formalism as the white noise and
squared exponential Gaussian process cases. If (m(t) —my) follows an Ornstein-Uhlenbeck process
(I subtract mg because I follow the formalism of Gillespie (1996), who defines the process to have

mean zero), then

E(m(t)) = mo+ xoe—(t—to)/T
V(m(t)) = % (1 — 672(t7t0)/7—)
cov (m(t;),m(t;)) = %e*(tzftl)/r (1 _ 672(t7t0)/-r)

where D is the diffusion constant, 7 is the damping time, the random walk begins at m(tg) —mo = zo,
and t; and to denote the order of the times ¢; and t; such that ¢y <t; <. The case of interest for
an astrophysical lightcurve is when ¢t — g > 7, so that the initial conditions are irrelevant and the

lightcurve can be described as a stationary process:

E(m(t)) = mo
veme) = 5 (4.6)
cov (m(t;),m(t;)) = Lre-(ta—t/r

= %e*\ti*tjl/"'

In the last line, I've used the fact that ¢; = min {¢;,¢;} and ¢, = max{¢t;,¢;}.
The 5-95% amplitude for a damped random walk in the stationary limit is 2v/D7 erf ™ 0.90 =
2.327v/D7. The RMS amplitude is %.
The power spectral density of a damped random walk, following Gillespie (1996), is

Sv) = 1+ (2n71v)?

The power spectral density is flat for v < 1/7, but decays as 1/v/? at higher frequencies (Figure 4.2¢).

4.2.7 Undamped Random Walk

The random walk, or, more formally, a Wiener process, is the limit of a damped random walk when

the damping time 7 becomes infinite. Following Gillespie (1996), the mean and variance are

E(m(t)) = mo

(47)
D(t —to)

=
3
I
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Given the relationship between the damped and undamped random walks, the covariance of the

latter is

cov(mi,mj) = lim DT ttz=ta)/ (1 - e’z(tl’to)/T)
v T—o0 2

Changing variables to x = 1/7 to make the expansions easier,

D
cov(m;, m;) = lir% 2—67"”('52*“) (1 - e*%(tl*to))
r—r €T

= lim 2 (1 alts - 1) + O@?) (2t — to) + O(?)

z—0 21

= lim 22 (2z(t1 — to) + O(2?))

x—0 21
= i D 2(t t (@)
= a}j}%;((l—O)Jr ()

= D(t1 —to) (4.8)

The covariance between two measurements is the variance of the earlier measurement.

Note that, since the variance and covariance increase without bound as one gets farther and
farther from the initial time tg, a random walk is not a (weak-sense) stationary process and many
results concerning the properties of stochastic processes do not apply. In particular, a random
walk does not have a well-defined power spectral density (Gillespie, 1996), although some authors

incorrectly state it has a 1/v? spectrum.

4.3 Overview of the Chapter

The remainder of this chapter is organized as follows. Each of sections 4.4 through 4.6 introduces
a specific timescale metric (in order, structure functions, autocovariance functions, and Am-At
plots), then examines the behavior of that metric on each lightcurve model presented in section 4.2.
Having examined the performance of the timescale metric across a variety of lightcurve forms, each
section ends with an assessment of the fitness or unfitness of the metric. Each assessment includes
a table (Table 4.1, Table 4.2, or Table 4.3, respectively) containing the theoretical timescales for
each lightcurve. We provide a higher-level summary of the results in section 4.7, which compares
the three metrics with each other, and evaluates which meet four of the criteria introduced above:
whether the metric is universal, data-driven, versatile, or accurate. The remaining criteria must
be tested against specific data sets, and are studied using numerical simulations in the following
chapter.

For each combination of timescale metric and lightcurve model, I first derive a functional form
for the timescale metric, then evaluate the function at several key values to obtain a scalar timescale.
All three timescale metrics include at least one parameter such as a cutoff value; I carry out the

analysis for several representative values of the parameter(s), and explain my choices at the start of
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that metric’s section.

Wherever the definition of a timescale metric requires an amplitude for the lightcurve, I adopted
the range between the 5th and 95th percentiles of the magnitudes. This definition can be applied
consistently to both deterministic and stochastic lightcurve models, and it is also a valuable way
to characterize real data to minimize the effect of outliers. As a result, this definition allows easy

conversion between analytical work and real data.

4.4 Structure Functions

In this section I calculate the ideal behavior of a structure function for each lightcurve model in-
troduced in section 4.2. The (first-order) structure function is an estimate of the expected value of
(m(t) — m(t + At))? as a function of At, and therefore represents the “typical” degree of variability
seen in observations separated by a timescale At. In practice the estimate is often done by binning
the observations onto a grid of At values (Paltani et al., 1997, e.g.,), but this need not be the only
algorithm for evaluating structure functions.

In general, at very short timescales, where the lightcurve can be approximated as linear, the
structure function scales as At?. For incoherent sources, the structure function approaches an
asymptotic value of 2V (m) at very long timescales (Simonetti et al., 1985). For periodic sources, the
structure function approaches zero at integer multiples of the period, since (by definition) m(t) —
m(t+ P) = 0.

In the limit of infinite cadence, the structure function can be evaluated directly by computing
the expectation value of (m(t) —m(t+ At))? from the definition of m(t). For Gaussian processes, in
particular, the structure function can be expressed entirely in terms of the autocovariance function
that defines them.

I consider converting a structure function into a scalar timescale by finding the first At at which
the structure function crosses one ninth, one quarter, or one half of the squared amplitude. These
values were selected on the basis of intuition: the first two correspond to variations of one third
and one half the lightcurve amplitude, respectively, while the last was adopted to better probe the
structure function on longer timescales.

I begin tests of the structure function with a sinusoidal lightcurve, as a straightforward periodic

signal, before moving to more complex periodic signals and to aperiodic signals.



78
4.4.1 Sinusoid

If m(t) = mo + Asin (w(t — tp)), then

SF(At) = FE((m(t) —m(t + At))?)
w to+2m/w

= ) (Asin (w(t —t)) — Asin (w(t + At — t0)))* dt

Let © = 52 (t — to) and let Az = = At. Then

SF(At) = A? /1 (sin 27z — sin (27 (z + Axz)))? da
0
= A%(1 —cos (2wAx))
= A%(1 — cos (wAt)) (4.9)

This function is shown in Figure 4.3a.
The scalar timescales calculated from the structure function for a sinusoidal signal are listed in

Table 4.1.

4.4.2 AA Tau

If

m(t) = mo — Acos(%%) if |¢] < d¢
mo otherwise

then the integrand in the expression E((m(t) — m(t + At))?) can assume one of four forms:

SF(A) = (mo —mo)” d¢p

/I¢>6¢ A lp+Ap|>8¢

2

+ / (mo—mo+Acos<7T¢+A¢>) d¢

16|>8¢ A |o+Ap| <56 2 49

2

+ / <mo—Acos<7r(b)—mo—i-Acos(W(b—'_A(b)) do

16|<8¢ A |6+A0| <5 249 2 49

2
T ¢

+ / <m —Acos()—m) d¢

161<66 A 6+801566 \ 26¢ 0

depending on whether neither, either, or both the lightcurve at time ¢ (or phase ¢) and time ¢ + At
(¢ + A¢) are in a dip. Here, Ap = frac ($2At) € [0,1) is the time lag in phase units, and it is
implied that ¢ and ¢+ A¢ are wrapped to stay in the interval [—1/2,1/2) across the domain of each
integral. This expression cannot be directly simplified using symbolic mathematics packages such
as Mathematica, because the combined logic of keeping the phases straight and testing where the

lightcurve is in or out of dip is too complex for them to handle. I therefore break up the sum into
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Figure 4.3: Normalized structure functions for a sinusoidal signal, and an AA Tau-like signal spend-
ing 10%, 30%, and 60% of each cycle in a dip (6¢ = 0.05, ¢ = 0.15, and d¢ = 0.30,
respectively). For all plots, the time lag is plotted in units of the period.
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individual cases where the limits are well-defined, and evaluate each separately.
In general, the limits of integration depend on the values of d¢, the half-width of the dip, and
Ag, the time lag. For a given lightcurve shape, i.e., a fixed d¢, there are four values of A¢ where

limits may qualitatively change:

o if Ap =25¢, then when m(¢) is at the beginning of a dip m(¢ + A¢) will be at the end. For
smaller values of A¢ it is possible for m(¢) and m(¢ + A¢) to both be in the dip for the same

value of ¢, while for larger values it is not.

o if Ap =1 — 20¢, then when m(¢) is at the end of a dip m(¢ + A¢) will be at the beginning
(after wraparound). For larger values of A¢ it is possible for m(¢) and m(¢ + Ag) to both be

in the dip for the same value of ¢, while for smaller values it is not.

o if Ap = 1/2+ 0¢, then when m(¢) is at the beginning of a dip (¢ + A¢) reaches +1/2 and
needs to be wrapped to —1/2. For smaller A¢ the wraparound occurs while m(¢) is in the

dip, while for larger A¢ the wraparound occurs while m(¢) is not in the dip.

o if Ap =1/2— ¢, then when m(¢) is at the end of a dip (¢ + A¢) reaches +1/2 and needs to
be wrapped to —1/2. For larger A¢ the wraparound occurs while m(¢) is in the dip, while for

smaller A¢ the wraparound occurs while m(¢) is not in the dip.

