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ABSTRACT

This work is focused on the formation of terrestrial planets.

To determine the behavior of planetary debris disks in the era of terrestrial planet

formation, first we study 15 young clusters and associations with ages up to ∼40

Myr, including NGC 1333, NGC 1960, NGC 2232, NGC 2244, NGC 2362, NGC

2547, IC 348, IC 2395, IC 4665, Orion OB1a and OB1b, the Sco-Cen association,

and the β Pictoris Moving Group. By adopting a threshold in relative excess (in

units of the stellar photospheric flux) at the phenomenological boundary between

protoplanetary and debris disks, we find that the incidence of qualifying disks decays

in the first 10 Myr, remains nearly constant between 10 and 25 Myr, and then

continues to decline. Considering stars with mass ≥1.2 M� where our membership

lists are complete, if the contribution from primordial disks is excluded, the evolution

of debris disk frequency can be empirically described by a log-normal function with

the peak at 16.7 ± 1.6 Myr and a post-peak mean lifetime of 5.4+1.8
−1.6 Myr, or by a

flat dependence from 10 to 25 Myr.

Next, from the archival Spitzer data, we find that two disks around solar-like

stars, ID8 in NGC 2547 and HD 23514, in the age range of the giant impact era

have their 24 µm excesses varied on timescales of a few years, even though the stars

are not variable in the optical. We show that variations this rapid cannot be caused

by debris produced in collisional cascades, as it is for most debris disks.

In the follow-up Spitzer observations in 2012 and 2013, a debris-producing impact

in the terrestrial planet zone around the 35-million year-old solar analog star ID8

was detected in real time. We observed a substantial brightening of the debris disk

at 3-5 µm, followed by a decay over a year, with quasi-periodic modulations of the

disk flux. The behavior is consistent with the occurrence of a violent impact that

produced vapor out of which a thick cloud of silicate spherules condensed that were
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ground into dust by collisions. These results demonstrate how the time domain can

become a new dimension for the study of terrestrial planet formation.

At last, we extend the time-domain study to more extreme debris disks, which are

likely indicative of recent and/or onging collisions of rocky objects. We use Spitzer

3.6 and 4.5 µm time-series observations in 2012 and 2013 (extended to 2014 in one

case) to monitor 5 more extreme debris disks, including P1121 in the open cluster

M47 (80 Myr), HD 15407A in the AB Dor Moving Group (80 Myr), HD 23514 in

the Pleiades (120 Myr), HD 145263 in the Upper Sco Association (10 Myr), and the

field star BD+20 207 (&1 Gyr). Together with the results for ID8 (35 Myr), this

makes the first systematic time-domain investigation of planetary impacts outside

the solar system. Significant variations with timescales shorter than a year are

detected in five out of the six extreme debris disks we have monitored. However,

different systems show diverse sets of characteristics in the time domain, including

long-term trends, disk temperature variations, and possible periodicity.
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CHAPTER 1

ABC (Attribution, Background, and Context)

1.1 Birth Environment of Terrestrial Planets

The work described in this dissertation is on the observations of the formation of

terrestrial planets in extrasolar systems. In particular, as the sites of terrestrial

planet formation are too close to the stars, and the planets themselves are too faint

to be directly observed with current technology, we use debris disks as a proxy to

probe the different stages in the timeline of their formation.

The foremost question is: Why do terrestrial planets form?

Observational and theoretical progress in the past few decades have clearly in-

dicated that planets form nearly universally as byproducts of star formation. Star

formation, a ubiquitous and continuous process throughout the cosmological history

since the epoch of reionization (already observed to z=7.51 or even higher, Finkel-

stein et al., 2013; Coe et al., 2013; Madau and Dickinson, 2014), begins from the

gravitational collapse and fragmentation of a giant molecular cloud (GMC) in the

presence of magnetic fields (Crutcher, 2012). Once a protostellar core takes shape,

the conservation of angular momentum leads to the formation of an accretion disk,

which continues to feed mass to the protostar (Dunham et al., 2014). The accretion

disk, sometimes called a “protoplanetary disk”, is composed of the same materials

from the GMC that make up the protostar itself, and thus is considered “primor-

dial”. The mass accretion of protostars typically lasts only a couple million years

(Myr) (Mamajek, 2009; Fedele et al., 2010; Pascucci and Tachibana, 2010). By 10

Myr, most protoplanetary disks are completely dissipated by accretion, photoevap-

oration, and disk instability (Armitage, 2011), though very few may survive up to

∼20 Myr (White and Hillenbrand, 2005; Chen et al., 2011). Recent development in

dating the ages of open clusters and associations suggests that these timescales may
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have been somewhat underestimated (e.g., Soderblom et al., 2013; Bell et al., 2013;

Pfalzner et al., 2014). But the timeline is qualitatively unchanged. Gas giant plan-

ets also accrete mass from the protoplanetary disk, and must form before the disk

is dissipated (Helled et al., 2013), which is when the initial conditions of terrestrial

planet formation are set.

In parallel with the accretion and dissipation of circumstellar gas, dust growth

probably starts as early as in protoplanetary disks. Some solid bodies can remain

in place around the star after the primordial gas in the disk is dispersed, providing

the building blocks for terrestrial planets. In protoplanetary disks, with the aid

of turbulence, interstellar dust grains aggregate with each other and grow in size

to form planetesimals (Chambers, 2010). Once the planetesimals grow to a point

where they can gravitationally perturb one another, they start a stage referred to as

“runaway growth”. As a result of their mutual interactions, the relative velocities

of planetesimals are low, comparable to their escape velocities during this period

(Kokubo and Ida, 1996). As the trend continues, when a body grows significantly

larger than others in its neighborhood, it becomes a planetary embryo and its grav-

itational perturbation and focusing effect, by which means an object gravitationally

attract more impactors with near-miss impact parameters, become more efficient.

This stirs up the relative velocities of planetesimal collisions, leading to the “oli-

garch growth” of a small number of planetary embryos with lower agglomeration

rates (Kokubo and Ida, 1998).

Roughly by 10-30 Myr, a planetary system should enter the end stage of ter-

restrial planet formation, or the “giant impact era”, when rocky building blocks of

a range of sizes are expected in the terrestrial planet zone, ranging in size down-

ward from a few tens to a few hundreds of lunar- to Mars-sized planetary embryos

to a larger number of remaining planetesimals of 10-100 km. This era may last

up to ∼100+ Myr, and is characterized by massive and violent collisions among

these planetary embryos and remnant planetesimals (Kenyon and Bromley, 2006;

Morishima et al., 2010; Stewart and Leinhardt, 2012; Chambers, 2013) up to the

scale of the Moon-forming impact in the early solar system (Canup, 2004; Ćuk and
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Stewart, 2012; Canup, 2012). Though some of the collisions will lead to tremendous

dust production, as well as destructions of planetesimals or even planetary embryos

(Leinhardt and Stewart, 2012), the ultimate result is the final assembly of terres-

trial planets and (nearly) complete clearance of planetesimals in the terrestrial zone

(Chambers, 2013; Raymond et al., 2013).

1.2 Background Physics and Techniques

In the research reported in this dissertation, there are a number of critical parameters

that I use to interpret my results, including stellar ages, loss of small dust particles,

and spectral analysis for dust mineralogy. I discuss each of them in turn below.

1.2.1 Dating Young Stars

The entire picture and timeline of star and planet formation are based on reliable

estimation of stellar ages (cf. Bell et al., 2013; Pfalzner et al., 2014). Unfortu-

nately, there is no wonder drug known for accurate age determination. In practice,

there are several ways to estimate the ages of young stars, primarily applicable to

stars of the same origin, like open clusters, stellar associations, or moving groups

(Soderblom, 2010). These include kinematical extrapolation of stellar motions, using

Hertzsprung-Russell (H-R) diagrams, and measuring lithium abundance.

Kinematic extrapolation is only applicable to groups of stars. The basic principle

is to measure the astrometric position and space motion of each star in a group,

and backward extrapolate their motion to find the epoch of closest approach. The

spatial motion can be obtained by combining proper motion and radial velocity

measurements. This is independent of any physical model of stellar evolution, and

thus provides important corroboration for ages determined by other methods.

However, the kinematic method may not work in all cases, e.g. not for the TW

Hya Association or β Pic Moving Group (Soderblom et al., 2013). The limitation of

kinematics-based techniques is likely from the intrinsic complications in the GMC.

For example, the assumption of a single age for all member stars may not be a good
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approximation for large stellar associations. Both velocity substructures (Larson,

1981) and star formation sequences that are commensurate with the local scale

length (e.g., Bally et al., 2008; Wilking et al., 2008) have been observed within

GMCs.

Placing pre-main sequence stars (PMS) into H-R diagrams is another method

commonly used for age estimates. This relies on theoretically derived ages based on

the consideration and treatment of stellar structure regarding the density gradient,

temperature, pressure, convection physics, metallicity, opacity, radiative transfer

within stellar interiors, and even stellar rotation and magnetic fields, and is thus

model-dependent (e.g., D’Antona and Mazzitelli, 1997; Siess et al., 2000). The

differences of isochrone predictions between models are significantly divergent, up

to 0.6 dex at K6 (Hillenbrand et al., 2008), towards younger ages and lower masses

(Baraffe et al., 2002), which are, unfortunately, the most important regime for our

purpose. In groups of young stars, differential extinction and infrared excesses in

the near-infrared from circumstellar disks (mostly protoplanetary disks) also pose

challenges for the accuracy of age estimates. As a result, the method is not reliable

when it comes to stellar groups younger than a few tens of Myr.

Lithium absorption provides additional useful diagnostics to estimate stellar ages

(Chabrier et al., 1996). It is long known that at the time of formation, the sun had

much higher Li abundance (∼200 times more) than the current value. The time-

dependent deficiency is caused by the continous assumption of 7Li by the proton

capture reactions in the core with temperatures higher than the Li burning limit

(∼3×106 K).

The Li abundance of a star can be easily obtained with visible spectroscopy by

measuring the equivalent width of the 6708 Å Li I doublet absorption. However,

stellar ages simply based on such Li depletion measurements are model-dependent,

subject to considerable uncertainties of many factors, such as the convection physics

(Piau and Turck-Chièze, 2002), non-LTE effects (Lind et al., 2009), and rotational

mixing (Chaboyer et al., 1995; Charbonnel and Talon, 2005).

A better technique for dating groups of young stars is the lithium depletion
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boundary (LDB), largely developed in theory and applied in observations in the

last decade. The mass limit of Li burning is ∼0.06 M� (Nelson et al., 1993), which

means that brown dwarfs with lower masses can never reach the core temperature

to consume their Li. Slightly above the limit, since the core temperatures rise as

young stars gravitationally contract and evolve towards the zero-age main sequence

in the H-R diagram, the time for PMS to reach the Li burning core temperature

is sensitively mass dependent. With the steep temperature dependence of nuclear

reactions and short mixing timescale in convective PMS, this creates a sharp and age-

dependent boundary (i.e., LDB) that divides stars with initial (high) Li abundance

and with total Li depletion (Burke et al., 2004). The boundary changes towards

lower mass as the young stars age and less massive stars reach the Li burning

temperature in the core.

However, currently LDB is only well established above 20 Myr. Below this

age, model-dependent uncertainties and instrinsic age spreads within stellar groups

make it more difficult for reliable age dating. In this age regime, the best available

technique is still based on stellar models (Bell et al., 2013), which is likely not be as

reliable as LDB dating for older stars.

Recent development of dating techniques have updated the age estimates of

many groups of young stars, where most new estimates found the stars are older

than previously thought. One of the greatest age revisions is for the β Pic Moving

Group, which was believed to be 12 Myr old based on kinematics and evolutionary

tracks (Zuckerman and Song, 2004). However, new LDB dating suggests its age to

be 21± 4 Myr (Binks and Jeffries, 2014). While the evolutionary tracks are model-

dependent, the previous age estimates have also been disputed by the sensitivity

of the inclusion or exclusion of possible members and interlopers (Makarov, 2007)

and revised astrometry for kinematics (E. Mamajek, in preparation). The updated

kinematic technique actually gives a wide distribution of possible ages (Soderblom

et al., 2013) and is of little merit in this case. Another example of age update is

IC 348, which used to be considered as 2-3 Myr old (Luhman et al., 1998; Muench

et al., 2003), but is now revised to 6 Myr based on a refined model that reconciles



18

PMS and main-sequence tracks (Bell et al., 2013).

1.2.2 Fate of Small Dust Particles

Planetary motion is solely governed by gravitation (may include post-Newtonian

terms) regardless of stellar radiation. This is because the mass-to-surface ratios of

planets are so high that all radiation-induced effects are completely overwhelmed.

The situation is different when it comes to smaller objects such as dust particles,

whose mass-to-surface ratio is lower and the non-gravitational effects become more

prominent in their orbital motion (Burns et al., 1979). However, tiny dust particles

(typically <0.1 µm) are not well coupled with the stellar radiation field and thus

see weaker effects (Artymowicz, 1988).

One of the most influential non-gravitational effects is radiation pressure, usually

characterized by the ratio of the radiation force and gravitational force exerted on

the object. For a spherical object, the ratio can be written as

β ≡ Frad
Fgrav

=
3L∗〈Q〉

16πGM∗caρ
(1.1)

where L∗ and M∗ are the stellar luminosity and mass, 〈Q〉 is the radiation pressure

coupling coefficient, G is the gravitational constant, c is the speed of light, a and ρ

are the radius and bulk density of the object.

Since radiation pressure is in the radial direction, it counteracts the stellar gravi-

ation, virtually making a particle “feel” a less massive central star by a factor of

(1− β). By definition, particles with β > 1 are under a repulsion rather than gravi-

tation, and will be blown out by the radiating star. A particle with β < 1, if released

with no ejection velocity from a large object with no measurable non-gravitational

effects, will have a different orbit with (Burns et al., 1979; Wyatt et al., 1999)

a =
a0(1− β)

1− 2β [1 + e0 cos(f)] (1− e2
0)
−1 (1.2)

e =

√
e2

0 + 2βe0 cos(f) + β2

1− β
(1.3)

$ −$0 = f0 − f = arctan

[
β sin(f)

β cos(f) + e0

]
(1.4)
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where a, e, $, and f are the semi-major axis, eccentricity, longitude of pericenter,

and true anomaly of the new orbit of the particle, respectively, while subscript 0

denotes the parameters of the original orbit of the parent object. Without a kick

velocity vector at the time of release, this is a 2D problem so the particle remains

on the same orbital plane (i.e., i = i0 and Ω = Ω0, where i and Ω are the orbital

inclination and longitude of ascending node). The orbital period of a particle under

radiation pressure is

τorb =

√
a3

0

M∗(1− β)
(1.5)

Equations 1.2, 1.3, and 1.4 indicate that small particles with β > 0.5
1− e2

0

1 + e0 cos(f)
would have hyperbolic orbits and be unbound to the stellar system, while β = 0.5

is the critical value for radiative blowout, above which a particle cannot possibly be

bound under any orbital conditions. The slowest blowout occurs for particles with

new eccentricity e = 1 following equation 1.3. Once released, such a particle will

leave the system following a parabolic orbit, with the stellocentric distance at the

time of release, r0, as the new pericenter distance. The blowout timescale, τblow, is

then given by Barker’s equation,

τblow =

√
2r3

0

GM∗

(
D +

1

3
D3

)
(1.6)

where

D ≡ tan

(
fout
2

)
(1.7)

where fout is the true anomaly of the parabolic orbit that corresponds to the defined

distance of “blowout”. It is related to the stellocentric distance by

rout =
2r0

1 + cos(fout)
(1.8)

For example, in the case study of ID8 in NGC 2547 (Chapter 4), if we assume that

the new dust particles are released at 0.33 AU with no kick velocity, and consider

them lost when being blown out of 1 AU (r0 = 0.33 AU and rout = 1 AU), the

longest possible blowout time should be 38 days.
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Another important non-gravitational effect for small dust particles is the

Poynting-Robertson (P-R) drag, which is a process for small objects to lose angular

momentum by anisotropic absorption and re-radiation of stellar radiation prefer-

ably against their orbital motion. This causes small objects to spiral into the star

on shrinking and circularized orbits.

da

dt
= −(α/a)(2 + 3e2)

(1− e2)3/2
= −2α

a
+O(e2) (1.9)

de

dt
= −2.5

(α/a2) e√
1− e2

= −2.5
αe

a2
+O(e2) (1.10)

where α = 6.24× 10−4β(M∗/M�) AU2 yr−1 (Burns et al., 1979; Wyatt et al., 1999).

The P-R drag does not change the orbital plane or orientation, i.e.,
di

dt
=

dΩ

dt
=

d$

dt
= 0. Thus, for a particle with zero eccentricity, the P-R migration timescale

from a1 to a2 is (Wyatt et al., 1999)

τPR =
400(a2

1 − a2
2)

β(M∗/M�)
(1.11)

Around solar-like stars, this timescale is on the order of 100 years even for particles

released at the distance of Mercury to fall into the star, making it much less efficient

as a dust clearance mechanism compared to radiation blowout. Moreover, when

spending the relatively long time to spiral into the sun, a particle is more likely

to be destroyed by collisions with other particles if the disk is dense and collision-

dominated. This further undermines the role that P-R drag may play in the cases

of extreme and variable debris disks on yearly timescales or shorter (Chapter 5).

1.2.3 Spectral Analysis of Dust Mineralogy

Mineralogical composition of planet-forming debris disks provides crucial constraints

on the physical processes involved. If a disk shows solid state emission features,

the information can be obtained by fitting the mid-infrared spectrum (primarily

from Spitzer/IRS) with a library of optical constants of a number of mineralogical

species (Lisse et al., 2006, 2007). The mid-infrared wavelengths are particularly

interesting for solid state emission bands because of the occurrence of characteristic
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vibrational bands of silicates, primarily around 10 and 18 µm owing to the Si-O

stretch and O-Si-O bending mode (van Dishoeck, 2004). Such a library of optical

constants has been founded based on laboratory results (e.g., Morlok et al., 2014)

and significantly examined with the Deep Impact experiment (A’Hearn et al., 2005;

Lisse et al., 2006), though there are still uncertainties that limit the accuracy of

SED models (e.g., Tamanai et al., 2006).

Spectral analysis can be carried out by adopting a selected collection of possible

dust species and matching the composite spectra obtained from equation 1.12 to

the observations. The emission spectrum of a collection of dust can be written as

the combination of the contributions from individual species (Lisse et al., 2009),

Fλ =
1

∆2

∑
i

∫ amax

amin

Bλ[Ti(a, r)]Qabs,i(a, λ)πa2dni(r)

da
da (1.12)

where ∆ is the distance between the observer and the dust, Bλ is the Planck func-

tion at wavelength λ and temperature T , which is dependent on the particle radius

a of the i-th composition at a distance r from the central star, Qabs is the emis-

sion efficiency of the particle, and
dn

da
is the differential particle size distribution.

The contribution from scattered light is not considered as it is orders of magnitude

weaker than dust emission in the mid-infrared (Olofsson et al., 2012). The parti-

cle size distribution is conventionally assumed to be power law (e.g. Johnson et al.,

2012; Olofsson et al., 2012), which is a reasonable approximation to the results of the

laboratory experiments of hypervelocity impacts (Takasawa et al., 2011), but may

not be consistent with the condensate size distribution after impact-induced vapor-

ization (Johnson and Melosh, 2012). With the assumed power law distribution, the

minimum size amin considered for debris disk particles is typically 0.1 µm, while the

selection of the maximum particle size amax depends on the physics considerations

and differs among various groups.

With the differences in model settings, it is not surprising that various SED

models have yielded somewhat different composition even for the same debris disk

(cf. Olofsson et al., 2012, with N. Gorlova, in preparation, and C. Lisse, in prepara-

tion). The comparisons demonstrate the significant degeneracy of SED models and
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suggest that quantitative analyses of mineralogical composition have to be taken

with caution.

1.3 Current Progress and Organization of This Dissertation

The basis of our current understanding of terrestrial planet formation as a general

process in the evolution of planetary systems is primarily from the studies of star-

forming regions, open clusters, and circumstellar disks in the infrared (Wyatt, 2008;

Williams and Cieza, 2011). The best known and most investigated planetary system

is the solar system itself, which appears to be typical in many ways (Adams, 2010).

Therefore, the geology, geochemistry (Righter and O’Brien, 2011), and simulations

of the early solar system (e.g., Morishima et al., 2010; Chambers, 2013) are our only

real-world reference. Beyond the solar system, very little is known except for the

very rough timeline, and it is unclear how the solar system can be placed into the

context of the broader picture of terrestrial planet formation. For example, in the

contemporary research focused on the detection and characterization of super-Earths

and real Earth-like planets in mature planetary systems, the connection by which

these planets grow from embryos to their current sizes is still largely unexplored.

To shed additional light on this big picture, in this dissertation we report new

observational results related to the formation of terrestrial planets in extrasolar sys-

tems, alongside introducing new observational methods that yield such new insight.

Extraterrestrial planets are too small and too faint to be directly detected. This

work is based on the study of debris disks in the infrared wavelengths, the best

available tool for probing the dusty disks of debris produced in the multiple colli-

sions that result in the planets growing from smaller bodies. In Chapter 2, we look

into the incidence of debris disks immediately after the dissipation of protoplane-

tary disks at Spitzer/MIPS 24 µm, which is supposedly corresponding to the era of

oligarch growth. Chapter 3 introduces the discovery of surprisingly rapid variations

of debris disks with extreme fractional luminosities, and discusses its implications.

