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Chapter 1

Introduction

1.1 RV Tauri Variables

The discovery of RV Tauri stars was more than 100 years ago, yet their physical processes

and evolutionary origin still remain poorly understood. These pulsating stars were recognized as a

distinct class of variables in 19051 after the discovery of their prototype-star, RV Tauri, (Ceraski,

1905). RV Tauri stars are primarily identi�ed by their signature pulsation pattern in their light

curves that show a sinusoidal wave with alternating deep and shallow minima in brightness with

periods ranging between 20–150 days (Figure 1.1).

RV Tauri stars extend the brightest part of the Type II Cepheid period-luminosity relation-

ship (Figure 1.2), however, the pulsations of RV Tauri stars are not strictly regular and they show

more cycle-to-cycle scatter, than those of the other Type II Cepheid subclasses (e.g., BL Hercules

and W Virginis stars; Catelan & Smith, 2015). RV Tauri stars reside near the brightest part of

the instability strip2 on the Hertzsprung–Russell (luminosity–versus–temperature) diagram, where

high-mass and low-mass single-star evolutionary tracks meet (Cox, 1974, see Figure 1.3). Studies

favor the lower–mass stellar origin for RV Tauri stars (e.g., Willson & Templeton, 2009), and are

de�ned as a subclass of post-asymptotic giant branch (AGB) stars from low-to-intermediate-mass

stars between 0.8–8 M� (van Winckel, 2018). However they span a diverse group of stars, for ex-

ample, recent studies have shown that RV Tauri stars can also be post-red giant branch (RGB) stars

(e.g., Kamath, 2015), which have similar stellar parameters as their post-AGB counterparts but

appear at lower luminosities. The post-AGB identi�cation (also dubbed as `pre-planetary nebula'),

of RV Tauri stars is owing to their high luminosity, mass-loss history, and large infrared excess in

their spectral energy distribution due to circumstellar dust (Jura, 1986), see Figure 1.4.

1 For a nice highlight of RV Tau, see https://www.aavso.org/vsotsrvtau
2 The instability strip is a narrow region on the Hertzsprung–Russell diagram largely occupied by several classes of

pulsating variable stars.
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Figure 1.1: A segment of DF Cygni'sKepler light curve, an RV Tauri-type variable star, showing
the characteristic pulsation pattern of alternating deep and shallow minima in brightness over time.

The internal structure of a star at the AGB phase consists of a degenerate carbon and oxy-

gen core with hydrogen- and helium-burning shells surrounding it, followed by a highly–extended

envelope. During the AGB phase rich nucleosynthesis occurs where carbon, nitrogen, oxygen,

and slow neutron capture (s-process)3 elements, beyond iron, are produced (Höfner & Olofsson,

2018). The transition between the AGB and post-AGB is not clearly de�ned but the late AGB

phase is driven by large-scale pulsations, where the star at the post-AGB phase (103–105 yr, de-

pending on the star's initial mass), undergoes an increase of mass-loss ranging between 10� 7 and

10� 4 M� yr� 1 (van Winckel, 2003).

The stellar giant's outer-most atmosphere continues to expand out by the X-ray–emitting (e.g.,

Montez et al., 2015) hot (> 30 kK) and luminous core (103–104 L� ), which ionizes the loosely-

bound stellar material. Shells of slowly ejected material eventually form a beautiful planetary

nebula (see Figure 1.5). However the majority (� 80%) of planetary nebulae do not seem to follow

3 The s-process is a series of nuclear reactions where a seed nucleus undergoes neutron capture to form heavier
elements.
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a spherically symmetric release of its outer layers, and reveal a variety of complex morphologies

(De Marco, 2009). The mechanisms that produce the different planetary nebula shapes and features

are not well understood, but binarity, stellar rotation, snow-plowing mechanisms, and magnetic

�elds affecting the strong stellar winds seem to play a big role (e.g., Balick & Frank, 2002; Sahai

et al., 2011).