These four critical values of A¢ divide the integration into five different cases. In addition, the
order of the critical values changes when d¢ = 1/6 and d¢ = 1/4, creating three regimes of d¢ for a
total of fifteen cases. Fortunately, most of the cases only affect the forms of the integrals, and not
their results; the final answer can be merged into only four cases. The fifteen cases are illustrated
in Figure 4.4.

In each of the following cases, each integral is over an interval of positive length, i.e., the upper

limit is strictly greater than the lower limit.

CaseI 0<dp<1/6 AN O<AP<20p<1/2—=6p<1/245d<1—25¢
In this case the time lag A¢ is so small that the integral doesn’t “skip” any combinations of

integrands:

SF(AY) /_ :jj_A¢(o)d¢+ /_ ;i: , (ACOS (?Eﬁ d)) >2d¢
dp—A ?
e (1) e )
s 2 1/2
L (i) o
_ A; <W(A¢> ~ 20¢) cos (Zﬁ) 209 (” e (7;?%1))))
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Figure 4.4: The fifteen cases described in subsection 4.4.2, plotted as a function of the dip half-

width d¢ and the time lag in phase units A¢. Colors highlight the regions where each
of the branches of Equation 4.10 holds.
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Call this formula for SF(At) “Solution A.”

CaseIT 0<dp<1/6 N 200 <APp<1/2—-05p<1/2+p<1—25¢
In this case the gaps d¢ are narrow enough, and the time lag A¢ large enough, that at no point

in the integral will both m(¢) and m(¢ + A¢) be in a dip:

_5p—AG Sh—Ad 7r¢+A¢>>2 —s6
0)d A — d 0)d
/1/2 ©) ¢+/§¢A¢ < o <2 o¢ ¢+/5¢A¢( )dg

6o - (b 2 1/2
+/—5¢ (Acos (25¢>) d¢+/§¢ (0)dg

= 24%5¢

SF(At)

Call this formula for SF(At) “Solution B.”

Case ITI 0<dp<1/6 A 200 <1/2—0p < Ap<1/24+5d<1—25¢

This case is identical to Case II, except that the order of integration has changed:

) 6 Ao 76+ A\ 2 —6¢ 5 T o \)\2
SEAY = /1/2 <ACOS<2 d¢ >) d¢+/6¢A¢(O)d¢+/5¢ <ACOS<2§¢>> "

1-66—Ad 1/2 Té+AG—1))2
-l—/(sq5 (0)do + /1—6¢—A¢ <Acos (25¢ )) d¢

= 24%5¢

= Solution B

Note the substitution of ¢ + A¢ — 1 for ¢ + A¢ in the final integrand to wrap the expression back

into the interval [—1/2,1/2). The same expression will appear in later cases, where appropriate.

Case IV 0<dp<1/6 N 200 <1/2—00<1/2+00p <A <1—20¢

This case is identical to Case II, except that the order of integration has changed:

—5¢ 5 ! 2 1-86—Ad
A re
[ [ (aees(555)) ao+ [, 0o

1+d6p—Agp T (]S-'—A(ZS- 1 2 1/2
Acos [ o2 "=% — =
* /16¢>A¢ ( o (2 o0 )) o /1+6¢A¢(0)d¢

= 24%5¢

SF(At)

= Solution B

Case V 0<0p<1/6 AN 20p<1/2—-800<1/240dp<1—200p<Ap<1
This case is identical to Case IV, except that A¢ is now larger than the phase difference between

the end of one dip and the beginning of the following dip. Therefore, there are once again values of
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¢ where m(¢) will be in one dip and m(¢ + A¢) will be in the next dip:

—5¢ 1—5¢—Ad 6 \\2
F(A d A - d
SE(AY) /1/2(0) ¢+/5¢> ( COS(25¢>) ¢
¢ ‘ To+Ap—1 ] Eﬂ 2
+/15M¢ (AC% (2 50 )‘AC°5<2 6¢>)) “w

1+0¢p—A¢ To+ A¢ -1 2 1/2
i d
o (e (GET) @ [, 0w

_ A; <7T(1 — A¢ — 256) cos (W) +20¢ (” s <7T(12?5¢A¢)>)>

Call this formula for SF(At) “Solution C.”

Case VI 1/6<dp<1/4 NO0<APp<1/2—08p <200 <1—20¢<1/2+5¢
This case is identical to Case 1. The time lag A¢ is so small that the integral doesn’t “skip” any

combinations of integrands:

o0 0 To+As\\
A Acos | = d
SE(AY) /1/2 (0)dé + /5¢A¢ < o (2 d¢ )) ¢
3¢—Ad To+ Ap o \\°
+/_6¢ (Acos (2 50 )—ACOS (2(%)) do
5 T ¢ 2 1/2
A - d 0)d
+/5¢—A¢< COS<25¢)> ¢+/§¢ ()¢

= A72 (ﬂ'(A¢ — 25¢) cos (7;?;?) + 209 (ﬂ' — sin (g?j)))

= Solution A

Case VII 1/6 <dp<1/4 N 1/2—=06¢p < Ap <20 <1—20¢p<1/24 ¢

This case is identical to Case II, except that the order of integration has changed:

—5¢ o+ AP\ 8¢-Ad T d+ A o \\°
/_1/2 (Acos (2 5% )) d¢—|—/_5¢ (Acos (2 5% )—Acos <2(5¢))) do
5 T 2 1-8¢p—Ag 1/2 To+Ad—1 2
- /6¢—A¢ (A o (2 5¢)> do+ /6¢> (0)d + /1—6¢—A¢> (A o (2 d¢ )) 40

= A72 (W(A¢ — 26¢) cos <7;?(;b> + 260 (77 — sin (%)))

= Solution A

SF(At)

Case VIII 1/6 <dp<1/4 N 1/2 =00 <20p < Ap<1—26¢p<1/2+ ¢

This case is identical to Case III. It differs from Case VII in that there is no value of ¢ where
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m(¢) and m(¢ + A¢) are both in a dip.

_ el T+ AP\ 69 59 _—
SF(A) = /1/2 (ACOS <2 00 >) d¢+/§¢A¢(O)d¢+/5¢ <ACOS (25¢>>

1-66—Ag 1/2 To+ A —1\\2
+/§¢ (0)do + /16¢A¢ (Acos <25¢ )) do

= 2A4%5¢

= Solution B

Case IX 1/6<dp<1/4 AN 1/2—00<200p<1—20¢p<Ad<1/2+5¢

2
d¢

This case differs from Case VIII in that, for some values of ¢, m(¢) will be in one dip and

m(¢ + Ag) will be in the next dip.

dp—Ap 7T¢+A¢ 2 —d¢ 1-6p—A¢p
A = d 0)d
[ (aem(35552)) o [ oo [
8¢ Td+Ap—1 o\
a4 (B e (55))

1/2 ‘ o+ Ap—1 2
o, (e (55))

SF(At)

(05 (5

_ A; (wu — A — 20¢) cos (M) +20¢ (” —sin (M»)

200 269

= Solution C

Case X 1/6<dp<1/4 N 1/2—-8p<25p<1—20¢<1/240p<Ap<1

This case is identical to Case V. It differs from case IX only in the order of integration:

SF(At)

—8¢ 1-5¢p—Ag - 2
Acos(=— 1)) 4
[ e [ (4 (555)) a0
5¢ T+ Ad—1 o\
#a (A (B e (555 )

1+6p— Ao T (Z)-'—AQS- 1 2 1/2
* /5¢ (A o (2 d¢ )) do+ /1+5¢—A¢(O)d¢

A2

= 7T(ﬂl—A¢—%@aﬁ<ﬂl_A@>+zw(w—gn<ﬂ1_A@

20¢
= Solution C

Case XI 1/4<dp<1/2 N 0<APp<1/2—-06p<1—20¢<20p<1/2+ ¢

20

)

This case is identical to Case I. The time lag A¢ is so small that the integral doesn’t “skip” any
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combinations of integrands:

e —%¢ o+ A\
SF(At) = /_1/2 (0>d¢+/—5¢—A¢ (Acos (2 55 >> do
0¢p—A¢ T+ A T ¢ 2
*/M (A (2 5 )A (m)) @
5¢ T ¢ 2 1/2
o (e (355)) s+ | s

vt iy i (TR0
- = <W(A¢ — 26¢) cos (2&;5) +259 (” e (2&;5)))

= Solution A

Case XII 1/4<dp<1/2 N 1/2 -0 <Ap<1—20¢p<200p<1/2+0¢

This case is identical to Case VII. It differs from case XI only in the order of integration:

0 T o+ AP\ om0 o+ A T o \\*
/_1/2 (Acos (2 5% )) d¢+/—6¢ (Acos (2 5% )—ACOS (2&1))) do
5 AN 1-6¢—Ag 1/2 ré+Ad—1\\2
A - d d A — d
[ e G)) e [ o [ (4 (5H5))
= A72 <7r(A¢> — 25¢) cos (g?(;f) + 20¢ (7r — sin <7;?(;b>)>

= Solution A

SF(At)

Case XIII 1/4<d6p<1/2 AN 1/2—=0d <1 —25¢p < App <25 <1/2+ ¢

This unique case allows m(¢) and m(¢ + A¢) to simultaneously appear in a dip during two
distinct intervals of ¢. One interval corresponds to m(¢) and m(¢ + A¢g) both being found within
the same dip, while the other corresponds to m(¢) being in one dip and m(¢ + A¢) being in the

next dip.