Chapter 4 presents the time-domain case study of the debris disk around the 35-Myr-
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old solar-analog star ID8 in NGC 2547, in which we see the first real-time detection

of a planetary impact in an extrasolar system. Finally, we extend the time-domain

study to more extreme debris disks around solar-like stars in Chapter 5. A summary

is given in Chapter 6.
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CHAPTER 2

Persistence of Debris Disks During Terrestrial Planet Formation

2.1 Introduction

Infrared observations have been widely applied for studying circumstellar disks,

since this wavelength range is sensitive to the temperatures in the disks and cov-

ers the spectral bands of many important molecular species (Zuckerman, 2001;

van Dishoeck, 2004; Wyatt, 2008). Infrared observations with IRAS, ISO, WISE,

and particularly the Spitzer Space Telescope and Herschel Space Observatory have

made great contributions to our understanding of disk evolution. Statistical studies,

mostly in the wavebands from 2 to 8 µm, have constrained the dissipation timescale

of protoplanetary disks (e.g. Strom et al., 1989; Haisch et al., 2001; Hartmann, 2005;

Hillenbrand, 2005; Briceño et al., 2007b; Hernández et al., 2007b; Wyatt, 2008; Ma-

majek, 2009; Pascucci and Tachibana, 2010; Williams and Cieza, 2011) to a few

Myr. After this disk accretion era, some circumstellar disks evolve to gas-free debris

disks that are sustained via collisional cascades for hundreds of millions of years

or even longer. Very roughly speaking, the infrared excesses of debris disks decay

as 1/t, where t is the age of the star (Rieke et al., 2005; Su et al., 2006; Wyatt

et al., 2007b; Wyatt, 2008), although more detailed modeling shows a slower and

more complex trend (Gáspár et al., 2012). However, recent Spitzer observations

have raised the speculation of a “second peak” of debris disks from 10 to 15 Myr

(Currie et al., 2008a,b). This second peak may occur in the period when intense col-

lisional activity should be occurring as terrestrial and/or icy planets are built. But

this hypothesis has not been confirmed at a convincing significance level (Hernández

et al., 2006; Carpenter et al., 2009b). In addition, since these works, there has been

substantial progress in the age scale for young stars (e.g., Soderblom et al., 2013).

As a result, the behavior of debris disk excesses during the period of rapid terrestrial
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planet growth is not well understood.

In this chapter, we explore this period of debris disk evolution, using

Spitzer/MIPS (Rieke et al., 2004) and WISE (Wright et al., 2010) observations

of a number of nearby young clusters and associations. In Section 2.2, we describe

our sample and age determinations. Section 2.3 discusses the data reduction and

matching of infrared sources to cluster members, In Section 2.4, we describe how

we determine infrared excesses associated with debris disks and the time evolution

of these excesses. Section 2.5 summarizes our conclusions.

2.2 Cluster and Association Membership

NGC 1333: NGC 1333 is one of the youngest clusters in our sample with a number

of Class 0 protostars and stellar outflows (Walawender et al., 2008). As part of the

Per OB2 association, the cluster is embedded in the western edge of the Persus

Cloud (Bally et al., 2008), a current site of star formation at 240 pc (Hirota et al.,

2008). NGC 1333 has been a target of star formation research in a wide range of

wavelengths, from X-ray (e.g., Getman et al., 2002) to radio (e.g., Knee and Sandell,

2000). The age of the cluster is estimated to be ∼2 Myr (Winston et al., 2009).

The membership identification, as described in Appendix A, is based on infrared

excesses and X-ray detections.

NGC 1960: At a distance of 1.32 kpc, the age determined for NGC 1960

ranges from ∼16 Myr (Sanner et al., 2000), ∼20 Myr (Mayne and Naylor, 2008;

Bell et al., 2013), to ∼25 Myr (Sharma et al., 2006). We adopt the age of 23 Myr

from Soderblom et al. (2013) based on the lithium depletion boundary, consistent

with other independent estimates (Jeffries et al., 2013). The cluster membership list

used in this work, including 132 stars, is the combination of the two lists in Smith

and Jeffries (2012). The membership identification is based on optical color, proper

motion, lithium abundance, and radial velocity. However, two members (2 195 and

2 277 in Smith and Jeffries, 2012) are off the MIPS image and excluded from this

analysis.
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NGC 2232: NGC 2232 is a young cluster in the Gould Belt. Independent

papers suggest an age of 25 Myr (Lyra et al., 2006) or 32 Myr (Silaj and Landstreet,

2014), and a distance of ∼350 pc. We use the list of 209 members of the cluster,

identified with X-ray activity, spectroscopy, proper motion, and optical and near-

infrared colors (Currie et al., 2008b).

NGC 2244: NGC 2244 is the well-studied core open cluster in the Mon OB2

association, located in the Rosette Nebula 1.4 kpc away from the sun (Hensberge

et al., 2000), and with an age of ∼2 Myr (Hensberge et al., 2000; Park and Sung,

2002). This value agrees with the new estimate (Bell et al., 2013), and we adopt

it. We constructed a membership list based on X-ray detection, infrared excess,

proper motion, optical color selection, and a cut-off in the clustrocentric distance.

The details are given in Appendix A.

NGC 2362: At a distance of 1.48 kpc (Moitinho et al., 2001), NGC 2362 is

centered on the O9 Ib star τ CMa and is ∼3 pc in radius (Dahm and Hillenbrand,

2007). The age was previously considered ∼5 Myr (Balona and Laney, 1996; Moit-

inho et al., 2001; Dahm, 2005); however, here we adopt its new dating result of 12

Myr (Bell et al., 2013). We combined the two member lists in Dahm and Hillen-

brand (2007), based in the first case on X-ray detection, lithium abundance, and

Hα emission and in the second on optical photometry, for a total of 330 stars.

NGC 2547: This is a well investigated cluster. The X-ray observations, main

sequence turn-off, lithium abundance, and optical color together suggest an age of

∼38 Myr, and a corresponding distance of ∼360 pc (Gorlova et al., 2007, and the

references therein). Soderblom et al. (2013) find an age of 35 Myr from the lithium

depletion boundary. We adopt Table 1 in Gorlova et al. (2007) for highly probable

photometric members, but exclude all stars with no proper motion measurements

or with the measured proper motions outside 2-σ from that for the cluster. Finally,

there are 311 stars left in our final membership list. This number agrees very well

with the member selections by Irwin et al. (2008), who found ∼800 photometric

member candidates of NGC 2547 in a comparable sized field of view, and expected

∼330 of them to be real members based on simulations. Therefore, we estimate
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our membership list to be practically free of contamination. MIPS has deep and

multi-epoch coverage for this cluster, even allowing studies of the infrared variability

of its member stars (Meng et al., 2012). The photometry in this work is based on

the mosaic image of all observations.

IC 348: The open cluster IC 348, at a distance of ∼ 300 pc, is rich in late type

stars (see Herbst, 2008, for a general review). Previously thought to have an age

of ∼2.5 Myr, Bell et al. (2013) find IC 348 to be about 6 Myr old. As might be

expected from its severe and highly variable extinction in the visible regime, IC 348

has a complicated nebulous background at 24 µm. We took members from Lada

et al. (2006) and Muench et al. (2007), excluding Table 2 in Muench et al. (2007)

that may include interlopers. The list includes 339 stars, and is expected to be

largely unbiased since a number of criteria are employed, including proper motion,

lithium abundance, surface gravity, photometric extinction, and emission lines.

IC 2395: The galactic cluster IC 2395 is ∼800 pc from the sun and has an

age of ∼6 Myr (Clariá et al., 2003), although an age roughly twice as large is likely

on the more recent calibration scale (Bell et al., 2013). As a working hypothesis,

we will adopt an age of 12 Myr. Since older age assignments tend to minimize the

excess of emission we derive for clusters after protoplanetary disks have faded, this

older age is the conservative assumption for our study. The membership list, with

280 stars, is from Z. Balog et al. (in preparation), which almost exclusively uses

radial velocity selection for member stars.

IC 4665: A cluster at ∼370 pc, IC 4665 has an age of 25 Myr measured with its

lithium depletion boundary (Manzi et al., 2008; Soderblom et al., 2013). Smith et al.

(2011) have a thorough membership list based on radial velocity, proper motion,

spectroscopy, and optical color.

Orion OB1: Orion OB1 is a nearby OB association with a clear age sequence.

In this work, we separately consider two of its subgroups: Ori OB1a and OB1b.

The former appears older and closer to us at 7-10 Myr and ∼330 pc (Briceño et al.,

2005, 2007a); while the latter is younger and farther with an age of 4-6 Myr at ∼440

pc (Briceño et al., 2007a). However, these ages are subject to updated dating, and
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for reasons similar to those for IC 2395, we adopt ages twice as large as a working

hypothesis. Hernández et al. (2007a) provided good membership identifications for

both subassociations, based on optical and infrared color, spectroscopy including

lithium depletion and Hα emission, and radial velocity. We combine their confirmed

members with the photometry-selected candidates for the membership lists used in

this work.

Upper Scorpius: Upper Sco is the youngest group in the Sco-Cen association,

at an average distance of ∼140 pc. Upper Sco was previously thought be to 5

Myr old; recent research has suggested ∼10 Myr (Pecaut et al., 2012). MIPS can

reach the stellar photospheres of all the member stars at 24 µm down to late types

(∼M5, Carpenter et al., 2009b). This provides an ideal sample to examine the

new analysis method proposed in this paper, and to connect it with the traditional

analysis used in near infrared studies where non-excess and excess stars are equally

well detected. The membership list we use has 237 stars, consisting of 220 member

stars in Carpenter et al. (2009b), supplemented by 17 stars in Chen et al. (2011).

The members are selected based on proper motion, optical colors and X-ray activity,

and should be unbiased with respect to disk presence (Carpenter et al., 2009b).

Upper Centaurus-Lupus and Lower Centaurus-Crux: UCL and LCC are

the other two major subassociations in Sco-Cen. Their age estimates are ∼16 and

17 Myr, respectively (Mamajek et al., 2002), both significantly older than Upper

Sco. Given their identities in the same OB association and the similar ages, here we

treat them like one single group. We use the membership list in Chen et al. (2011)

that only focuses on F- and G-type stars. The membership identifications are based

on proper motion, radial velocity, and spectroscopy and lithium abundance.

β Pictoris Moving Group: The β Pictoris Moving Group (BPMG) is a group

of young stars close to the sun with the same origin and consistent spatial motion.

The age was estimated to be ∼12 Myr (Zuckerman and Song, 2004), but Soderblom

et al. (2013) argue from the lithium depletion boundary that 21 Myr is more likely,

consistent with the result of Binks and Jeffries (2014), which we adopt. In order to

form a good membership list, we went through the literature for various identifica-
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tions of the stars (Zuckerman and Song, 2004; Torres et al., 2006; Rebull et al., 2008;

Torres et al., 2008; da Silva et al., 2009; Lépine and Simon, 2009; Viana Almeida

et al., 2009; Rice et al., 2010; Schlieder et al., 2010; Kiss et al., 2011). However, we

do not use the members identified by Moór et al. (2006), because they used infrared

excess as the selection criterion so the results could be biased towards disk-bearing

stars. The final list includes 63 members, where the secondaries in resolved binary

or multiple systems are not counted. These BPMG stars are not all covered by

MIPS data. For internal consistency, we use WISE W4 (effective wavelength 22

µm, Jarrett et al., 2011) as the substitute to take advantage of the proximity of the

group. Given its similar wavelength and spectral response, the results from WISE

W4 should be directly comparable with the MIPS 24 µm outcomes. We adopt the

W4 photometry in the AllWISE Source Catalog for most sources, but also carry

out aperture photometry for stars with saturated pixels or χ2 > 3 in PSF-fitting

(non-point sources with resolved disks).

2.2.1 Comparison of Membership Lists

An inherent issue with studies of young clusters is the range of distances and the

resulting range of detection limits. The clusters in this study range over about a

factor of five in distance. Because of the steep dependence of absolute K (and IRAC

bands) magnitude on mass, the resulting range in detection limit in terms of mass

is modest. To determine the completeness limits for the clusters, we constructed

luminosity functions in terms of the IRAC 3.6 µm magnitudes and estimated the

limits as the magnitude where the functions turn over. Converted to masses, the

limits are ∼0.7 M� at 300 pc and 1.4 M� at 1.5 kpc. Associations like Sco-Cen and

BPMG are known down to early M dwarfs.
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2.3 Data Processing

2.3.1 Source Matching and Photometry

We obtained data from the Spitzer archive. To extract the best possible photometric

precision, throughout this work we use only the mosaic images prepared by the MIPS

Data Analysis Tool (Gordon et al., 2005) with post-pipeline processing to improve

the flat fielding and to remove instrumental artifacts (Engelbracht et al., 2007).

The pixel scale in the final mosaics is 1.245′′ pixel−1. This improved pipeline and

calibration procedure provides good consistency and quality with the rms systematic

photometric errors well below 2% (See Appendix C.2 in Rieke et al., 2008).

When identifying the cluster members detected at 24 µm, we start with the

2MASS positions for the member stars wherever possible (whether the source is

detected or not at 24 µm), and convert them to image coordinates based on the

standard world coordinate system (WCS) pointing information in the MIPS images.

The astrometric error is expected to be on the sub-arcsecond level in 2MASS, and

no worse than 1′′ in the MIPS images for stars with a high signal-to-noise (S/N)

ratio. In identifying detections, a tolerance of 1.6 pixels (= 2.0′′) is allowed to

accommodate the lower S/N for many sources. We adopted the 2MASS coordinates

for the detected sources.

IC 348 was observed in 8 epochs. The depth of the image captured in each epoch

is nearly identical. In this work we make measurements of stars on each image

separately. The final photometry adopted is the average of all 8 measurements,

and the error is their standard deviation. A fraction of Sco-Cen members were also

observed in multiple epochs, where the same treatment is applied.

Since the members are identified in the optical and near-infrared where stellar

photospheres are brighter, many stars in the membership lists are not individually

detected at 24 µm. In this work, the sources that are detected individually make

up our “primary sample”. Classical PSF-fitting photometry was performed on the

primary-sample cluster members with the DAOPHOT package in IRAF1. Instead of

1IRAF is distributed by the National Optical Astronomy Observatories, which are operated by
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constructing a PSF from real stars in the images, we use the smoothed STinyTim

simulated PSF2 for all photometry. The PSF fit was optimized within the 2′′ po-

sitional uncertainty. The fitting was confined within fixed apertures with aperture

correction factors determined from the simulated PSF. After some tests an aperture

radius of 4 pixels was adopted for all clusters. To estimate the sky emission level

under the PSF, the sky annuli are selected cluster by cluster depending on the over-

all complexity of their respective sky backgrounds. As a general strategy we have

to use small sky annuli to avoid serious background interference.

For each cluster, stars with small flux densities are inspected to determine the

minimum flux density at which a stellar PSF is apparent in the images. Since the

youngest clusters all have nebulous sky background, these minima vary significantly

depending on the local sky behavior, typically corresponding to a nominal S/N ∼
3-4 for areas with clear and stable background, and up to &8 for clusters on very

complicated background, like IC 348. We consider stars with PSF-fitted flux den-

sities lower than these image detection limits as undetected. However, some of the

stars on complicated sky background with low PSF-fitting S/N ratios appear to have

large measured flux densities in aperture photometry, even exceeding the image de-

tection limits (for example, if the position of a star coincides with a nebulous region

but the star itself is not necessarily detected at 24 µm). The photometry in such

areas is probably unreliable, and is dealt with using a filtering process introduced

in Appendix B. The basic idea of the filtering is to eliminate the photometry on

bad sky background. Such a position-based process is expected only to scale down

the population of our sample, but to introduce no selection effects in terms of the

statistical properties of the stars. Table 2.1 lists the MIPS observations, as well as

the photometric parameters used and the detection limits for each of the clusters.

For stars with no detected 24 µm identifications, i.e. the secondary sample, we

obtain aperture photometry at the 2MASS positions with no recentering. Negative

the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with

the National Science Foundation.
2Krist, J.E. 2006, Spitzer Tiny TIM User’s Guide Version 2.0 (Pasadena, CA: SSC)
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Table 2.1. Log of MIPS 24 µm Observations of Young Clusters

Start Time Sky Annulusb F24,lim
d

Cluster AOR (UTC) Ra Ri Ro fc (mJy) Np/N (rej%)e

NGC 1333 4316672 Feb 03, 2004, 03:00 4 4 8 2.170 0.6 85/168 (49%)

NGC 1960 multiple Oct 23, 2008, 15:28 4 5 10 2.124 0.3 124/128 (3%)

NGC 2232 3961856 Apr 04, 2005, 12:40 4 15 30 1.878 0.4 203/203 (0%)f

NGC 2244 4316928 Mar 15, 2004, 19:06 4 5 10 2.124 1.1 132/369 (64%)

NGC 2362 4317440 Mar 16, 2004, 18:10 4 15 30 1.878 0.2 272/330 (18%)

NGC 2547 4318976 Jan 28, 2004, 19:11 4 4 8 2.170 0.1g 219/282 (22%)

multiple May 09, 2006, 15:03

multiple Dec 01, 2006, 22:02

IC 348 4315904 Feb 21, 2004, 00:13 4 4 8 2.170 1.5 118/339 (65%)

22961920 Sep 23, 2007, 07:49

22962176 Sep 24, 2007, 08:57

22962432 Sep 25, 2007, 08:32

22962688 Sep 26, 2007, 08:58

22962944 Sep 27, 2007, 06:00

22963200 Mar 12, 2008, 14:23

22967552 Mar 18, 2008, 17:28

IC 2395 4315392 Apr 11, 2004, 22:39 4 4 8 2.124 0.3 174/297 (41%)

IC 4665 multiple May 19, 2008, 05:33 4 4 8 2.124 0.1 60/60 (0%)f

Ori OB1a 10987008 Mar 04, 2005, 03:34 4 12 20 1.882 0.2 153/156 (2%)

Ori OB1b 10986752 Mar 03, 2005, 22:25 4 12 20 1.882 0.4 132/172 (23%)

UCL+LCC multiple multiple 4 4 8 2.124 · · · 136/136 (0%)f

Upper Sco multiple multiple 4 4 8 2.124 · · · 237/237 (0%)f

aPhotometric aperture radius in pixels.

bInner and outer radii of sky annuli in pixels.

cAperture correction factor.

dMIPS 24 µm detection limit at cluster distances.

eNumbers of filter-passed stars (Np) and all member stars (N). Filter rejection rates are given in percentage

in parentheses. Stars without IRAC 3.6 µm magnitudes or out of MIPS 24 µm fields do not count.

fNo filter applied.

gDetection limit in the mosaic image.
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flux densities are allowed, since they could be natural results of statistical noise for

non-detections and of unfavorable positions with respect to local bright regions on

sky background.

2.3.2 Determination of Relative Excesses at 24 µm

With the filtered population of member stars, now we can proceed to explore the

evolution of their disks via 24 µm excess. The basic approach is to work out the

fraction of members with 24 µm excesses for each of the clusters and associations,

and then compare the disk frequency among clusters of different ages (assuming

other conditions, e.g. metallicity and ambient environment, have no statistically

significant differential effects among the various clusters).

We define “relative excess”, or the excess-to-photosphere flux density ratio, ε ≡
F disk

24 /F ∗24, as the 24 µm excess in units of photospheric brightness. No excess and no

measurement errors would yield a value of ε = 0. Such relative measurements have

the important advantage that they are not a strong function of stellar mass, and

thus have been widely used in previous studies of circumstellar disks (e.g. Wyatt,

2008).

The photospheric brightnesses at 24 µm are extrapolated from IRAC 3.6 µm

photometry, except for BPMG and the three subassociations of Sco-Cen where the

extrapolations are based on 2MASS KS (Rieke et al., 2005). We adopt 3.6 µm

because data at longer wavelengths are more likely to have excess emission that is

correlated to the 24 µm photometry and thus may not be indicative of the bare stellar

photospheres, while the radiation at shorter wavelengths is likely to have suffered

from more severe and nonuniform interstellar extinction. However, some young

stars also have infrared excess at this wavelength (e.g. Haisch et al., 2001). These

3.6 µm relative excesses are generally much smaller than their 24 µm counterparts,

and mostly fade out in a few Myr (e.g. Haisch et al., 2001; Wyatt, 2008; Mamajek,

2009). Therefore, we treat the 3.6 µm photometry differently for clusters younger

than and older than 10 Myr old.
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Clusters Younger than 10 Myr

In this study, there are 3 clusters (NGC 1333, NGC 2244, and IC 348) with ages

younger than 10 Myr and therefore where we need to take account of possible ex-

cesses at 3.6 µm. The first step analyzing these results was to apply a digital filter

as described in §2.3.1 to eliminate all measurements likely to be contaminated sig-

nificantly by diffuse emission. The second step in our analysis for these stars is to

estimate the extinction levels. We then use the extinction-corrected measurements

in a color-magnitude diagram to identify and estimate any excesses at 3.6 µm, and

correct our estimates of the excesses at 24 µm accordingly.

For young stars with 3.6 µm excess, a conventional way to obtain the photo-

spheric output is to examine the color-color diagram of the cluster in the JH and

3.6 µm bands. But because color-color diagrams are not monotonic with stellar type

in the JHK[3.6] range, we turn to the color-magnitude diagram J vs. (H − [3.6])

to estimate the photospheric fluxes at 3.6 µm. Since all stars in a cluster have

practically the same distance from us, their dereddened magnitudes are mutually

comparable. The J magnitude, as well as the (H − [3.6]) color, are both monotonic

with stellar mass. Hence, this color-magnitude diagram provides a valid relation to

determine the 3.6 µm photospheric output based on the dereddened JH magnitudes.

To obtain the dereddened magnitudes, first we have to determine the total ex-

tinction for each cluster. The total extinction, AV , of IC 348 has been fitted for

most member stars based on their spectral energy distribution (SED) in the optical

and near infrared (Lada et al., 2006). For NGC 1333 and NGC 2244, we find no

optical observations for most of the stars in our membership lists3, and have to

use J vs (J − H) to determine the extinction. For the extinction law, we adopt

AV /AKS
= 8.8, AJ/AKS

= 2.5, and AH/AKS
= 1.55 (Indebetouw et al., 2005; Fla-

herty et al., 2007). In addition, we adopt Aλ/AKS
= 0.45 for λ between 3.6 µm and

24 µm (Indebetouw et al., 2005; Flaherty et al., 2007; Chapman et al., 2009; Fritz

3Park and Sung (2002) made visible UBV I observations for the field of NGC 2244. But out of

369 stars in our membership list, only 67 can find cross linked sources in their optical catalog with

a matching radius of 3′′, while 347 can be cross matched to 2MASS sources.
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et al., 2011). This neglects any color effect from 3.6 µm to 24 µm and simplifies

the extrapolation of photospheric brightness even in the presence of considerable

extinction. The approximation is valid because the extinction curve is almost flat

from the IRAC bands to 24 µm (e.g., Flaherty et al., 2007; Chapman et al., 2009).