Figure 1.2: The relationship between brightness and pulsation (i.e., the Leavitt Law) for Type II
Cepheid variables in the Large Magellanic Cloud. The cyan and red symbols are “peculiar” W Vir
stars and highly-reddened RV Tauri stars, respectively, and were not used in the linear regression
model show in this plot. Figure take from Manick et al. (2017).

Various studies (e.g., van Winckel et al., 1999; Maas et al., 2002; de Ruyter et al., 2005; Gezer

et al., 2015; Manick et al., 2017) have argued that the RV Tauri subclass of post-AGB stars can

generally be understood if they possess binary companions within the presence of a stable cir-

cumbinary disk surrounding both stars. van Winckel et al. (1999) compared various observed

characteristics of RV Tauri stars with other post-AGBs in known binary systems and found that a

high fraction of RV Tauri stars were similar to their binary post-AGB counterparts.

Some RV Tauri variables also exhibit a longer-term (� 102–103 days) variation in mean bright-

ness and are know as the RVb-subclass. It was debated if this variation was due to changes from
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Figure 1.3: RV Tauri stars reside in a part of the HR diagram where stellar evolutionary tracks of
high mass and low mass stars meet, they were thought to evolve from either massive or low-mass
stars. Recent studies favor a low-mass stellar origin. Figure adapted from Cox (1974).

the pulsating star itself or if it was an extrinsic variable extinction by dust that surrounds either or

both stars (e.g., Percy, 1993). However recent discoveries favor the disk-obscuration model (e.g.,

Kiss & Bódi, 2017). The structure of the circumbinary disks around these post-AGB binaries have

therefore been found to be important in understanding the evolution of the systems themselves.

Looking for tracers for the evolution and lifetime of the circumbinary disk may give estimates to

the binary-evolution process in RV Tauri systems, as they can evolve the eccentricity of the binary.

Most recently, studies have also shown on-going out�ows, likely emerging from the circum-

companion environment of the companion star in post-AGB binaries caused by accretion due to

interactions within the system (e.g. Gorlova et al., 2012; Bollen et al., 2019; Oomen et al., 2019).

Though it is accepted that binarity affect the evolution of low-to-intermediate mass stars at late

stages of evolution, there is still missing physics that needs to be explored.
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Figure 1.4: Spectral energy distributions of six bright RV Tauri stars showing an excess of infrared
light starting at� 2 mm. All except for EP Lyr (top second panel) display the photometric RVb
phenomenon in their light curves. The raw broadband photometric data in these �gures were
downloaded from vizieR and have not been corrected for foreground extinction. The solid blue
and dashed black lines are scaled blackbody components depicting the stellar atmosphere emission
and the infrared excess (indicative of dust in the system), respectively. These blackbody models
are not �tted to the data.

1.2 Dissertation Outline

In order to better understand the characteristics exhibited by RV Tauri variables, the environ-

ment in which they form, and to explain their place in stellar evolution, this dissertation focuses on

using observations obtained by the NASA-ledKeplerand ESA-led XXM–Newtonspace missions,

as well as photometric observations that date back to the late 1880s. One of open questions that

this work has helped to con�rm is the cause for the photometric RVb variability. In Chapter 2

we provide an observational analysis of the RVb variable DF Cygni, the only RV Tauri system

in Kepler's original �eld-of-view. Using the highly-resolvedKepler light curve, we establish that

DF Cyg's slow RVb phenomenon is due to an orbital modulation where an opaque body periodi-

cally obscures the pulsating star by 90% every� 800 days. This opaque screen is the circumbinary
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disk surrounding the binary system.