-0 o+ A\ b0=A9 T 6+ A T o \\°
s = [ o (552 0 [ 1o (52527) 1o (35)
1-8¢—A¢ ) 2 8¢ T+ Ap—1 T ¢ 2
o (o)) oo [ (e (G50) e (555)) o0
1/2 (mo+Ad—1\)"
+/5¢ <Acos <26¢ )) do

= A?? <7r(1 — A¢p — 20¢) cos (W) + 20¢ <7r — sin <7;?gf> + sin (W(l — 2;;; 25¢))>

+ m(Ad — 25¢) cos (g?{f))

Call this solution for SF(At) “Solution D.”
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Case XIV 1/4<0p<1/2 AN 1/2—=8p<1—200 <200 < Ap<1/2+ ¢
This case is identical to Case XI. For some values of ¢, m(¢) will be in one dip and m(¢ + A¢)
will be in the next dip, but m(¢) and m(¢ + A¢ will never be in the same dip.

dp—Ag T+ Ag 2 —5¢ 1-8¢p—Ag T é 2
A A = A T
srwo = [ (e (3550) ) s [ oo [ (4 (555))
3¢ T+ Ap—1 ) 2
e (1 () 4 (55))
1/2 o+ Ap—1\\"
A - d
of, (e (G5

_ A; (wu — A¢ — 25¢) cos (W) 209 (” o (W)))

= Solution C

Case XV 1/4<dp<1/2 N 1/2—06¢p <1—20p<20p<1/2+p<Ap<1

This case is identical to Case V. It differs from case XIV only in the order of integration:

—6¢ 1-6¢—Ad T 6 \\2
A Te
Lo [ (aen(555))
¢ T+ Ap—1 T ¢ 2
e (G e (555))
1+6p— Ao 7T¢+A¢— 1 2 1/2
of, (e (GEEET)) e [, 0

_ A; (77(1 — A — 206) cos (W) + 260 (” —sin (W)))

= Solution C

SF(At)

I summarize the fifteen cases in Figure 4.4. The four solutions appear in regions with simple

boundaries, so the structure function may be written

a (W(Aqs — 26¢) cos (%‘;) + 260 (Tr _ sin (%‘;))) if Ag < 266 and A < 1 — 256

2425¢ if Ad > 206 and Ad < 1 — 260
A; (w(l — A¢p — 2¢) cos (”(12%(?@)
SF(Al) = + 206 (71' _sin ’T(g—éﬁ@))) if Ag > 26¢ and A > 1 — 25¢

A (71— Ag — 200) cos (T2 )

+ 200 (7r —sin (%) + sin <7ﬂ(17§§;2§¢)))
+ 1(Ad — 286) cos (%)) if Ap < 266 and A > 1 — 26¢
(4.10)

where A¢ = frac (%At).
The four expressions match up along the boundaries A¢ = 26¢ and A¢p =1 —25¢. If A¢p = 209,



then
A (276¢) if Ap < 1— 256
2425¢ if Ajp < 1— 256
A T

72 ( —45¢) cos( a 625¢ )
SFEO=0 T e (rmsin (20554))) it > 1 — 250

( (1 —45¢) cos (ﬂ 1253)5(25 )
+ 206 (7r + sin (’T(l%fj‘f’) ))) i AG > 1— 260

If Ap =1 —24¢, then

A (W(1 — 488) cos (’“%ﬁf“) + 256 (71' _sin (”“2;15@))) if A < 200

2A25¢ if Agp > 26¢

SF(AL) =< A2 (2769) it Ag > 20¢
2 (206 (7w - sin (522

+ (1 — 46¢) cos (”%‘5@)) if A < 26¢

The structure function given by Equation 4.10 is shown in Figure 4.3 for d¢ = 0.05, d¢ = 0.15,
and d¢ = 0.30.
The scalar timescales calculated from the structure function for an AA Tau-like lightcurve are

listed in Table 4.1.

4.4.3 Gaussian Processes

Since the Gaussian process models differ only in their covariance function, the behavior of the

structure function can be covered with a common formalism. For any random signal M (),

SF(At) = BE(M(t)— M(t+ At))?)
= B((M(t))*) = 2B(M(t)M(t + At)) + B((M(t + At))?)
= V(M(t) — (E(M(t)))* —2cov (M(t), M(t + At)) + 2E(M (t)) E(M (t 4+ At))

+V(M(t+ At)) — (E(M(t + At)))? (4.11)
If, in addition, M (t) has constant mean,

SF(At) = V(M(t)) — (BE(M))? —2cov (M(t), M(t + At)) + 2(E(M))? + V(M(t + At)) — (E(M))?
= V(M(t)) = 2cov (M(t), M(t + At)) + V(M(t + At)) (4.12)
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Figure 4.5

If, in addition, M (t) has constant variance,

SF(AL) V(M) — 2cov (M(t), M(t + At)) + V(M)

2V (M) — 2 cov (M (), M(t + At))

2V(M)(1 — p(At)) (4.13)

4.4.3.1 White Noise

Substituting p = d(¢,t + At) into Equation 4.13,

0 ifAt=0
SF(At) = (4.14)
202, if At#0
This function is plotted in Figure 4.5a.

The structure function crosses 1/9 amplitude? at an infinitesimal value of At, and never crosses

1/4 amplitude? or 1/2 amplitude?.

4.4.3.2 Squared Exponential Gaussian Process

Substituting p = e~ At/27

into Equation 4.13,
SF(At) = 202, (1 - e*Atg/W) (4.15)

The corresponding plot is shown in Figure 4.5b.
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The scalar timescales calculated from the structure function are listed in Table 4.1.

4.4.3.3 Two-Timescale Gaussian Process

Since the correlation coefficient p has a somewhat complicated form, the variance in Equation 4.5 is

easiest to use with Equation 4.12:

SF(At) = O’% + US — 20‘16_At2/27—12 — 2(7%(3_At2/2722 + Uf + O‘%

= 20} (172 g 203 (1 em 2 (4.16)

The corresponding plots are shown in Figure 4.6, for different regimes of o1 /09 and 71 /7o.
The scalar timescales calculated from the structure function for a two-timescale Gaussian process

are listed in Table 4.1.

4.4.3.4 Damped Random Walk

_ €—|At\/7'

Substituting p into Equation 4.13,

SF(At) = Dr (1 - e—lml/f) (4.17)

The corresponding distribution is shown in Figure 4.7a.
The scalar timescales calculated from the structure function for a damped random walk are listed

in Table 4.1.

4.4.3.5 Random Walk

Substituting the formulas in Equations 4.7 and 4.8 into Equation 4.11 (note that, since the variance

is not constant, Equation 4.13 does not apply),

SF(At)

D(t —tg) —m3 — 2D(t; — to) + 2m2 + D(t + At — ty) —mj
D(t —tg) — 2D(t — to) + D(t + At — 1) if At >0
D(t —tg) — 2D(t + At — to) + D(t + At — to) if At <0
D(At)  if At >0
D(=At) if At <0

I
S
&

(4.18)

While both the variance and the covariance of a random walk depend on the starting time ¢y, the
structure function does not. It is shown in Figure 4.7b.

While the structure function is well defined, the lightcurve amplitude grows without bound. As



90

2.0F 20F
s ] s i
S S
N+ N+
S 1or B S 1or B
X X
[ [
%) %)
05F 1 05F 1
0.0 \ \ 0.0 ‘
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00
M/T, M/T,
_1 _ 1 _1 1
(a) 01 = 302, T1 = 1572 (b) 01 = 302, T1 = 372
2.0F 2.0F
~15f 1 _sf 1
o' o'
N+ N+
S 10f ] S 10f ]
~ ~
[y [y
w w
05F 1 05F 1
0.0 | | 0.0 |
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00
M/T, M/T,
1 1
(c) o1 =02, 71 = 1572 (d) o1 =02, 71 =372
2.0 2.0F
__15¢ 1 _15¢ 1
o o
(\4+ (\4+
c 10l ] 1ol ]
~ ~
[ [
wn wn
0.5 1 0.5F 1
0.0 0.0 ‘ ‘
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00
At/T, M/T,
_ _ 1 _ 1
(e) o1 =302, 71 = 572 (f) o1 =302, 1 =372

Figure 4.6: The normalized structure function for a Gaussian process with two incoherent variabil-
ity components. Each panel adopts different assumptions about the relative amplitudes
and timescales of the fast component (1) and the slow component (2). The time is
plotted in units of the coherence time for the slower component, 7.
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a result, the exercise of defining the timescale as the point where the structure function exceeds
some fraction of the (infinite) amplitude squared becomes meaningless. I have no scalar timescales

to present for the random walk in Table 4.1.