In the case of IC 2395, Ori OB1a, and OB1b, we find most members are around

the isochrones in the color-magnitude diagram with their undereddened photometry,

suggesting negligible extinction and reddening, consistent with the measurements

of low extinction in the literature (AV . 0.6, Briceño et al., 2005; Hernández et al.,

2007a). In Ori OB1b, only 4 stars have significant color excesses, which are measured

and corrected based on 2MASS JH photometry4.

After dereddening the stars and determining their respective 3.6 µm photospheric

outputs, we also obtain the average excess at 3.6 µm for each cluster that is younger

than 10 Myr, and apply it to the rest of the member stars in the same cluster whose

individual excess cannot be determined (e.g., stars without 2MASS detection). This

may underestimate or overestimate the 3.6 µm photospheric output of some of the

stars on an individual basis. But the effect should be small given that such stars

with unknown excess are only a small portion of the total population in each cluster

(. 10%). Most importantly, this ensures that the subsequent statistics are most

likely unbiased. With these corrections, we derive the 24 µm flux density of the

stellar photospheres, F ∗24, by the Rayleigh-Jeans relation from the corrected 3.6 µm

values. We have found that the measured ([3.6] - [24]) color is within 10% of the

Rayleigh-Jeans value for stars earlier than M5. The excess disk emission at 24 µm,

F disk
24 , is then the difference between the measured flux density and F ∗24.

4Hernández et al. (2007a) gave V and I photometry for the candidate members of Ori OB1b.

But the optical references of their confirmed members were miscited, leaving nearly half of the

combined member population with no optical photometry available. In addition, a significant

segment of the 5-Myr isochrones in the V vs (V − I) diagram coincide with the direction of the

corresponding extinction vector, which could magnify the uncertainty of extinction determination.
5An independent determination by Luhman et al. (2010) finds < 10% departure for young stars

earlier than K5.
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Clusters Older than 10 Myr

The difference between considering the 3.6 µm excess and ignoring it becomes

smaller as the age of cluster goes up. For example, the corrections for 3.6 µm

excesses for the 12-Myr-old NGC 2362 affect the disk frequency (defined in §4) by

only 0.7%, ∼6 times smaller than the Poisson counting uncertainty. For clusters

older than 10 Myr, the effect can be ignored.

For Sco-Cen (including Upper Sco) and BPMG, we deredden all the member

stars with the individual extinction found in the literature, and use the dereddened

2MASS KS brightnesses of the stars to extrapolate their 24 µm photospheric flux

densities, because the (KS - [24]) color depends only weakly on the spectral type for

sources hotter than early M (Gautier et al., 2007). Similar K-band based extrapo-

lation has been evaluated and found to be accurate at the < 10% level (Rieke et al.,

2008), which is comparable to the uncertainty of MIPS 24 µm photometry.

2.4 Time Evolution of 24 µm Excess

2.4.1 “Disk” Definition

Disk frequency, defined as the fraction of stars with observable disks within a cluster,

has been widely employed in previous studies as a statistical measurement of disk

evolution. The disk counting has always been based only on stars bright enough to

achieve good detections of their photospheres. Though appropriate in the JHKL

and up to the IRAC bands, such a method for determining the disk frequency is not

as feasible at 24 µm except for the nearest associations. The primary distinction is

that IRAC in its wavebands was able to detect the photospheres of solar-like stars

beyond 1 kpc, while at 24 µm the MIPS detection limit is only sensitive enough

for similar stars within ∼200 pc, within which young clusters are rare (Williams

and Cieza, 2011). Except for the BPMG and three subassociations in Sco-Cen, all

clusters discussed in this work are farther than 200 pc. Indeed, all these farther

clusters have some of their members undetected at 24 µm.

To overcome this problem on a statistical basis, we assume the positive and
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negative photometric errors of each cluster are symmetric, e.g., following a normal

distribution once bad measurements have been eliminated through digital filtering

(see Appendix B). This assumption is supported by Papovich et al. (2004), who

showed that the negative side of the error distribution for MIPS 24 µm data is

well behaved and does not include a significant number of spurious large values.

The validity of the assumption in our case with complex field background is further

demonstrated in Appendix C. Given the symmetric error distribution, the random

errors of the photometry on the positive and negative sides of relative excess should

cancel out, leaving only the number of stars with real excesses. Thus, the disk

frequency, f , at a relative excess threshold of εlim can be written as

f(εlim) =
N(ε ≥ εlim)−N(ε ≤ −εlim)

N
, (2.1)

whereN(ε) is the number of filtered member stars satisfying the limits indicated, and

N is the total filtered population of the cluster. The error in f(εlim) is determined

from the numbers of stars used in its calculation at any value of εlim.

In addition, the relative excess of a disk is closely related to the fractional

luminosity (Wyatt, 2008). Debris disks typically have much lower fractional lu-

minosities (Ldisk/L∗ . 10−4) (Wyatt, 2008) than primordial protoplanetary disks

(Ldisk/L∗ ∼ 1) (e.g., Kenyon and Hartmann, 1995). Although the boundary is only

phenomenological and not rigorous, it provides a convenient way to distinguish the

two types of disks. In this work, we adopt a relative excess threshold of εlim = 3

for the definition of disk. This threshold roughly corresponds to Ldisk/L∗ & 10−3,

close to the maximum dust luminosity that a steady state debris disk is expected

to reach (Ldisk/L∗ ∼ a few 10−4 in the age range considered in this work, Wyatt

et al., 2007a; Kenyon and Bromley, 2008). Therefore, most primordial disks should

have ε ≥ εlim = 3, but very few debris disks could qualify (Balog et al., 2009; Melis

et al., 2010, also see Chapter 5).
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2.4.2 Evolution of Disk Frequency

Figure 2.1 demonstrates the disk frequencies of the clusters and associations as a

function of age, including that of the Pleiades (Sierchio et al., 2010) overplotted.

With an age of 126 Myr (Soderblom et al., 2013) at 136 pc (Melis et al., 2014),

the Pleiades is near the end of the expected age range of terrestrial and icy planet

formation around solar-like stars, and provides a reference for the end state of disk

frequency after that era. We do not have revised ages for IC 2395, Ori OB1a, and

OB1b. Nevertheless, we opt to include them in the fits assuming that they are twice

as old as previously thought. This adjustment is justified by the recent work of Bell

et al. (2013) that successfully reconciled the pre-main-sequence and main sequence

age scales.

Assuming an exponential decay of disk frequency from unity at t = 0 where t

is the cluster age (cf. Mamajek, 2009), we fit the 5 nearby clusters younger than

(inclusive) 10 Myr, because nearly all primordial disks are depleted before then

(Mamajek, 2009; Fedele et al., 2010; Pascucci and Tachibana, 2010). As a result,

we find a mean disk lifetime of 5.6 ± 0.4 Myr, which is no different if the farther

clusters (red points in Figure 2.1) are excluded from the fit. This is twice as long

as the traditional 2.5-3 Myr timescale found in the inner disk evolution at shorter

wavelengths (Haisch et al., 2001; Mamajek, 2009). However, since our fit is based on

the revised cluster ages, which are older than the ages typically adopted in earlier

literatures by a factor of 2 (Bell et al., 2013), the mean disk lifetime found here

should be generally consistent with the previous results. This timescale is also

consistent with the very low incidence of primordial disks at ages greater than 10

Myr (Fedele et al., 2010; Pecaut et al., 2012) and suggests that any appreciable disk

population (under our definition of ε ≥ 3) older than that should have a different

origin.

However, rather than continuing this decay, the observed disk frequencies of the

clusters older than 10 Myr are all considerably above the extrapolated line. The

expected decay appears to level out and the disk counts remain relatively constant
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Figure 2.1 Observed 24 µm disk frequencies as a function of stellar age. The black
points are stellar groups within 400 pc, and the red points are those beyond 400
pc. The dashed line represents the disk frequency of the Pleiades, which is 126 Myr
(Soderblom et al., 2013). The thick and thin grey solid lines are the exponential
decay trend with a mean lifetime of 5.6 and 5.8 Myr, as fitted by clusters ≤10 Myr
and ≤12 Myr, respectively. The disk frequency of clusters and associations older
than 10 Myr are all higher than the extrapolated level of the exponential decay.
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up to ∼25 Myr. This trend still stands when the older, 12 Myr clusters (NGC 2362

and IC 2395) are included in the fit for the rapid decay of the protoplanetary disks

to minimize the effect (thin grey line in Figure 2.1, mean lifetime 5.8 ± 0.3 Myr),

even though the older clusters have a larger population of debris disks rather than

primordial disks. To estimate the significance of the diversion, we apply a χ2 test

based on the extrapolated decay from the first 10 Myr, and find a probability of

2× 10−4 that the disk frequency follows the same trend, essentially confirming the

elevated incidence of debris disks. The disk frequencies of the clusters between 10

and 25 Myr are about the same as that of ∼10 Myr Upper Sco and Ori OB1b. The

decline of disk frequency becomes significant again after ∼25 Myr, until reaching a

level similar to that of the Pleiades at some time near or greater than 35 Myr (about

the age of NGC 2547).

A potential risk in comparing the clusters over a wide range of distances arises

from the different completeness limits in the membership lists. If the disk presence

is correlated with spectral type, we may see different disk frequencies as a result of

seeing into different mass regimes. To address this issue, we take NGC 1960, which

is the farthest cluster older than 20 Myr in our sample and appears to be in the

middle of the peak age of debris disks, as the reference of stellar mass. The faintest

detected member in NGC 1960 has extinction-corrected [3.6]0 = 14.2, corresponding

to 1.2 M� at 20 Myr. Therefore, we cut off the lower part of the membership lists

of closer clusters and associations, making all our samples with this same mass

limit. The cut-off is not applied to NGC 2244 and NGC 2362, whose distances and

completeness limits are similar to those of NGC 1960, or to UCL and LCC, whose

membership lists are already selected for F- and G-types. With the 1.2 M� cutoff

and the general mass function, we estimate the average masses of our sample stars

in all clusters are around 1.5 M�. The result based on the trimmed membership lists

is shown in Figure 2.2. Although the membership lists of some clusters have greatly

shrunk and thus enlarged the uncertainties, the disk frequencies of all clusters remain

consistent within the errors of the counterparts derived from the entire membership

lists.
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Figure 2.2 Same as Figure 2.1, but only for stars >1.2 M�.
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2.4.3 Persistence of Massive Debris Disks to 20-25 Myr

We find that the observed disk frequencies (defined by ε ≥ 3) are &10% for all the

clusters between 10 and 25 Myr. These are more than an order of magnitude higher

than the survival rate of primordial disks in the same period (< 1%, Mamajek et al.,

2002; Currie et al., 2007). In fact, studies of the individual clusters and associations

have revealed very few, if any, accretion disks (e.g. Mamajek et al., 2002; Dahm and

Carpenter, 2009), corresponding to a fraction very low compared with the &10%

level. For the clusters older than 25 Myr, there should be no primordial disks left,

but the observed disk frequencies are on the order of a few percent.

To determine the behavior of disks in the 10-25 Myr range in more detail, we

first look carefully into the possible contamination of our sample by primordial

disks. Carpenter et al. (2009b) found 24 primordial disks and 2 Be stars in Upper

Sco, while Chen et al. (2011) found none. One of those 26 disks (HD 142184) is

below our excess threshold. The 25 remaining possible primordial disks are less

than the prediction; we subtracted them from our counts, including 6 with masses

higher than 1.2 M�. In Ori OB1a and OB1b, disks that are categorized as class II

based on their SEDs are considered primordial. For NGC 2362, we consider all the

disks listed in Table 3 of Dahm and Hillenbrand (2007) with primordial-like SEDs

and spectral signatures of accretion as primordial disks. 13 such disks are removed

from the filtered population to not be counted towards the debris disk frequency.

Similarly, two detected disks in UCL and one in LCC are identified as primordial

(Chen et al., 2011). However, the one in LCC (HD 101088) is a rare case of a very

low excess accretion disk that is fainter at 24 µm than our threshold (Bitner et al.,

2010). Since it is never counted as a “disk” under our definition, we only exclude

the two UCL primordial disks from the combination of UCL and LCC. Finally,

since no protoplanetary disks are known to survive up to 20 Myr, we consider all

detected excesses in NGC 1960 and the older clusters as debris disks, with only one

exception6.

6As a B9 member star in NGC 1960, BD+34 1098 has very strong excess at 24 µm. It is also a

variable at least at IRAC 8.0 µm. However, the SED from optical to submillimeter suggests that
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The result for debris disks around ≥1.2 M� stars are shown in Figure 2.3. We

find that the data from 10 to 25 Myr can be fit fairly well with a horizontal line with

χ2
red = 1.17. Alternatively, the debris disk frequency evolution can also be described

by a broad peak, empirically a log-normal function, with the fitted peak of debris

disk incidence at the age of (16.7 ± 1.6) Myr. This is consistent with the models

of oligarch growth that predict an increase in the dust production in this age range

(Kenyon and Bromley, 2008). Based on the assumption of a log-normal evolution,

counting from the peak incidence afterwards, the mean lifetime of the debris disks

can be obtained by

τ =

∫ ∞
µ−σ2

ct exp

[
− [log(t)− µ]2

2σ2

]
dt = 5.4+1.8

−1.6 Myr (2.2)

where c is the normalization factor, µ = 2.91 ± 0.08 and σ = 0.31 ± 0.10 are the

mean and standard deviation of the age’s natural logarithm, respectively. This

mean lifetime is essentially unchanged (5.1+1.2
−1.3 Myr) if the stars with mass lower

than 1.2 M� are included. But the comparison may not be meaningful: because the

low mass stars are not equally considered or weighted in the full membership list

of each cluster, it is difficult to interpret the result in terms of mass dependency.

More clusters in this age range and uniform membership lists down to lower mass

are needed to explore the debris disk evolution as a function of stellar mass.

2.5 Conclusions

We present new methods to analyze the evolution of circumstellar disks around

young stars with the Spitzer/MIPS 24 µm data. With the membership lists for

15 young stellar groups based on unbiased selection criteria with respect to disk

presence, a digital filter is introduced to reject unreliable photometry on complicated

sky background, without introducing dependency on the stellar properties. We

define a relative excess threshold εlim = 3, corresponding to Ldisk/L∗ ∼ 10−3 – the

phenomenological boundary between protoplanetary and debris disks. Based on

it is probably a Be star whose excess comes from free-free emission. We do not count it towards

the debris disk frequency.
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the filtered stellar population and the threshold in relative excess, we find that the

overall disk frequency decays in the first 10 Myr and after 25 Myr, but remains nearly

flat between 10 and 25 Myr. After identifying and excluding the contribution from

protoplanetary disks, the frequency of debris disks can be described either by a log-

normal function with the peak at (16.7 ± 1.6) Myr, or by a flat (age independent)

disk incidence from 10 to 25 Myr. After the peak, the incidence of debris disks

decays with a mean lifetime of 5.4+1.8
−1.6 Myr.
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CHAPTER 3

Variability of the Infrared Excess of Extreme Debris Disks

3.1 Introduction

In this chapter, we move our focus to the giant impact era. As key signposts for plan-

etary system evolution, debris disks can be used to search for phases in the evolution

of other planetary systems that played major roles in the evolution of the solar sys-

tem, like the giant impacts of terrestrial planets. This period extends roughly from

10+ to 100+ Myr, when dynamical models predict that violent impacts between

planetary embryos and planetesimals are both frequent and significant for the final

configurations of the inner planetary systems (Stewart and Leinhardt, 2012). For

example, our Moon formed during this period through a massive collision between

the proto-Earth and another proto-planet (Canup, 2004; Ćuk and Stewart, 2012;

Canup, 2012).

Such events should yield huge amounts of debris; indeed, a few candidates have

been found. They take the form of infrared excesses from heated debris that far

exceed those expected from the trend for quiescently evolving systems (see summary

in Balog et al., 2009, and Chapter 5). These “extreme debris disks”, defined by

fractional luminosity of the warm disk fd ≥ 10−2, occur around only ∼1% of solar-

like (F5-G9) stars (Balog et al., 2009). If evolutionary timescales similar to those of

conventional debris systems are adopted (on the order of 3 Myr, Grogan et al., 2001),

then the low level of incidence of such excesses implies that major collisions are rare.

But such an implication is in contradiction both to the theoretical expectation of the

giant impact era (Stewart and Leinhardt, 2012), and to the observed universality of

terrestrial planets (Fressin et al., 2013; Winn and Fabrycky, 2015).

In this paper, we present Spitzer data that show that two of these extreme

systems, ID8 in NGC 2547 and HD 23514 in the Pleiades (both with fractional
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debris disk luminosities & 2 × 10−2), vary significantly at 24 µm over a few years.

The age of NGC 2547 is ∼35 Myr, while that of the Pleiades is 126 Myr (Soderblom

et al., 2013). Despite their large and variable infrared excesses, both ID8 and HD

23514 are well past the age of protoplanetary disks and the variations we report

are unlikely to be related to those found to be ubiquitous in the latter disk type at

ages <10 Myr (e.g., Espaillat et al., 2011). Melis et al. (2012) have reported a third

example of strong variability in an extreme infrared excess in the same age range, so

the phenomenon appears to be characteristic of this particular class of circumstellar

disk.

ID8 is a type G6 dwarf (N. Gorlova et al., in preparation) at a distance of∼360 pc

and with optical colors indicating negligible extinction. HD 23514 is of F5 V spectral

type (Gray et al., 2001) at a distance of 136 pc (Melis et al., 2014), with normal

colors for this type (Mendoza, 1967) when corrected for the foreground reddening

(Cernis, 1987). ID8 is possibly a binary based on a radial velocity measurement 8 km

s−1 different from the cluster mean, but any companion, if exists, would have mass

much lower than the star (N. Gorlova et al., in preparation); a late-M companion

to HD 23514 has recently been discovered at a projected distance of 360 AU from

the star (Rodriguez et al., 2012). Neither star is variable in the optical according to

the archival photometry to within ∼1% measurement errors.

3.2 Data

Spitzer/MIPS observations of ID8 at 24 µm were obtained in programs for G. Rieke

(PID 58) and C. Lada (PID 20124), The data for HD 23514 are from programs

led by M. Meyer (PID 148) and G. Rieke (PIDs 30503, 30566). We also show in

Figure 3.1 and 3.2 IRS spectra (Houck et al., 2004); that for ID8 is from PID 40227,

PI G. Rieke, while that for HD 23514 is from PID 50228, PI I. Song. In summary,

we have three epochs of MIPS 24 µm observations for both targets, supplemented

with a 4th epoch observation using IRS spectra. In addition, one epoch of IRAC

observation (Fazio et al., 2004) is available for each target, from PID 58 for ID8 (PI
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Figure 3.1 Optical and mid-IR SED of ID8. The photometric errors are smaller
than the symbol size and are not shown; errors of the IRS spectrum are indicated
as vertical lines. Red crosses at 24 µm show the three epochs of MIPS observations
that led to the discovery of disk variability. The ranges of the new measurements
at 3.6 and 4.5 µm in 2012 and 2013 (Chapter 4) are plotted as blue vertical lines.

G. Rieke) and PID 50228 for HD 23514 (PI I. Song).

The 24 µm data were reduced with the MIPS instrument team Data Analysis

Tool (Gordon et al., 2005). In addition, a second flat field constructed from the 24

µm data itself was applied to remove scattered-light gradients and dark latency (En-

gelbracht et al., 2007). We extracted the photometry using PSF fitting. The input

PSFs were constructed using observed calibration stars and smoothed STinyTim

model PSF, and have been tested to insure the photometry results are consistent

with the MIPS calibration (Engelbracht et al., 2007). The final photometry errors
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Figure 3.2 Same, for HD 23514.
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also include the errors from the detector repeatability (≤ 1% at 24 µm, Engelbracht

et al., 2007). These errors should apply directly to HD 23514, which is similar in

brightness to the standard stars described in Engelbracht et al. (2007). We measured

an isolated, similar brightness star ∼4′ south of ID8 to test the 24 µm photometry

stability among the three epochs of data. The measured 24 µm flux (5.46 mJy) is

constant within 1.5% rms, consistent with the repeatability of MIPS photometry on

brighter stars. The measured flux densities and 24 µm magnitudes ([24]) assume

7.17 Jy as the zero magnitude flux density.

The IRAC photometry of ID8 has been published by Gorlova et al. (2007). For

HD 23514, the IRAC BCD images were retrieved from the Spitzer archive, and

mosaicked with the MOPEX software with a scale of 0.6′′ pixel−1. The final mosaic

images were checked against the archival PBCD images for consistency. Aperture

photometry was then performed on the verified mosaic images with an aperture

radius of 15′′ and sky annulus between 24′′ and 36′′ from the opto-center. The flux

conversion issue in the S18.18 IRAC processing1 is corrected.

IRS spectra were reduced and extracted using the SMART software (Higdon

et al., 2004; Lebouteiller et al., 2010). We also computed synthesized 8.0 and 24

µm photometry by integrating the IRS spectra and comparing with similar integrals

over an A-star spectrum. We adopt 5% uncertainty for the synthesized photometry

which is consistent with the cross calibration among IRAC, MIPS, and IRS (Cushing

et al., 2006; Carey, 2010). The 24 µm photometry is summarized in Table 3.1 and

shown in Figure 3.1 and 3.2. Both stars are found to vary at 24 µm at a high degree

of significance.