In Chapter 3 we discuss the X-ray emission for the RVb binary, U Monocerotis (U Mon),

which is the �rst RV Tauri system to be detected in X rays. U Mon is also the �rst RV Tauri system

with a clear discovery of weak magnetic �elds at the stellar surface (Sabin et al., 2015). From

U Mon's � 130 year light curve, we �nd longer-term secular variations on the RVb phenomenon

that are in the order of decades and suspect is caused by the circumbinary disk. Our work on

U Mon spans the largest range of wavelengths (X-ray to millimeter) and the longest range of

time. We propose that the X-ray emission may be coming from the stellar companion, perhaps a

circumcompanion accretion disk surrounding it. Such accretion disks have also been observed in

other post-AGB binary stars (e.g., Bollen et al., 2017) and are related to Ha variations due to orbital

motion. However, more observations are needed to con�rm if there are any correlations between

Ha variations, X-ray emission, and magnetic �elds in U Mon and in other systems. Finally, in

Chapter 4 we discuss future work. The newly detection of X-rays in an RV Tauri system, has

now opened up new possibilities to consider, and can enable constraints on the stellar evolution

for late-stage binary systems. Furthermore, historic DASCH data will help to understand the long-

term behavior of circumbinary disks around these stars. With the radial velocity monitoring, which

began in 2009 (Raskin et al., 2011), long-period RV Tauri systems are starting to accumulate more

data, this with the combination of monitoring them at other wavelengths, will further shed much

needed light onto these mysterious evolved systems.
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Figure 1.5:False color images of preplanetary nebulae (�rst two rows) and planetary nebulae (bottom two
rows). Top row (left to right): Egg Nebula (V1610 Cyg), Frosty Leo Nebula (IRAS 09371+1212), Red
Rectangle (HD 44179). Second row (left to right): Calabash Nebula (OH 231.8+4.2), LL Pegasi (AFGL
3068), Boomerang Nebula. Third row (left to right): Helix Nebula (NGC 7293), Cat's Eye Nebula (NGC
6543), Lion Nebula (NGC 2392). Last row (left to right): Southern Owl (ESO 378-1), Hourglass Nebula
(MyCn18), Spirograph Nebula (IC 418). Image Credit: NASA and The Hubble Heritage Team, ESA, and
ESO.
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Chapter 2

Evidence for Binarity and Possible Disk Obscuration inKeplerObservations of the Pulsating

RV Tau Variable DF Cygni

The following work was originally published in The Astrophysical Journal (Vega et al., 2017) and

is reprinted below in its entirety.

Laura D. Vega1;2, Keivan G. Stassun1;2, Rodolfo Montez Jr.3, Patricia T. Boyd4, Garrett Somers1;5

1Department of Astrophysics, Vanderbilt University, Nashville, TN, USA

2Department of Physics, Fisk University, Nashville, TN, USA

3Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA

4NASA Goddard Space Flight Center, Greenbelt, MD, USA

5VIDA Postdoctoral Fellow
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2.1 Original Abstract

TheKeplerlight curve of DF Cyg is unparalleled in precision and cadence for any RV Tau star

to date spanning a baseline of� 4 years and clearly displaying the signature pulsating behavior

of alternating deep and shallow minima as well as the long-term trend indicative of an RVb-type

variable. We measure DF Cyg's formal period (the time interval between two successive deep

minima) to be 49:84� 0:02 days. The trend in the arrival times emulates that of the long-term

period. There appear to be precisely 16 deep+shallow minima cycles in one long-term cycle,

suggesting a long-term cycle period of� 795� 5 days. We argue that binarity may naturally explain

the long-term periodicity in DF Cyg. The spectral energy distribution of DF Cyg features an

infrared excess indicative of a disk possibly linked to a binary companion. From a recentGaia

parallax measurement for DF Cyg, we calculated that it has a distance of 990� 372 pc and a

physical radius ofR? = 10:3� 3:8 R� . From kinematics and geometric arguments, we argue that

the most likely interpretation for the decrease in �ux from the long-period maximum to the long-

period minimum, as well as the reduction of the short-term pulsation amplitude, is caused by an

occulting body such as a disk surrounding DF Cyg and its binary companion.
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2.2 Introduction

