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ABSTRACT

Indirect searches for planets (such as radial velocity studies) show that their

formation may be quite common. The planets are however too small and faint

to be seen against the glare of their host stars; therefore, their direct detection

is limited to the nearest systems. Alternatively one can study planets by study-

ing their ”by-product” – dust. We see raw material available for planets around

young stars, and debris dust around old stars betraying planet-induced activity.

Dust has a larger surface area per unit mass compared with a large body; it can be

spread over a larger solid angle, intercepting more starlight and emitting much

more light via reprocessing. By studying dusty disks we can infer the presence of

planets at larger distances.

Here we present results of a survey conducted with the Spitzer Space Tele-

scope of debris disks in three open clusters. With ages of 30–100 Myrs, these

clusters are old enough that the primordial dust should have accreted into plan-

etesimals, fallen onto the star, or been blown away due to a number of physical

processes. The dust we observe must come from collisions or sublimation of

larger bodies.

The purpose of this study is to investigate the dust evolution in the terrestrial

planet zone, analogous to the Zodiacal cloud in our Solar system. We are most

sensitive to this zone because the peak of a 125 K black body radiation falls into

the primary pass-band of our survey – 24µm. We investigate the fraction and

amount of the infra-red excesses around intermediate- to solar-mass stars in open

stellar clusters with well defined ages. The results are analyzed in the context of

disk studies at other wavelengths and ages, providing an understanding of the

time-scale for disk dissipation and ultimately planet building and frequency.
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CHAPTER 1

INTRODUCTION

1.1 The Birth of a Star

Formation of gaseous spheres in the cosmos – from the most massive stars of

100 M¯ to giant gas planets of 0.001 M¯ – can be understood as an interplay

between two groups of forces acting in the opposite directions on a density per-

turbation in an interstellar cloud. Self-gravity and external pressure from the am-

bient medium are inwardly-directed, initiating collapse, while internal pressures

(thermal, turbulent, magnetic, radiation) resist contraction. By considering two

main forces, gravity and thermal pressure, as well as angular momentum con-

servation, an expression for the minimum mass capable of fragmentation, also

known as the Jeans mass, can be derived: MJ = c3
s/(G

3ρ)1/2 ∼ T 3/2/ρ1/2 (where

G, cs, T and ρ are the gravity constant, local sound speed, temperature and den-

sity, respectively). Thus, the mass spectrum of the forming stars (also known as

the Initial Mass Function, IMF) should reflect the range of the initial conditions

in the parent cloud. At present there is only marginal evidence for IMF varia-

tion in the Local Group of galaxies (e.g., the prevalence of massive stars in the

Galactic center reported by Stolte at al. (2005), or spatial variations in the IMF

below 0.1 M¯ in some young clusters found by Muench et al. (2003)). Within 1

kpc where we can probe the mass function down to the substellar regime (0.08

M¯), the IMF obeys a simple constant form. It can be described at the high mass

end as a power law f(N)dN ∼ M−αdM with α = 1.35 (known as Salpeter slope),

with a turn-over near 0.2-0.5 M¯) (and a possible second peak at ∼0.02 M¯). Our

Sun is only slightly more massive than a typical star in the local neighborhood.

As the material from a fragment collapses toward a gaseous sphere, the rota-
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tion speeds up, and the inner regions begin to flatten turning into a disk. After

∼ 105 years deuterium is ignited in the central source, the envelope dissipates,

and a newly-born star emerges at optical wavelengths. Increased energy out-

put from the core drives convection, and in the ionized and turbulent medium a

magnetic field develops.

Magnetic lines confine accreting gas into channels and serve as “rubber bands”

between a disk and a star (Fig. 1.1) slowing down the latter. At the same time

plasma escapes near the disk truncation radius where magnetic lines open up, or

during reconnection flares. This clears out the envelope and cuts off the reservoir

of interstellar matter for infall onto the disk (Shu, Adams & Lizano, 1987). The

combination of accretion rate and the outflow feedback determines what fraction

of the initial molecular cloud core goes into the star, a quantity called the “star

formation efficiency”; it is estimated to be 10-30%.

The presence of the circumstellar material in an unresolved source can be in-

ferred from the Spectral Energy Distribution (SED), which is a plot of the energy

output as derived through a series of photometric filters versus wavelength/frequency.

Material that is further from the star, like an outer disk or envelope, is cooler and

emits at longer wavelengths compared to the hotter material closer to the star,

like the inner rim of the disk. At the near-IR wavelengths (NIR), J, H, K & L stan-

dard photometric bands cover the 1-4 µm region, providing information about

the inner-most part of the disk, within 0.1 AU (20R¯) from a solar-type star and at

temperatures >1000 K. At these wavelengths the radiation is efficiently absorbed

by dust grains with sizes of a few µm or smaller. A large absorption cross-section

and high number density result in this inner region of an accreting disk being

optically thick, making it difficult to probe the entire material, in particular to

estimate its mass. At longer wavelengths the photometric M, N, and Q bands
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Figure 1.1 Hα model image of the inner region of an accretion disk around a
classical T Tau star (from Kurosawa, Harries, & Symington (2006)). One can see
as bright areas the magnetospheric accretion columns, accretion shock, and the
disk wind (in yellow, red and light blue, respectivly, in the color version of the
figure).
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cover the 5-20 µm region, a domain that can best be studied from space because

of the strong ambient radiation near the ground. Emission at 5-20 µm arises from

the inner few AU region in the disk around a solar-type star (and from several

tens of AU around an intermediate mass star), covering terrestrial planets and

the so called “habitable zone” in the Solar system. It is therefore a particularly

interesting wavelength region to explore for the study of the origins of Earth-like

planets; dust emitting at wavelengths that correspond to the temperature appro-

priate for this distance is often compared to the Asteroid Belt. The far-IR region

(60–100µm) covers colder dust at distances ∼30 AU, analogous to the Kuiper Belt

in the Solar system, which is associated with planetary bodies beyond the orbit

of Neptune. At even longer wavelengths ground-based submm studies probe

material of few tens of K, and since the opacity decreases with wavelength and is

likely to be optically thin, these studies provide the best estimate of the bulk mass

in the outer disk. These measurements are however very limited in sensitivity at

present, allowing us to study only very massive primordial disks in a few of the

nearest star forming regions and debris disks around the nearest stars within a

few tens of pc.

The SEDs of protostars have been divided into 4 classes depending on the rel-

ative strength of the circumstellar component and the stellar flux, which is often

quantified by the slope of the SED between 2–10 µm. These classes were later

interpreted as an evolutionary sequence (Adams, Lada, & Shu, 1987): Class 0

is characterized by a single-temperature black-body radiation of ∼30 K, which

originates primarily from the dusty envelope; Class I sources become observable

at the near-IR wavelengths and sometimes show photospheric features in their

spectra, implying an opening in the envelope through which we observe scat-

tered light from an already-formed star; Class II (also known as Classical T Tauri



16

Stars, CTTS, and Herbig Ae/Be for more massive stars) show an increased stellar

contribution and a decreasing circumstellar SED component, implying the pres-

ence of an irradiated disk with a range of temperatures; Class III (also known as

Weak T Tau Stars, WTTS) are characterized by radiation of a few thousand K that

comes entirely from the star itself, meaning that the circumstellar material has

dissipated.

The most “popular” technique for discovering young stars is by imaging con-

centrations of stars in a star forming region at several photometric bands and

comparing the location of sources on the color-magnitude diagrams with theo-

retical evolutionary tracks. When distance and reddening are not known, the

color–color diagrams are used, which reveal the presence of circumstellar dust.

For example, Meyer, Calvet & Hillenbrand (1997) showed that CTTS stars occupy

a distinct locus on the J − H vs. H − K diagram that can be distinguished from

the reddening effect, due to excess flux primarily in the K band from the inner

dust disk near the sublimation temperature. Still, confusion with background

evolved stars and extragalactic sources can occur, especially at the lowest mass

end. Mass loosing luminous evolved stars can have comparably strong IR excess

from circumstellar shells, while galaxies are strong UV and X-ray emitters, due

to the central black hole or massive clusters of hot stars, and much of the short

wavelength energy is converted to the infrared.