Visible photometry was collected from the literature (Table 3.2). Neither star

has been noted to vary; in fact, HD 23514 has been used as a local photometric

standard to study variations in neighboring stars (Alphenaar and van Leeuwen,

1981). Because there were only four relevant measurements for ID8, we obtained

two more; eight measurements were already available for HD 23514. The data for

both stars show a scatter of only ±1%, consistent with measurement errors and

1http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/s18.18fluxconv.shtml
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Table 3.1. Infrared Photometry by Spitzer and it WISE

Date 3.6 µm (mJy) 4.5 µm (mJy) 5.8 µm (mJy) 8.0 µm (mJy) 24 µm (mJy) Source

ID8

2003 Dec 4 9.74 ± 0.1 7.35 ± 0.1 6.56 ± 0.1 7.64 ± 0.1 · · · Gorlova et al. (2007)

2004 Jan 29 · · · · · · · · · · · · 6.23 ± 0.10 AOR 4318976

2006 May 9 · · · · · · · · · · · · 8.34 ± 0.12 AOR 16798464

2006 Dec 4 · · · · · · · · · · · · 7.32 ± 0.11 AOR 16800512

2007 Jun 16 · · · · · · · · · 6.38a 6.74a AOR 21755136

2010 May 13-21 12.05 ± 0.26b 9.11 ± 0.17b · · · · · · · · · AllWISE Catalog

HD 23514

2004 Sep 22 · · · · · · · · · · · · 67.7 ± 0.7 AOR 5320192

2007 Feb 25 · · · · · · · · · · · · 68.0 ± 0.7 AOR 18303232

2007 Sep 17 · · · · · · · · · · · · 61.6 ± 0.7 AOR 17656576

2008 Sep 18 206.3 ± 1.1 180.7 ± 1.2 154.6 ± 0.7 203.9 ± 1.0 · · · AOR 25790208

2008 Oct 1 · · · · · · · · · 169.3a 64.8a AOR 25789952

2010 Feb 12-13 225.3 ± 4.5b 180.6 ± 3.1b · · · · · · · · · AllWISE Catalog

aSynthetic photometry based on IRS spectrum and the response curves of IRAC and MIPS. The cross-calibration uncertainties

of the Spitzer instruments are expected to be ∼5% (Carey, 2010).

bFlux densities at WISE W1 and W2. The effective wavelengths are 3.35 and 4.60 µm, slightly different from those of IRAC.
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corroborating the lack of variability at visible wavelengths.

WISE observations of ID8 were performed in mid May, 2010, nearly 6.5 years

after the IRAC observation. Here we consider only the W1 and W2 bands because of

their spectral proximity to the two short wavelength bands in IRAC. We randomly

select three other NGC 2547 member stars whose JHK, 3.6 and 4.5 µm brightnesses

are all similar to that of ID8. The (Ks - W2) colors of the three comparison stars

are in a narrow interval between 0.00 and 0.03, while that of ID8 is approximately

0.67, confirming the 4.5 µm excess. On the other hand, the ([4.5] - W2) colors

of the comparison stars range from 0.01 to 0.05, while that of ID8 is 0.28. Given

the similarity of the IRAC 4.5 µm and WISE W2 bands, the significant difference

between the fluxes in these bands at different epochs is most easily explained as

the result of variability. The same trend may also be observed at 3.6 µm and W1

at a low degree of significance. However, variations in the 3 - 4 µm region are not

seen for HD 23514 over the ∼1.5 year time span between the IRAC and it WISE

observations.

In summary, we found 10-30% peak-to-peak variation at 24 µm on yearly

timescales while no changes were found at optical wavelengths for these two systems.

The change between IRAC and WISE, as well as the IRS synthetic photometry, sug-

gests that variations are also possibly seen at 4.5 and 8.0 µm.

3.3 Discussion

HD 23514 and a few other of extreme-excess stars (e.g., HD 15407, Fujiwara et al.,

2009; Melis et al., 2010) show spectra in the 10 µm region (see Figure 3.2) indicative

of the presence of finely divided silica dust (Lisse et al., 2009) or analogs of silica

“smoke” (Kimura and Nuth, 2007). The spectrum of ID8 is also complex, with

features indicating significant amounts of finely divided crystalline silicates (Olofsson

et al., 2012, N. Gorlova et al., in preparation). The large equivalent widths of the

features in these spectra require grain sizes of order 0.1 µm (Bouwman et al., 2008),

well below the blowout size for these stars. The dust properties suggest that the
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Table 3.2. Visible Photometry of ID8 and HD 23514

V Ia References

ID8

13.14 12.34 1

· · · 12.34 2

13.12 12.34 3

· · · 12.32 4

13.12 · · · 5

13.14 · · · 5

HD 23514

9.42 · · · 6

9.42 8.67 7

9.44 · · · 8

9.43 · · · 9

9.42 · · · 10

9.44 · · · 11

9.43 · · · 12

9.44 · · · 13

aCousins filter for ID8 and

Johnson filter for HD 23514.

References. — (1) Nay-

lor et al. (2002); (2) Jef-

fries et al. (2004); (3) Lyra

et al. (2006); (4) DENIS cat-

alog; (5) this work, observed

on 2011 Nov 18; (6) John-

son and Mitchell (1958); (7)

Mendoza (1967); (8) Rufener

(1976); (9) Alphenaar and

van Leeuwen (1981); (10) Cer-

nis (1987); (11) van Leeuwen

et al. (1986); (12) Tycho cat-

alog, transformed from Bessell

(2000); (13) Droege et al.

(2006)
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infrared excesses of these stars are associated with violent, recent events (Lisse et al.,

2009) and hence may differ significantly from typical planetary debris systems whose

mid-infrared spectra tend to be featureless (Wyatt, 2008) and whose evolution is

dominated by an overall slow monotonic decay with time (Rieke et al., 2005; Wyatt,

2008). BD +20 307 (Song et al., 2005, several Gyr old), which also has a very

strong emission band around 10 µm, may also vary by ∼7% in the WISE W3 and

W4 bands (12 and 22 µm) between two scans ∼188 days apart, although it appears

stable at W1, suggesting that the mid-infrared variability might be correlated with

the presence very fine dust particles.

Traditional planetary debris disks are sustained by collisional cascades in which

populations of planetesimals collide until they are ground down to micron-sized dust,

when they are ejected by radiation pressure or spiral into the star due to Poynting-

Robertson drag. The timescale for the overall changes in the infrared excesses in

these systems is expected to be millions of years (Wyatt, 2008). However, around

stars of solar mass or less, theoretical models by Kenyon and Bromley (2005) indicate

that short-term spikes in the 24 µm output can occur due to large collisions (of

∼100 km bodies). Thus, the variations support the arguments that we are seeing

the consequences of individual collisional events and the resulting rapid generation

of large swarms of particles.

We can estimate the timescales for such events from the scaling relations given

by Wyatt (2008). To apply these relations, we need to estimate the location of the

planetesimal belts around the two stars. Because small grains associated with recent

transient events dominate the mid-infrared properties, it is not possible to derive the

properties of the parent body planetesimal system from the mid-IR measurements.

Instead, we assume that the parent body populations are similar to those around

stars of similar spectral type and age. The infrared excesses at 5.8 and 8.0 µm

trace dust within ∼1 AU of a solar-type star. We have complemented studies of

these excesses by Gorlova et al. (2007); Carpenter et al. (2009a) by analyzing the

data for the Pleiades from Stauffer et al. (2007). In the latter case, we found that

none of the stars with [3.6] ≤ 10 (corresponding to solar-like absolute magnitudes)
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have excesses. The net result is that, in the age range (30-130 Myr), there are

only two cases other than ID8 and HD 23514 with reliably detected excesses at 5.8

µm and 8.0 µm out of a total of 352 solar-like stars observed. This result shows

that planetesimal belts in debris systems in this age range are nearly always located

outside 1 AU. If into equations 14-16 of Wyatt (2008), we substitute solar masses

and luminosities, a fractional luminosity of 2× 10−2, a radius of 1 AU, dr/r of 0.5,

and eccentricity of 0.2 (values to yield as rapid evolution as possible), we find that

the time to remove a 100 km diameter body by collisional cascade is tc & 100 years.

On the other hand, the time to remove 1 mm particles is tc ∼ 0.1 year, an order

of magnitude shorter than the time span of the observations. This suggests that

small particles are replenished by secondary collisions. Given that the variations

are ∼10% of the fractional luminosity, the mass associated with them is ∼10−2 M⊕,

integrating the particle size distribution from 0.1 µm to 100 km. Significantly lower

mass estimates are only possible if the planetesimal belt is well inside 1 AU.

Grogan et al. (2001, Figure 19) present detailed models that find a characteristic

timescale of 3×106 years for the decay of dust from collisions in the asteroid belt. The

behavior is supported by the role of recent collisions in the production of zodiacal

dust bands (Nesvorný et al., 2003). This result provides an independent test of

the timescale for decay of excess due to collisional cascades around ID8 and HD

23514. For the population of disks around stars of similar mass and age to these

two, a typical fractional luminosity in a quiescent state is 5×10−4 (Carpenter et al.,

2009a). Most of this emission is from cool dust that must be well outside a few AU

from the star. The fractional luminosity for warm dust is an order of magnitude

lower (Carpenter et al., 2009a), i.e. 5× 10−5. These values, the scaling relations in

Wyatt (2008), a solar fractional luminosity of 10−7 (Backman and Paresce, 1993),

and orbital radius of 2.5 AU for the zodiacal cloud and asteroid belt indicate ∼100

years as the characteristic time for decay of a transient event via collisional cascade

at 1 AU around ID8 or HD 23514. This value agrees well with that obtained directly

from the scaling relations.

Although this estimate is rough, it indicates that generating the variable excesses
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through collisional cascades may not be impossible, but would require extreme as-

sumptions. We therefore will explore alternatives. The possibility that the 24 µm

changes reflect varying rates of heating by the star is made unlikely by the complete

lack of variations in the visible for both stars. Phenomena that avoid any kind of

collisional cascade will inherently have faster timescales. One such process might

be a collision that caused a large body to lose its regolith, injecting pre-processed

small dust into the interplanetary space around the star. However, very small grains

tend to be absent in planetesimal regoliths because radiation pressure slowly drives

the small particles away (Masiero et al., 2009); the regolith hypothesis is possibly

contradicted by the evidence for small grains in the mid-IR spectra. In addition,

regoliths have a full size spectrum of objects (Housen and Wilkening, 1982), so such

a regolith ejection event would be analogous to launching a fully developed colli-

sional cascade and it would have a similar evolutionary timescale to the cascades

already considered. An alternative might be the disintegration of one or several ex-

tremely large comets. The most finely divided dust released would have a short dwell

time near the star, since it would be ejected by radiation pressure or lost through

Poynting-Robertson drag; the larger bodies would remain for some time because

the comet orbit would not coincide with a dense planetesimal belt and would have

inadequate density of objects for vigorous collisional activity. The timescale for the

first process is probably too short, making the resulting excesses too rare to agree

with the simultaneous detection of a number of them, and that for the second too

long to explain the variability of ID8 and HD 23514.

None of these possibilities can convincingly be shown to produce the huge

amounts of dust around these stars while having the necessary short timescales

for variability. Therefore, we consider another possibility – that the dust condenses

from silica-rich vapor associated with violent collisions among large bodies. For

example, in massive collisions such as the one that formed our Moon, of order 20%

of the mass emerges as vapor rich in silica (Canup, 2004). The production of silica-

rich vapor can occur at collisional velocities above about 2 km s−1 based on simple

energetic arguments. However, a threshold of about 10 km s−1 is generally adopted
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because a substantial portion of the energy is deposited in collisionally produced

fragments (Hornung et al., 2000). Laboratory experiments suggest that the vapor

will condense quickly into silica “smoke” (Kimura and Nuth, 2007), and forsterite-

like crystals are the most common crystalline form to grow from the condensation

products (Kobatake et al., 2008). The spectrum of silica smoke (Kimura and Nuth,

2007) resembles that of the infrared excess of HD 23514 (Rhee et al., 2008), while

the small grains that dominate the spectrum of ID8 are rich in forsterite-like mate-

rials (N. Gorlova et al., in preparation). The resulting small particles will be cleared

quickly by radiation pressure and the Poynting-Robertson effect. The cooling and

disk spreading timescale for the silica-rich protolunar disk that later formed the

Moon is ∼one year (Thompson and Stevenson, 1988; Canup, 2004). However, most

of the ejected mass in the moon-forming impact remained gravitationally bound to

the Earth; the small solid angle viewed from the Sun indicates that such a single

event could not raise the infrared luminosity high enough to explain the excesses in

these systems. However, the significant amount of escaping material from a major

impact might initiate a violent collisional cascade and elevate the infrared excess of

the star for a longer period. Thus, the extreme excesses around ID8 and HD 23514

are unlikely to be due to an individual violent collision, but to reflect extended

episodes of such collisions possibly triggered by a single event.

3.4 Conclusion

Dynamical models indicate that giant impacts continue to build terrestrial planets

into the 30 - 130 Myr age range. A small number of stars have extreme infrared

excesses and mid-infrared spectra that suggest that such impacts have occurred

recently around them. However, the duration of these indicators, and hence the

frequency of events required to account for the numbers we detect, is not clear. We

report that the excess is variable on year-timescales around two of these stars, ID8

in NGC 2547 and HD 23514 in the Pleiades; a third variable example has been

reported by Melis et al. (2012). The variability is too rapid to be explained readily
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if the excesses are generated in collisional cascades, as is the case for most planetary

debris disks. Instead, it is possible that the dust producing the excess condenses

from vapor generated in violent collisions. The timescale for variations of years,

rather than millions of years, suggests that the evolution of the infrared excesses

might be rapid. In that case, major collisions would need to occur frequently to

account for the number of stars in this age range that are observed to have extreme

excesses.
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CHAPTER 4

Case Study of ID8: Large Impacts around a Solar Analog Star in the Era of

Terrestrial Planet Formation

After qualitatively reviewing the implications of the ID8 disk variations, in this

chapter we analyze the time-resolved Spitzer observations of the system for a case

study of extraterrestrial impact in the time domain.

As introduced in Chapter 3, the disk emission of ID8 was recently found to vary

on a yearly timescale (Meng et al., 2012). Collisional cascades among planetesimals

sustain most debris disks. However variations this rapid cannot be supported by

this means because the cascade timescales for significant variations in dust produc-

tion are at least a few hundred orbits. To explore the origin of the variations, we

have used Spitzer/IRAC to monitor the ID8 system. At the same time, intensive

optical monitoring of ID8 was obtained from the ground in the V and Cousins I (IC

hereafter) bands.

4.1 Observations and Data Reduction

4.1.1 Optical Observations and Photometry

Optical monitoring of ID8 was conducted in V and IC bands with the 0.41-m

PROMPT 5 robotic telescope at Cerro Tololo Inter-American Observatory in Chile,

from December 13, 2012 (BMJD 56292) to August 27, 2013 (BMJD 56531), com-

pletely covering the Spitzer visibility window in 2013. The typical cadence was 2-6

observations in each band throughout the night every night if conditions permitted,

except for the period between July 16 and August 4 when ID8 was too close to the

sun. All images were taken with an identical exposure time of 30 seconds. The CCD

had a scale 0.60′′ pixel−1 and a field-of-view of 10′. The pointing repeatability of

the telescope was not perfect, making ID8 lie on different regions of the CCD every
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time, virtually equivalent to random dithering. Scientific images were prepared by

an automatic pipeline with bias, dark, and flat field corrections, on which aperture

photometry was performed with a radius of 5 pixels and sky annulus between 15 and

30 pixels. Two bright, unsaturated, and isolated stars near ID8, 2MASS J08085526-

4856479 and 2MASS J08090978-4901041, were selected as reference stars for relative

calibration. Neither star is a member of NGC 2547 (Gorlova et al., 2007). The for-

mer has a similar color as ID8 in the optical and near-infrared and was used as the

calibration reference, while the latter is much redder and was used for verification

purposes. A comparison of the two reference stars showed that both were stable

within the ∼1% measurement uncertainties over our entire time coverage.

ID8 appeared to be constant throughout our observations. The RMS scatters are

1.6% and 1.4% in V and IC bands, respectively. However, Fourier analysis reveals a

significant period of 5.078± 0.002 days with amplitude of 0.010 magnitude in both

wavebands (Figure 4.1). The shape, amplitude, and period are all consistent with

the rotational behavior of other member stars with similar masses in the cluster

(Jeffries et al., 2000; Irwin et al., 2008). In addition, given the distance of the

cluster, spectroscopic and photometric observations both suggest that ID8 is a single

star with no companion of similar mass. Therefore, we conclude that the stellar

photosphere does not drive the disk variations, and the tiny optical variability is

likely due to spots on the stellar surface brought into view by stellar rotation. The

detection of a rotational period in the optical further suggests that the star is unlikely

to be pole-on from our line of sight.

4.1.2 Spitzer Observations and Data Analysis

ID8 has a continuous ∼221-day visibility window every year for the Spitzer Space

Telescope, determined by the spacecraft pointing constraints. Spitzer/IRAC obser-

vations were made under programs 80260, 90192, and 90262, from May 25, 2012 to

the end of the second visibility window on August 23, 2013, providing a total time

baseline of 454 days with a 157-day gap. In 2012, observations were made at 4.5 µm

only (one 3.6 µm observation was also taken), while all observations in 2013 used
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both wavebands. The basic sampling frequency was 1 observation every 7 days;

three high cadence periods were obtained in 2013 with 1 observation every day for

a total of 111 days.

We used a frame time of 30 seconds with 10 cycling dithering positions for both

the 3.6 and 4.5 µm wavebands, achieving a typical signal-to-noise ratio of 150-300.

The dithering pattern was designed to use a number of random pixel positions

to average the intrapixel sensitivity variations of the detector1. These data were

processed with IRAC pipeline S19.1.0 by the Spitzer Science Center (SSC). We

performed aperture photometry and compared the results using both the BCD (basic

calibrated data) and mosaic post-BCD products. The BCD images have a native

scale of 1.22′′ pixel−1. An aperture radius of 3 pixels and a sky annulus of 12-20

pixels were used with aperture correction factors of 1.112 and 1.113 for 3.6 and 4.5

µm, respectively. The BCD photometry was corrected for the pixel solid angle (i.e.,

distortion) effects based on the measured target positions using files provided by

the SSC. We also discarded any photometry when the target was too close to the

edge of the detector array, and obtained weighted average photometry for each of

the astronomical observation requests (AORs) by rejecting the highest and lowest

photometry points in the same AOR. The same procedures were also conducted on

the post-BCD products for comparison. We noticed that a few photometry points

from the post-BCD products were significantly fainter (up to 10%) than the values

obtained from the individual BCD images. Inspection of those AORs found that

one or two BCD frames have poor WCS information, likely causing misalignment

in the post-BCD products. Thus, we adopted our final photometry based on the

weighted average of the BCD images.

To evaluate the uncertainty and stability of our photometry, we selected 4 stars

in the field of view as references and obtained their photometry. These reference

stars have similar or fainter fluxes than ID8. The measured RMS for them was

1Spitzer Science Center, Memo to Spitzer observers regarding high precision photometry using

dithered observations (2013;

http://ssc.spitzer.caltech.edu/warmmission/news/18jul2013memo.pdf)
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smaller than 1% at both wavebands, consistent with the expected repeatability of

the instrument (Reach et al., 2005). In comparison, the measurements of ID8 varied

peak-to-peak by 16% and 23% at 3.6 and 4.5 µm during the same period, well

beyond the instrumental errors. The consistency of the observations at 3.6 and 4.5

µm, which were made sequentially and used different detector arrays within IRAC

and are therefore independent, confirms the reality of the variations.

The nominal photometric errors for our measurements, including the star and

the disk, at individual epochs are typically 0.3-0.6%. However, the SED fitting

suggests that the stellar photosphere contributes about 85% and 70% of the total

output at 3.6 and 4.5 µm, respectively. After subtracting such large fractions of the

total, the relative errors of the disk flux are 2-5%, and could be >10% at 3.6 µm

when the disk is faint. More seriously, any error of the adopted photospheric flux

would introduce a systematic error to the disk flux and color, which can hardly be

identified in later analysis. Thus, the absolute values of the color temperature of

the disk may be biased, but the relative color variations should be more robust. We

calculated the expected trend of the entire ID8 system in a color-magnitude diagram,

assumed the photospheric contribution is constant, and compared with two possible

types of disk variations: 1) changing the dust emitting area at a fixed temperature,

and 2) changing the dust temperature with a fixed emitting area. Changing stellar

extinction could also affect the color of a system, but this scenario can be ruled

out in the case of ID8 by the stability of the stellar flux in the optical, which

should be much more sensitive to dust extinction. As illustrated in Figure 4.2, the

observations show a continuous behavior with no abrupt changes in either dust area

or temperature, slightly favoring the variations due to a combination of changing

temperature and area or in area alone, rather than purely in temperature.

Because the stellar contribution is effectively constant in time, we fitted its spec-

trum and removed it from the total (star + disk) infrared fluxes to obtain the light

curves of the debris disk, as shown in Figure 4.3. This revealed an average disk color

of [3.6] − [4.5] = 1.00, corresponding to a blackbody temperature of 730 K, consis-

tent with the temperatures found in previous analyses of the infrared spectroscopy
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(Olofsson et al., 2012).

4.2 Analysis of the Debris Disk Light Curve

4.2.1 Long-Term Decay

In the following analysis, we focus on the 4.5 µm data where we have observations

from both years and the disk is measured at a higher signal-to-noise ratio. The data

at 3.6 µm show consistent behavior, although at lower signal-to-noise. In 2012, the

disk flux density stayed near 2.2 mJy despite ∼10% variations. However, at the
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start of 2013 it had brightened to above 3.0 mJy, indicating a significant increase of

the amount of dust, probably from a new impact before 2013. This elevated level

then decayed throughout 2013. An exponential fit suggests a decay timescale of

∼370 days at both wavelengths. This is too fast to be reconciled with decades-long

collisional cascades (Chapter 3 Meng et al., 2012), and is too slow for the direct

radiative blowout of tiny particles, which should take <30 days at the orbit derived

below for the disk.