RV Tau variable stars, named after their prototype RV Tauri, are luminous large-amplitude

pulsating supergiants (General Catalog of Variable Stars (GCVS); Samus et al., 2009) located at

the brightest part of the population Type II Cepheid instability strip in the Hertzsprung–Russell

diagram (Wallerstein, 2002). The colors of RV Tau stars are in phase with their variation in bright-

ness, displaying spectral types between F and G at maximum light and K to M at minimum light

(Samus et al., 2009). The large luminosities and large IR excess due to circumstellar dust exhibited

by RV Tau variables led to their classi�cation as post-asymptotic giant branch (post-AGB) objects,

suggesting they can be planetary nebula progenitors (Jura, 1986).

The main characteristic of RV Tau variables is a double wave of alternating deep and shallow

minima in their light curve. The combination of deep and shallow minima has a “formal” period

(the time interval between two successive deep minima) that ranges between 30 and 150 days

(Samus et al., 2009). This short-term feature of repeating deep and shallow minima has been

argued (Gerasimovi�c, 1929) to represent two pulsation modes simultaneously being excited in

a 2:1 resonance (for a detailed description, see Pollard et al., 1996). In addition to this short-

term behavior, RV Tau variables are divided into two photometric subclasses based on longer-term

variability. RVa stars maintain a relatively constant mean magnitude throughout their alternating

deep and shallow minima. RVb stars, on the other hand, show an additional long-period variation

on a timescale of 600–1500 days in mean magnitude with amplitudes that can reach up to 2 mag

in V (Samus et al., 2009).

A major outstanding question in the study of RV Tau stars is the origin of these two classes

based on the presence of long-period variation (in their light curves) or lack thereof. Various studies

(e.g., van Winckel et al., 1999; Maas et al., 2002; de Ruyter et al., 2005; Gezer et al., 2015; Manick

et al., 2017) have argued that RV Tau stars generally can be understood if they possess binary

companions. van Winckel et al. (1999) compared various observed characteristics of RV Tau stars

with post-AGBs in known binary systems and found that a high fraction of RV Tau stars were

similar to their binary post-AGB counterparts. They further suggested that the viewing angle of a

10



circumstellar dust torus determined the long-term variability class, with RVa stars being seen pole-

on and the RVb stars seen edge-on. The RVb long-term variation then is due to periodic extinction

by orbiting circumstellar dust. Based on IR excess in the spectral energy distributions (SEDs).

indicative of the dust disks of six RV Tau systems, de Ruyter et al. (2005) found that the most

likely explanation for the inferred structure and size of the disks is binarity. These studies further

support the view that binary companions, and possibly also circumstellar disks, are important for

understanding the RV Tau phenomena in general. A binary origin for the RV Tau phenomena

would furthermore help to connect RV Tau stars as evolutionary precursors of planetary nebulae,

as studies suggest that the asymmetric morphology in the majority of planetary nebulae is also due

to binarity (see, e.g., De Marco, 2009).

However, the question of what drives the RVa versus RVb long-term photometric behavior

remains. Gezer et al. (2015) usedWide-�eld Infrared Survey Explorer (WISE)data to study all

galactic RV Tau stars in the GCVS (Samus et al., 2009) catalog by comparing them to post-AGB

objects. They found that all RVb stars in their sample exhibited IR excesses and found them only

among the disk sources, whereas some but not all of the RVa stars exhibited such IR excesses.

More importantly, they found that all con�rmed binaries in their sample were disk sources. Thus,

there is evidence that the presence of a dust disk is most strongly connected to the presence of RVb

long-term photometric variations in RV Tau stars.

If dust disks cause the signature RVb long-term variation through orbital modulation of the

obscuration along the line of sight, then such orbital modulation might be the result of a binary

companion, in which case one might expect the modulation to be related to the binary orbital

period. In fact, there is evidence for this scenario in RVb stars such as U Mon, an example of a

con�rmed binary with a dust disk (Gezer et al., 2015), that has a long-term photometric period of

2475 days (Percy et al., 1991) and agrees with the binary orbital period of 2597 days found by

Pollard & Cottrell (1995).