The knowledge of proper motions reduces this ambiguity, but it requires a

long time-line for observations, is limited to distances of a few hundred pc, and

to certain directions of the cluster’s motion relative to the Sun. Young stars can be

more reliably identified through spectroscopy. The main spectroscopic indicators

of stellar youth are the following: emission lines from an active chromosphere, ac-

cretion columns or outflows, photospheric absorption lines weakened by the low
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gravity of contracting photospheres; undepleted surface Li as seen in the 6707 Å

line in F-M stars. Spectroscopic techniques are relatively time-consuming, though

this situation gradually changes with the development of multi-object spectro-

graphs and the improvement of model spectra. Another method of identifying

young F-M stars with convective envelopes is by elevated X-ray activity, which is

known to decay with age due to the spin-down of the star. Recently young objects

are being identified also by their strong photometric variability, which is either

due to magnetic spots coupled with fast rotation, or due to sporadic variations in

accretion flows.

1.2 Formation of Planets and Debris Disks

While we have a good understanding of stellar evolution, the theories of planet

formation are still poorly constrained, in part because of the rudimentary knowl-

edge of the extrasolar systems. We know that stellar age and mass similar to

those of the Sun do not guarantee a planetary configuration similar to our own.

For example, 1% of solar-type stars have Jupiter-mass planets within 0.1 AU, and

∼7% have 0.1–1 MJup planets within 4 AU (Marcy et al., 2005; Udry, Fisher, &

Queloz, 2006). While simulations show that dynamical processes in the absence

of gas are highly chaotic, resulting in a range of final planet configurations, some

general properties should be predictable. For example, the formation time-scale

(as a function of planet mass and semi-major axis) has to be consistent with a

star’s age and the lifetime of a disk. Also a higher occurrence of giant planets

with increasing metallicity has been found from observations.

There are two major theories of planet formation – gravitational instability

and core accretion. Core accretion argues that first rocky cores form by merging

of km-size planetesimals, a process that starts with agglomeration of interstellar
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micron-size grains. When cores reach ∼1 MEarth they can hold gaseous atmo-

spheres (Weidenschilling & Cuzzi, 2003; Pollack et al., 1996). This theory explains

well the origin of the small terrestrial planets (Wetherill , 1996; Chambers, 2001),

but requires too long a time for the growth of the several Earth mass cores needed

to form the Jovian planets. This issue motivated an alternative theory of gravita-

tional instabilities in the gaseous disk (Boss, 2000) that allows formation of giant

planets in < 1 Myr, which is more in agreement with the astronomically observed

gas dissipation time (Hollenbach, Yorke, & Johnstone, 2000).

One can trace planet formation by studying the evolution of disks. As par-

ticles in the protoplanetary nebula grow and settle to the midplane, the dust in

the disk becomes flatter, denser and intercepts less light; consequently, the ex-

cess at mid-IR wavelengths decays. Because they are probably exposed to the

heating events in the disk, the particles crystallize out of the initial amorphous

state, which modifies their emission spectrum. As planets grow, they sweep up

material and carve gaps in the disk (Armitage & Rice, 2005). The changes oc-

cur fastest in the inner disk, where densities are higher and orbital speeds faster.

The inner disk becomes depleted in dust and gas, accretion may stop, and the

excess at the shortest wavelengths vanishes, creating a characteristic minimum

in the SED between 2–20 µm. Disks with inner holes and optically thick outer

regions are called transitional (Skrutskie et al., 1990). Some of them still accrete

gas, like the 8 Myr-old star TW Hya, others do not, like the 1 Myr-old CoKu Tau-4

(D’Alessio et al., 2005). Transitional disks are short-lived but they are particularly

important to study because they may signal the formation of the first planets.

There is a rival hypothesis that photoevaporation from the host star or an O star

in the neighborhood can clear disks instead (Alexander, Clarke, & Pringle, 2006).

Primordial disks in the shape of a teardrop are often observed in the vicinity of
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O stars, the so-called proplyds (e.g. Balog et al., 2006). However the recent dis-

coveries of disks around brown dwarfs, including transitional ones (Apai et al.,

2005; Jayawardhana & Ivanov, 2006; Muzerolle et al., 2006) require that a mecha-

nism other than photoevaporation should operate, because substellar objects are

too cool to produce ionizing far-UV radiation. These new observations require

further development of the planet-clearing hypothesis.

The inner disks around low-mass stars dissipate on a time scale of a few Myr,

and even faster around massive stars, with rare long-lived disks at 10-20 Myr

(Hillenbrand, 2005; Meyer et al., 2006; Sicilia-Aguilar et al., 2006). This is inferred

from the decay of the fraction of stars with 2–4 µm excesses. Outer, colder opti-

cally thin disks on the other hand are found around stars of all ages as surveys

at 25-70 µm indicate (Kim et al., 2005; Rieke et al., 2005; Su et al., 2006). About

a dozen of them have been imaged (Fig. 1.2). The time for removal of a dust

particle is much smaller than the ages of these stars. Several mechanisms are

usually considered beside gravitational pull that can drive a particle from the

system. The maximum of the energy output from luminous and hot B-A stars

is short-ward of 4000 Å and is efficiently absorbed by particles smaller than 1

µm, which therefore can be driven away by radiation pressure. Another mecha-

nism is Poynting-Robertson drag, of relativistic nature; it slows down the orbital

motion of the particle and makes it drift inward. This mechanism operates in

both hot and cool stars, and the time-scale ranges from 100 yr to 1 Myr (for ex-

ample for solar type stars tPR ∼ 400 × R(AU)2/β where R is the grain distance

to the star and β = 0 − 0.5 is the ratio of the radiation force to the gravitation

force). Recently it was shown that for the observed densities in disks studied

to date, before a particle spirals into the star under P-R drag, it will collide with

other particles and be ground to smaller and smaller sizes until eventually it is
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removed by radiation pressure (Wyatt, 2005; Dominik & Decin, 2003). In con-

vective stars (young stars, late-type stars) the magnetic field creates an energetic

particle wind that becomes the dominant force for dust removal (Plavchan, Jura, &

Lipscy, 2005). Moro-Martı́n & Malhotra (2005) have shown how planets can eject

particles from the disk by changing their orbits. Dust observed in stars much

older than the timescales for these removal mechanisms should be of recent ori-

gin. In our solar system dust is replenished via asteroid collisions, comets, and

collisions in the Kuiper Belt. In systems with orders of magnitude more massive

disks the dust may be coming from the sublimation or collisions of planetary-size

bodies. Therefore such disks have been termed ”debris”. Clearings of disks by

P-R drag and collisions have different functional forms with respect to time: P-R

drag obeys a t−2 law, while collisional cascades go as t−1. These dependencies

have recently started to be verified from observations.

We described above how forming planets help clear primordial disks, but as

planets grow, they also start interacting with each other and with smaller bodies

replenishing primordial dust with debris dust. Since planet formation proceeds

from inside out, some models (e.g., of Kenyon & Bromley (2004a)) predict that

dusty disks should be in the form of bright rings expanding outwards with time,

as new planets form further and further out. This process proceeds for about

100 Myr followed by occasional spikes due to rare collisions between 1000 km-

size bodies. There is evidence that these processes might have happened in the

Solar system. Indeed, the adopted theory for the origin of the Moon is a colli-

sion between the proto-Earth and a Mars-size object at 30 Myr. Also, evidence

exists from isotopic analysis of Lunar samples and from the cratering history of

the inner planets (Cohen, Swindle, & Kring, 2000; Strom et al., 2005) indicating

that the inner planets were bombarded for a short period of ∼100 Myr at 700
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Figure 1.2 Images of debris disks in scattered light from optical to NIR wave-
lengths (from Schneider et al (2006)). a: AU Mic (M0, 12 Myr), b: β Pic (A5, 12
Myr), c: HD 32297 (A0, ≤ 10 Myr), d: HD 4796A (A0, 8 Myr), e: HD 181327 (F5,
12 Myr), f: HD141569 (Herbig B9.5e, 5 Myr), g: HD 107146 (G2, 30-250 Myr), h:
Fomalhaut (A3, 200 Myr)
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Myr, an event termed the Late Heavy Bombardment. The impactors appear to be

asteroids ejected from the Main Belt, possibly due to sweeping resonances from

migrating outer planets (Gomes et al., 2005). This epoch is particularly interesting

because it coincides with the earliest records of life on Earth.

The first debris disk was discovered by the space-born telescope IRAS in 1984

around Vega. Since then, about a dozen other debris disks have been imaged, and

the existence of hundreds has been inferred indirectly by detecting a cool com-

ponent in the stellar spectral energy distribution. It is difficult to study material

cooler than ∼1000 K from ground, due to strong ambient radiation and telluric

absorption. Space telescopes revolutionized this field. The previous generation

of missions however, IRAS and ISO, were biased toward detecting the brightest

disks: optically thick primordial and debris disks around luminous massive stars,

because of their low sensitivity. Spitzer is the latest space-born infrared facility ,

in-orbit since 2003. It is capable of detecting mid-IR fluxes down to the photo-

spheric level as far as hundreds of parsecs for solar-type stars; it can therefore

assess the frequency of disks. With seven photometric bands from 3.5 to 160 µm

and a spectral capability from 5–40 µm Spitzer allows us to probe the evolution of

disks with time at different radii, confronting planet formation theories. Several

Spitzer surveys have been dedicated to this subject, and this dissertation is one of

them.