To better understand the impact, we estimate the disk mass based on a fit to

the entire mid-infrared spectrum, which is dominated by small grains. Since the

new debris in the disk has not reached equilibrium in a full collisional cascade, we

could not make the conventional assumption of a power law size distribution. For

emitting grains of 0.5 µm in radius we found a disk mass of 1.1 × 1019 kg, which

is a lower limit since it ignores larger particles. An independent estimate assuming

a power law grain size distribution up to 1 mm obtains an identical mass estimate

(Olofsson et al., 2012). This mass, if the grains were compacted into a solid body,

is equivalent to a ∼180-km diameter asteroid (of density 3700 kg m−3). Given the

estimated mass and particle size, the ID8 disk may be optically thick, in which

significant mass could be obscured and unseen.

Considering the decay in 2013, and assuming it applies to the full spectrum,

we estimated the mass loss rate to be at least 1011 kg s−1. The spectrum was

obtained in 2007; however, the Spitzer and WISE photometric points (Figure 3.1)

imply that the mid-infrared spectrum had a similar shape at least from January

2004 through November 2010. That is, it appears that the small grains, with a

net volume of a ∼180-km diameter asteroid, were lost from the system and would

have to be replenished on a decadal (or shorter) timescale to maintain the mid-

infrared spectrum. Though arising from different physical processes, the mass loss

rate is 5-7 orders of magnitude greater than the dust mass loss rates of comets Hale-

Bopp (Jewitt and Matthews, 1999) and Halley (McDonnell et al., 1986), among the

dustiest comets known in the solar system, and is 3 orders of magnitude greater than

that of the evaporating planet KIC 12557548b (Perez-Becker and Chiang, 2013).
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The variability of the infrared emission of ID8 is much too fast to arise in a

conventional debris disk sustained by a collisional cascade (Meng et al., 2012). We

hypothesize that the impact responsible for the increased disk emission in 2013

involved two large bodies and was sufficiently violent to yield a silica-rich vapor

plume. Glassy silicate spherules will condense from the vapor with diverse forms

(e.g., Warren, 2008), consistent with the presence of amorphous silicates in the SED

model (Olofsson et al., 2012). In this case, there may have been temporal spectral

features after the new impact, but would have been missed because we do not have

new mid-infrared spectrum in 2013. The condensation process has been modeled

in Johnson and Melosh (2012), which shows that the typical spherule size depends

sensitively on the circumstances of the impact, particularly its velocity, but ranges

from about 10 µm to 1 mm. The condensates are produced quickly over several

hours. Initially, the cloud of spherules will not radiate efficiently in the mid-infrared

because the total surface area of all the spherules is small. However, they will

break each other down through collisions, which generate the observed µm-sized or

smaller particles as daughter products. The infrared output will rise as the mass is

distributed into many small grains, making the consequences of the initial impact

visible as an increase in the infrared emission.

Because the size distribution of condensate spherules is strongly peaked around

the average (Johnson and Melosh, 2012), we treat them as being equal in size. Then,

a rough estimate of the timescale for destroying them (and hence for the decay of the

debris cloud) can be obtained by attributing all the disk mass to them immediately

after the impact and assuming that they are removed by breakdown in a collisional

cascade with eventual ejection, when their daughter particles are sub-µm in size,

by radiation pressure. We found that different models for the destruction rate of

such spherules give consistent timescales (Wyatt and Dent, 2002; Zuckerman and

Song, 2012). To order of magnitude, the range of decay timescales as a function of

spherule size from 10 to 1000 µm is 100 days to 10 years. The observed decay time

of the ID8 disk corresponds to a spherule size of ∼100 µm, which corresponds to an

impact velocity of 15-18 km s−1 (for a 100-1000 km diameter body impacting on an
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even larger one, Johnson and Melosh, 2012). Thus, the one-year exponential decay

timescale is a natural result for a system where seed grains have condensed from

a vapor cloud and are destroying themselves through collisions. An analysis with

some similarities to ours for the bright debris disk of HD 172555 (Johnson et al.,

2012) found that dust created in a hypervelocity impact will have a size slope of

∼−4, in agreement with the fits of (Olofsson et al., 2012) to the infrared spectrum

of ID8.

4.2.2 Periodicity

After the exponential decay is removed from the data (“detrending”), the light

curves at both wavelengths appear to be quasi-periodic. The regular recovery of

the disk flux and lack of extraordinary stellar activity essentially eliminate coronal

mass ejection (Osten et al., 2013) as a possible driver for the disk variability. We

employed the SigSpec algorithm (Reegen, 2007) to search for complex patterns in

the detrended, post-impact 2013 light curve. The result is shown in Figure 4.4.

The time-domain characteristics of the ID8 disk resemble the 3.6 and 4.5 µm light

curves of some YSOs with protoplanetary disks, in which a characteristic timescale is

present on top of significant long-term variability with no strict periodicity. However,

the light curve patterns of YSOs are temporary, capable of switching from one quasi-

period to another, or from quasi-periodic to stochastic within seasons (Morales-

Calderón et al., 2011; Günther et al., 2014). The rapid changes in protoplanetary

disks are facilitated by gas accretion and strong magnetic interactions (e.g., Flaherty

et al., 2012; Cody et al., 2014); neither mechanism is applicable to debris disks, such

as the ones discussed in this dissertation. ID8 is much older than even the oldest

known host stars of protoplanetary disks, and its stellar spectrum shows no trace of

accretion (N. Gorlova, in preparation). Therefore, changes of the type seen in the

YSOs are not expected.

The frequency spectrum of the ID8 disk sees higher noise at the long period

end (“red noise”), due to long-term deviations from the assumed decay function

compared to the 216-day time baseline in 2013. In the periodogram in Figure 4.4,
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Figure 4.4 Analysis of the 4.5 µm time-series of the ID8 disk. (A) Periodogram of
the detrended 2013 light curve. The vertical dashed lines represent the identified
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in each iteration (Reegen, 2007) and thus appear slightly offset from the raw peak
positions. (B) Detrended 4.5 µm data (black diamonds) with the composite of two
sine waves of P1 and P2 (gray curve). Since their real waveforms are likely non-
sinusoidal, the comparison is meaningful only for the general timing of the highs
and lows.
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the most significant peak is the broad one centered around ∼145 days. Because it

is over two thirds of the time baseline and broader than an ideal monochrome, this

feature more likely reflects a long-term deviation from the exponential decay rather

than a real period. Second to the 145-day component, those at P2 = 34.0±1.5 days

and P1 = 25.4±1.1 days come as the two most significant periods. Detailed modeling

of sinusoidal functions with our sampling pattern showed that the broadening of their

peaks in the periodogram is consistent with strict periodicity. (See the comparison

in the upper panel of Figure 4.5.) But the accurate periods depend on the assumed

exponential detrending of the unweighted data, and are subject to change if different

detrending and weighting are used. This is an additional source of errors that is

not considered in the quoted errors (Kallinger et al., 2008), which should, therefore,

be the lower limit of the real uncertainties of the periods. Thereafter, the next two

orders would be periods of 18.7 and 13.3 days, which are visible in the lower panel

of Figure 4.5 and might be overtones of P2 and P1. However, there is not enough

information in the light curve to identify additional periods confidently.

The evolution of the real disk involves various stochastic processes, like minor

collisions that will cause random deviations from smooth variations of the disk flux.

If there are other massive planets or planet embryos around, their perturbations

will also affect the behavior of the disk. Translating these dynamical expectations

into Fourier space, in the detrended light curve with the assumed exponential decay,

one should expect to see an elevated floor of “red noise” and significant deviations

like the 145-day component. These expectations are generally consistent with the

observations.

There appear to be hints for 50- and 80-day periods in the original periodogram

(Figure 4.4). However, both features disappear after the first three components

(145-day, P2, and P1) are removed, as seen by comparing the panels in Figure 4.5.

As a sanity check, using the exact sampling pattern obtained for the real observa-

tions, we found that the original frequency spectrum, including the 50- and 80-day

features, can be reproduced simply by the first three components (Figure 4.5(A)).

This strongly suggests that the apparent additional peaks are artifacts caused by
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Figure 4.5 Frequency spectrum analysis. Upper: Periodogram of the simulated light
curve for the detrended 4.5 µm times-series in 2013 (black line). The light curve is
reproduced by a combination of three sine waves with the observed amplitudes and
phases of the 145-day component, P2, and P1, plus normally distributed photometric
noises at the same level as in the observations. The vertical dashed lines represent
the positions of P1 and P2. For comparison, the spectrum of the detrended real
observations (a replica of Figure 4.4(A)) is overplotted as a thick gray line. The
50- and 80-day features, though not parts of the simulation input, are reproduced
comparably to those in the real observations. Lower: Residual spectrum of the real
observations after the 145-day, P1, and P2 are removed as sine waves. The 50- and
80-day artifacts are also gone.
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a combination of the stronger components and the specific sampling pattern (cf.

Dawson and Fabrycky, 2010). But the artifacts make it difficult to determine if

there are weak real signals near those frequencies.

4.3 Physical and Dynamical Interpretation

4.3.1 Observational Constraints

To interpret the frequency spectrum of the disk flux, we need to consider the whole

physical and dynamical picture. A critical constraint to any ID8 disk model is the

short periods (∼30 days) and high amplitude of the fractional luminosity variations

(peak-to-peak ∼6 × 10−3) described in the main text. In terms of sky coverage

at the disk distance inferred from the infrared SED, such an amplitude requires

disappearance and reappearance every ∼30 days of the equivalent of an opaque,

stellar facing “dust panel” of radius ∼110 Jupiter radii.

If the dust detected in ID8 is optically thin, the quasi-periodicity of the light

curve would suggest regular increases and decreases in the amount of dust. The

decreases could be explained by radiation blowout, if a cloud of purely small grains

gets ejected into the circumstellar region. However, detailed examination of mech-

anisms (e.g., repetitive multiple asteroid impacts, comets, evaporating planets, or

giant volcanic eruptions) that produce dust cyclically shows them to be unlikely to

be able to operate on a monthly basis and to produce the necessary large clouds.

The timescale for variations in collisional cascades, where the small particles are

produced by grinding down large bodies, are controlled by the evolution of the large

bodies, which is much too slow to account for the behavior in ID8.

The other possibility is that the disk is optically thick, and the flux periodicity

arises from recurring geometry that changes the amount of dust that we can see.

At the time of the impact, fragments get a range of kick velocities when escaping

into interplanetary space. This will cause Keplerian shearing of the cloud (Kenyon

and Bromley, 2005), leading to an expanding debris concentration along the original

orbit. If the ID8 planetary system is roughly edge-on, the longest dimension of the
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concentration will be parallel to our line of sight at the greatest elongations, and

orthogonal to the line of sight near conjunctions to the star. This would cause the

optical depth of the debris to vary within an orbital period, in a range on the order

of 1-10 according to the estimated disk mass and particle sizes. In this case, P2

and P1 should be the first and second overtones of an unseen fundamental (orbital)

period and should have a 3:2 ratio, which is consistent with the measurements

within the expected larger errors (<2-σ or better). Then, the genuine period should

be 70.8±5.2 days (lower limit errors), a value where it may have been submerged in

the periodogram artifacts. This period corresponds to a semi-major axis of ∼0.33

AU, which is consistent with the temperature and distance suggested by the spectral

models (Olofsson et al., 2012).

4.3.2 Numerical Simulations

Here, we conduct numerical simulations to test if the proposed line-of-sight effect

could produce the observed periodicity in the disk, characterized by strong first and

second order overtones (P2 and P1) but a moderate or weak fundamental. Since

there are too many unknowns in the ID8 planetary system, we did not attempt

to make a perfect fit to the observations, but focused on the qualitative properties

instead. Given the minimum disk mass and the average particle size of ∼1 µm,

the observed ID8 disk should contain ∼1033 dust particles. Computing for such a

tremendous number of particles would be prohibitively expensive in time. To reduce

the computing load, we used 5000 massless test particles and assumed a radius of

0.002 AU for each of them to make up the same total dust surface area as in the

real disk of ∼1 µm particles. Generally, we found that a generous range of mass,

orbital, and dust expansion configurations is able to produce the desired qualitative

results. The overtones tend to be more prominent for impacts occurring at farther

distances and on moderately eccentric orbits. However, the azimuthal orientation

of the line of sight makes little difference to the time domain characteristics of the

disk flux.

As an example, here we show the simulation of an impact with a target of 1 M⊕,
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placed on an orbit with semimajor axis a = 0.327 AU, corresponding to the proposed

71-day genuine period. The orbital eccentricity is largely a free parameter, here

assumed as e=0.6 to be compatible with the color trend that suggests a combination

of varying temperature and varying dust amount as the most plausible cause of the

ID8 disk variations. For the initial conditions of the dust, to simulate the outcome

of an impact we placed all test particles at 50 Earth radii around the centroid of

the planetary body when it is at aphelion, which means that the simulated single

impact will be responsible for the entire disk flux. This moment is considered

day 0; the time in which the dust particles escape to 50 Earth radii is neglected.

The initial relative velocities of the test particles with respect to the impact target

were assumed to follow a truncated Gaussian distribution with mean 3.23 km s−1,

standard deviation 3.81 km s−1, and truncation threshold 1.67 km s−1 (Marcus et al.,

2009; Jackson and Wyatt, 2012). The impact ejection is likely anisotropic, but since

we had no information on the preferred orientation, we opted to simulate isotropic

ejection. Mutual collisions between dust particles were neglected. A dust particle

was considered lost if it went out beyond 1 AU, but this rarely happened as we only

focused on the first 500 days.

Simulations were carried out with the hybrid algorithm provided in the Mer-

cury package (Chambers, 1999), in which particles are integrated symplectically

except for close encounters defined within 3 Hill radii from a massive body, when a

Bulirsch-Stoer integrator takes over. The algorithm includes neither terms for tidal

circularization from the host star, nor general relativity perturbations. However, at

this separation and simulation timescale, these effects are negligible. The spatial

position of each particle was computed for each day, and the total visible dust area

was computed by projecting all positions to the celestial sphere according to the line

of sight. The modeled disk flux density was in arbitrary units, set for convenience to

the total visible dust area in AU2 multiplied by a factor of 100. For simplicity, the

line of sight was selected to be along the orbital major axis of the impact target at

inclinations of 0◦(exactly edge-on) and 30◦ above the orbital plane. The inclination

to the orbital plane cannot be too large in order to produce the geometric effect.
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The modeled light curves were purely geometric, ignoring the details of optical

depth and radiative transfer, as well as the overall loss of particles and decay of the

emission. As shown in Figure 4.6, the simulated light curves show large amplitude

fluctuations shortly after the impact as the particle cloud is expanding. As we did

not consider the loss of particles, the simulated light curves have a prolonged rising

phase and do not decay as in the observations. However, the segment with stable

flux after the rising phase should be equivalent to the detrended time-series in 2013.

Therefore, we analyzed the simulated light curves between day 301 and 500 when

the disk fluxes and variation patterns have been generally stable. The periodograms

of these simulated light curves (Figure 4.6(B)) reveal the 71-day dynamical period

as a broad component, while the first and second order overtones are both sharp

and significant, consistent with the identified periods P1 and P2 within the errors. A

prediction of this model is that the harmonics will get weaker as the dynamical evo-

lution of the dust cloud continues. By 1000 days after the impact, the fundamental

period may appear stronger than the overtones. Ultimately, all periodic signals will

vanish when the density fluctuations within the disk are smeared out.

The real ID8 disk is probably more complicated. For example, observations

in the past decade may suggest a baseline of disk flux, which was not considered

in our simulations. In addition, the initial particle sizes after the impact might

be dominated by large condensates whose surface areas are smaller and thermal

equilibrium temperatures are lower than those of the ∼1 µm grains later generated

by collisions. Such particles would radiate less efficiently per unit mass, making

their output small in the first few orbits after the impact. The smaller particle sizes

are close to our working wavelengths, where Mie theory suggests that the scattering

cross section of a particle is greater than its geometric counterpart by a factor of

∼2. Both possibilities would tend to suppress the output from the dust cloud when

it first forms, compared with our geometric simulations. That is, it is possible

that the impact occurred during or shortly before the 2012 observations but the

emission from the resulting dust cloud was sufficiently weak that we did not detect

it. Nonetheless, the periodicity in the simulation results is not qualitatively affected
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by these issues, and validates the line-of-sight effect as a viable explanation for the

large amplitude of the sky coverage by dust.

4.4 Scale of the Impact

Now we can use all the available information in an attempt to understand the scale

of the observed impact around ID8.

Near the end stage of terrestrial planet formation, rocky building blocks of a

range of sizes are expected in the terrestrial planet region, ranging in size down-

ward from a small number of large planetary embryos with lunar to Mars masses

to objects with individual masses negligible compared to the embryos. “Giant im-

pacts” refer to the collisions between two planetary embryos, which are expected

to be outnumbered by planetesimal-embryo impacts and planetesimal-planetesimal

collisions. Numerical simulations suggest that ∼10 giant impacts are required for

the formation of an Earth-like planet, while the Moon-forming impact is probably

the last giant impact onto the Earth (Stewart and Leinhardt, 2012).

However, the impacts in the ID8 system are not necessarily a good analog of

the Moon-forming event in the early solar system. The primary distinction with

the canonical Moon formation model is that the Moon-forming impact is largely

“closed,” in which the impact fragments are mostly confined within the Earth’s

gravitational regime (Canup, 2004). Even if the entire Hill sphere of the proto-

Earth were filled with optically thick dust after the impact, the infrared fractional

luminosity of the dust would be under 10−5, i.e., 3 orders of magnitude lower than

what we see in ID8. The Moon-forming event falls into the “graze-and-merge”

category in impact models (Leinhardt and Stewart, 2012), which generally produces

less debris compared to other types of impact outcomes, unless the combined body

exceeded its spin stability limit (Ćuk and Stewart, 2012). By contrast, given the

high fractional luminosity of ID8, a large amount of debris must be spread into the

interplanetary space. This might match the Moon-forming impact only if it was

onto a fast-spinning proto-Earth, in which case a few to several percent of Earth
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mass can become unbound debris (Ćuk and Stewart, 2012).

The nature of the ID8 impact can be estimated by comparing the frequency of

similar events. Since its extreme debris disk was first observed in December 2003

(Gorlova et al., 2007), an impact must have occurred before then. In this work, we

report a new impact before 2013. There might also have been an impact before May

2006 that caused the increase of the 24 µm flux of the disk (Meng et al., 2012). Thus,

we can take 10 years as an approximate upper limit to the time between collisions.

If this frequency arises from independent events, one would expect to find a high

incidence of similar warm debris disks around other solar-like stars with ages in the

era of terrestrial planet formation. However, an unbiased Spitzer survey of young

open clusters in the age range of 30-130 Myr found extreme debris disks around only

1% of solar-like stars (Balog et al., 2009). A similar result was also found in a census

of nearby solar-like stars in this age range (Melis et al., 2010). The Kepler mission

found that >17% of solar-like stars have at least one Earth-mass planet (Fressin

et al., 2013), so avoiding this contradiction by assuming ID8 is a rare example of

planetary systems is not viable.

Another approach to estimate the nature of the ID8 impact is by the duration

of the impact consequences. We can translate the 1% disk incidence (Balog et al.,

2009; Melis et al., 2010) to an estimate of impact durations. To order of magnitude,

during the ∼100-Myr-long era of terrestrial planet formation, the average solar-like

star should spend a total of 1 Myr hosting extreme debris disks. If the time between

independent ID8 impacts is <10 years, there will be >107 collisions over the age

range. To make up the 1 Myr total observable time, the average duration of the

observable phase after each collision should be <0.1 year. This clearly contradicts

the observations. All known extreme debris disks have been sustained for one to a

few decades; even the only known disappearing disk had a lifetime of at least 27

years before it vanished (Melis et al., 2012). (We just have the infrared technology

to observe them for a few decades. The actual duration of these disks could be or-

ders of magnitude longer.) Therefore, the ID8 impacts before 2003 and before 2013

cannot be independent. They are probably related events triggered by an original
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impact, which placed debris on orbits that enhance the incidence of secondary colli-

sions. Such secondary collisions may be (a) re-accretion events of previously escaped

fragments from the original impact, (b) collisions between two escaped fragments, or

(c) collisions of escaped fragments with other planetesimals. Among them, (a) and

(b) are expected events in the aftermath of an original impact based on dynamical

arguments (Jackson and Wyatt, 2012), while the incidence of (c) depends on the

spatial density of ambient planetesimals.

Though it is clear that the 2013 impact around ID8 is secondary, the scale of

the original impact is poorly constrained by the current data. The originator of

the ID8 excess could be an embryo-embryo “giant impact,” about ten of which are

expected to make an Earth-like planet. However, an original impact of smaller scale

is equally consistent with the available constraints. Consider a planetesimal swarm

of N bodies each of radius R km. To order of magnitude, the total mass is

m ∼ NR3

1011.5
(4.1)

in Earth masses. In the presence of larger planetary embryos that excite relative

velocities of 10-20 km s−1, the time between mutual planetesimal collisions is

τ ∼ 1016

R2N2
(4.2)

in years. If we assume that the original impact is between two large planetesimals

of radius 500 km, the observable phase with dust-replenishing secondary collisions

after the original impact may be 1000 years, including the one we see before 2013.

To make the 1 Myr total observable time, we will need 1000 primary impacts over

the era of terrestrial planet formation. This requires about 6000 such planetesimals

with a total of 2.5 M⊕. These numbers are also consistent with our observations

and reasonable within our understanding of terrestrial planet formation.