4.4.4 Summary

I present, in Table 4.1, the timescale measures for all lightcurve types considered in this section.
Among the periodic variables, the ratio of the structure function timescale to the period depends
strongly on the shape of the lightcurve: the timescales for AA Tau lightcurves are always lower than
the corresponding timescales for sinusoidal lightcurves, and they vary strongly with the width of
the dip. The structure function timescale can in principle be used to constrain the width of the dip
(2Pd¢ in my notation), but without a phased lightcurve the conversion factor is known only to a
factor of two, and if a phased lightcurve is available the dip width can be measured directly.

Among the aperiodic timescales, the ratio of the structure function timescale to the underlying
timescale differs by 40% between the squared exponential Gaussian process and the damped random
walk. If the statistical properties of the lightcurve are not known a priori, the uncertain lightcurve
properties may introduce some systematic error into the result. As will be shown in the next chapter,
this 40% systematic error is comparable to the scatter most timescale metrics face from different
realizations of the same type of lightcurve, so the structure function is adequately robust to variations
in lightcurve properties.

The behavior of the structure function when applied to the two-timescale Gaussian process is
qualitatively reasonable — in particular, it approaches the result for a squared exponential Gaussian

process when one component has a higher amplitude than the other. However, there is no indication
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from the analysis that there is more than one component, or that the inferred timescale is effectively
a weighted average of the two real components. While the presence of two components could be
inferred from modeling the shape of the structure function (in particular, from features such as
the prominent “shoulder” in the middle row of Figure 4.6), such modeling would require making

assumptions about the lightcurve structure, contrary to the intent of the analysis presented here.

Model SF crosses é amp? SF crosses i amp? SF crosses % amp?
Sinusoid 0.154P 0.246P 0.450P

AA Tau (10% Dip) 0.0425P = 0.85Pd¢ Never Never

AA Tau (30% Dip) 0.0924P = 0.616 P6¢  0.170P = 1.133Pd¢ Never

AA Tau (60% Dip) 0.127P = 0.423P6¢  0.206P = 0.687Pd¢p 0.359P = 1.197Pd¢
White Noise 0 Never Never
Squared Exponential GP 1.3567 Never Never
Two-Timescale GP (01 = 02, 71 = 572) | 12.7597 = 1.2767, Never Never
Two-Timescale GP (o1 = 302, TL = 572) 3.82811 = 1.27672 Never Never
Two-Timescale GP (o1 = 02, 71 = %7'2) 6.72671 = 0.673712 Never Never
Two-Timescale GP (o1 = 02, 71 = g’rg) 2.35411 = 0.78512 Never Never
Two-Timescale GP (o1 = 302, 11 = %7—2) 1.483711 = 0.14912 Never Never
Two-Timescale GP (o1 = 302, 11 = 57’2) 1.460m = 0.4871> Never Never
Damped Random Walk 0.9197 Never Never
Random Walk Infinite Amplitude

Table 4.1: Trial scalar timescale measures, based on the structure function, for each of the
lightcurve models introduced in section 4.2. Timescales are given in units of the period,
P, for periodic sources and the characteristic timescale, 7, for aperiodic sources. For the
two-timescale Gaussian process the results are expressed in terms of both the timescale
of the shorter component, 7, and that of the longer component, 75. For the AA Tau
lightcurve the results are expressed in terms of both the period, P, and the half-width
of the lightcurve’s periodic dip, Pd¢.

4.5 Autocovariance Functions

Having presented, in the previous section, the behavior of structure functions for each lightcurve
model introduced in section 4.2, in this section I calculate the ideal behavior of an autocovariance
function for the same set of models. The autocovariance function of a random signal M (t) is defined
as ACF(At) = E(M(t)M (t+ At)), and can be seen as a measure of how well the magnitude at time
t predicts the magnitude at time ¢ + A¢. Absolute values close to the variance V(M) mean that the
magnitude at ¢t + At is tightly constrained.

The autocovariance can be related to the covariance function of M(t) by:

ACF(AY) = E(M(H)M(t+ At))

= cov (M(t), M(t+ At)) + E(M(t))E(M(t + At)) (4.19)
If M (t) has constant mean, then

ACF(At) = cov (M(t), M(t 4+ At)) + (E(M))? (4.20)
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The autocovariance function can also be related to the structure function by noting that both

depend on cov (M (t), M (t + At)):

ACF(At) = cov(M(t), M(t+ At)) + E(M(t))E(M(t+ At))
SF(AL) = VM) — (BEQM())) — 2cov (M(t), M(t + At)) + 2E(M(6)) E(M(t + At)
+V(M(t+ At)) — (E(M(t + At)))?
ACF(AY) = —%SF(At) + %V(M(t)) _ %(E(M(t)))Q +2B(M ) E(M(t + A))
+%V(M(t +AL) — %(E(M(t +AD))? (4.21)

where I obtain the last expression by substituting for cov (M(t), M (t + At)). If M(t) has constant
mean, then

ACF(A) = f%SF(At) + %V(M(t)) +B(MY? + %V(M(t +AD) (4.22)

If M(t) also has constant variance, then
1
ACP(At) = =5 SF(A) + V(M) + E(M)? (4.23)

Autocovariance has a growing presence in the literature, most often as a robust alternative to
periodograms (e.g., McQuillan et al., 2013). The most popular approach to autocovariances involves
taking bins of At values (Edelson & Krolik, 1988), although some authors instead interpolate the
lightcurve to a regular grid (e.g., McQuillan et al., 2013). Note that many papers prefer the au-
tocorrelation function, ACF(At)/V (M), to the autocovariance function, and use ACF to denote
autocorrelation. The analysis of this section is expressed more simply in terms of the autocovari-
ance function, but my results for autocovariance can be converted into autocorrelation functions by
normalizing by ACF(0).

Autocovariance and autocorrelation functions of periodic sources tend to show a number of evenly
spaced peaks at integer multiples of the period; these peaks persist even in the presence of outliers
or systematic trends, which can introduce an overall slope in the ACF but do not create localized
artifacts (McQuillan et al., 2013).

For aperiodic sources the ACF typically shows a smooth downward trend from perfect correlation
at At = 0 to values near zero. Many authors have adopted the first At where the ACF equals zero as
a timescale measure (e.g., Abdo et al., 2010), arguing that it represents a transition from correlated
to anticorrelated behavior. As I show below, for many aperiodic sources, the ACF approaches zero
without crossing it, i.e., it shows a transition directly from correlated to uncorrelated behavior. In
such cases, the location of the zero crossing may instead be dominated by noise in the ACF. A more

subtle problem is that a nonzero mean in the lightcurve will introduce an offset in the ACF (note
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the dependence on mg in the examples that follow). While lightcurves are normally shifted to zero
mean before the ACF is calculated, any error in estimating the mean will produce a residual offset
that can create the appearance of correlated and anticorrelated regions in the ACF.

I evaluate converting an autocovariance function into a scalar timescale by finding the first
At at which the ACF crosses one ninth, one quarter, or one half of its value at zero time lag.
These values were selected on the basis of intuition: since the autocovariance has dimensions of
squared magnitudes, the first two thresholds correspond to variations of one third and one half the
lightcurve amplitude, respectively, while the last is midway between ACF(0) and a value of 0, which
for Gaussian process models represents a long-term asymptote (i.e., two signals measured a long
time apart are nearly uncorrelated).

As in the previous section, I first establish the behavior of the autocovariance function for a

sinusoidal signal, then for the other lightcurve models.

4.5.1 Sinusoid

If m(t) = mo + Asin (w(t — tp)), then

ACF(AY) =  E(m(t)m(t + At))
w to+2m/w

= 5 t (mo + Asin (w(t —t9))) (mo + Asin (w(t + At —tg))) dt

Let x = 52 (t — to) and let Az = ;~At. Then

ACF(At) = /01 (mo + Asin27z) (mo + Asin (27 (x + Ax))) do

mé + %A2 cos (2mAx)
= mi+ %AQ cos (wAt) (4.24)

The autocovariance function is shown in Figure 4.8a.

The scalar timescales calculated from the autocovariance function for a sine are listed in Table 4.2.

4.5.2 AA Tau

If

m(t) = mo — Acos(g%) if || < dop

mo otherwise
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Figure 4.8: Mean-subtracted and normalized autocovariance functions for a sinusoidal signal, and
an AA Tau-like signal spending 10%, 30%, and 60% of each cycle in a dip (d¢ = 0.05,
d¢ = 0.15, and d¢ = 0.30, respectively). For all plots, the time lag is plotted in units
of the period.
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then the mean and variance of the signal are:

1/2
E(m) = [ BRECTE
= mo*%&f?
1/2
Vim) = / | om(®) =~ B(m)dd

Substituting into Equation 4.23,

ACF(At) = md— %mo&b
5 (7(a0 — 200) cos (352) — 200sin (352)) if Ad < 266 and Ag < 1 - 25
0 if Ap > 20¢ and Ag < 1 — 20¢
2 (71— A6~ 200) cos (T35
- — 25¢sin (7&“)) if Ag > 20¢ and A¢ > 1 — (2325)

1247? (W(l — A¢p — 25¢) cos (”(12*6$¢))

— 20¢ (bln (g?(f) — sin (%@‘2‘”’)))

+ (A — 208) cos (g?g)) if Ag < 206 and Ad > 1 — 206

where A¢p = frac (%At)

The autocovariance function is shown in Figure 4.8.
The scalar timescales calculated from the autocovariance function for an AA Tau are listed in

Table 4.2.