1.3 Why Clusters? Motivation for This Study

It is still a matter of debate of whether the majority of stars within 1 kpc of the

Sun form in unbound groups with less than 100 members or in open clusters

with 100–1000 mmebers (Adams & Myers, 2001; Lada & Lada, 2003; Allen et al.,

2006). There is an indication however that our Sun was born in a massive, Orion-
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Figure 1.3 Simulated image (in column density) of a capturing encounter between
a 20 M¯ star with a 2M¯ disk and a 5 M¯ star. The radius of the disk is 100 AU,
the times are 76 and 190 yr after the collision. One can see how the disk around
the primary star is disrupted while part of it assembles into a new disk around
the impactor. From Moeckel & Bally (2006)

like, cluster. The heavy short-lived (t1/2 ∼ 1 Myr) radionuclides like 60Fe found in

meteorites are thought to be introduced into the pre-solar nebula by a supernovae

(SN II) at distance <1 pc (Desch & Oelette, 2005). SN II progenitors, massive O-

B stars, are only found in the cores of rich clusters. Similarly, the sharp edge

and the strongly eccentric and inclined orbits of the Kuiper belt objects including

its furthest known member Sedna (dperih =70 AU) can be explained by a fly-by

encounter with another star as close as 100–200 AU during the first 100 Myr of the

evolution of Solar system, pointing to the formation of the Sun in a dense cluster

(Ida, Larwood, & Burkert, 2000; Kenyon & Bromley, 2004b).

It has been shown in simulations that the binarity of stars and the brown
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dwarf to star ratio can be strongly modified by stellar encounters in clusters.

The effect of encounters has also been demonstrated on primordial disks: they

can be truncated by the close companion (Jensen et al., 1996) or acquired during

a close approach (Fig. 1.3). It is reasonable to speculate that the final planetary

configuration and subsequent debris disks will be affected as well. However,

the recent work by Adams et al. (2006) suggests that close encounters are rare in

most clusters. Unfortunately young clusters where one exects these interactions

to occur most frequently are difficult to study, because they are still embedded in

the natal molecular cloud with extinction as high as 100 magnitudes in the vis-

ible. Only with the development in recent decades of mid- to far-IR arrays (∼4

µm–1000µm), with sensitivity and resolution superior to previous facilities has it

become possible to penetrate the extinction and study individual protostellar ob-

jects at the peak of their thermal radiation, as well as stellar aggregates on larger

spatial scales. One of the puzzles discovered in these surveys is the large frac-

tion (∼10%, Hillenbrand (2005)) of stars without disks even at ages as young as

∼1 Myr. It is not clear at the moment if this indicates fast planet formation or

the opposite effect – no disk at all. Further, it is unclear whether the diversity in

primordial disks is responsible for the diversity of debris disks. Comparing de-

bris disks in rich clusters with loose groups/isolated stars can therefore provide

evidence for the role of cluster environments on the planet formation process.

However, the primary drive behind studying disks in clusters is their more ac-

curate ages compared with field stars. Ages can be derived using the location of

the turn-off for massive stars as they evolve off the Main Sequence (MS), and con-

vective tracks for low-mass stars as they contract approaching the MS. Lithium

depletion in the atmospheric layers as a function of mass is another technique for

determining cluster age. Another obvious advantage is that a cluster presents a
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statistically robust and uniform sample in terms of distance, metallicity, and en-

vironment, allowing us to investigate disk diversity at a fixed age. For example,

one can search for correlations of disk occurence with stellar mass (Lada et al.,

2006). Furthermore, with a large sample it is easier to empirically determine the

photospheric locus on color-magnitude diagrams and thus separate excess from

non-excess stars.

Our project is part of the larger Spitzer survey of disks in open clusters. It is

based on the guaranteed time granted to the MIPS and IRAC instrument groups.

Both instruments allow efficient mapping between 3.5–24 µm of ∼1◦-wide areas

occupied by typical open clusters at distances of a few hundred pc. In addi-

tion, we use the Two Micron All Sky Survey (2MASS) to predict the photosperic

contribution at mid-IR wavelengths. 2MASS is comprised of three photometric

bands between 1.2–2.2µm (Skrutskie et al., 2006). The 1.2 µm J band is particu-

larly useful because it is largely unaffected by dust that sublimates above 1500 K

and therefore contributes at longer wavelengths (lower temperatures). NIR pho-

tometry has an advantage over optical photometry due to lower reddening; still

one needs to use it in combination with optical photometry when dealing with a

wide range of stellar masses to increase the baseline for a more precise estimation

of the stellar effective temperature and extinction when spectra are not available.

For each cluster we critically assess membership taken from the literature. In

some cases we obtain spectra to confirm membership with radial velocity, chro-

mospheric activity and other indicators, and finally calculate the frequency of de-

bris disk occurrence for a representative sample of members. We further search

for evolution of the excess fraction with wavelength and spectral type/mass and

compare the observed trends with predictions of planet formation theories. Our

research complements several other on-going Spitzer disk surveys, dedicated to
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field stars and local associations of ∼10 members (for example, FEPS, Meyer et

al. (2004)). These stars are typically within 50 pc distance, compared to the 150-

400 pc of our clusters, enabling study of individual disks in greater detail and to

lower masses. Both approaches will generate a large sample of disk candidates

for subsequent imaging with a new generation of telescopes, like the James Webb

Space Telescope and the Atacama Large Millimeter Array.
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CHAPTER 2

24 MICRON SURVEY OF DEBRIS DISKS IN M47

Sixty three members of the 100 Myr old open cluster M47 (NGC 2422) have been

detected at 24µm with Spitzer. The Be star V 378 Pup shows an excess both in

the near-infrared and at 24µm (K − [24] = 2.4 mag), probably due to free-free

emission from the gaseous envelope. Seven other early-type stars show smaller

excesses, K − [24] = 0.6 − 0.9.

Among late-type stars, two show large excesses: P922 – a K1V star with K −

[24] = 1.08 ± 0.11 and P1121 – an F9V star with K − [24] = 3.72 ± 0.02. P1121

is the first known main-sequence star showing an excess comparable to that of β

Pic, which may indicate the presence of an exceptionally massive debris disk. It is

possible that a major planetesimal collision has occurred in this system, consistent

with the few hundred Myr time scales estimated for the clearing of the Solar

System.

2.1 Introduction

A knowledge of circumstellar disk evolution is crucial to understanding the planet

formation process. The current paradigm predicts that optically thick accretion

disks left over from star formation should dissipate as material is accreted, photo-

evaporated, or driven out of the system, leaving a remnant or debris disk formed

by collisions between large bodies in a nascent planetary system (Hollenbach,

Yorke, & Johnstone, 2000; Wyatt & Dent, 2002). Studies of how these circumstel-

lar debris disks evolve in the planet-forming zone from 1 to 10 AU, where the

disk emission emerges in the mid- and far-infrared, have been limited by the sen-

sitivity of the previous space-based infrared missions, IRAS and ISO. The small
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number of F and A stars within their reach has undermined attempts to deter-

mine the frequency of excess emission. Claims of decreasing amounts of excess

emission with age (Spangler et al., 2001) or an upper limit to the age of stars with

debris disks (Habing et al., 2001) have been disputed by others who question the

S/N of the excesses in question and/or the reliability of age estimates for nearby

field stars (Decin et al., 2003).

The solution to this problem is to survey for debris disks around stars in

young clusters of reliable and disparate ages. The high sensitivity of the Spitzer

MIPS instrument at last puts this goal within reach for nearby young clusters.

The use of M47, a young Galactic open cluster, as a calibration target during the

Spitzer in-orbit checkout has provided an early opportunity to perform such a

survey.

Messier 47 (NGC 2422) is a reasonably compact (core radius 30 arcmin, Bar-

bera et al. (2002)) cluster of several hundred stars (Ishmukhamedov , 1967; Mer-

milliod , 1986; Prisinzano et al., 2003) at galactic latitude 3◦ and distance around

450pc (see discussion in Sec 2.3). Its age of 80 ± 20 Myr (Rojo Arellano, Pena,

& Gonzalez, 1997; van Rensbergen , 1987), is approximately the same as that of

the Pleiades. Stromgren photometry of M47 indicates that its metallicity is also

similar to that of the Pleiades and α Per clusters (Nissen , 1988). Despite its prox-

imity to the galactic plane, M47 has a small measured reddening of E(B − V ) =

0.05 − 0.07 (Shobbrook , 1984; Nissen , 1988).