4.5 Remarks

Despite the peculiarities of ID8, it is not a unique system. In 2012 and 2013 we

monitored four other extreme debris disks around solar-like stars with ages of 10-
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120 Myr. Various degrees of infrared variations were detected in all of them. The

specific characteristics of ID8 in the time domain, including the yearly exponential

decay, additional more rapid weekly to monthly changes, and color variations, are

also seen in other systems (Chapter 5). This opens up the time domain as a new

dimension for the studies of terrestrial planet formation and collisions outside the

solar system. The variability of many extreme debris disks in the era of the final

buildup of terrestrial planets may provide new possibilities to understand the early

solar system and habitable planet formation (e.g., Elser et al., 2011).
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CHAPTER 5

Planetary Collisions outside the Solar System: Time Domain Characterization of

Extreme Debris Disks

With ID8 as the prototype reference, in this chapter we analyze the near-infrared

monitoring of five additional extreme debris disks from 2012 to 2014 by IRAC at

3.6 and 4.5 µm. All but one of the stars have coordinated optical monitoring from

the ground. None shows significant stellar activity, as detailed in the appendix.

Four of these debris disks have varied during our monitoring, demonstrating that

the time domain is a useful dimension for the study of terrestrial planet formation.

We will introduce the observations and data reduction in Section 5.1, analyze and

discuss each light curve in Section 5.2, and explore the implications of these results

in Section 5.3.

5.1 Observations and Data Analysis

5.1.1 Targets

Our targets were selected based on several criteria to maximize the likelihood of

seeing debris disk variability with Spitzer. First, we focus on the extreme debris

disks with fractional luminosities fd = Ldisk/L∗ & 10−2. Because an accurate value

of fd depends on the extrapolation of the SED outside the mid-infrared, in practice

we slightly loosened the discriminant to include disks with fd of several 10−3. Second,

the samples are restricted to those dwarf stars with spectral types between F and

mid-K to focus on the terrestrial planet formation around solar-like stars. Third,

the targets of interest must have mid-infrared spectra that show prominent features

of fine silica or silicate dust at 9 to 10 µm. Fine dust (typically sub-µm-sized) should

have short dwell time around the stars and is likely indicative of recent collisions

(see Chapter 3). Finally, the disks must have significant excesses at 3.6 and 4.5
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µm (roughly Tdisk & 400 K) that yield a sufficient signal-to-noise ratio (S/N) with

IRAC.

As expected, these conditions naturally selected debris disks around stars

younger than 200 Myr, with only one exception (BD+20 307). Our final sample

set includes 5 stars1, listed in Table 5.1 not including ID8 that has been analyzed

in Chapter 4.

1At least two of the stars, HD 23514 and BD+20 307, have companions within our photometric

aperture
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5.1.2 Spitzer Observations and Data Reduction

New Spitzer observations analyzed in this work were conducted under programs

80260 and 90192. In a typical pattern due to Spitzer’s pointing restrictions, all five

selected sources have two visibility windows each year, and each visibility window

lasts 30-50 days. For each target, a fixed sampling frequency was used throughout

all observations. The only exception is BD+20 307, a spectroscopic binary system

with two G0V stars (Weinberger, 2008; Zuckerman et al., 2008), for which we used

two cadences, including the regular cadence and two periods of high cadence of 1

AOR per day to probe the gravitational effects of the stellar orbital period on the

disk. As a general strategy, we used several cycling dithering positions for each AOR

to average the intrapixel sensitivity variations of the IRAC detector array. The time

coverage and sampling cadence for each target are listed in Table 5.1.

The Spitzer data were first processed with IRAC pipeline S19.1.0 by the Spitzer

Science Center (SSC). As found in Chapter 4, post-BCD mosaics are prone to WCS

misalignment that can lead to erratic photometry. In this work, all our photometry

was based on the BCD images. The BCD images come with a scale of 1.22′′ pixel−1.

An aperture of 3 pixels in radius and a sky annulus between radii of 12 and 20

pixels were used with aperture correction factors of 1.112 and 1.113 for 3.6 and

4.5 µm, respectively. Mapping distortions of the images were corrected with files

provided by the SSC. HD 15407A is sufficiently bright that the system output at

3.6 and 4.5 µm would be saturated in the full-array mode; it was observed in the

sub-array mode. For the sub-array data, we performed photometric extraction on

the median combined BCD data cube (sub2d.fits files) provided by the SSC. The

same aperture and sky annulus settings were used for the sub-array mode data,

and the final photometry of each observation was obtained by weighted averaging

of the results for all dither positions. All other targets were observed in the full

array mode. For full array observations, we discarded individual BCD exposures in

which the sources are too close to the edge of the detector array, and calculated the

weighted average of the remaining measurements to obtain the final photometry.
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The nominal errors obtained directly from the S/N on the images are mostly

slightly better than 1%, generally consistent with the expected instrumental perfor-

mance2 As an independent evaluation, for P1121 we measured some field stars with

similar brightnesses and found photometric stability about 1%. We do not have field

stars in the same image with comparable brightness for other targets.

To separate the flux contributions from the star and from the disk, we used Ku-

rucz atmosphere models (ATLAS9 Castelli and Kurucz, 2004) to fit the available

optical and near-infrared observations. In the optical, for better accuracy only the

Hipparcos/Tycho catalog (Perryman et al., 1997; Høg et al., 2000), photometric sur-

veys (Droege et al., 2006; Ofek, 2008), and dedicated photometry (e.g., Prisinzano

et al., 2003) were used. 2MASS photometry (Skrutskie et al., 2006) was adopted for

the near-infrared. We fixed the stellar gravity and metallicity to be solar for all our

targets, and used χ2 statistics to determine the best-fit parameter for stellar effec-

tive temperature by fitting all available optical and near-infrared photometry. For

more distant objects (>100 pc), corrections for interstellar extinction (AV estimated

from E(B − V ) colors) were also applied before the χ2 fitting. With the adopted

distances (either from Hipparcos parallax or cluster location), the integrated stellar

luminosities were also checked to be consistent with the expected values for the stars

in the main sequence. The expected photospheric fluxes in the IRAC 3.6 and 4.5 µm

bands were computed using the IDL code, spitzer synthphot3, provided by the SSC.

The best-fit model and relevant stellar parameters along with the adopted stellar

photospheric values are given in Table 5.1. The photospheric contributions at the

two IRAC wavebands are subtracted from the observed total fluxes to obtain the

fluxes of the debris disks.

2IRAC Instrument Handbook v2.0.3, http://irsa.ipac.caltech.edu/data/SPITZER/docs/

irac/iracinstrumenthandbook/17/.
3http://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/cookbook/14/
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5.1.3 Analysis Methods

We apply three discriminants to the infrared time-series data to identify debris disk

variability. A disk is considered variable if it passes at least one of them. The first

one is the Stetson index (Stetson, 1996), which assumes that real variations will

cause correlated light curves between paired observations (typically pairs of near

simultaneous photometry at two wavelengths). The index, S, is defined as

S =

N∑
k=1

gk sgn(Pk)
√
|Pk|

N∑
k=1

gk

(5.1)

where gk is the weight of the k-th epoch, Pk ≡ δλ1,kδλ2,k for the k-th observations at

wavelengths λ1 and λ2, respectively, where

δk =

√
N

N − 1

ak − 〈a〉
σak

(5.2)

where N is the total number of measurements in the time-series. An index of S = 0

indicates no correlation between the two sets of light curves. Positive and negative

indices suggest correlation and anti-correlation, respectively. The larger the absolute

value is, the stronger the correlation is. Since noise is statistically unlikely to be

correlated, a strong correlation between data at different wavelengths is usually

a good indicator of bona fide variations. In this work, since all observations of

each individual source are conducted with exactly the same AOR design, we opt to

compute the Stetson index with unweighted data, i.e., gk = 1 for all.

Previous works have used different thresholds of Stetson index for IRAC 3.6 and

4.5 µm to identify YSO variability. For example, Flaherty et al. (2013) adopted

S = 0.45 for IC 348 as confirmed with χ2; Cody et al. (2014) found S = 0.21 for

3-σ confidence in NGC 2264 based on the distribution of the indices of field stars;

Rebull et al. (2014) adopted a much more rigorous S = 0.9 for ρ Oph.

The second discriminant is a χ2 test for the variance of the observations, given
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by

χ2
red =

1

N − 1

N∑
k=1

(
ak − 〈a〉
σak

)2

(5.3)

where σak is the nominal uncertainty of the k-th photometry, directly measured from

the signal-to-noise ratio of the corresponding image. Given the complexity of the

BCD-based photometry and non-Gaussian instrumental fluctuations, the estimated

errors of individual measurements (σak) are not expected to be very accurate. To

accommodate the additional uncertainty, higher values, like 3 (Flaherty et al., 2013)

or 5 (Rebull et al., 2014), are usually adopted as the χ2
red threshold for confident

detection of variations.

Both the Stetson index and the χ2
red test ignore the time-resolved nature of

light curve monitoring. When they both fail to reveal significant variations, as

a supplement, we fit a linear trend to the unweighted data to see if the slope is

significantly different than 0. Such a fit utilizes the time-resolved information and

should be sensitive to a monotonic trend of flux. The values of the variability

discriminants of each source are listed in Table 5.2.

In addition to the identification of the variability of disk emission, we also use χ2

to look for color variations of the disks during our observations. Because obtaining

the disk color requires the subtraction of stellar photospheric flux, which is likely a

source of systematic offset, we do the χ2 test for the color of the entire system (star

+ disk) as well as for the disk only. Considering the large uncertainty of the errors

Table 5.2 Discriminants for Debris Disk Variability
flux χ2

red color χ2
red

Source Sa 3.6 µm 4.5 µm System Disk Slope (mJy yr−1)
P1121 9.12 48 320 7.7 3.8

HD 15407A 2.56 13 11 2.0 3.4
HD 23514A 4.28 22 115 3.3 5.4
HD 145263 -0.28 3.0 1.4 2.5 3.1

BD+20 307AB 0.47 1.2 5.3 1.1 1.1 0.4± 1.1 (3.6 µm)
2.5± 0.7 (4.5 µm)

aStetson index.
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on disk color, we conservatively considered disk color to be variable only if either

the disk or the entire system had χ2
red > 6.

If a disk is found to be variable, we will also analyze both the long-term evolution

trend of its flux and any periodicity on top of that. We computed the periodograms

of all time-series data, including those in the optical (see Appendix D), to look for

periodicities with the SigSpec algorithm (Reegen, 2007), which is a extension to the

Lomb-Scargle periodogram and takes both the amplitude and phase of the Fourier

transform into account. To reliably identify periods, we adopted a threshold of

spectral significance, or sig, of 5 for “significant” peaks, which corresponds to an

amplitude S/N of ∼3.0.

When we have data with high sampling frequencies, the results from the SigSpec

algorithm are double checked with a second algorithm. For this purpose, we use the

Plavchan periodogram (Plavchan et al., 2008), which is a binless phase dispersion

minimization algorithm based on dynamical priors generated from the data and has

no pre-assumed wave function. This algorithm can detect periodic signals of any

arbitrary shape. Our data for most sources are not dense and long enough to reveal

fine characteristics in the time domain that demand analysis by multiple algorithms.

In this work, the second method is only used for BD+20 307, for which we have

high cadence data in two visibility windows.

For sparse infrared data where significant periodogram analysis is unachievable,

we turn to the discrete auto-correlation function (ACF ) to look for a characteristic

timescale.

ACF (τ) =
1

(N − τ)σ2
a

N−τ∑
k=1

(ak − 〈a〉) (ak+τ − 〈a〉) (5.4)

where τ is the number of time steps, ak is the k-th data point up to k = N , and 〈a〉
and σa are the mean and standard deviation of all ak. By definition, ACF (τ = 0) =

1. The characteristic timescale is defined at the position of the first local maximum.

ACF works for both periodic and aperiodic time-series; the characteristic timescale

does not necessarily mean periodicity or quasi-periodicity.
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5.2 Discussion of Individual Stars

5.2.1 P1121

P1121, cataloged as 2MASS J07354269-1450422, is a member of the 80-Myr-old

(Rojo Arellano et al., 1997) open cluster M47. P1121 was first noticed in 2004 for

its extraordinary 24 µm excess (Gorlova et al., 2004). The optical spectrum shows

a spectral type of F9 V (Gorlova et al., 2004), while the fractional luminosity of the

disk is ∼2× 10−2.

Disk SED

The mid-infrared spectrum of the P1121 disk (Figure 5.1), observed on April 25,

2007, is highly analogous to that of ID8 (Morlok et al., 2014). A detailed mineralog-

ical model will be presented by N. Gorlova et al. (2014, in preparation). According

to their results, the P1121 disk is dominated by sub-µm-sized amorphous and crys-

talline silicate dust, and is very similar to that of ID8 in composition regardless of

some minor differences. Conventionally, the dust sizes within a debris disk follow

a power law distribution. Making this assumption, the best fit power law index

for the P1121 disk is −4.0. This is much steeper than the −3.65 equilibrium value

(Gáspár et al., 2012), but close to the fragment size distribution after laboratory

hypervelocity impacts (−4.4± 0.8, Takasawa et al., 2011), and those found around

HD 172555 (−3.95±0.10, Johnson and Melosh, 2012) and ID8 (−4.0±0.2, Olofsson

et al., 2012) where recent large impacts are either suspected or confirmed.

Infrared Light Curve

In the time domain, the infrared behavior of the disk resembled the characteristics

we saw in the ID8 disk (Chapter 4 Meng et al., 2014). As shown in Figure 5.2,

since 2012 the disk flux has been on a downward trend, on top of which are hints

of significant variations on some much shorter timescale. Fitting the data with an

exponential decay finds a timescale of 620±70 days at 3.6 µm, and 800±70 days at

4.5 µm. We notice that the disk flux in 2014 was not much lower than in late 2013.
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Figure 5.1 SED of P1121 from the optical to mid-infrared.
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Figure 5.2 Infrared light curve of P1121.

A better fit could be achieved without the 2014 data, as would be appropriate if

there was a modest new injection of additional dust in that year, in which case the

decay timescales would be 530± 50 and 680± 70 at 3.6 and 4.5 µm, respectively.

As in Chapter 4, for periodogram analysis we focus on the 4.5 µm data where

the disk is measured at a higher S/N. After the best-fit exponential decay function

is subtracted, the “detrended” disk flux time-series shows no significant period. The

strongest signal in the periodogram has sig = 2.65, at ∼18 days with an amplitude

of 0.134 mJy (Figure 5.3). However, the lack of a well determined signal is likely

because our limited time coverage and sampling frequency were too sparse to identify

short periods at high spectral significance.

Although each Spitzer visibility window of P1121 lasts ∼49 days, only the second



92

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

si
g
 

-3.0 

-2.5 

-2.0 

-1.5 

-1.0 

-0.5 

0.0 

0.5 

1.0 

1.5 

0 10 20 30 40 50 

A
C

F
 

Period (day) 

1.5

Figure 5.3 Analysis of the detrended 4.5 µm data of the P1121 disk. Upper: SigSpec
periodogram. The strongest signal is at ∼18 days with sig = 2.65. Lower: ACF
with a time step of 5 days. The first local maximum between 15 and 20 days is
the characteristic timescale, corroborated by the second local maximum around 35
days.
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one in 2013 was fully covered because of observation scheduling issues. The obser-

vation sampling was not equidistant even in this visibility window. So, we have to

interpolate the original time-series to a time grid from BMJD 56440 to 56485, with

steps of 5 days. The final ACF of the P1121 disk is plotted in Figure 5.3. The

characteristic timescale is defined at the position of the first local maximum, in this

case between 15 and 20 days. The second local maximum around 35 days is close

to twice the period of the first maximum, corroborating its reality.

Interestingly, the ACF characteristic timescale is in agreement with the most

plausible (although not “significant”) period in the periodogram. An examination

of this timescale with the data in other visibility windows does not find obvious

inconsistency. Hence, the modulation over 15-20 days of the P1121 disk might be

valid, pending verification and more accurate determination by more observations.

Disk Color

As in the case of ID8, the nominal uncertainties of the photometric measurements,

including the star and the disk, are . 1% at both wavelengths. However, since the

star contributes a considerable portion (>75%) of the total flux at both 3.6 and 4.5

µm, after subtracting the stellar fluxes as constants, the relative errors with respect

to the disk flux are 1-5%, and can be > 10% at 3.6 µm when the disk is faint. In

addition, errors of the adopted stellar flux would introduce a systematic bias to the

disk flux and color, which can hardly be identified or corrected. The relative disk

flux and color variations are immune to such effects. But the absolute color index

and color temperature of the disk may be biased, and thus their nominal errors

could be misleading. Therefore, we only consider the average and range of their

absolute values without quoting errors, keeping in mind they are subject to some

systematic offset.

With observations at two wavelengths, we find the χ2
red value of the color index,

[3.6] − [4.5], is 7.7 for the entire P1121 system and 3.8 for the disk flux, indicating

significant color variations. After subtracting the stellar photospheric emission, the

average color of the disk is [3.6]−[4.5] = 0.92, corresponding to a temperature of 770
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Figure 5.4 Evolution of the color index and temperature of the P1121 disk from
2012 to 2014.

K. The range of the temperature variations, subject to the systematic error of the

adopted photospheric flux, is from 700 to 890 K. The color index and temperature

evolution are shown in Figure 5.4, which reveals a decreasing trend of the disk

temperature.

5.2.2 HD 15407A

HD 15407 is a binary of two main-sequence dwarfs of F5 V and K2 V, separated by

21′′, or 1200 AU at a distance of 55 pc. It may be a member of the AB Dor Moving

Group, with an age determined by lithium absorption of 80 Myr (Melis et al., 2010).

The excess of component A, fd ∼ 6 × 10−3 (Melis et al., 2010), was first observed

by IRAS in 1983 (Oudmaijer et al., 1992).



95

0.2 

2 

0 5 10 15 20 25 30 

Fl
ux

 D
en

si
ty

 (J
y)

 

Wavelength (µm) 

Tycho 
TASS Mark IV 
2MASS 
IRAS (1983) 
Spitzer/IRAC (Mar 2013 - Dec 2013) 
WISE (Feb & Aug 2010) 
AKARI/IRC (2006) 
Spitzer/IRS (Oct 9, 2008) 
Stellar photosphere (6500 K) 

Figure 5.5 SED of HD 15407A from the optical to mid-infrared. See Fujiwara et al.
(2012a) for the mid- to far-infrared.

Disk SED

The only mid-infrared spectroscopic observation, taken on October 9, 2008 by

Spitzer/IRS and shown in Figure 5.5, has been modeled by different groups (Melis

et al., 2010; Fujiwara et al., 2012b; Olofsson et al., 2012). These models basically

agree on a disk with fine dust particles of both silica and amorphous silicate, plus

blackbody-like large dust grains slightly hotter than 500 K. In addition, the WISE

data revealed an anomalous excess at 3.4 and 4.6 µm, which might be attributed

to hotter dust with temperature &1000 K, or to SiO gas emission band from recent

collisions (Fujiwara et al., 2012a). The ranges of our 3.6 and 4.5 µm photometry are

generally consistent with the WISE measurements in 2010, as shown in Figure 5.5.
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Figure 5.6 Infrared light curve of HD 15407A.

Infrared Light Curve and Color

The time-series is plotted in Figure 5.6. Significant and mutually synchronous vari-

ations are evident in the two wavebands with a Stetson index of 2.56, well above

any commonly adopted threshold for variability. However, unlike ID8 or P1121, the

disk around HD 15407A showed neither a decay trend over our total time baseline

of ∼265 days, nor any signs of periodicity.

Considering both wavebands, the disk of HD 15047A has a mean color of [3.6]−
[4.5] = 0.92. A χ2 test based on the nominal photometric errors suggests that

the color consistency of the disk and of the entire system were χ2
red = 3.4 and

2.0, respectively. That is, within the likely errors, there is no firm detection of

color variations. We found that the result is robust and insensitive to the adopted
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photospheric fluxes. Compared with the disks of ID8 and P1121, both the flux and

color of the HD 15407A disk were more stable throughout the observations.

5.2.3 HD 23514AB

A member of the 126-Myr-old Pleiades cluster (Soderblom et al., 2013), HD 23514

is one of the prototypes of extreme debris disks that were found variable over yearly

timescales at 24 µm, at which wavelength the disk flux was observed to have de-

creased by nearly 10% in about 200 days in 2007 (Chapter 3 Meng et al., 2012). With

a spectral type of F5 V, the star has a dusty disk with high excess (fd ∼ 2× 10−2)

in its terrestrial planet zone (Rhee et al., 2008). The star was thought to be single

until a ∼M8 brown dwarf companion was recently discovered at a separation of 2.64′′

(Rodriguez et al., 2012; Yamamoto et al., 2013). This separation, equivalent to 2.2

native pixels compared to the photometric aperture radius of 3 pixels, is too small

to be effectively resolved by IRAC. Our direct photometric measurements should

have included emission from both stars.

To obtain the expected companion flux at the observed wavelengths, brown dwarf

spectrophotometry is adopted from the BT-Settl models (Allard et al., 2011), and

is integrated over the transmission curve of the IRAC wavebands. The expected

flux is then corrected by an aperture correction factor to account for the offset of

the photometric aperture from the companion position. The aperture correction

factor is 0.861 at 3.6 µm and 0.845 at 4.5 µm based on the offset distance and

the instrumental PRF of the IRAC detector. Finally, the estimated companion

contribution is subtracted from both wavebands in addition to the removal of the

flux of the primary star. The expected brown dwarf flux is given in Table 5.1.

The mid-infrared SED of HD 23514, as in Figure 3.2, is strongly peaked at 9

µm (Rhee et al., 2008), indicative of a silica-rich disk, which differs from most other

debris disks that are dominated by silicates (Morlok et al., 2014).
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Figure 5.7 Infrared light curve of HD 23514.

Infrared Light Curve

The light curve of HD 23514 (Figure 5.7) appears to have a decay trend. An expo-

nential fit finds that the decay timescale is 1720±140 days at 3.6 µm, and 2780±70

days at 4.5 µm. Such decay timescales of the disk flux are derived based on large

extrapolations from a time baseline of only 408 days in 2012 and 2013. It is equally

likely that the trend is essentially part of a period or a segment of some random

evolution over longer timescales, rather than the kind of monotonic decay seen in

the disks around ID8 and P1121.