Since the discovery of DF Cyg (Harwood, 1927), this archetypal RVb star, which varies in

magnitude between� 13–10.5 mag (B́odi et al., 2016), has remained a mystery. Although there
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have been some early indications of possible binarity, the radial velocity signature of a binary com-

panion has been inconclusive. For example, Joy (1952) reported a range in the radial velocities of

45 km s� 1, measured in 10 plates obtained at Mt. Wilson Observatory, but with a large uncertainty.

Moreover, Gezer et al. (2015) classi�ed the SED of DF Cyg as “uncertain” with regards to the

evidence for a dust disk.

Fortunately, however, DF Cyg was included in the recentKepler mission, providing an un-

precedented high-quality light curve spanning� 4 years (see Figure 2.1).Keplerbegan observing

DF Cyg at the start of a shallow minimum followed by a total of 29 full double-wave (deep +

shallow minima) cycles, covering almost two full cycles of an� 800 day long-term RVb period. In

addition, Gorlova et al. (2013) recently reported long-term radial velocity variations with a period

of � 775 days for DF Cyg. Finally, DF Cyg was included in the �rst data release of parallax ob-

servations byGaia (Gaia Collaboration et al., 2016a,b). Together, theKeplerlight curve and these

recent radial velocity and parallax measurements permit a new comprehensive re-evaluation of this

important RV Tau system.

In this paper, we present updated measurements of the periodicities in the DF Cyg light curve

and show conclusively that DF Cyg possesses a large IR excess indicative of a dust disk. In

addition, we present timescale arguments to suggest that the long-term RVb variations in DF Cyg

are consistent with a disk obscuration hypothesis on the binary orbital timescale. Section 3.4

summarizes theKepler light curve data that we use in our analysis and Section 2.4 describes our

analysis procedures and the main results that emerge from them. We discuss our interpretation of

the results in Section 2.5, and conclude with a summary of our �ndings in Section 2.6.

2.3 Data:KeplerTime Series Observations

DF Cyg's brightness variability and that for more than� 150,000 target stars were simultane-

ously monitored byKeplerthrough a long time baseline spanning� 4 years.Keplerwas designed

to survey the Cygnus–Lyra star �eld region with a 105 degree2 �eld of view. A total of 18 observa-

tion quarters each lasting� 90 days were obtained from 2009 May 2 to 2013 April 9 (Q0, Q1, Q8,

12



and Q17 were approximately 10 days, 33 days, 67 days, and 32 days, respectively). In 2013 May,

Kepler lost the second of its four reaction wheels, which ended the continuous monitoring mis-

sion in the �eld. However, the observations obtained byKeplerprovide space-based light curves

with the highest photometric accuracy and uninterrupted coverage compared to any ground-based

observatory.

Keplerhad two observing modes: the short-cadence mode and the long-cadence mode, which

took an image (every� 1 minute or every� 30 minutes, respectively) for the duration of the entire

mission (Hartig et al., 2014). There are 0.9 – 3 day gaps in the data from the transition of one

observing quarter to the next becauseKeplerwas required to rotate every three months to maintain

direct sunlight on the solar arrays, optimizing their ef�ciency. Most of the targets fell on a different

CCD channel at every observation quarter, and their point-spread functions were distributed among

different neighboring pixel apertures. As a result, �ux discontinuities exist between quarter-to-

quarter transitions.

We retrieved theKepler “simple aperture photometry” (SAP), long-cadence mode data of DF

Cyg from the Mikulski Archive for Space Telescopes (MAST). The data are highly sampled in time

with a total of� 69,778 data points throughout the 18 observation quarters. Data were collected on

day� 120 of the mission and ended at day� 1591, summing to a total of� 4 years of observations.