2.2 New Observations

2.2.1 Spitzer Measurements

A region around M47 was observed with MIPS (Rieke at al., 2004) as a verifica-

tion of the scan map parameters during the in-orbit checkout period. The sky
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coverage is non-uniform: the effective exposure time varies over the combined

20′ × 60′ map, from a minimum of 100 seconds at the edges to a maximum of

about 600 seconds in the central ∼ 5′ × 60′ strip. The data were reduced using

the instrument team Data Analysis Tool (Gordon et al., 2005). The 24µm mosaic

is shown in Fig. 2.1. It is oversampled by a factor of two, i.e., the pixel size is

1.27′′. The sky coverage was not optimized for the 70µm array, and only a few

(possibly extragalactic) sources were detected at this wavelength. Thus, all our

analysis has focused on the 24µm data.
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Figure 2.1 Left panel – M47 mosaic. Central panel – sources detected at 24µm, red
circles represent 24µm excess in M47 members (size ∼ K − [24]). Right panel –
magnified images of some excess stars (left column, arrows pointing to the posi-
tion on the map), compared to similar magnitude V , B−V non-excess stars (right
column).
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Aperture photometry was performed using the DAOPHOT package (Stetson

, 1987). The signal aperture radius and inner and outer sky radii were set at 3.5,

9 and 18 pixels (4.5′′, 11.5′′, and 23′′), respectively. A 0.73 mag aperture correction

was applied to the measured values after examining the trend of the signal with

aperture size on well isolated stars and in synthetic images. Final magnitudes

were put on a scale where zero magnitude at 24µm is at 7.3 Jy. A total of 1093

objects was detected with [24] < 12.0 (0.12mJy) and S/N> 5.

2.2.2 Optical Spectroscopy

For the three possible M47 members with largest K − [24] excesses (P1121, P369

and P922, Sec 2.4.2), optical spectra were obtained for us by J. Liebert in February

2004 using the blue channel of the 6.5-m Multiple Mirror Telescope spectrograph.

With the 1′′ slit, the resolution was 3.6 Å and the wavelength coverage was 3640

– 6790 Å. Exposure times were 4, 4 and 5 min for P1121 (V=12.7), P922 (V=14.5)

and P369 (V=16.2) respectively, at airmass 1.8.

2.3 Cluster Membership and Spitzer Detections

To interpret our results, we need to determine which 24µm sources are members

of the cluster. Our first test for membership is the color-magnitude diagram. To

construct such a diagram, we need to determine the cluster distance. A distance

of 497 +135
−88 pc is indicated by four B stars with Hipparcos parallaxes (Robichon

et al., 1999). Prisinzano et al. (2003) showed that the V vs. V − I diagram is

consistent with this distance and an age of 100 Myr. Estimates from Stromgren

photometry include: Shobbrook (1984): 400±10 pc (28 B-A stars); Nissen (1988):

425 pc (11 F stars); Rojo Arellano et al. (1997): 470 ± 5 pc (average) and 400 ± 100

pc (median) (36 B-F stars). We adopt a distance of 450 pc and E(B − V ) = 0.07.

Because the Prisinzano et al. list of cluster members is incomplete above 3.5M¯,
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we added 11 bright stars near the cluster turn-off, taken from Robichon et al.

(1999) and Rojo Arellano et al. (1997). Our photometrically selected sample of

M47 members detected at 24µm then consists of 66 objects (Fig. 2.1, Table 2.1).
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Table 2.1. Photometry of M47 members

PN/HD 1 2MASS V V − K J − H K − [24] [24] e[24]

1121 07354269-1450422 12.66 1.45 0.27 3.71 7.49 0.005

1158 07362164-1444265 9.02 -0.03 -0.03 0.27 8.78 0.009

1187 07360708-1443060 10.98 0.68 0.11 0.03 10.26 0.033

1210 07364335-1440551 11.73 1.07 0.22 0.02 10.63 0.063

1147 07361436-1440275 12.87 1.50 0.28 0.14 11.22 0.088

1174 07360988-1440173 10.33 0.26 0.03 -0.17 10.24 0.032

1092 07362434-1439569 12.62 1.37 0.24 0.40 10.84 0.052

1089 07362614-1439297 12.64 1.41 0.28 -0.31 11.55 0.098

1186 07361216-1438023 10.88 0.74 0.13 0.25 9.89 0.025

1222 07364584-1437513 12.09 1.27 0.23 0.31 10.50 0.043

1081 07363912-1437307 13.07 1.54 0.28 0.28 11.24 0.102

1213 07361522-1435431 11.64 0.99 0.15 0.03 10.62 0.062

1195 07364126-1435307 11.39 0.86 0.14 0.17 10.35 0.048

1175 07355321-1435301 10.64 0.50 0.08 0.06 10.08 0.131

921 07364101-1434456 11.14 0.72 0.10 0.37 10.04 0.028

922 07364576-1434348 14.53 2.19 0.44 1.08 11.25 0.103

1172 07365524-1433176 10.69 0.48 0.05 0.68 9.52 0.033

1171 07370825-1433146 10.52 0.39 0.00 0.16 9.96 0.043

1153 07365304-1433156 10.14 0.36 0.03 0.07 9.70 0.033

1204 07363599-1432377 11.53 0.95 0.13 0.40 10.16 0.028

1194 07364217-1432310 11.26 1.14 0.19 0.36 9.75 0.025

1077 07364463-1432203 12.89 1.72 0.29 0.23 10.93 0.057

1182 07370687-1431348 11.01 0.76 0.05 0.74 9.51 0.029

1183 07370236-1431136 11.13 0.74 0.08 -0.17 10.56 0.070

1071 07365412-1430335 12.55 1.61 0.24 -0.14 11.08 0.069

1173 07362205-1430283 10.40 0.36 -0.00 0.85 9.18 0.015

1164 07362261-1429454 8.60 -0.12 -0.06 0.08 8.63 0.011

1184 07363184-1429418 10.77 0.65 0.1 0.04 10.07 0.030

1156 07364050-1429147 9.69 0.11 -0.00 0.12 9.45 0.020

1157 07362578-1429077 9.34 0.00 -0.02 0.19 9.15 0.014

1209 07364373-1428466 11.72 1.05 0.16 0.00 10.66 0.045

1196 07363210-1428044 11.48 1.01 0.13 0.19 10.27 0.040

1214 07360460-1428022 11.62 1.07 0.16 0.05 10.48 0.070

1168 07361070-1427408 9.73 -0.02 -0.02 0.02 9.73 0.026

1090 07362569-1426588 12.92 1.70 0.29 0.19 11.02 0.081

1165 07363488-1425490 8.78 0.00 -0.07 0.01 8.76 0.010

1152 07371449-1425179 10.00 0.22 0.00 0.61 9.16 0.021

1211 07363863-1424486 11.72 1.10 0.17 0.12 10.49 0.041

1154 07365232-1424321 9.78 0.18 -0.03 -0.03 9.63 0.018

369∗ 07372200-1424262 16.21 3.48 0.66 3.014 9.72 0.032

1166 07370565-1424244 10.27 0.41 0.03 0.17 9.68 0.025

1155 07364647-1424197 10.34 0.32 0.01 0.92 9.09 0.015

606 07361418-1423466 11.99 1.31 0.20 0.34 10.33 0.050

1163 07363942-1423340 10.08 0.17 -0.02 0.44 9.45 0.018

1078 07364175-1423322 13.27 1.93 0.36 -0.21 11.54 0.095
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Table 2.1—Continued

PN/HD 1 2MASS V V − K J − H K − [24] [24] e[24]