4.5.3 Gaussian Processes
4.5.3.1 White Noise

Substituting into Equation 4.20,

o2 +mi ifAt=0

ACF(At) = ) '
mg it At #0

(4.26)
The autocovariance function is shown in Figure 4.9.
The ACF for a white noise process falls from ACF(0) to 0 at an infinitesimal value of At, so the

timescale is effectively 0.



97

0.10
0.05F e

~ L 1

o

I

£ 0.00

H

(@)

NS [ ]
—0.05 e
ool

0.01 0.10 1.00 10.00

At

Figure 4.9: The mean-subtracted and normalized autocovariance function for a white noise process.
The discontinuous value ACF(0) — m = o2, is not shown.

4.5.3.2 Squared Exponential Gaussian Process

Substituting into Equation 4.20,
ACF(AL) = o2,e~ (A0 /272 | 2 (4.27)

The autocovariance function is shown in Figure 4.10a.
The scalar timescales calculated from the autocovariance function for a squared exponential
Gaussian process are listed in Table 4.2.

4.5.3.3 Two-Timescale Gaussian Process

Substituting into Equation 4.20,
ACF(AL) = g2 212 | 62080 /275 | 2 (4.28)

The autocovariance function is shown in Figure 4.11.
The scalar timescales calculated from the autocovariance function for a two-timescale Gaussian

process are listed in Table 4.2.

4.5.3.4 Damped Random Walk
Substituting into Equation 4.20,

D
ACF(At) = 776—'“‘/7 +m3 (4.29)
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The autocovariance function is shown in Figure 4.10b.
The scalar timescales calculated from the autocovariance function for a damped random walk

are listed in Table 4.2.

4.5.3.5 Random Walk

Substituting into Equation 4.20,
ACF(At) = D (t; — to) +m? (4.30)

where t; is the smaller of the two times separated by At. The same formula can be derived, with a
bit more work, using Equation 4.22. Since t; — ty grows without bound as one observes a random

walk for longer periods of time, the ACF is likewise unlimited for an undamped random walk.

4.5.4 Summary

I present, in Table 4.2, the timescale measures for all lightcurve types considered in this section.
Among the periodic variables, the ratio of the ACF timescale to the period depends strongly on
the shape of the lightcurve: the timescales for AA Tau lightcurves are always lower than the corre-
sponding timescales for sinusoidal lightcurves. The timescales appear to be set by the periodic dips,
as the ratio of the ACF timescale to the width of the dip (2Pd¢ in my notation) varies by at most
40%. However, characterizing the dip with this method is an extremely roundabout way of doing

so: if a source is already known to be an AA Tau analog, it must have a known period, and the dip
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Figure 4.11: The mean-subtracted and normalized autocovariance function for a Gaussian process
with two incoherent variability components. Each panel adopts different assumptions
about the relative amplitudes and timescales of the fast component (1) and the slow
component (2). The time is plotted in units of the coherence time for the slower

component, 7.
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width can be measured directly from the phased lightcurve.

Among the aperiodic timescales, the ratio of the ACF timescale to the underlying timescale
differs by 60% between the squared exponential Gaussian process and the damped random walk
if the time at which the ACF equals half its peak is taken as the timescale; it differs by at most
20% for the lower thresholds. If the statistical properties of the lightcurve are not known a priori,
the uncertain lightcurve properties may introduce some systematic error into the result. As will be
shown in the next chapter, the scatter most timescale metrics face from different realizations of the
same type of lightcurve is typically 40% or more, so a 20% systematic error is quite acceptable.

As for the structure function, the behavior of the ACF when applied to the two-timescale Gaus-
sian process has the expected asymptotic behaviors but gives no indication that there is more than
Again, more detailed modeling, with specific assumptions about the lightcurve

one component.

structure, would be needed to separate the components.

ACF crosses ACF crosses + ACF crosses

Model

Sinusoid

AA Tau (10% Dip)
AA Tau (30% Dip)
AA Tau (60% Dip)

0.232P .
0.0597P = 1.194P6¢
0.148P = 0.987Pd¢
0.222P = 0.740Pd¢

0210P
0.0505P = 1.010P5¢
0.129P = 0.860P8¢
0.198P = 0.660P8¢

2
0.167P
0.0371P = 0.742P5¢
0.0979P = 0.653P5¢
0.154P = 0.513P8¢

White Noise

Squared Exponential GP

Two-Timescale GP (o1 = l(72, T = LOTQ)
Two-Timescale GP (o1 = 302, TL = 572)
Two-Timescale GP (o1 = 02, 71 = %7'2)
Two-Timescale GP (o1 = 02, 71 = %7‘2)
Two-Timescale GP (o1 = 302, 11 = %Tg)
Two-Timescale GP (o1 = 302, 11 = 57'2)
Damped Random Walk

0

2.0961
20.4547m = 2.0457
6.13671 = 2.04572
17.3441 = 1.73412
5.203711 = 1.734712
2.859711 = 0.286712
2.492711 = 0.83112

21977

0

1.66571
16.00671 = 1.60172
4.80271 = 1.601712
11.7741 = 1.1777m
3.54271 = 1.18172
1.88711 = 0.18979
1.83571 = 0.61271%

1.3867

ACF Undefined

0

1.17771
10.84271 = 1.08412
3.255711 = 1.085712
2.607T1 = 0.26179
1.86571 = 0.622712
1.27211 = 0.12779
1.25711 = 0.41972

0.69371

Random Walk

Table 4.2: Trial scalar timescale measures, based on the autocovariance function, for each of the
lightcurve models introduced in section 4.2. Timescales are given in units of the period,
P, for periodic sources and the characteristic timescale, 7, for aperiodic sources. For the
two-timescale Gaussian process the results are expressed in terms of both the timescale
of the shorter component, 7, and that of the longer component, 75. For the AA Tau
lightcurve the results are expressed in terms of both the period, P, and the half-width
of the lightcurve’s periodic dip, Pd¢.

4.6 Am-At Plots

In the previous two sections I studied structure functions and autocovariance functions, both well-
established tools for analyzing time series data. In this section I calculate the ideal behavior of a
new tool I developed, the Am-At plot, for each lightcurve model introduced in section 4.2.

The Am-At plot is a nonparametric representation of a lightcurve that describes the frequency
with which a particular degree of variability is observed on a particular timescale. In some ways
it resembles the self-correlation analysis of Percy et al. (2003, 2010), although it preserves more

information about the lightcurve’s behavior and thus allows a broader range of analysis techniques.
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It is defined by pairing up all observations m;(t;) of a lightcurve, and recording only the time and
magnitude differences:
Amij = |mi—m;| (i >j)
Atij = [ti—t;|  (i>])
where the restriction ¢ > j is to ensure each pair is considered only once. If the original lightcurve
had N data points, the corresponding Am-At plot has N(N — 1)/2 pairs of (At, Am) values. The
Am-At plot is closely related to the structure function, as SF(At) = E(Am?).

Since the lightcurves from the PTF-NAN survey through 2012 December have up to 884 epochs,
their Am-At plots may have up to 390,286 unique pairs of points. A plot with this many points
is difficult to interpret, as nearly all the points simply blend together. Therefore, another layer of
abstraction, such as a histogram or a density estimator, may be used to present a Am-At plot.

In general, different timescales will be sampled to different degrees by a Am-At plot. For example,
consider a time series consisting of N points uniformly spaced by an interval §¢t. The allowed values
of At will have the form At = ndt, with 1 <n < N — 1, and the number of pairs with each value
will be N — n. The shortest timescales will be by far the best-sampled, with the median value of
At being approximately 0.3N{t in the limit N > 1. Data gaps and other complexities can lead to
other bias patterns.

Any method of analyzing Am-At plots, whether qualitative or formal, must correct for the
differing number of pairs at different timescales, because the relative number of pairs at different
timescales is a property of the experimental setup rather than of the source(s) being studied. At
present, I am binning the pairs in log At, and describing the Am-At plots in terms of summary
statistics on Am within each time bin. This representation removes the biases associated with
variable sampling, though (as with all histograms) the results will tend to converge slowly to the
true distribution as the number of observations increases, and the results may be biased by changes
in the Am distribution across the width of an individual bin. In addition, the shortest timescale
bins, being the narrowest, are poorly populated, introducing sampling noise into the results.

At present I use four statistics within each At bin: the 10% quantile, 50% quantile (or median),
and 90% quantile of the Am values in each bin, and the fraction of Am values exceeding half the
amplitude of the lightcurve. These statistics, particularly the first three, provide a reasonably good
representation of how the Am distribution changes with timescale. The half-amplitude fraction,
while easier to interpret in terms of a timescale on which the star is varying, tends to be more noisy
than the Am quantiles.

In general, all four statistics increase monotonically with timescale. This behavior is easy to
understand if the star is varying incoherently: the amount by which the star changes brightness
in, for example, 100 days cannot be less than the amount by which it changes brightness in 10

days because it has had the opportunity to undergo a 10-day change within the 100-day period. In
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particular, if the star has no variability mechanisms operating on timescales longer than 10 days, then
the 100-day brightness change will simply be the (incoherent) sum of 10 10-day changes. A flattening
in the Am vs. At curve therefore means that all the variability occurs on shorter timescales.