We use the SAP data as is; however, there were noticeable systematic discontinuities in �ux

throughout the light curve, due to quarter-to-quarter transitions. We shifted quarters 0–3, 9, and

12 to reduce these discontinuities to best represent the signal of the DF Cyg. These changes were

relatively small but helped reduced the error on our measured long-term period value. For an in-

depth description on the removal of instrumental effects onKepler data; see, e.g., Hartig et al.

(2014).

2.4 Analysis and Results

In this section we present the results of our analysis of theKepler light curve observations of

DF Cyg. We give a general characterization of the overall light curve features. We obtain precise
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measurements of both the short-term period and long-term period. Finally, we present the results of

our analysis of the available broadband �ux measurements of DF Cyg, which we use to construct

an SED and to estimate the radius of DF Cyg as well as to assess the evidence for a dust disk in

the system.

2.4.1 General Features of the DF Cyg Light Curve

Figure 2.1 displays theKepler light curve of DF Cyg. The variations present in the light

curve show the characteristic RV Tau alternating minima and a long-period variation in the mean

brightness, which are indicative of the RVb classi�cation.Kepler observed a complete cycle of

the long-period variation, starting as DF Cyg emerged from a long-period minimum and ending as

DF Cyg entered a second long-period minimum. As a result, theKepler light curve features two

maximum states that bracket one complete minimum state.

Figure 2.1:Keplerlight curve for DF Cyg with a spline model (in gray) underlying the long-period
trend. The data points are color-coded according to the value of the spline model, where red means
maximum light and blue means minimum light. The dashed vertical lines indicate the approximate
transitions of light to and from minimum light. Note that the short-term oscillation amplitudes
decrease at long-period minimum.

TheKepler light curve includes 29 full deep + shallow minima cycles, which we have labeled

in Figure 2.2. Both of the long-term maxima are �at with the mean brightness roughly lasting
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� 300� 70 days each. The long-term minimum is� 200� 70 days in duration. The long-term

brightness rise and fall times are� 150� 70 days each. These general timescales are summarized in

Table 2.1. The overall �ux decreases by� 90% from the long-period maximum to the long-period

minimum. During the long-period maxima, we �nd that the average peak-to-peak amplitude of

the short-period behavior is� 9:2� 105 �ux units, while in the long-period minimum the average

peak-to-peak amplitude is� 7:9 � 104 �ux units. Just as the overall �ux decreases by 90%, the

short-period oscillation amplitudes decrease by� 90% during the long-period minimum relative to

the long-period maximum. In other words, the short-period oscillations are, fractionally, the same

during both the long-period maxima and the long-period minimum states. Percy (1993) similarly

found that in U Mon, RV Tau, and DF Cyg, the amplitudes of the short-period oscillations get

smaller during the long-period minimum. Here, with DF Cyg'sKeplerlight curve, we can clearly

see the highly resolved short-period oscillations are� 90% much lower in amplitude during the

long-period minima. In Section 2.5, we return to these phenomena in the context of an occultation

scenario for DF Cyg.

Figure 2.2:Keplerlight curve for DF Cyg with long-term behavior removed. From top to bottom,
we color-code the data according to (a) the value of the long-term behavior spline model, (b) alter-
nating colors based on our double-wave cycle breakdown (there are a total of 29 deep + shallow
minima cycles), and (c) alternating colors based onKeplerquarters. Location of the extrema of the
long (a) and short (b) behaviors are also depicted.
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Table 2.1: The long-period transitional behavior of DF Cyg observed by Kepler.

Event Tstart Tend (Days) Duration (Days)
First Risea 125� 50 275� 50 150� 70
First Maximum 275� 50 575� 50 300� 70
First Fall 575� 50 725� 50 150� 70
First Minimum 725� 50 925� 50 200� 70
Second Rise 925� 50 1075� 50 150� 70
Second Maximum 1075� 50 1375� 50 300� 70
Second Fall 1375� 50 1525� 50 150� 70

Approximate day on which transitions occur.
aThe �rst rise may be incomplete due to the time at whichKeplerstarted observing.