1221 07365006-1422594 12.40 1.30 0.24 -0.08 11.17 0.085

1160 07361077-1422487 9.91 0.23 0.00 -0.01 9.69 0.032

1069 07365700-1422205 12.92 1.75 0.32 0.14 11.03 0.113

996 07370613-1421222 12.12 1.25 0.23 0.26 10.60 0.076

1218 07371461-1420421 12.28 1.55 0.25 0.03 10.70 0.107

1180 07372758-1418306 11.01 0.63 0.00 0.07 10.31 0.065

1193 07371138-1415574 11.50 0.94 0.14 0.11 10.45 0.061

1176 07363516-1415388 10.41 0.57 0.06 0.14 9.70 0.049

1060 07371564-1415092 12.54 1.39 0.25 0.37 10.77 0.084

422 07370890-1407595 13.38 1.82 0.28 0.42 11.12 0.098

1063 07370890-1407595 13.38 1.82 0.28 0.42 11.12 0.098

HD 60856 07355696-1442389 7.94 -0.06 -0.05 0.71 7.29 0.006

HD 60999 07363079-1439556 8.77 0.07 -0.02 0.01 8.68 0.009

HD 60942 07362314-1435497 9.13 0.12 0.01 0.10 8.90 0.013

HD 60969 07362744-1435423 7.01 -0.14 -0.05 -0.00 7.15 0.004

HD 60941 07361912-1435322 9.08 0.20 0.01 0.00 8.86 0.015

HD 61045 07364716-1433418 7.97 -0.09 -0.05 0.01 8.05 0.008

HD 60855 07360388-1429340 5.65 0.45 0.015 2.41 2.79 0.001

Cl* NGC 2422 RPG4-39 07363615-1428151 12.23 1.34 0.23 0.14 10.74 0.045

BD -14 02022 07363629-1427404 7.69 -0.16 -0.03 0.03 7.82 0.005

HD 61017 07364124-1426370 6.68 0.00 -0.05 0.06 6.61 0.003

HD 60995 07363277-1414333 8.64 0.04 -0.02 0.72 7.87 0.010

1PN: Identification number from Table 4 of Prisinzano et al. (2003)

∗A background giant

We confirmed probable membership for 63 of these 66 stars by proper motion

analysis. The UCAC2 (Zacharias et al., 2003), ACT (Urban et al., 1997), ACC

(Kharchenko , 2001), and Tycho (Hog et al., 2000) catalogs provided data for all

the possible cluster members except P369 (which is relatively faint). Only P1218

is ruled out as a probable member, but P1078 has large errors in its proper motion

and its status is unclear. All the remaining stars have appropriate proper motions

for cluster membership: < µαcosδ >= −7.5 ± 3.4 mas/yr, < µδ >= 1.9 ± 2.3

mas/yr.

We detected at 24µm all M47 members lying within the boundaries of our

mosaic and brighter than V = 12 mag (Spectral Type ∼F5, 1.5M¯) and a few
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as late as ∼K. Accurate astrometry for the cluster members is available both from

Prisinzano et al. (2003), who quote errors of 0.24′′, and 2MASS, with typical errors

< 0.1′′. At 24µm, Spitzer positions are accurate to ∼ 1′′, but the dominant term is an

offset in the scan direction that remains fixed for a campaign. It we take this offset

out, the positional agreement between cluster members and 24µm counterparts

is better than 0.5′′. The total probability of even one chance coincidence between

random 24µm source and any cluster member whose photospheric flux is above

our detection limit (0.12mJy) is about P = π(0.5′′)2

20′×60′×(60′′)2
× 1093 × 63 = 1.3%. For

objects brighter than 1mJy at 24µm, the probability of such a coincidence is <

0.25% (take 195 instead of 1093). Thus, it is unlikely that there are any chance

identifications for the brighter sources. Fig. 2.2 shows J −H vs. K− [24] for these

stars.

2.4 Discussion

The histogram of K− [24] colors for the majority of M47 stars can be described by

a Gaussian centered at K − [24] = 0.11 mag and with FWHM 0.26 mag (σ = 0.11

mag). At these long wavelengths, for pure photospheric emission one expects

K − [24] = 0 virtually independent of spectral type. Our distribution is shifted by

+ 0.11 mag relative to this value; however, the offset is within the systematic error

of our photometry (∼ 0.10 mag, arising from uncertainties in absolute calibration

(up to 10%) and in the aperture correction), and the scatter is of the order of the

random error of our photometry (0.03-0.08 mag). We therefore define excess stars

as those lying redwards of (K − [24])excess = 0.11 + 3σ = 0.44 mag. The majority

of M47 stars (55 out of 66) have 24µm fluxes consistent with a pure photospheric

origin or at most a small excess. The remaining stars form two groups: early-type

stars with 0.6 < K − [24] < 2.5 and three late-type stars with extreme excesses
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Figure 2.2 IR color-color diagram of M47 in comparison with Pleiades and field
debris disk stars. Solid circles: M47 members; squares: membership uncertain
due to lack of proper motion information; asterisks: Pleiades stars detected by
IRAS; 1: HR 4796A (A0V 10Myr), 2: β Pic (A3V 12Myr), 3: Fomalhaut (A3V
220Myr), 4: β Leo (A3V 240Myr), 5: ε Eri (K2V 330Myr), 6: Vega (A0V 350Myr),
7: ζ Lep (A2nn 370Myr). Dashed line: locus of main sequence stars converted
from K− [12] colors in Kenyon & Hartmann (1995) by assuming [24] = [12]+0.08,
where 0.08 arises because of IRAS color corrections. Dotted lines: adopted 3σ
boundaries on non-excess stars. The crosses on the left represent typical errorbars
on M47 photometry as a function of J–H (, or brightness for MS stars). Sources of
photometry: JHK – 2MASS and Ducati (2002), [24] – MIPS for M47 and IRAS [25]
for the rest stars.
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K − [24] > 1.

2.4.1 Early type stars

Table 2.2 lists parameters of 8 M47 hot stars with 24µm excess (out of 33 total

having J − H < 0.1, which is characteristic of A-B stars ). The most extreme

one – V378 Pup (= HIP 36981) – is a blue straggler and emission-line star, the

only star in our sample that also shows a NIR excess (Dougherty & Taylor 1994).

The incidence of substantial 24µm excesses is large: 24% of the early-type stars

have excesses > 0.4 magnitudes. All of these stars are brighter than 1mJy, so the

possibility of a chance coincidence with another source is very small.

It has been known since IRAS (Waters, Cot́e, & Aumann (1987), Cohen et al.

(1987)) that the fraction of stars with infrared excesses in the field is the highest

among B and M stars. This result is consistent with the high incidence of excesses

among the early-type stars in M47. In the case of emission-line stars, the excess is

explained by free-free processes in the extended gaseous envelopes/disks (Chok-

shi & Cohen, 1987; Yudin, 2001). The nature of the excess in non-emission-line

stars is not well established: dust condensed after mass-loss episodes, dust from

interstellar cirrus, and dust from circumstellar disks may all contribute (Kalas et

al., 2002).

The Pleiades provide a natural comparison with M47. We identified proba-

ble Pleiades members by searching for stars within 1.5 degrees of RA 03:47:00

and DEC +24:07:00 (2000) and with proper motions within 7mas/yr of 17.9, -43.2

mas/yr respectively in RA and DEC. We used the IRAS FSC and PSC to identify

infrared excesses in these stars. Our preliminary analysis of Pleiades Spitzer data

shows that all the possible excess stars we found in this manner are surrounded

by 0.′5-1′ extended halos that contaminate the IRAS measurements. Since the sur-

face brightness from the cirrus between M47 stars is an order of magnitude less
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Table 2.2. Properties of the 24 µm excess stars in M47

P.N Name SpT MV J-H K-[24] F24 (mJy)

· · · HIP 36981 B2-B5 Ven -2.61 0.02 2.42 558.89 ± 0.51

· · · HIP 36967 B5-B9 Vn -0.33 -0.05 0.71 8.86 ± 0.05

· · · HD 60995 B8-B9 V 0.38 -0.03 0.72 5.19 ± 0.05

1152 2MASS 07371449-1425179 · · · 1.73 0.00 0.62 1.58 ± 0.03

1155 BD -1402028 A2p 2.07 0.01 0.92 1.67 ± 0.02

1173 2MASS 07362205-1430283 · · · 2.13 -0.00 0.86 1.55 ± 0.02

1172 2MASS 07365524-1433176 · · · 2.42 0.05 0.68 1.13 ± 0.03

1182 2MASS 07370687-1431348 · · · 2.75 0.05 0.74 1.14 ± 0.03

1121 2MASS 07354269-1450422 F9 IV/V 4.40 0.28 3.72 7.31 ± 0.03

922 2MASS 07364576-1434348 K1 V 6.27 0.45 1.08 0.23 ± 0.02

369a 2MASS 07372200-1424262 K0 III/IV · · · 0.66 3.01 0.94 ± 0.03

aOur spectrum indicates it is not a cluster member.

Note. — P.N – numbering sequence from Table 4 of Prisinzano et al. (2003); SpT –

from the literature (VizieR; Mermilliod , 2004; Hartoog, 1976; Dworetsky, 1975), except

for late types (this work); MV – assuming distance 450pc
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than in the Pleiades, we doubt that such halos exist around M47 stars. In addi-

tion, at the distance of M47 such halos would be resolved by the MIPS 6′′ beam –

contrary to our observations (see Fig. 2.1). This shows the importance of M47 as

a 100 Myr benchmark in disk evolution, since interpretation of Pleiades FIR data

may be severely complicated by cirrus emission.