In the limits of infinite observing interval, infinite cadence, and noise-free measurements, the
discrete points of a Am-At plot merge into a continuous distribution: every timescale is sampled
an infinite number of times, and the density of pairs is given by a probability density function
f(Am; At). The Qth quantile of Am is the solution of F'(Am;At) = @ for Am at fixed At, where
F is the cumulative distribution function. The half-amplitude fraction is simply 1 — F' (%A; At). To
allow a full range of analysis, for each trial lightcurve I find both f(Am;At) and F(Am; At).

I convert a Am-At plot into a scalar timescale by finding the first At at which the median or
90% quantile crosses one third or one half of the amplitude. Both thresholds were chosen on the
basis of intuition: the median should represent the “typical” variability, and the 90% quantile the
“upper envelope,” while either one third or one half the total amplitude is a plausible definition of
significant variability. The high-amplitude fraction is redundant with the quantiles in this analysis:
the time at which @ of the pairs of Am values exceed F of the amplitude, where ) and F are
arbitrary fractions, is the time at which the (1 — Q) quantile equals F of the amplitude.

As in the previous two sections, I first compute the Am-At plot for a simple sinusoidal signal,

then consider more complex lightcurve models.

4.6.1 Sinusoid

If m(t) = mo + Asin (w(t — tg)), then

|Am| = [Asin(w(t; —to)) — Asin (w(t; —to))]
’2,4 cos (;w(ti +i, - 2t0)> sin (;w(tj - m) ’

Let x; = 5%(t; — to) and let Az = 2; — x; = 5= At. Then

|Am| = 2A|cos(m(z; + ;))||sin (TAz)|

2A|sin (wrAx)|| cos (w(2z; — Ax))|

If At, and therefore Az, is held constant, the value of Am is determined entirely by the phase x; at

which one of the points is observed. The distribution function of Am is therefore

F(|Am|; At)

P(2A|sin (rAz)|| cos (m(2x; — Ax))| < |Am))

= P (| cos (m(2z; — Ax))| < 2A|s|1in|Az)|)
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If % > 1, this probability is trivially 1. Otherwise, I note that |cos (7(2z; — Ax))| is

periodic with period 1, and that for continuous observations the phase of x; should be uniformly

distributed over the interval [0,1). For convenience, I shift the phase convention, by a constant, to

the interval [%Am - %, %Al’ + %) Then the probability becomes

1Az+i
P(|cos (m(2z; — Ax))| <u;0<u<1) = / O(z;u) f(a;)dx;

1
Ax—3

1 if |cos (7 (2x; — Ax))| < u

O(ziu) =
0 otherwise

where f(x;) = 1 is the probability density function of x;. Changing variables,

P(Jcos (m(2z; — Ax))| <u) = _2 O (ys; u) f(yi)dy;

1
2
1 if |cos 2my;)| < w

O(yi;u) =
0 otherwise

This last integral is easy to evaluate:

—% cosTlu %cosflu %
P(|cos (n(20: - Aa))| <) = [ s+ [© Ofwdu+ |
-1 —Lcos~lu Lcos—lu
= 1—=costu
™
= Zsinlu
Substituting for the dummy variable u,
|Am|
F(|JAm|;At) = P 2r; — A <
(amfi80) = P (Jeos (2o, = Aa))| < gy
1 if 24 sin (JwAt)| < |Am)|
_ 2 i1 [Am| : o1
= ;Sln (W) if 0 S ‘Am| S 2A|Sln(§WAt)|
0 if |[Am| <0
Differentiating to get the probability density function,
0 if 2A(sin (AwAt)| < |Am)|
1 1 . . 1
f(\Am|, At) = mA|sin (FwAt)| \Am| 2 if 0< |Am| < 2A| Sl (2WAt)|
17(2A|sin(%wm)\>

0 if |Am| < 0

(1) f (yi)dys

(4.31)

(4.32)
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Figure 4.12: Normalized Am-At plot for a sinusoidal signal. The left panel shows the density
function of Am as increasingly lighter shading, with 10th, 50th, and 90th percentiles
of Am shown in red. The right panel shows the fraction of Am pairs exceeding half
the amplitude. For both plots, At is plotted in units of the period.

This density increases without bound as |[Am| approaches its maximum value 2A|sin (3wAt)|. The
distribution of Am as a function of At is shown in Figure 4.12, as are the corresponding quantiles
and high-amplitude fractions.

The scalar timescales calculated from the Am-At plot for a sine are listed in Table 4.3.

4.6.2 AA Tau

If

m(t) = mo — Acos(%%) if || < d¢

mo otherwise

then the signed magnitude difference Am can assume one of four forms:

oy | 70— Acos (g%) —mg if [¢] < 86 A |6+ Ap| > 36
mo — mo + A cos (g¢+5§¢) if [§] > 66 A |¢+ Ad| < 3¢

mo — A cos (g%) fmo+Acos(§%> if [¢] < 8¢ A |6+ Ad| < 8¢

depending on whether neither, either, or both the lightcurve at time ¢ and time t + At are in a dip.
Here, A¢ = frac (%At) — % € [-1/2,1/2) is the time lag in phase units, and it is implied that ¢
and ¢+ A¢ are wrapped to stay in the interval [—1/2,1/2) across the domain of each integral. Note
that the phase convention for A¢ is different from that adopted in subsection 4.4.2; because I am
no longer looking at an explicit integration problem.

The probability distribution over these four cases cannot be directly treated using symbolic
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mathematics packages such as Mathematica, because the combined logic of keeping the phases
straight and testing where the lightcurve is in or out of dip is too complex for them to handle. I
therefore evaluate each branch of the expression for Am separately, and then find the probability of

being in each case given A¢ and A¢. The cumulative distribution function will then be given by

F(JAm];|At]) = F(JAm|;|At| A Case A)P(Case A;|At|)
+ F(|Am|;|At|] A Case B)P(Case B;|At|) (4.33)
+ F(Am|;|At] A Case C)P(Case C;|At|) '
+ F(|Am|;|At] A Case D)P(Case D;|At|)
and the probability density function will be given by an analogous decomposition.
4.6.2.1 Piecewise Probability Density and Distribution Functions
Case A |§]| > 0 N |d+ Ad| < d¢p
In this case, Am is identically 0. In terms of probability distributions,
f(Am;|At] A Case A) = §(Am) (4.34)
1 if |[Am| >0
F(JAm|;|At| A Case A) = (4.35)
0 if |[Am| <0

where §(z) denotes the Dirac delta function. Note that the cumulative distribution function F(|Am))

is undefined at zero.

Case B 9| < dp A |p+ Ad| > ¢

The magnitude difference is

71'
|[Am| = A|cos (2(;2)’
= A|cos(mz)|
where x = % € [-1/2,1/2] measures the position of phase ¢ relative to the dip. Since this case
assumes that ¢ + A¢ is not in the dip, the allowed range of z depends on the value of Az = %.
Specifically,
[-1/2,1/2] if |[Az| > 1
req [1/2—Ax,1/2] ifo<Az <1

[—1/2,-1/2 - Az] if -1 <Az <0
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The cumulative distribution function for |Am| is therefore

F(JAm|;|At] A Case B) = P(A|cos(nz)| < |Am]|)
= P(lcos(ra)] < 27
1 if 12l
1- f*CZf)s_l‘T‘A";'L/I’;‘A dz if0<Aml <1 A Az > 1

|[Am]

max { L cos™! [Am|/A Az
ax {L cos™"|Am|/A,1/2— }dx ifo< =<1 A0<Az<l

D A
Aw fmax gfl cos—! |[Am|/A,1/2—Ax
min { L cos™! |Am|/A,—1/2—Ax
I da
Az mln{—fcos T|Am|/A,—1/2— A;c}

0 if 2wl

if0<%<1 AN —-1<Axz <0

Note that for sufficiently large |Axz| the integrals may be over an interval of zero length. This
happens when z is forced to be near the edges of the dip, and | cos(wz)| < % for all allowed z.
Since the integrands are trivial and only the limits depend on Az, the above equation may be

integrated on a case-by-case basis to give

1 if 12ml
1—%C0871(%> iflA—X"I<1/\|Ax|>1
Pl At A Case B) 1‘ﬂ&ﬁ%4(§?) if sin(r|Az]) < 27 <1 A 1/2 < |Az] < 1
ml; ase =
1 if sin(r]Az]) < B <1 A 0 < |Az] < 1/2
1- e (%cos’l (‘Am') +|Az| - 1/2) if 0 < 127l < gin(r|Az)) A |Az| <1
0 if 1Bl <o
(4.36)
Differentiating to get the density function,
0 if 12l >
e |Am
%7_@2 1f—‘A|<1A|Ax|>1
1=(5)
2 1 By |Am]|
AT - if sin(m]Az|) < 5= <1 A 1/2 < JAz| <1
F(IAm];|At] A Case B) = Al i-(12pt)?