2.4.2 Arrival Time Variations in the Deep and Shallow Minima

To verify the periodicity of the short-term behavior in DF Cyg, and to assess any possible

variability in the short-term periodicity, we sought to measure the “arrival time” of each light

curve minimum. Figure 2.3 shows an example of a deep minimum, Cycle 17, observed byKepler.

We �t all 29 deep minima with a Gaussian function, where we used the centroid of the Gaussian,

mmin, and its associated error,merr, to characterize the arrival time of each minimum. Our best-�t

arrival time values and associated errors for each deep minimum are presented in Table 2.2 and

in Figure 2.4 (top panel), where we show the measured arrival times of each deep minimum as a

function of cycle number. We note that the error bars,merr, are smaller than the data points.

The linear trend of the data indicates the overall consistency of the arrival times of the minima,

with a best-�t slope of 49:84� 0:02 days, which we take to be the short-term period for DF Cyg.

This is consistent with the period of 49.4 days (no quoted uncertainty) originally reported by Har-

wood (1927), as well as with the recent period reported by Bódi et al. (2016) of 49.9 days.

Subtracting the linear regression from the arrival times gives the residuals, which show system-

atic deviations, of the arrival times about the best-�t linear trend (Figure 2.4, bottom panel). The

deviations are typically on the order of� 0.5 days, with an amplitude of� 2 days. These deviations

are highly signi�cant considering the typical uncertainty on the individual arrival times of 0.02 d.
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Figure 2.3: Example of arrival time estimate on the deep minimum Cycle 17. The time of the
light curve segment is normalized to the time of the data point with the minimum �ux. The actual
arrival time of the minimum as determined from the Gaussian �t (dashed red line) is indicated by
the vertical dotted line shown in the inset zoom.

The pattern of the residuals is not strictly sinusoidal, but does undergo a sign �ip (from negative

to positive residual) around cycles 4–6 and again (from positive to negative residual) around cycle

21. The timescale between these sign �ips, approximately 15–17 cycles, corresponds to a period

in the range 747–847 days, given the average short-term cycle period of 49:84� 0:02 days found

above.

2.4.3 Redetermination of the Long-term Periodicity

DF Cyg'sKeplerlight curve almost spans two full long-period cycles. As an initial estimate, we

divided the light curve into two parts at day 800 (Figure 2.5). We heavily smoothed both portions

using a spline with a smoothing length of 1150 data points, and cross-correlated the two spline

smoothing functions to get a best-�t long-period timescale of 795� 5 days. This period is consis-

17



Figure 2.4: Arrival time results. Top panel: the Gaussian-�t arrival times are plotted against the
cycle number. The best-�t line to the data is indicated by the dashed line. Lower panel: the
residuals of the arrival times and best-�t model are plotted against the cycle number, in the sense
of O� C (observed minus calculated). In both panels, the data points are color-coded according to
the spline model of the long-period variation, as in Figure 2.1. Errors on the arrival times and on
the residuals are smaller than the data points.

tent with previous a estimate (Harwood & Shapley, 1937), and is within 2s of the 779.6� 0.2 day

value reported by B́odi et al. (2016) from 50 years of AAVSO measurements.

We note that a period of� 800 days is almost exactly 16 times the short period we found above

of 49:84� 0:02 days, which would correspond to a long period of 797.4� 0.3 days. Long-to-short

period ratios of this order are generally observed in other RVb stars (Tsesevich, 1975; Percy, 1993).