2.4.2 Late type stars

As one moves to later spectral types, the Vega phenomenon becomes very rare

at wavelengths of 25µm and shorter. For example, Oudmaijer et al. (1992) list

462 stars with possible excesses in the IRAS catalog. If we take dwarf stars later

than F3 and earlier than K7, brighter than V = 8, and at absolute Galactic latitude

> 10◦ (to avoid confusion with Galactic emission), then there are no stars with

candidate excesses greater than 1.5 magnitudes at 25µm. Mannings & Barlow

(1998) report a similar study, with similar results. These studies searched to the

full depth of the SAO star catalog, making chance associations a possibility. As

a more stringent test, we took a complete sample of F and G dwarfs selected to

have V magnitudes that would predict photospheric fluxes of 0.5 Jy or brighter

at 25µm (and thus likely to be measured well by IRAS). This limit was set at V

= 4 for F0 to F4, V = 4.5 for F5 to F8, and V = 5 for F9 to G8. For these stars, we

searched the IRAS PSC for high quality measurements, and if no detection was

reported there, checked if the star was listed in the FSC. Of a total of 59 stars with

good IRAS measurements, none had an excess greater than 0.3 magnitudes in

[12] - [25]. Similarly, Backman & Paresce (1993) found only two F or G dwarfs in

the Bright Star Catalog (which goes to V ∼ 6.5) with moderate (∼ 0.5 mag) 25µm

excesses (HR 506 and HR 818), and most recently, Laureijs et al. (2002) found one

K dwarf (HD191408) with excess of 0.5 mag in their 25pc volume limited survey.

Therefore our discovery of three late type M47 stars with excesses K − [24] =
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1 − 4 mag – P1121, P922, P369 – is very surprising. To clarify their nature, we

obtained the optical spectra of these stars shown in Fig. 2.3. We used spectral

standards from the NStars database1 to classify our spectra. P369 turned out to be

a reddened (AV ≈ 1.0 mag) K0 III-IV slightly metal poor star, with radial velocity

∼ +100 km/s. It is also the only member candidate without a confirming proper

motion measurement. Thus, we believe it is a background giant. On the other

hand, P922 and P1121 have radial velocities consistent with cluster membership.

Their spectral types are K1.5 V and F9 IV-V respectively, as expected from their

positions on the cluster color-magnitude diagram. Both show signs of moderate

chromospheric activity in CaII K and H lines (level ”k” on scale of Gray et al.

(2003)), which is a bit higher than observed in 800 Myr old Hyades stars (R. O.

Gray 2004, private communication). No emission is seen in Hα but slight infilling

is present in Hβ for P1121. In conclusion, P922 and P1121 have spectral signatures

of young main sequence stars consistent with being M47 members (in addition

to their proper motions and photometric characteristics).

P922 is close to the 24µm detection limit and its photosphere would be below

that limit, so the probability of a chance coincidence of an unrelated source with

some cluster member to produce a similar ”system” is ∼ 8%. Although P922 is

only slightly below the photospheric detection limit, in this calculation we have

included all known cluster members within the Spitzer image (∼380). Therefore,

a chance coincidence is possible but not highly likely. P922 possesses an excess at

24µm similar to the extreme debris disk stars such as ζ Lep (A2 Vann, 370 Myr).

P1121 is an exceptionally interesting object. All the indicators (photometry,

spectral type, proper motion, radial velocity) place it within the cluster. Its image

(Fig.2.1) is point-like with no indication of extended emission in its vicinity. It is
1http://stellar.phys.appstate.edu
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Figure 2.3 Portions of MMT spectra of P1121 and P922 in comparison with spec-
tral standards (taken from NStars database). Sr II, as well as CN depression, is
stronger compared to the neighbouring Fe I line in giants and weaker in dwarfs.
Weak emission in the cores of Ca II lines is seen in P1121 and P922 confirming a
young age for these stars.
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7mJy at 24µm and it is above our photospheric detection limit, so the probability

of any chance association of a source this bright (25 out of 1093 total) with a

cluster member is only ∼0.03%. If it is bright at longer wavelengths, it might have

a disk as massive as seen in β Pic ! It is also possible that it is surrounded by a

less-massive disk lying much closer to the star than is typical. At the age of P1121,

Poynting-Robertson drag should have cleared out most of a thick, primordial

disk. It is more likely the disk has been renewed by planetesimal collisions. This

possibility is particularly interesting given the arguments that the solar system

went through a phase of disk clearing, planet building, and violent planetesimal

collisons for its first few hundred Myr (Hartmann et al., 2000).

2.5 Conclusions

We find substantial infrared excesses at 24µm in 10 stars that are members of the

100 Myr old cluster M47. The most interesting example is P1121, which is of

spectral type F9 IV-V, yet has K − [24] ∼ 3.7. If this excess is due to a debris disk,

it likely has a large mass and is a very rare object judging from IRAS and ISO

observations of the debris-disk phenomenon.
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CHAPTER 3

24 MICRON SURVEY OF DEBRIS DISKS IN THE PLEIADES

We performed a 24 µm 2◦ × 1◦ survey of the Pleiades cluster, using the MIPS

instrument on Spitzer. Fifty four members ranging in spectral type from B8 to

K6 show 24 µm fluxes consistent with bare photospheres. All Be stars show ex-

cesses attributed to free-free emission in their gaseous envelopes. Five early-type

stars and four solar-type stars show excesses indicative of debris disks. We find a

debris disk fraction of 25% for B-A members and 10% for F-K3 ones. These frac-

tions appear intermediate between those for younger clusters and for the older

field stars. They indicate a decay with age of the frequency of the dust-production

events inside the planetary zone, with similar time scales for solar-mass stars as

have been found previously for A-stars.

3.1 Introduction

After a few hundred million years, a planetary system is expected to have as-

sumed its final configuration and has either set the stage for life, or will probably

remain barren forever. It is difficult to probe this era. Most of its traces have been

obliterated in the Solar System. Only a minority of the nearby stars are so young.

Even for them, planets – and particularly those in the terrestrial planet/asteroidal

region – are faint and are lost in the glare of their central stars. However, when

bodies in this zone collide, they initiate cascades of further collisions among the

debris and between it and other members of the system, eventually grinding a

significant amount of material into dust grains distributed in a so-called debris

disk. Because the grains have larger surface area per unit mass compared to

larger bodies, they (re)radiate more energy and therefore are more easily detected
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in the IR compared to their parent bodies. By studying this signal, we can probe

the evolution of other planetary systems through this early, critical stage.

Debris disks are found around stars generally older than ∼10 Myr, with no

signs of gas accretion (as judged from the absence of emission lines or UV excess)

(Lagrange, Backman, & Artymowicz, 2000; Hillenbrand, 2005). In the absence of

gas drag, a 10 micron-size dust grain from the primordial, protoplanetary nebula

cannot survive longer than ∼ 1 Myr within 10 AU of a star due to a number of

clearing processes, like sublimation, radiation pressure, Poynting-Robertson and

stellar wind drag (Backman & Paresce, 1993; Chen et al., 2005a). Therefore, any

main sequence star older than 10 Myr with an infrared excess is a candidate to

have circumstellar material supplied through debris disk processes.

In our Solar System there are two main sources of dust: colliding asteroids

and evaporating comets. The dust (grains < 1 mm in size) is concentrated in

two belts – the asteroid belt at 2-3.5 AU , Ldust = 10−7L¯, Tdust = 150 − 200

K,Mdust = 10−8MEarth (Low et al., 1984; Dermott et al., 2002; Hahn et al., 2002);

and the Kuiper belt at 30-50 AU , Ldust = 10−7L¯, Tdust = 40 − 100 K,Mdust =

10−5MEarth (Backman, Dasgupta & Stencel, 1995; Morbidelli, Brown, & Levison,

2003). Asteroid collisions that produce warm dust are driven by perturbations by

planets, a process that has cleared most of the interplanetary material from the in-

ner 30 AU of the system. In contrast, there is substantial mass in the Kuiper Belt,

concentrated in reasonably stable structures controlled by giant planets (Liou &

Zook, 1999; Moro-Martı́n & Malhotra, 2002). Similarly, rings, blobs, warps and

other non-uniformities are frequently observed in the spatially resolved images

of nearby extrasolar debris disks and inferred from the spectral energy distri-

butions in the distant unresolved disks, implying the presence of planetary mass

bodies in these systems.
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The first debris disks were discovered by IRAS in the 1980s. Only a handful

of nearby ones have been resolved in optical and near-IR scattered light or de-

tected in submm thermal emission; ISO has extended the IRAS results, but only

to a modest extent (e.g., Laureijs et al., 2002). The limited sensitivity of IRAS

and ISO and the even more severe limitations of other methods have prevented a

complete census, particularly to photospheric emission levels. In addition, some

alleged disks have been confused with background objects or cirrus in the large

beam of IRAS. The attempt to assess the percentage of stars with debris-disk emis-

sion therefore appeared premature from pre-Spitzer data (Zuckerman, 2001).