After subtracting the best-fit exponential trend, the infrared time-series shows

no significant period at either waveband. Data in the first 38-day-long visibility

window of 2013 appeared to fluctuate as in the case of P1121. But ∼172 days later,
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in the second visibility window the disk flux followed a smoother evolution with a

dip at BMJD 56619.2. This contradicts the plausible characteristic timescale in the

first visibility window. As a result, we are unable to determine any periodicity of

the HD 23514 disk.

Disk Color

The mean disk color of HD 23514 during our observations is [3.6] − [4.5] = 0.96,

equivalent to a blackbody temperature of 750 K. This matches well with the disk

temperature derived from the mid-infrared SED (Rhee et al., 2008). A χ2 test

indicates that the color consistency of the disk and of the whole system were χ2
red =

5.4 and 3.3, respectively, indicating no significant color variations.

Unlike in the case of HD 15407, the SED of HD 23514 does not show the anoma-

lous excess at the 3-5 µm region that might be attributed to emission by very hot

dust or SiO gas. The observed excess from HD 23514 is likely from the thermal

emission of solid warm dust particles in the disk.

5.2.4 HD 145263

HD 145263 is a F0 V star in the ∼10-Myr-old Upper Sco Association (Pecaut et al.,

2012), and the earliest type star in our sample of potentially variable debris disks.

The star may be single, as an imaging search for multiplicity has returned a null

result between 0.1′′ and 5.0′′ down to planetary mass (Janson et al., 2013).

Disk SED

HD 145263 is the only star that has been spectroscopically observed by IRS in

the mid-IR over multiple epochs, in March 2005, September 2007, and April 2009,

respectively. For direct comparability, we ensured homogeneous data reduction by

adopting the optimally extracted CASIS spectra (Lebouteiller et al., 2011) for all

the observations. The results are compared in Figure 5.8. In the 2005 Spitzer/IRS

observation, the longer wavelength part of the spectrum was taken in LH mode and
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Figure 5.8 Comparison of the IRS SEDs of HD 145263 at different epochs.

had no CASIS data entry. Our reduction of the data shows that the disk was likely

brighter than in 2007 and 2009. However, the 2005 data had no accompanied sky

observation, and require a scaling factor to make the transition between SH and

LH smooth. The determination of this factor is somewhat arbitrary, depending on

the reference photometry adopted and how mineralogical features in the transition

region are handled. For the most homogenous comparison, we do not show the long

wavelength part of the 2005 spectrum.

Nevertheless, we find that the SED at each epoch has slightly decreased fluxes

from the previous one over the entire spectrum, but without any significant change

in the spectral structure. The largest differences of the observed flux among different

epochs were ∼8%, occurring near the silica/silicate emission features around 10 and
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Figure 5.9 Infrared light curve of HD 145263.

20 µm.

Infrared Variability

The time series of the disk of HD 145263 is shown in Figure 5.9. The photometric

uncertainties at both wavebands are .1%. But since 90% and 78% of the observed

total fluxes at 3.6 and 4.5 µm are from the star, the relative errors of the disk flux

measurements are 2-9% at 3.6 µm and 1-3% at 4.5 µm.

Based on the data in both wavebands in 2013, HD 145263 had a Stetson index

of S = −0.28. The absolute value of the index does not compare favorably against

commonly adopted thresholds. Unfortunately, our field of view for HD 145263

does not contain enough field stars to warrant an independent evaluation for the
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threshold, while our other debris disk samples are all easily identified as variables

and have little value as references for this case.

When it comes to the χ2 test, the time-series of HD 145263 yielded χ2
red = 3.0

at 3.6 µm and χ2
red = 1.4 at 4.5 µm. These values also fall short, or look ambiguous

at most, compared to commonly used thresholds of 3 or 5.

Finally, we find that the slope of the flux of HD 145263 was −3.2± 2.3 mJy per

year at 3.6 µm and 0.1± 0.7 mJy per year at 4.5 µm over our total time baseline of

∼198 days in 2013. Neither was significantly different from 0.

In conclusion, we did not detect any significant disk variation of HD 145263 over

the IRAC monitoring in 2013. Given the short time covered by our observations,

the lack of variations in our observations is not necessarily inconsistent with the

long-term decay suggested by the decreased spectral flux from 2005 to 2009.

The color of the disk is found to be [3.6] − [4.5] = 0.99, corresponding to a

blackbody temperature of 730 K.

5.2.5 BD+20 307AB

The high fractional luminosity fd ∼ 4 × 10−2 of BD+20 307 (Figure 5.10) was

first observed by IRAS (Oudmaijer et al., 1992). Early in the Spitzer era, the star

was thought to be single and in the age range of terrestrial planet formation (Song

et al., 2005). But high resolution observations revealed that it is a spectroscopic

binary of two stars of nearly identical G0V spectral type with a mutual orbital

period of 3.42 days, and the revised age of the system is beyond 1 Gyr (Weinberger,

2008; Zuckerman et al., 2008). Both stars contribute to the flux we observed in

the monitoring. But since they have nearly identical temperatures and spectral

types (Zuckerman et al., 2008), in this work we fit and subtract their photospheric

contribution with a single stellar model. No other component is found with adaptive

optics and four seasons of radial velocity measurements (Fekel et al., 2012). Despite

the high infrared excess, a SED model found no trace of a cold disk component

(Weinberger et al., 2011). The disk is known to be variable from WISE observations

in 2010 before our monitoring (Meng et al., 2012, Chapter 3).
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Figure 5.10 SED of BD+20 307 from the optical to the mid-infrared.
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Figure 5.11 Infrared light curve of BD+20 307.

The infrared light curve of the disk of BD+20 307, as shown in Figure 5.11, did

not show a decay from 2012 to 2013. Instead, the disk flux saw an upward trend at

4.5 µm, and at a lower significance level at 3.6 µm. With a linear approximation,

we find that the average increase rate over the period was 0.4± 1.1 mJy per year at

3.6 µm, and 2.5± 0.7 mJy per year at 4.5 µm, which are a few percent of the disk

flux every year at the respective wavebands.

Although BD+20 307 has only two short visibility windows in a year, over the

first 15 days of each visibility window in 2013, our infrared monitoring was conducted

with a high average cadence of 1 AOR per day. Given a binary orbital period of

3.42 days, this sampling pattern was meant to cover >4 orbital cycles in an attempt

to identify any associated effects in the disk. A SigSpec analysis of the growth line-
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detrended light curve reveals no traces of any periodicity. The strongest signals are

at different periods at 3.6 and 4.5 µm with spectral significance of only 3.00 and

2.37, respectively.

With the high cadence data, in this case we also tried the Plavchan periodogram

(Plavchan et al., 2008) as introduced in §2.3. The algorithm reveals periods with

significant power and apparently low false-alarm probability around 3.54 and 17.12

days at 3.6 µm, and around 13.69 days at 4.5 µm. The peak-to-peak amplitude is

roughly 4 mJy, or 15% of the average disk flux at 3.6 µm, and 1.5 mJy or 3% of the

average disk flux at 4.5 µm, not much greater than the nominal photometric errors

at each waveband. Since the Plavchan algorithm is sensitive to integer multiples

of a period, the signals around 13.69 and 17.12 days are consistent with 4 and 5

times the binary orbital cycle of 3.42 days. More data with better time coverage are

needed to confirm the periodicity of the disk output.

The color of the disk is [3.6] − [4.5] = 1.19, i.e., a blackbody temperature of

630 K. A χ2 test suggests that the color of neither the entire system nor the disk

alone varied significantly with respect to the observational errors (χ2
red = 1.1 in both

cases).

5.3 Comparisons and Implications

5.3.1 Incidence of terrestrial planets around solar-like stars

Current wisdom is that terrestrial planets are present around a considerable fraction

of solar-like stars (Winn and Fabrycky, 2015). If their evolution is similar to that of

the solar system, for each system we would expect to see the consequences of many

impacts during the course of their formation (Kenyon and Bromley, 2005). To order

of magnitude, ∼10 giant impacts (between planetary embryos) are needed for the

formation of an Earth-like planet (Stewart and Leinhardt, 2012). So in a system of

multiple terrestrial planets, we would expect to see 10-100 giant impacts in the era of

terrestrial planet formation, roughly from 30 to 100+ Myr. At the same time, there

should be orders of magnitude more smaller scale impacts between planetesimals,
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and between planetesimals and embryos (Stewart and Leinhardt, 2012).

However, observationally it appears that extraterrestrial impacts are not that

common (Balog et al., 2009; Melis et al., 2010). With the ordinary assumption of

impact fragmentation of large bodies and dust production in subsequent collisional

cascades, the low occurrence rate of extreme debris disks would imply a fraction

of <10% for rocky planet host stars (Jackson and Wyatt, 2012), contradicting the

Kepler result that shows >17% of solar-like stars have at least one Earth-like planet

on orbits smaller than 85 days in period (Fressin et al., 2013).

Now, the time domain observations may suggest a solution to this discrepancy.

After the impact observed in 2013 around ID8, the disk decayed with a timescale of

∼370 days (Meng et al., 2014). Similarly, the most dramatic debris disk evolution

observed so far was around the 10 Myr K2 dwarf TYC 8241-2652-1, in which case the

disk faded by ∼30 times over a period less than 2 years (Melis et al., 2012). In this

work, we see that P1121 (and possibly HD 23514) also have decay timescales on the

same order of magnitude. Therefore, one to a few years seem to be a basic timescale

over which extreme debris disks would be depleted in the absence of significant dust

replenishment. If the aftermath of large impacts fades so quickly, such impacts

have to be more common than previously thought in order to make up the ∼1%

incidence of extreme debris disks around solar-like stars. More sophisticated models

to reconcile the occurrence rates of extreme debris disks and terrestrial planets

would require better understanding of the scale of the impacts (Chapter 4. But the

potentially higher rate of impacts is qualitatively consistent with the high incidence

of terrestrial planets in mature extrasolar systems.

5.3.2 Are disk composition and evolution correlated?

One of the most intriguing questions is whether the composition of a debris disk

is correlated with its time domain characteristics. In the case of extreme debris

disks, the mineralogical composition reflects the dust production mechanism and

differential evolution. SiO gas is expected to be short-lived in the aftermath of large

hypervelocity impacts (Lisse et al., 2009; Johnson and Melosh, 2012, C. Lisse et
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al. 2014, in preparation). Solid dust grains can be retained on bound orbits unless

they are small enough to be blown out by stellar radiation pressure. Among them,

glassy silica and amorphous silicates are thought to be the products of more violent

impact, while crystalline silicates are more commonly found in low velocity grinding.

A summary of the time domain characteristics of all our targets is given in

Table 5.3. Among these targets, the disks of HD 15407A, HD 23514, and HD

145263 are silica-rich according to their mid-infrared spectra (C. Lisse et al. 2014,

in preparation), while ID8, P1121, and BD+20 307 are ordinary silicate-dominant

systems and are practically silica-free (Weinberger et al., 2011; Olofsson et al., 2012,

N. Gorlova et al. 2014, in preparation). BD+20 307 is not considered in this

comparison because it is too old. By &1 Gyr, the star should have had a mature

planetary system. The emergence of a dusty disk at this age may be caused by some

different process, and the disk is likely in a different dynamical environment than

others in the era of terrestrial planet formation.
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All but one of the young disks in our sample are variable at 3.6 and 4.5 µm

in 2012-2013, but there appear to be noticeable differences between the silicate and

silica disks. Both silicate disks in our sample, ID8 and P1121, have flux continuously

decreasing by a large fraction of the total on timescales of 1-2 years. On the other

hand, among the silica-rich disks, HD 15407A and HD 145263 did not show any

decay in 2013, though HD 145263 did follow a weak downward trend over a ∼4 year

interval by comparing multi-epoch IRS observations. The other silica-rich disk, HD

23514, showed slightly attenuated flux over a 1.1-year time baseline, but the decrease

may be too weak to be certainly ascribed to a monotonic decay.

In addition to our targets in this work, another example of silica-rich disk is HD

172555, which is not an extreme debris disk (fd ∼ 8× 10−4) but has a large amount

of silica dust with mid-IR flux stable within 4% over 27 years (Johnson and Melosh,

2012). These examples appear to suggest that silica-rich systems do not vary as

quickly as silicate-dominant systems. To test this hypothesis, more observations

over longer time baselines will be needed to better characterize both the short-term

behavior and long-term trend of the silica-rich disks. In particular, we may need to

focus on the spectroscopic variations, or the wavelengths of silica/silicate emission

bands, to get more sensitive monitoring of collision events.

Finally, we notice that the two types of disks may have different color-magnitude

relations. The data of ID8 and P1121 are consistent with a constant stellar flux

plus a disk with either varying temperature or varying dust emitting area, or their

combination. By contrast, we did not see significant color variations in the silica-

rich disks, let alone any color-magnitude relation. As the temporal characteristics

of the disks tend to reflect their dynamical evolution, the correlation between disk

composition and time domain characteristics suggests that silicate-dominant and

silica-rich disks may have different origins or be in different stages in their evolution

sequence.
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5.3.3 What causes the rapid decay after an impact?

Though the decay of one to a few years seems common in extreme debris disks, such

rapid evolution is unexpected from the theoretical perspective. An explanation

of this timescale is the condensation of impact-induced vapor and the consequent

mutual collisions between condensates (Meng et al., 2014). The physics of impact

cratering suggests that the impact-induced vapor should condense over several hours

(Johnson et al., 2012) into glassy silicate spherules with diverse forms (Warren,

2008). The typical condensate size sensitively depends on the conditions of the

impact, especially the impact velocity, but ranges from about 10 µm to 1 mm. The

collisional destruction timescale for condensates of such sizes to be ground to below

the radiation blowout limit is on the order of 100 days to 10 years, providing a good

match to the observations.

The huge amounts of small grains in the extreme debris disks may initiate a

rapid decay of the disk, known as a collisional avalanche, which is a chain reaction

triggered by the release of a large amount of fine dust particles in shattering events,

and sustained for a period of time by the consequent breakup of ambient dust

grains upon collisions with the fine dust particles in the process of being blown out

(Artymowicz, 1997; Grigorieva et al., 2007). This may be a viable explanation for

the disappearing disk around TYC 8241-2652-1 (Melis et al., 2012). An effective

collisional avalanche requires a dense debris disk in which an outflowing dust particle

has a considerable probability of hitting another grain to produce more outflowing

particles on its way out. Extreme debris disks, by their definition of fractional

luminosity, all satisfy this criterion of density. Particularly, some conditions of

extreme debris disks, including the significant populations of sub-µm-sized particles,

high indices of power law size distributions, small distances to the star, all tend to

increase the dust area amplification factor in support of a prominent avalanche

(Grigorieva et al., 2007). Counting from the time of the initial release of small

grains, we expect a delay of a few orbital periods before the diminished disk emission

becomes evident (Grigorieva et al., 2007; Melis et al., 2012). In the case of ID8, given
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an orbital period of ∼71 days (Meng et al., 2014), the delay should be about ∼200

days. The orbital periods of other extreme debris disks are not well determined.

Case-specific modeling will be necessary to confirm to which degree the collisional

avalanche model matches the observed delay of some of the extreme debris disks.

5.4 Conclusions

Five extreme debris disks around solar-like stars were observed with Spitzer/IRAC

at 3.6 and 4.5 µm in 2012 to 2013 (into 2014 for one source, P1121). All but one of

the systems (BD+20 307) are in the young age range from 10 to 120 Myr, roughly

the era of violent collisions for terrestrial planet formation. All but one source

(HD 145263) are also monitored in the optical at the same time from the ground.

Together with the ID8 disk studied in Chapter 4, we found

1. The variability of extreme debris disks is common and intrinsic, not driven

by stellar variations.

2. Without effective replenishment of fine dust, extreme debris disks may fade on

timescales on the order of one to a few years, much shorter than previously expected

from collisional cascades. The timescales are consistent with the result of intensive

collisions and/or a collisional avalanche after the vaporization of rocky materials

caused by recent large impacts and the consequent condensation.

3. Disk composition and temporal evolution appear to be correlated. Limited to

very small sample sizes in both categories, silicate-dominant disks have significant

trends over timescales of order a year, with significant color variations. In com-

parison, silica-rich disks appear to have more random variations with weak or no

trend on yearly timescales and no significant color variations. The correlation may

suggests different origins or evolution stages of the disks.
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CHAPTER 6

Summary and Future Studies

6.1 Summay and Conclusions

This dissertation addresses the formation of terrestrial planets as a common and

general process in the evolution of planetary systems. In particular, major new

results presented in this work can be itemized as below:

1. Although they generally show a monotonic decay over their lifetimes, the

frequency of debris disks around young stars is relatively unchanged from 10 to 25

Myr. The evolution in this period can be empirically described by a log-normal

function with the peak at 16.7 ± 1.6 Myr, but is also consistent with a flat, age

independent disk incidence. This period may correspond to the era of oligarch

growth, when planetary embryos have just formed and the dust production rate is

high.

2. We have shown that the previously known class of “extreme debris disks” have

significant variations in their outputs. Extreme disks are identified mostly around

stars in the expected giant impact era from 10 to 100+ Myr. They are characterized

by high fractional luminosities ≥10−2 and are not sustained by collisional cascades,

as evidenced by their variability on yearly timescales. Instead, they probably reflect

recent large planetary impacts in the terrestrial zone and their immediate aftermath.

3. Time-series observations of the prototypical extreme debris disks, ID8 in NGC

2547 (G6 V, 35 Myr), detected a new impact before 2013. The post-impact light

curve is characterized by a monotonic decay with a ∼370-day timescale, on top of

which are quasi-periodicities that implicate orbital dynamics. The best interpre-

tation is that the impact-induced vaporization and condensation created a debris

cloud of silicate condensates, which decayed through inter-particle collisions and was

viewed nearly edge-on. This demonstrates time domain as a new dimension for the
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study of terrestrial planet formation.

4. A small survey in the time domain found that yearly variations are probably

common among extreme debris disks. Different systems pose different time domain

characteristics, which may be correlated with the disk composition. Limited to a

very small sample size, silicate-dominant disks have yearly decay, modulations on

even shorter timescales, and significant color variations; silica-rich disks appear to

have more random variations.

5. Extreme debris disks may fade on timescales on the order of one to a few years

without effective dust replenishment. This reconciles the high incidence of terrestrial

planets observed in mature planetary systems and the lower occurrence rate of

extreme debris disks in young systems in the era of terrestrial planet formation

(Alexander et al., 2013).

6.2 Future Studies

6.2.1 Protoplanetary Disk Dissipation at 24 µm

An interesting direction to pursue in the near future is applying the filter and new

approach introduced in Chapter 2 to measure the dissipation timescale of protoplan-

etary disks. As precursors of debris disks, the dissipation timescale of protoplanetary

disks has profound implications on how giant planets may form (core accretion vs.

disk instability) and on the initial conditions of terrestrial planet formation.

As introduced in Chapter 1.2.1, there has been important updates on the age

estimates of young groups of stars that tend to suggest older ages. Since existing

works on the dissipation timescale of protoplanetary disks all relies on the outdated

age estimates, the recent progress highlights the need of an updated analysis.

24 µm is important because it can study the giant planet zones directly (Hil-

lenbrand, 2005; Williams and Cieza, 2011). Observations at 24 µm are sensitive to

temperatures of ∼120 K, which should prevail just outside the “snow lines”. The

temperatures in this zone are low enough to allow volatiles like water to condense

onto solid icy grains and take part in protoplanet core accretion. According to the
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core accretion model, protoplanets beyond the snow line accrete the icy grains to

grow quickly in mass, so they can capture the abundant hydrogen and helium be-

fore the disk dissipates, thus becoming gas giants (Lissauer and Stevenson, 2007).

Therefore, the dissipation timescale of protoplanetary disks in these zones, which is

traced by the 24 µm excess emission, is a key parameter in giant planet formation

theories (e.g., Lissauer et al., 2009; Rafikov, 2011).

Our current understanding of the lifetime of primordial disks derives largely from

IRAC and ground-based near-infrared studies of such clusters, with detection limits

extending to the stellar photospheres. However, most of the clusters that need to

be observed are too far away for the photospheric 24 µm output of the stars to be

detected by MIPS individually (Williams and Cieza, 2011). In addition, the com-

plex nebulous backgrounds in many young clusters compromise efforts at uniform

detection limits. Based on IRAC and MIPS observations of the Cep OB2 and Ori

OB1 association and comparing with younger clusters, Sicilia-Aguilar et al. (2006)

and Hernández et al. (2007a) have qualitatively concluded that the infrared excess

decreases faster at shorter wavelengths (5.8 and 8 µm) than at 24 µm, suggesting

a longer timescale for disk dissipation in the giant planet forming zones than in

the inner disk, in agreement with model expectations of inside-out disk clearance

(Hayashi et al., 1985; Gorti et al., 2009). However, no further evaluation has been

attempted because previous methodology is incompatible with the limitations of in-

strument sensitivity and complicated background interference in young cluster fields

at 24 µm (Williams and Cieza, 2011). These factors are no longer prohibitive with

our new approach.

6.2.2 Observing Extreme Debris Disks in Real-time

The time series of excess emission has been demonstrated to be useful in revealing

the physical and dynamical evolution of the impact debris as well as the geometry

of the pre-impact planet orbits (Meng et al., 2014). Therefore, the first and critical

step is to obtain more observations to extend the time baselines for the systems of

interest with regular Spitzer monitoring. I am a Co-I of a large Spitzer program
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(Program ID 11093), which is to be scheduled for 2015 and 2016 and will at least

double the time baseline of intensive monitoring for 5 known systems (ID8, P1121,

HD 15407A, HD 23514A, and HD 145263) and extend the study to 9 more candidates

of exoplanet crash sites.

In addition to the 3-5 µm region explored by warm Spitzer, more critical informa-

tion is expected in the 9-11 µm range where emission bands from SiO gas and silica

and silicate dust are expected (cf. Chapter 5, Morlok et al., 2014). Both transient

presence and variations of these spectral bands are expected immediately after new

impacts, and will provide the best diagnostics to the physics of the impact (Johnson

and Melosh, 2012) and the consequent evolution (A. Jackson, in preparation). For

the spectrophotometric precision, such time-resolved spectroscopic observations in

the mid-infrared are best observed with space telescopes and are being considered

for GTO programs of JWST.