0 if sin(r|Az|) < 27 <1 A 0 < Az < 1/2

T w—(LA”')Q if 0 < 27 < sin(n|Az]) A |Az] <1

0 if 12l <

(4.37)

Case C 9| > 00 A |p+ Ad| < ¢
Since this case is Case B with ¢ and (¢ + A¢) interchanged, the solution is the same as for
Case B.
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Case D |¢| < dp A |o+ Ag| < d¢

The magnitude difference is

|[Am| = 'Acos (g;;) — Acos <g¢§f¢)‘

= o (5555 | (552

= 2A]|sin (5(2x—|—Aa:)>’ sin (gA:z:)‘

The values of z allowed by the constraint

where, as before, x = 25¢ € [-1/2,1/2] and Az =
that both x and x + Az fall in the dip are

25¢

[Az—1/2,1/2] if0<Az<1
[-1/2,Az+1/2] if-1<Az<0

The case |Az| > 1 is incompatible with the assumption that both  and = + Ax are in the dip, since
the dip has width 1 in the units of x and Ax.

It follows that the expression (2z + Az) that appears in the expression for [Am| falls in the
range

AAz— 11— 1Az] ifO0<Az<1

(-1 — 1Az, iAz+ 1] if-1<Az<0

o=

%(2x + Azx) €

The cumulative distribution function for |Am| is therefore

F(|Aml;|At| A Case D) = (2A ’sm( (2x + Ax )‘ ’sm( Ax)’ < \Am|>
= P(sin(2(2m+A3:))‘ 2A|sznle)|>

= P(sin(my)]) <u

min { L sin™! u, 2 T
e S S B TR PV

1-Az Jmax —Lsin—lu,iAz— }

- : 1o—1, 11
1 mmg; sin u,Engz} T}
1+Ax fmax{fisin’lu,—%Az,%} dy 1f < A./L' < 0

Since the integrands are trivial and only the limits depend on Az, the above equation may be

integrated on a case-by-case basis to give

: [Am| 3 s s
1 if 2ATsin (347))| > sin (5 — §|Ax|)
. _ 2 -1 |Am| : |Am| (T T
F(|Am|,|At| A Case D) = WSIH (2A|sm(’2'Aac)|> if 0 < W < sin (5 — §|A.T|)

0 if —laml g
Y 2 Afsin (2 40)]

(4.38)
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Differentiating to get the density function,

: |Am]| W (E _ &
0 if 2Afsin (340)| > sin (5 — 5|Az)
L L if0< —18ml__ —gin (T - T|Ag
f‘(|Am|’ |At| A Case D) — 77(17|Ax|)A‘sm(%Am)| 1_( A )2 2A|sm(%Am)‘ (2 2| |)
24 sin(gAz)|
: [Am|
0 if 2A[sin (ZAz)] <0

4.6.2.2 Probabilities of the Cases

In general, the probabilities of the four cases in Equation 4.33 depend on the values of §¢, the
half-width of the dip, and A¢, the time lag. For a given lightcurve shape, i.e., a fixed ¢, there are

six values of A¢ where the probabilities may change discontinuously:

o if |[A¢| = 20¢, then when one of m(¢) and m(¢ + A¢) is at the beginning of a dip the other
will be at the end. For smaller values of A¢ it is possible for m(¢) and m(¢ + A¢) to both be

in the same dip at the same value of ¢, while for larger values it is not.

o if |[A¢| = 1 — 2d¢, then when one of m(¢) and m(¢ + Ag) is at the end of a dip the other
will be at the beginning of the next dip. For larger values of A¢ it is possible for m(¢) and

m(¢ + Ag) to both be in a dip at the same value of ¢, while for smaller values it is not.

o if |[A¢| = 1/2 — §¢, then when one of m(¢) and (¢ + A¢) is at the end of a dip the other
reaches £1/2 and needs to be wrapped around. For larger A¢ the wraparound occurs while
one function is in the dip, while for smaller A¢ the wraparound occurs while neither function

is in a dip. The complementary case, |A¢| = 1/2 + d¢, does not occur for A¢ € [—1/2,1/2).

These six critical values of A¢ divide the parameter space into five different cases, as illustrated in

Figure 4.13a.

Case I |A¢| <2ip N |A¢| <1/2—0d¢
This situation is shown in Figure 4.13b, where the diagonal line — the set of allowed combinations

of ¢ and ¢ + A¢ — can find itself in any of the four cases A-D. Noting that the intercept of the
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diagonal line is A¢, the fraction of phases spent in each case is:

P(Case A;|At]) = 1-26¢—Ad
P(Case B;|At]) = A¢

P(Case C; |At]) = A¢

P(Case D;|At]) = 2§¢p — A¢

Call these probabilities “Solution A.”

Case II |Ag| <25p N 1/2—6¢ < |Ag| < 1—20¢
This situation, shown in Figure 4.13c, differs from Case I only in the location of the phase
wraparound relative to the boundaries between Cases A, B, and C. The fraction of phases spent in

each case is:

P(Case A;|At]) = 1—-20¢p— Ao
P(Case B; |At]) = A¢

P(Case C; |At]) = A¢

P(Case D;|At]) = 25— A¢

These are also Solution A.

Case ITI |A¢| < 25 A 1— 209 < |Ag|
In this case, shown in Figure 4.13d, the spacing A¢ between the two observations is larger than
the amount of time between the end of one dip and the beginning of the next. Therefore, Case A is

impossible. From the plot, the probabilities can be seen to be

P(Case A;|At]) = 0

P(Case B;|At]) = 1-2§¢
P(Case C;|At]) = 1—20¢
P(Case D;|At]) = 46¢p—1

Call these probabilities “Solution B.”
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Case IV |A¢| > 209 N |AP| < 1/2—6¢
In this case, shown in Figure 4.13d, the spacing A¢ between the two observations is larger than

the width of the dip. Therefore, Case D is impossible. From the plot, the probabilities can be seen
to be

P(Case A;|At]) = 1-—46¢
P(Case B;|At]) = 2d¢
P(Case C; |At]) = 20¢
P(Case D;|At]) = 0

Call these probabilities “Solution C.”

Case V. |A¢| > 25¢ A 1/2—0¢ < |A¢p| <1 —20¢
This situation, shown in Figure 4.13c, differs from Case IV only in the location of the phase
wraparound relative to the boundaries between Cases A, B, and C. The fraction of phases spent in

each case is:

P(Case A;|At]) = 1-—46¢
P(Case B; |At]) = 20¢
P(Case C; |At]) = 20¢
P(Case D;|At]) = 0

These are also Solution C.

Equation 4.33 may now be used to find F'(|Am|) and f(|Am|) for any value of A¢ = frac (= At)—
%. The resulting expressions are evaluated in Figure 4.14.

The scalar timescales calculated from the Am-At plot for an AA Tau-like lightcurve are listed
in Table 4.3.

4.6.3 Gaussian Processes

By definition, the magnitude measurements M (t) sampled from a Gaussian process are jointly

normally distributed random variables. Therefore, their signed difference Am is itself a normal
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Normalized Am-At plots for an AA Tau-like signal spending 10%, 30%, and 60% of
each cycle in a dip (d¢ = 0.05, 0¢p = 0.15, and d¢ = 0.30, respectively). The left panel
shows the density function of Am as increasingly lighter shading, with 10th, 50th,
and 90th percentiles of Am shown in red. Note that the 10th and 50th percentiles
are often zero, reflecting the large number of pairs of points where both observations
in the pair were taken outside a dip. The right panel shows the fraction of Am pairs
exceeding half the amplitude. For all plots, At is plotted in units of the period.
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random variable with mean

E(Am) = BE(M(t+ At)— M(t)
= BE(M(t+ Ab) — B(M(t))

If M(¢) has constant mean, then E(Am) = E(M)— E(M) =0.

The variance is:

V(Am)

BE(M(t+ At) — M(t))%) — (B(M(t + At) — M (t)))?

= BE((M(t+ At))?) —2E(M(t + At)M(t)) + BE(M(t))?) — (BE(M(t + At)))?
+2E(M(t + At))E(M(t)) — (B(M(t)))*

= V(M(t+ At)) —2cov(M(t + At), M(t)) + V(M(t)) (4.40)

If M(t) has constant variance, then

V(Am) V(M) — 2cov(M(t + At), M(t)) + V(M)

2V (M) — 2 cov(M(t + At), M(t))

= 202,(1 - p(At)) (4.41)

The absolute magnitude difference |Am/| follows not a Gaussian distribution, but a half-Gaussian.

Letting 03 (At) = V(Am(At)), the complete probability distribution is

i\/%e’AmQ/Q"QA if |[Am| >0

f(lAm[;|AL]) = (4.42)
0 if [Am| <0
erf (127 if [Am| >0

F(l[Am|; |At]) = ("Aﬁ) jam| 2 (4.43)
0 if |[Am| <0

4.6.3.1 White Noise

Substituting p = §(t;,t;) into Equation 4.41,

9 0 if At =0
or(At) = (4.44)
202, if At#£0
In Figure 4.15, I show plots of Equation 4.42 and Equation 4.43 after substituting Equation 4.44.