With superior sensitivity and a smaller beam size, Spitzer is providing many

new insights to debris disk behavior. For example, Rieke et al. (2005) demon-

strated both the overall decline of debris disks with age (first noted in Holland

et al. (1998); Spangler et al. (2001)) and the large scatter of disk properties at any

given age (as previously noted in Decin et al. (2003)). By probing excesses to

within 25% of the photospheric emission, Rieke et al. (2005) found a surprising

number of non-excess stars even at ages as young as 10 - 20 Myr, implying very

rapid clearing of the inner 10 − 60AU region in these systems.

The study of Rieke et al. was purposely confined to A stars, with masses

∼ 2.5M¯. It poses the question of whether the same patterns of disk evolution

hold for less massive stars, especially in the solar mass range – spectral types FGK.

The study of excesses in young solar analogs could corroborate lunar geological

evidence of the bombardment history in the Solar System. Two major surveys

of solar type stars in the field are under way with Spitzer – the solar star sur-

vey by the MIPS GTO team, searching for disks around ∼150 field stars within

25 pc (Bryden et al., 2006), and the Legacy survey by the FEPS group, search-

ing for disks around ∼330 stars, both field and members of nearby open clus-
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ters and associations (Meyer et al., 2004). Interpretation of these surveys is still

in progress; nevertheless, preliminary results indicate that among solar analogs

typically older than 1 Gyr ∼10-15% have excess emission at 70 µm, indicative of

Kuiper Belt analogs ∼10-100 times more massive than in the Solar System (Kim

et al., 2005; Bryden et al., 2006). On the other hand, 24 µm excesses that would

be indicative of massive zodiacal belts are much more rare around these stars –

∼1% (Beichman et al., 2005, 2006).

To explore younger systems with good number statistics and small uncertain-

ties in age determination, an open cluster survey has been initiated by the MIPS

and IRAC GTO groups. The first clusters studied in this program were the 25-35

Myr old NGC 2547 (Young et al., 2004) and the 60-100 Myr old M47 (NGC 2422)

(Gorlova et al., 2004). At 24 µm photospheres were detected in NGC 2547 down

to mid-F and in M 47 to early G spectral types, beginning to probe disks in the

solar-mass regime. A decrease with age in both the amount and the fraction of

excess (from ∼40% to 25%) is indicated for B-A stars between the two clusters (as

included in Rieke et al. 2005). For F-K stars a similar trend is only suggested:

quantitative estimates are impossible because photospheres start dropping be-

low the detection limit. Thus, it is not clear whether the high incidence of 24 µm

excesses around A stars is a product of their high luminosities and efficiency in

heating dust, or simply results because they are by definition relatively young (<

1 Gyr).

To probe the evolution of debris disks around solar-mass stars, we have inves-

tigated the Pleiades. The Pleiades is one of the best studied clusters with mem-

bership extending into the substellar regime (e.g., Moraux et al., 2003; Pinfield et

al., 2003). At 24 µm Spitzer is potentially sensitive enough to detect photospheres

in this cluster down to early M spectral type. To exploit these advantages, one
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must contend with an interstellar cloud of gas and dust, whose thermal emis-

sion beyond 10 µm dominates over starlight in the South-West part of the cluster.

There is no consistent picture of the structure and kinematics of this nebulosity,

except that it might be a part of the ∼10 Myr Taurus-Auriga starforming com-

plex through or behind which the Pleiades happens to be passing at the present

epoch (e.g., Breger, 1987). Recent studies however agree that at least some of

the material is located within the cluster and possibly interacts with the bright-

est members (Gibson & Nordsieck, 2003; White, 2003). Dust in the molecular

cloud is sheared by the radiation pressure and assembles into filaments that wrap

around stars, forming a characteristic pattern of reflection nebulosity known as

the ”Pleiades phenomenon” (Arny, 1977; Herbig & Simon, 2001). The unresolved

thermal emission from the interstellar dust shell can mimic emission from a de-

bris disk, as was for example demonstrated with coronagraphic imaging of the

IRAS-selected Vega-like stars by Kalas et al. (2002). Special measures were under-

taken in our survey to avoid confusion with interstellar dust (§3.2,3.3).

Pre-Spitzer IR and submm (Zuckerman & Becklin, 1993) searches for Pleiades

disks were largely unsuccessful. The few reported detections by IRAS (Castelaz,

Sellgren, & Werner, 1987) and MSX (Kraemer et al., 2003) concern the brightest B

type members, which we find to be either surrounded by heavy cirrus or emis-

sion line stars with gaseous disks. Spangler et al. (2001) observed 14 low mass

members with ISO, and claim detection (and excesses) at 60 and/or 90 µm in the

two G0 and K2 members HII 1132 and HII 3163. The fractional dust luminos-

ity in these stars, if accurate, is unusually high – about 10−2, comparable to the

transitional disks found around ∼<10 Myr-old stars. Unfortunately both stars are

outside of our Spitzer fields. Recently Stauffer et al. (2005) within the framework

of the FEPS project investigated 19 solar-type members outside of the cluster core.
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They found excess emission at 24 µm at levels up to 40% above the photosphere

in a few members. Compared to the FEPS study, ours is centered on the clus-

ter core, covers a larger area, and considers all members independent of spectral

type or binarity. It is a magnitude- and background-limited survey based on the

membership derived from the optical studies. For the first time, it provides ade-

quate number statistics to constrain the disk incidence around Pleiades members

similar in mass to the Sun.

3.2 Observations and Data Reduction

The Pleiades were imaged with the MIPS instrument in the scan map mode with

half-pixel subsampling (Rieke at al., 2004). One area of size 90′ × 60′ was cen-

tered on the cluster core, as defined by the ”seven sisters” (the brightest B-type

members) and the associated reflection nebula. It was observed in two segments

in February 2004. Another field of size 75′ × 45′ , centered approximately 75′

North of the cluster core, was observed in September 2004. All the observations

were done using medium scan mode with half-array cross-scan overlap, result-

ing in a total effective exposure time per point at 24 µm of 80 seconds. The 24

µm images were processed using the MIPS instrument team Data Analysis Tool,

which calibrates the data and applies a distortion correction to each individual

exposure (Gordon et al., 2005). We further applied a column-dependent median

subtraction routine to remove a small residual dark latent pattern from individ-

ual images before combining into a final mosaic. Data at 70 and 160 µm were

taken simultaneously; however, the images yielded no detections of interest to

this study because of the sensitivity limits and strong background cirrus, and we

will not discuss them further.

The thermal emission from the nebula is strongest in the West side of the clus-
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ter, where the ISM cloud is of highest density as indicated by the enhanced ex-

tinction, polarization and detection of CO gas (Breger, 1987). This highly non-

uniform nebulosity limits our ability to perform photometry on the faint sources

in the central field to only those that are situated in the clean gaps between the

the bright filaments. The Northern field contains fewer members, being further

from the cluster core, but it has the most uniform background. We performed

photometry independently on each field, which allowed us to evaluate the un-

certainty of our photometry based on the objects from the overlapping regions

∼ 5′ -wide. The full area of our survey is shown in Fig. 3.1. The image was

created by merging all three fields with the IRAF task imcombine , after apply-

ing appropriate offsets to account for the different levels of zodiacal light in each

field. Stars marked in the figure outside the map boundaries are from Stauffer et

al. (2005).

The complicated background required an investigation of the optimum way

of doing photometry. We carried out two tests to find parameters that provide

the most accurate results for aperture and PSF-fitting photometry. Standard IRAF

tasks phot and allstar from the daophot package were used. The first test

compared the difference between the input and the recovered flux of artificial

stars, inserted into different background environments (using task addstar ).