Two modes of the Mid-Infrared Instrument (MIRI) onboard JWST, the Low

Resolution Spectrograph (LRS, S. Kendrew et al., in preparation) and Medium

Resolution Spectrometer (MRS, M. Wells et al., in preparation), are suitable for the

proposed monitoring. The LRS will provide spectral coverage from 5 to 12 µm with

R ∼ 100. In addition to the conventional slit spectroscopy, LRS will also provide

slitless spectroscopy by integrating the double prism with the MIRI image filter

wheel and enabling subarray readout of a dedicated detector region. Spectroscopic

monitoring of extreme debris disks will benefit from this feature by avoiding the

variations of slit throughput related to the trivial repeatability of the relative PSF-

slit position, which dominated the systematic noise of Spitzer/IRS and limited its

achievable S/N (S. Kendrew et al., in preparation). The MRS is based on an Integral

Field Unit (IFU) design, which will work at 5 to 28.5 µm with R ∼ 1000 - 3500

and spatial resolution. The broad wavelength coverage and higher resolution will be

ideal for tracking dust mineralogical evolution or even gas, like the possible presence

of SiO vapor or dust around HD 172555 (Lisse et al., 2009; Johnson et al., 2012).

Ground-based observations are also useful for the brightest systems around

nearby stars (e.g., Rhee et al., 2008). A good pilot program of monitoring the
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spectral feature variations is for HD 145263, which, though not done intentionally,

provides one epoch of Subaru/COMICS observation between 8 and 13 µm in 2003

with spectral resolution R ∼ 250, plus three epochs of Spitzer/IRS observations

(Figure 5.8). Homogenous SED modeling for the data at each epoch will provide

intriguing information of the mineralogical evolution, which is critical in revealing

what is going on in the extreme debris disk.

6.2.3 Modeling Extrasolar Planetary Impacts

The focus and scope of modeling extrasolar planetary impacts will depends on the

observational results and their diversity. Taking the example of ID8, the post-impact

evolution of dust emission in 2013 can be reasonably reproduced by the variations

of the projected dust area of an optically thick, Keplerian shearing dust cloud on a

moderately eccentric orbit viewed close to edge-on (Chapter 4). However, the new

observations in 2014 reveal a new single period of ∼11 days that cannot fit in this

model, probably indicating a more complicated situation or the occurrence of a new

event.

Additionally, there are other viable models that may fit the data well. Around

ID8, since all impact debris is released at the collision point, their orbits have to pass

through the collision point and the anti-collision point on the original orbit. This

will cause modulated dust concentration around the two points with half-orbit peri-

odicity. Trial simulations suggest that a combination of the line-of-sight effect and

the geometric dust concentration, plus different kick velocities and viewing angles,

may produce a diverse set of light curves. In addition to the dynamical evolution,

possible dust avalanching within the debris cloud (Chapter 5) and the initial angu-

lar momentum of the impacted protoplanet (Ćuk and Stewart, 2012) may also have

considerable influence to what we can see in the infrared observations. Exploring

these aspects may provide critical constraints to the circumstances in which the ex-

traterrestrial impact occurred and evolved, with possibly direct comparability with

the Moon-forming event in the early solar system.
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APPENDIX A

Membership Identification for NGC 2244 and NGC 1333

We used a combination of X-ray and infrared measurements to identify members of

NGC 2244 and NGC 1333. The X-ray luminosities of young stellar objects (YSOs)

are intrinsic to the YSOs with no significant correlation with presence of disks

(Neuhaeuser et al., 1995), although very thick disks may be associated with subdued

X-ray outputs. This possible bias is commonly countered by adding infrared selected

members.

A.0.4 NGC 2244

For NGC 2244, we assembled a list of member candidates from the Chandra X-ray

survey (Wang et al., 2008), complemented by Spitzer/IRAC observations (Balog

et al., 2007). First, we merged all sources detected in either X-rays or with IRAC

into one catalog, which we matched to the 2MASS catalog (2MASS, Skrutskie et al.,

2006) for JHKS counterparts and accurate positions. We allowed a radius of 2” in

all coordinate matches to accommodate astrometric errors. For stars with more than

one candidate identification, we selected the closest; if there was no 2MASS coun-

terpart, the IRAC position (Balog et al., 2007) was adopted. We then considered

all stars detected both in the infrared and X-ray to be viable member candidates.

We extrapolated the IRAC 3.6 µm flux densities to 8.0 and 24 µm via the Rayleigh-

Jeans approximation. A source was considered a cluster member candidate if its

flux was at least twice the extrapolated photospheric value in at least one of the two

wavebands.

The member candidates were then screened for appropriate photometric proper-

ties and proper motions. Ogura and Ishida (1981) obtained optical photometry in

NGC 2244 down to V ∼ 14 and found ∼ 170 members within a total of ∼ 400 stars.
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We rejected all candidate members that were questionable from the optical pho-

tometry. Marschall et al. (1982) used proper motion measurements on photographic

plates taken from 1914 to 1974 to determine membership probabilities. Sabogal-

Mart́ınez et al. (2001) applied an improved proper motion distribution model to the

best measurements (quality flag 9 or 10) in the same data; we use these results.

The UCAC2 catalog (Zacharias et al., 2004) also covered the field of NGC 2244

with proper motion measurements, which were utilized by Dias et al. (2006) for

membership probabilities. Finally, membership probabilities were derived by Chen

et al. (2007) with independent observations of the field down to B ∼ 16 from 1963

to 1999. The membership probabilities obtained in different proper motion studies

agree with each other for many of the stars, but there are also discrepancies. We

required our final “cluster members” to have membership probability > 50% in all

studies. Objects that failed these tests were still retained if they fall within 9′ of

the cluster center at R.A. = 6h31m58s and Dec. = 4◦54′51′′, where there is a con-

centration of Class II objects found by Balog et al. (2007) with IRAC observations.

This position is in good agreement with the center found in X-ray (Wang et al.,

2008) and 2MASS JHKS bands (Li, 2005). The distance cutoff at 9′ is consistent

with the radial profile of the cluster (Li, 2005). Our final membership list includes

718 stars, of which 369 have IRAC detections (Balog et al., 2007). The full list is

too long to be included in the dissertation, and will be in the published version of

the paper. We plot the member and non-member stars in Figure A.1, and compare

their surface number densities in Figure A.2. As expected, the surface density of

member stars decays with the clustrocentric distance, whereas that of non-member

stars remains nearly constant at a low level.

A.0.5 NGC 1333

Spitzer observations of this cluster were presented by Gutermuth et al. (2008). How-

ever, in terms of disk statistics, an unbiased membership list could not be con-

structed solely from infrared observations. Instead, Gutermuth et al. (2008) did not

attempt to identify individual diskless members of the cluster, and only accounted
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them statistically based on the fitted spatial distribution of field stars.

Similar to the case of NGC 2244, X-ray observations can supplement the infrared

for an unbiased membership list with respect to disk presence. For this purpose,

we refer to the Chandra observation described in Winston et al. (2010). The field

of view is slightly narrower than that of the Spitzer observation, leaving 10 infrared

detections unobserved. Focusing only on the common field of view, we establish

a membership list for the cluster by combining the X-ray detections with stellar

counterparts and the X-ray undetected stars with infrared excess. The full list is

too long to be included, and will appear in the published version of the paper
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APPENDIX B

Filtering out Bad Photometry on Complicated Sky Backgrounds

Many young open clusters are within nonuniform, rapidly varying sky backgrounds

at 24 µm. Visual inspection is usually employed for identification of sources where

the background is well-enough behaved that reliable photometry can be obtained.

However, this approach favors bright sources that stand out against the background

structure, and therefore is biased toward high mass stars and stars with large 24

µm excesses. To obtain an unbiased sampling of the 24 µm behavior of members of

a cluster requires that the bad photometry be filtered out in a way that does not

bias the sample; that is, on the basis of the background behavior alone, with no

influence from the properties of the star. This appendix discusses our approach to

this challenge.

We have developed a digital filter to reject unreliable photometry. We take IC

348, a cluster with a complicated background, to test and tune the filter. Several

metrics describing the sky pixel statistics were tested; in the end, we settled on

three of them. The first is the average sky brightness, determined by computing

the intensity weighted means of the sky pixel values in sky annuli around a source.

The second is the skewness of the distribution of the sky pixel values, defined within

the sky annuli around the sources. A well behaved background region will show

a classical normal distribution of noise. The third is the gradient of the local sky

brightness in a star’s surrounding area, measured for convenience on the basis of the

signals in four small (4 pixels in radius) circular regions surrounding the star (ten

pixels distant in each of the cardinal directions).

The three parameters are mutually independent. Therefore, we make each of

them a dimension within a three dimensional Cartesian parameter space. Since

each of the three dimensions has a different unit, we define a scalar threshold in
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“distance” in this space by dividing each by its median value for a particular cluster1.

To evaluate the reliability of the photometry of individual stars, we define a virtual

distance as

D =

√√√√ 3∑
i=1

d2
i , (B.1)

where di is the i-th dimensionless parameter. Stars with relatively small values of

D are on clean and well-behaved backgrounds and should have the most reliable

photometry. In a few cases, one of the parameters dominates D; this behavior is

corrected by multiplying all values in that dimension by a suitable constant.

We calibrated this filter on a sample of stars in IC 348 that were first evaluated

visually to set plausible image detection limits. We obtained aperture photometry

for the cluster and looked for stars measured only at a low ratio of signal to noise

(< 8 in the case of IC 348; clusters with cleaner backgrounds allowed lower signal to

noise thresholds) but that were measured to be brighter than the image detection

limits. A properly tuned digital filter should reject these cases. We defined the

cutoff threshold in D at the largest value yielding none of these cases, i.e. examples

of stars with poor signal to noise but apparent signals above the image detection

limit. Figure B.1 and B.2 shows the examples and distribution of sources below

the signal to noise threshold (8) in IC 348 in each of the three filter parameters.

Only stars with D below the threshold above which false detections began to occur

were accepted into our study. We confirmed the operation of the filter by manually

inspecting each star that passed its test.

A problem with the filter is that it occasionally rejects very bright stars where

the stellar PSFs extend at significant levels to the sky annuli and raise the mean

brightness therein. Such stars are rare (< 2%) of the accepted stars in general);

we recover them manually. The recovered stars are selected carefully to minimize

the risk of introducing any bias: only very bright stars (≥ 15 mJy) on low and

clean background with non-rejected stars nearby are recovered. Since the number of

1We do not use the means because they are more easily affected by a relatively small number

of extreme values.
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a b

c d

Figure B.1 Examples of nebulous sky background in a Spitzer/MIPS 24 µm image
of IC 348. Pixel values are in square root grey scale, with 0 DN as black and 3000
DN as white. The green circles are the apertures used in our photometry, and the
yellow line indicates 1′. North is up and east is to the left in all panels. a) star 111,
on plain sky background, is appropriate for valid photometry; b) star 151, is on too
bright a sky background; c) star 1, with highly skewed sky pixel distribution (also
on too bright a sky background); d) star 322, on high gradient sky background. All
four stars are undetected in the 24 µm images. Photometry of the stars in b, c and
d is rejected by our filter.
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Figure B.2 Distribution of the filter parameters and the “distance” of the secondary-
sample stars in IC 348, epoch 1. With the secondary sample, measured flux higher
than the detection limit means unreliable photometry. Panels are for the distribution
of a) normalized sky brightness; b) normalized skewness of sky pixel values; c)
normalized sky background gradient; and d) distance in the parameter space. The
values of the normalized sky brightness are doubled by introducing a coefficient of
0.5 to the original distribution median to make it a comparable range with the other
two parameters. For valid photometry, the cutoff threshold in distance is 1.85 for
IC 348 (stars with distance >1.85 are rejected in panel d).
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such stars is much fewer than the filtered population in each cluster, the manually

recovered stars do not significantly influence our conclusions even if some of them

were recovered inappropriately.

Since the parameter space and distance cutoff threshold are defined only on the

brightness and distribution of sky background, our method should be neither subject

to arbitrary human visual selection, nor biased by any source properties. Hence, it

only scales down the sample size for each cluster, but should introduce no selection

effects.
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APPENDIX C

Error Distribution of Relative Excess

The symmetry (or more specifically, normality) of the errors of relative excess is

subject to some conditions. For example, the errors should be dominated by random

noise, rather than being significantly influenced by complex background. This is true

for stars in nearby associations and old clusters whose backgrounds are typically flat

and plain. But for young clusters with strong nebulous background, this condition

has been achieved by applying the background filter introduced in Appendix B. To

evaluate the validity of the symmetry assumption, we made fake star simulations

on the epoch 1 image of IC 348. Since IC 348 has the most complicated 24 µm

background in all the clusters analyzed in this paper, it provides a worst-case test.

We made 5 runs of simulations. For each run, we generated a group of log-

normally distributed random numbers as the 24 µm flux densities of the simulated

fake stars. Each fake star was place at random image coordinates. The PSF of

fake stars was the same one that was used to extract our PSF-fitting photometry.

The field of IC 348 is not crowded by detected stars at 24 µm. This leads us to

avoid adding too many fake stars in a single run, because that would make a larger

number of overlapped PSFs, and potentially induce larger photometric error than

in the original field. After a few tests, we finally chose 200 fake stars for each

run, making the total number of test fake stars 1000. We reduce and analyze the

simulated image of each run like a new cluster by applying identical procedures as

for the real cluster. This includes taking the simulated fake star coordinates as the

initial guess for star positions, allowing a maximum shift of 2′′ for source matching,

making PSF-fitting photometry, applying the filter, and finally visually inspect the

image. Finally, 610 stars pass the filtering process.

Here we do not introduce the 24 µm photospheric levels to calculate the relative

excesses, because our photospheric brightnesses are extrapolated from the measure-



128

ments at shorter wavelengths, at which the background nebulosity is rather weak

and the error distribution is close to Gaussian. In addition, the photometry at the

shorter wavelengths, hence the corresponding error distribution of the extrapolated

24 µm photospheres, is independent of the 24 µm photometry. In the real cases,

the photospheric errors should propagate into the errors of relative excesses with no

systematic bias.

After going through the entire data reduction procedure, our photometry was

compared against the simulated brightness of the fake stars. Since the photometric

errors may be correlated with the brightness of the stars, the comparisons were

evaluated in units of σ (the nominal photometric errors), rather than in units of

flux density. The outcomes are shown in Figure C.1. The wide distribution in units

of σ indicates that the photometric errors have been statistically underestimated,

probably because the algorithm for error estimation did not work well with such

complicated nebulous background. Nevertheless, we find significant asymmetry of

the photometric error distribution in the original 1000 fake stars. The mean bias is

+2.2-σ brighter than the simulated values, with a skewness of 14.1. However, after

applying the filter, the retained population of 610 stars has a mean bias of +0.4-σ

and a skewness of 0.8, which is essentially symmetric with respect to 0. This suggests

that the symmetry assumption of the error distribution is a valid approximation for

all clusters discussed in this work, as applied to the cluster members that pass the

screening with the background filter.
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Figure C.1 Distribution of photometric errors, in units of σ, in the fake star sim-
ulation. The distribution of the original sample (full box heights) is significantly
skewed toward the positive side. But the filtered population (overplotted shadowed
areas) has a near-symmetric distribution. The original unfiltered sample has data
with errors greater the plotted range that are not shown.
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APPENDIX D

Optical Monitoring of the Host Stars of Extreme Debris Disks

D.0.6 Observations and Data Reduction

Optical monitoring of the targets was obtained to identify any potential stellar

influence on debris disk variability, critical information to understand the driving

forces of the variations. However, because of Spitzer’s pointing restrictions and its

relative position with regard to the Earth, a typical target will be too close to the

Sun and unobservable from the ground at least in one of the two Spitzer visibility

windows in a year.

Ground-based optical monitoring of P1121 was made with the 0.41-m PROMPT

5 robotic telescope at Cerro Tololo Inter-American Observatory in Chile, with a

typical cadence of 2 - 4 observations throughout the night every night if weather

permitted. The CCD had a scale of 0.60′′ pixel−1 and a field of view of 10′. The

pointing repeatability of the telescope was not perfect, virtually equivalent to ran-

dom dithering. Science images were prepared by an automatic pipeline with bias,

dark, and flat field corrections applied and WCS aligned. Aperture photometry was

made on the science images with a radius of 5 pixels and sky annulus between 15

and 30 pixels. The optical monitoring of HD 15407A, HD 23514, and BD+20 307

were supported by the American Association of Variable Star Observers (AAVSO),

and conducted at various telescopes within the AAVSO network. HD 145263 was

not monitored in the optical in 2013.

Due to our pursuit of intensive time coverage, not all ground-based observations

were made under photometric weather. Therefore, differential photometry with

respect to selected comparison stars was used as the general strategy for all optical

observations. For each target, we also checked the photometry against at least 1

additional comparison star to avoid apparent variability caused by changes in the
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Table D.1 Summary of Optical Observations of Extreme Debris Disks

Photometry Reference Stars
Source Telescope Coverage (BMJD) Wavebands Comparison Check
P1121 CTIO 0.41-m PROMPT 5 56304.1 - 56317.1 V , IC P1225 TYC 5409-601-1

56334.1 - 56355.1
HD 15407A AAVSO Network 56567.2 - 56659.2 B, V HD 15358 TYC 3691-1426-1

HD 15407B
HD 23514AB AAVSO Network 56389.1 - 56399.1 V TYC 1800-2018-1 BD+22 552

56525.4 - 56675.1 B, V
BD+20 307AB AAVSO Network 56559.4 - 56659.2 B, V TYC 1212-374-1 TYC 1212-226-1

HR 577

first comparison star. A summary of the observations is listed in Table D.1. The

optical observations show that all monitored stars are stable within the measurement

uncertainties.

D.0.7 P1121

The optical light curve of P1121 is flat, with a total RMS of 0.013 magnitude in V

and 0.009 magnitude in IC . As shown in Figure D.1, Fourier analysis reveals similar

periodograms with apparent features near 13, 19, and 39 days in both wavebands,

with significance right around our threshold. These detections are independent

of the reference stars used to obtain the differential photometry. An evaluation

with harmonics suggests that they possibly belong to an overtone system, of which

the fundamental period, combining both V and IC band data, is 39.0 ± 10.5 day.

The large error is the result of the low amplitude compared to the photometric

uncertainties, and from the short time baseline (∼51 days) compared to the period

(Kallinger et al., 2008). The signal may need to be confirmed by future observations.

Assuming the optical periods are real and are from stellar activity, they are too

small to influence the disk changes seen in the infrared. The presence of harmonics in

the optical is expected when the stellar surface has a complicated pattern of starspot

distribution (Hulot et al., 2011). But given the stellar radius of 1.14 R� of P1121,

the optical period, if rotational, would be extraordinarily long for a solar-type star

younger than 100 Myr.

Another possible explanation for the optical variations is debris disk veiling in
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Figure D.1 Optical periodogram of P1121. The blue and red lines represent the data
in V and IC bands, respectively.



133

front of the star. Though harmonics down to the second overtone are seen in the

debris disk around ID8, they are found in direct observations because of a special

geometric effect (Meng et al., 2014). When it comes to transit timing, the debris

disk may only impose the fundamental (orbital) period with no harmonics, unless

the harmonics reflect a corresponding azimuthal density distribution of the disk.

However, as the 19- and 39-day components are not far from the first and second

infrared ACF peaks between 15-20 days and around 35 days, this possibility cannot

be ruled out with our current data set.

D.0.8 HD 15407A

Though the star was unobservable from the Earth during its first Spitzer visibility

window, the second visibility window was completely covered by intensive optical

observations, over a time baseline of ∼92 days.

The stellar light curve was stable throughout the observations. In the B band

periodogram, a peak between 40 and 50 days appears as the strongest signal. How-

ever, this is close to half the length of the time baseline and is likely an artifact.

The next strongest signal is ∼5 days, which is significant (sig = 5.05) after remov-

ing the previous trend. The same signal is the strongest in V band at sig = 5.83.

Combining the data from both wavebands, the period is determined at 5.20± 0.09

days, and is likely the rotational signature of the star (Figure D.2). Given the stellar

radius of 1.57 R�, the equatorial rotational velocity of HD 15407A is v = 15.3± 0.3

km s−1. A spectroscopic measurement of the star with ∼6 km s−1 resolution yields

v sin i = 20 km s−1 (Melis et al., 2010). The two values, along with the fact that no

traces of debris disk veiling are seen, mean that the star should be at an inclination

close to 90◦and the disk nearly, but not exactly, edge-on.

D.0.9 HD 23514AB

The optical monitoring of HD 23514 in 2013 showed a flat light curve, with RMS

of 0.027 magnitude in B, and 0.021 magnitude in V band. Given that the obser-
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Figure D.2 Optical periodogram of HD 15407A. The blue and green lines represent
the data in B and V bands, respectively.
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vations were conducted by various observers with different telescopes, these values

are consistent with the expected photometric errors. The brown dwarf companion

should be fainter than the primary star by 13.6 and 12.9 magnitude in B and V ,

respectively, and should have no influence on the monitoring. Fourier analysis fails

to reveal any significant period in either optical band.

D.0.10 BD+20 307AB

The optical observations of BD+20 307 in 2013 revealed a flat light curve, with RMS

of 0.018 magnitude in V . (The B band observations are not considered because of

the poor time coverage.) The orbital period of the binary should be observable

in the optical (Zuckerman et al., 2008), but we did not see it in the periodogram

because of the photometric errors.
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Kiss, L. L., A. Moór, T. Szalai, J. Kovács, D. Bayliss, G. F. Gilmore, O. Bienaymé,
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F. Arenou, M. Froeschlé, and C. S. Petersen (1997). The HIPPARCOS Cata-
logue. A&A, 323, pp. L49–L52.

Pfalzner, S., M. Steinhausen, and K. Menten (2014). Short Dissipation Times of
Proto-planetary Disks: An Artifact of Selection Effects? ApJ, 793, L34. doi:
10.1088/2041-8205/793/2/L34.
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