When we phased theKepler light curve by this long-period value (Figure 2.5), the arrival times

of the short-period oscillations align well. However, the amplitudes do differ, indicating that the

variations in the system are not strictly periodic in every detail. At the same time, the long-period

behavior does show broad repeatability at this period, especially in the alignment of the rises to

long-period maxima and the descents toward long-period minima. In addition, the �ux at long-

period maxima are both �at. The �at long-period maxima and their different durations resemble

the RVb binary, U Mon (Percy, 1993). Overall, we remark that the long-term periodic behavior is

reminiscent of an eclipsing binary. We return to the idea of a periodic occultation hypothesis in
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Table 2.2: The deep minima arrival time of DF Cyg in the Kepler light curve.

Cycle Number Arrival Time (Days) Lag Time (Days)
1 161.628� 0.003 -1.43� 0.020
2 212.059� 0.002 -0.83� 0.020
3 262.372� 0.001 -0.35� 0.020
4 312.438� 0.001 -0.12� 0.020
5 361.214� 0.001 -1.18� 0.020
6 411.716� 0.001 -0.51� 0.020
7 462.645� 0.002 0.58� 0.020
8 512.185� 0.001 0.29� 0.020
9 562.033� 0.001 0.30� 0.020
10 611.880� 0.002 0.31� 0.020
11 662.138� 0.001 0.73� 0.020
12 711.808� 0.002 0.57� 0.020
13 761.780� 0.006 0.71� 0.021
14 811.595� 0.006 0.69� 0.021
15 861.244� 0.005 0.50� 0.020
16 911.290� 0.008 0.71� 0.021
17 961.392� 0.007 0.98� 0.021
18 1011.488� 0.003 1.24� 0.020
19 1062.175� 0.002 2.09� 0.020
20 1110.671� 0.001 0.75� 0.020
21 1159.160� 0.003 -0.59� 0.020
22 1208.217� 0.001 -1.37� 0.020
23 1258.706� 0.001 -0.72� 0.020
24 1307.624� 0.002 -1.63� 0.020
25 1358.736� 0.002 -0.36� 0.020
26 1408.529� 0.002 -0.40� 0.020
27 1458.711� 0.002 -0.05� 0.020
28 1508.374� 0.006 -0.22� 0.021
29 1557.755� 0.005 -0.68� 0.020

Gaussian-�t arrival time for each deep minimum cycle and residuals plotted in Figure 2.3.

Section 2.5.

Finally, we noticed that at both of the long-period maxima, the pattern of deep and shallow

minima becomes temporarily interrupted. Speci�cally, the shallow minimum of Cycle 5 and the

subsequent deep minimum of Cycle 6 (at day� 400) have roughly the same absolute �ux and are

not as readily distinguishable as deep versus shallow. The same occurs for the shallow minimum

of Cycle 21 and the subsequent deep minimum of Cycle 22 (at day� 1200; Figure 2.2). These

temporary interruptions coincide with the sign reversals in the arrival time residuals observed in
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Figure 2.5: Phasing the Long-period spline. The gray curve represents the �rst half of the long-
period cycle determined from the spline model described in the text. The black curve represents
the second half of the long-period cycle phased by 795-d. Phases greater than� 5 days can be
disregarded, giving the best-�t long-term period of 795� 5 days.

Section 2.4.2 and Figure 2.4, a behavior separated by� 800 days.

2.4.4 SED: Stellar Radius and Dust Disk

We gathered the available broadband photometric data for DF Cyg fromGALEX, Tycho-2,

APASS, 2MASS, andWISEto produce the observed SED spanning the wavelength range 0.2–20mm

as shown in Figure 2.6. We used an adopted effective temperature ofTeff = 4840 K (Giridhar et al.,

2005; Brown et al., 2011; B́odi et al., 2016). The 2MASS �uxes are clearly anomalous, and we

con�rmed from the timestamps in the 2MASS catalog that this is due to the 2MASS observations

of DF Cyg having been taken near minimum brightness of the star (Skrutskie et al., 2006). In

addition, theWISEbands exhibit a clear excess. Therefore, we attempted a �t to only the portion

of the SED atl < 1 mm. The UV to optical portion of the SED can be explained with a Kurucz
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