The median value of Am never exceeds 1/3 or 1/2 the amplitude, while the 90% quantile crosses

both thresholds at an infinitesimal value of At.
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Figure 4.15: Normalized Am-At plot for a white noise process. The left panel shows the density
function of Am as increasingly lighter shading, with quantiles of Am shown in red.
The discontinuity at At = 0 is not shown. The right panel shows the fraction of Am
pairs exceeding half the amplitude.

4.6.3.2 Squared Exponential Gaussian Process

—At? /273

Substituting p = e into Equation 4.41,

o2 (Al) = 202, (1 — e/ sz) (4.45)

The corresponding plots are shown in Figure 4.16. The scalar timescales calculated from the

Am-At plot for a squared exponential Gaussian process are listed in Table 4.3.

4.6.3.3 Two-Timescale Gaussian Process

The variance in Equation 4.5 is easiest to use with Equation 4.40:

2 2 2 —At? /277 —At? /273 2 2
X (At) = 02402 —202e A2 4 g2 A2 4 62 4 42

= 2002 4 02) — 202 AF/27 _ 952 AT /27 (4.46)

The corresponding plots are shown in Figures 4.17 and 4.18, for different regimes of o1 /02 and
T1/Ta.
The scalar timescales calculated from the Am-At plot for a two-timescale Gaussian process are

listed in Table 4.3.
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Figure 4.16: Normalized Am-At plot for a squared exponential Gaussian process. The left panel
shows the density function of Am as increasingly lighter shading, with quantiles of
Am shown in red. The right panel shows the fraction of Am pairs exceeding half the
amplitude. For both plots, At is plotted in units of the correlation time.

4.6.3.4 Damped Random Walk

Substituting p = e~ 1% ~%!/7 into Equation 4.41,
o3 (At) = Dr (1 - e—\Atl/f) (4.47)

The corresponding distribution is shown in Figure 4.19. The scalar timescales calculated from

the Am-At plot for a damped random walk are listed in Table 4.3.

4.6.3.5 Random Walk

Substituting the formulas in Equations 4.7 and Equation 4.8 into Equation 4.40 (note that, since

the variance is not constant, Equation 4.41 does not apply),

oA (At)

D(t; —to) — 2D(t1 — to) + D(tj — to)
D(t; —to) — 2D(t; — to) + D(t; —to) ift; <t
D(t; —to) — 2D(t; —to) + D(t; — to) if t; > t;
D(t; —t;) ift; <t
D(t; —t;) ift; >t;
N (4.48)

While both the variance and the covariance of a random walk depend on the starting time ¢y, the

distribution of Am as a function of At does not. The distribution is shown in Figure 4.20.
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Figure 4.17: Normalized Am-At plot for a two-timescale Gaussian process. The density function
of Am is indicated by increasingly lighter shading, with quantiles of Am shown in red.
Each panel adopts different assumptions about the relative amplitudes and timescales
of the fast component (1) and the slow component (2). The time is plotted in units
of the coherence time for the slower component, 7.
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Figure 4.18: Fraction of Am pairs exceeding half the amplitude for a two-timescale Gaussian
process. Each panel adopts different assumptions about the relative amplitudes and
timescales of the fast component (1) and the slow component (2). The time is plotted
in units of the coherence time for the slower component, 75.
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Figure 4.19: Normalized Am-At plot for a damped random walk. The left panel shows the density
function of Am as increasingly lighter shading, with quantiles of Am shown in red.
The right panel shows the fraction of Am pairs exceeding half the amplitude. For
both plots, At is plotted in units of the damping time.

While the Am-At plot is well defined, the lightcurve amplitude is not, so there is no way to set
a threshold for the Am-At quantiles to cross. There is therefore no timescale associated with the

Am-At analysis.

4.6.4 Summary

I present, in Table 4.3, the timescale measures for all lightcurve types considered in this section.
Among the periodic variables, the ratio of the structure function timescale to the period depends
strongly on the shape of the lightcurve: the timescales for AA Tau lightcurves are always lower than
the corresponding timescales for sinusoidal lightcurves, and they vary strongly with the width of
the dip. However, the timescale is not proportional to the width of the dip, and cannot be used to
characterize it.

Among the aperiodic timescales, the ratio of the Am-At timescale to the underlying timescale
differs by a factor of two to three between the squared exponential Gaussian process and the damped
random walk. If the statistical properties of the lightcurve are not known a priori, the uncertain
lightcurve properties may introduce a systematic error of a factor of two or more into the result.

As with the structure function and the autocovariance function, the behavior of Am-At plots
when applied to the two-timescale Gaussian process has the expected asymptotic behaviors but gives
no indication that there is more than one component. Again, more detailed modeling, with specific

assumptions about the lightcurve structure, would be needed to separate the components.
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Figure 4.20: Normalized Am-At plot for a random walk. The density function of Am is indicated
by increasingly lighter shading, with quantiles of Am shown in red.

10.00

Median crosses Median crosses 90% quantile crosses 90% quantile crosses

Model 1 amp 3 amp 1 amp 1 amp
Sinusoid 0.154P 0.246 P 0.108P 0.167P
AA Tau (10% Dip) Never Never 0.0312P = 0.624P5¢ 0.0417P = 0.834P5¢
AA Tau (30% Dip) Never Never 0.0388P = 0.257Pd¢ 0.0616P = 0.411P¢

AA Tau (60% Dip)

0.175P = 0.583Pd¢ 0.255P = 0.850Pd¢ 0.0694P = 0.231P5¢p 0.109P = 0.363Pd¢

‘White Noise Never Never 0 0
Squared Exponential GP Never Never 0.7097 1.1787
Two-Timescale GP (01 = 102, 71 = %72) Never Never 5.40371 = 0.54072 10.84277 = 1.08473
Two-Timescale GP (o1 = 302, T1 = 57—2) Never Never 1.76671 = 0.58979 3.25571 = 1.0857%
Two-Timescale GP (01 = 02, 71 = %Tz) Never Never 1.07571 = 0.10772 2.607T1 = 0.26172
Two-Timescale GP (01 = o2, T1 = 372) Never Never 0.99671 = 0.33272 1.86571 = 0.622712
Two-Timescale GP (01 = 302, 71 = %Tz) Never Never 0.75371 = 0.0753712 1.27211 = 0.12775
Two-Timescale GP (01 = 302, 71 = 372) Never Never 0.74711 = 0.24972 1.25771 = 0.41975
Damped Random Walk Never Never 0.2517 0.6937

Random Walk Infinite Amplitude

Table 4.3: Trial scalar timescale measures, based on the Am-At plot, for each of the lightcurve
models introduced in section 4.2. Timescales are given in units of the period, P, for
periodic sources and the characteristic timescale, 7, for aperiodic sources. For the two-
timescale Gaussian process the results are expressed in terms of both the timescale of
the shorter component, 71, and that of the longer component, 5. For the AA Tau
lightcurve the results are expressed in terms of both the period, P, and the half-width
of the lightcurve’s periodic dip, Pd¢.

4.7 Summary of Theoretical Results

In this chapter I've tested, under highly idealized conditions, three candidate timescale metrics
(structure functions, autocovariance functions, and Am-At plots) on six types of lightcurve models:
a sine, a periodic “dipper” like AA Tau, a squared exponential Gaussian process, a variant of the
squared exponential Gaussian process having two components with different timescales, a damped
random walk, and an (undamped) random walk. By testing each timescale metric on a variety of
lightcurve models, I was able to determine how well each metric adapts to different lightcurves and
also ensure that the analysis was not biased by a single model on which a particular metric performs
To my knowledge, this is the first such analysis of timescale metrics,

unusually well or poorly.

and in particular the first to attempt to characterize performance without reference to an assumed
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lightcurve model.

Criterion ‘ Structure Function Autocovariance Function Am-At Plot
Universal Yes Yes Yes
Data-driven | May require binning/interpolation =~ May require binning/interpolation =~ May require binning
Versatile to ~ 40% to ~ 20% to factor of 2
Accurate Yes Yes Yes

Table 4.4: Performance of three candidate timescale metrics with respect to the criteria introduced
in section 4.1. An entry beginning with “May require” means that, while the timescale
metric itself satisfies the criterion, a specific algorithm for calculating the metric may
not.

The performance of each metric across the various lightcurves was described in detail in sec-
tions 4.4 through 4.6. A summary of the results, in terms of the criteria introduced in section 4.1, is
presented in Table 4.4. All three metrics are universal, by construction. They are likewise accurate
except when applied to the two lightcurve models that had more parameters than a single timescale,
namely AA Tau lightcurves and two-timescale Gaussian processes. This behavior appears to be a
problem with the models, rather than with the timescale metrics: the concept of “the timescale
of the lightcurve” is ill-defined in the context of either model. As a result, neither model will be
considered further.

The three metrics differ primarily by how well they handle a variety of lightcurves, particularly
the aperiodic lightcurves for which the metrics are intended. Autocovariance functions are the
most reliable by this criterion, with variation in the lightcurve function affecting the conversion to
underlying timescale by only 20%. Am-At plots are most affected by changes to the statistical
properties of the lightcurve; the additional small-scale structure in a damped random walk produces
an estimated timescale at most half that for a squared exponential Gaussian process with the same
characteristic timescale. This is a significant limitation to Am-At plots compared to the other two
metrics.

A