The second test looked at the tightness of the locus of the cluster members on

the J − H vs. K − [24] diagram. For the non-excess stars, we assumed that

the dispersion is dominated by the measurement errors in the 24 µm flux, since

reddening is negligible at these wavelengths. We tried a range of aperture radii

starting with the HWHM of the MIPS beam of 2.3 interpolated pixels (1 pixel

= 1.247′′ ), and a range of sky annuli centered at the first Airy ring at 7 pixels. We

finally adopted PSF-fitting photometry with a small value for the fitting radius
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Figure 3.1 MIPS 24 µm mosaic made of three scan maps. Crosses: Pleiades mem-
bers with 24 µm images allowing accurate PSF-fitting photometry, from this work
and Stauffer et al. (2005), also listed in Table 3.2. Squares: debris disk candidates,
highlighted in bold in Table 3.2. Asterisks: Pleiades members with 24 µm images
contaminated by cirrus or a nearby source, listed in Table 3.1. Circles: Be stars, all
of them formally showing excess, a mix of point-like and extended sources.
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of 3 pixels and a close sky annulus with inner and outer radii of 5 and 10 pixels

respectively. The PSF template for all three fields was constructed from 9 stars in

the North field, carefully selected to be in the regions clear of nebulosity and to

have a representative range of magnitudes. As a check, another PSF was created

from 7 ’clean’ stars eastward from the cluster center. Magnitudes of the PSF stars

measured with both PSFs agree to within 0.01 mag.

To determine an aperture correction, we compared magnitudes within an

aperture radius of 3.5 pixels for the 9 PSF stars performed with our adopted PSF-

fitting photometry to the aperture photometry with parameters that would nor-

mally be used on a uniform background – aperture radius equal to the FWHM

of the beam (4.6 pixels), sky annulus beyond the first Airy ring (12 and 18 pixels

for the inner and outer radii), and aperture correction of 0.68 mag from 4.6 pix-

els to infinity (as established by the MIPS team based on the STinyTim simulated

PSF). The resulting aperture correction for our Pleiades-customized PSF-fitting

photometry is 0.89 mag. Finally, to translate fluxes in number counts into 24 µm

magnitudes, we use a conversion factor of 1.627 · 10−6Jy/(DN/s) (where DN is

the Data Number per pixel, for 1.25′′ pixels). We took 7.3 Jy for the [24] magni-

tude zero point.

Two cluster members (HII 1284 and HII 1380), of [24]≈7m (or ∼ 10 mJy) ap-

pear on both East and West sub-fields, providing a consistency check of the pho-

tometric errors calculated by allstar . Their magnitudes differ between the two

sub-fields by 0.08 and -0.01 mags respectively (with the larger difference for HII

1284 most certainly due to a faint companion, §3.5.3). We also detect six members

in common with Stauffer et al. (2005) (HII 173, HII 174, HII 250, HII 314, HII 514,

HII 2147). The average difference between our MIPS [24] magnitudes and Stauf-

fer et al.’s is -0.02, RMS=0.10 mag. We have four early-type stars in common with
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Rieke et al. (2005) (HII 1431, HII 1823, HII 1876, HII 2425); comparison with up-

dated photometry (K. Y. L. Su, private commun.) indicates 0.07 mag difference

between us and the latter work, with RMS=0.04 mag. We conclude that the ran-

dom error of our 24 µm photometry is about 5% for objects brighter than ∼2 mJy

in the clean regions of the sky, which is consistent with the scatter seen in the

K-[24] color of the non-excess members (§3.4). The systematic error in our data

calibration is of similar magnitude (few percent), consistent with comparisons of

objects common to other independent studies.

3.3 Sample

We measured the 24 µm fluxes of the Pleiades members as follows. Using the

daophot task find and visual inspection, for each MIPS field we constructed an

initial coordinate list for all discernible point-like sources. Task phot provided

initial aperture photometry, which served as input for the PSF-fitting photometry

with allstar . Task allstar was executed with the recentering option turned

on. Next, the allstar coordinates were correlated with the 2MASS point-source

catalog, with a search radius of 2.5′′ . Using the 2MASS designations, we identi-

fied Pleiades members using an on-line catalog of the highly probable members

maintained by J. Stauffer. Tables 3.1 and 3.2 summarize our measurements as

well as some catalog properties for these sources. The information on binarity

was supplemented with data from Liu, Janes, & Bania (1991) and Raboud & Mer-

milliod (1998). Table 3.2 also contains measurements from Stauffer et al. (2005)

for 13 members outside of our field of view.
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Table 3.1. Pleiades members with contaminated 24 µm photometry

Name (V − K)0
1 [24] flag2 SpT AV vsini Binary? 2MASS

mag mag km/s

HII 0468 -0.25 h B6IIIe 0.04 220 SB1? 03445253+2406478

HII 0785 -0.24 h B7III 0.16 40 OccB 03454960+2422037

HII 0541 -0.24 h B8V 0.09 245 SB? 03450973+2450213

HII 0980 -0.22 me B6IVe 0.21 275 B? 03461958+2356541

HII 0447 -0.20 h B7IV 0.19 260 OccB 03444821+2417222

HII 0817 -0.16 h B8V 0.16 220 03455447+2433162

HII 0859 -0.13 h B9V 0.15 250 03460288+2431403

HII 1234 -0.10 h B9.5V 0.26 260 VB 03465940+2431124

HII 1375 0.03 me A0V 0.00 160 SB 03472103+2406586

HII 1397 0.12 cc A2V 0.00 <10 SB1, VB 6.26′′ 03472440+2354529

HII 1028 0.18 me A2V 0.05 110 SB? 03462728+2415181

HII 0652 0.35 h A3V 0.26 235 SB? 03452613+2402065

HII 0956 0.76 me A7V 0.10 150 SB?, VB 03461600+2411234

HII 0745 1.05 b F5V 0.40 65 SB1? 03454138+2417189

HII 0476 1.19 b F9 0.87 21 PHB, SB 03445383+2355165

HII 0761 1.35 b G2 0.50 11 SB1 03454440+2413132

HII 1215 1.46 b G0 0.11 6 03465373+2335009

HII 0320 1.63 cc G5 0.61 11 SB1 03442050+2446222

HII 0659 1.68 b G4 0.74 12 03452597+2325487

HII 0746 1.72 b G5 0.20 5 SB? 03454184+2425534

HII 0870 1.78 b G4.5 1.77 10 VB 0.51′′ 03460275+2344146

HII 1275 1.78 b G8 0.15 6 03470141+2329419

HII 1032 1.84 b G8 0.11 36 03462841+2426021

HII 0430 1.84 b G8 0.09 7 03444398+2413523

HII 1136 2.23 b G8 0.68 68 03464024+2329520

HII 1124 2.24 b K1 0.25 6 03463938+2401468

HII 0522 2.24 b K2 0.00 4 SB1 03450326+2350219

HII 0625 2.27 b K0 1.15 94 03452118+2343389

HII 0738 2.30 b G9 1.12 50 VB 0.50′′ 03453940+2345154

HII 1039 2.40 b K1 0.84 <5 03462777+2335337

HII 1332 2.52 b K4 0.00 5 03471352+2342515

HII 0636 2.55 b 4 03452219+2328182

HII 0883 2.80 b 4 03460689+2433461

HII 0882 2.98 b K3 0.15 65 03460412+2324199

HII 1348 2.98 b K5 0.00 5 SB2 03471806+2423267

HII 0451 3.09 b K5 0.06 6 03445017+2454400

HII 0559 3.11 b 65 03451352+2505159

HII 1061 3.20 b K5 0.62 7 VB 0.32′′ 03463117+2407025

HII 0686 3.23 b K7 0.06 64 03453293+2418116

HII 1531 3.27 b K7.5 0.00 50 03474143+2358190

HII 1081 3.44 b K6 0.40 <10 03463287+2318191

HII 1355 3.45 b K6n 0.34 12 VB 1.26′′ 03471814+2402114

HII 1103 3.73 b K7 0.34 18 03463532+2324424

HCG 0196 3.82 b 03453903+2513278
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Table 3.1—Continued

Name (V − K)0
1 [24] flag2 SpT AV vsini Binary? 2MASS

mag mag km/s

HCG 0152 4.03 b 03443006+2535470

HCG 0277 4.84 b 03473345+2341330

1Dereddened where SpT avaialble
2me – marginally extended source, FWHM = 6.5 – 7′′ ; h – a halo-like extended smooth cirrus, with or

without point source on top; b – within strongly non-uniform background; cc – close companion

Note. — Objects sorted according (V − K)0 . In bold are sources with nominal 24 µm excesses.
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Table 3.2. Pleiades members with reliable 24 µm photometry

Name (V − K)0
1 (K − [24])0

1 F24 σF24 SpT AV vsini2 Binary? 2MASS

mag mag mJy mJy mag km/s

HII 2168 -0.32 0.02 210.15 3.10 B8III 0.09 215 VB, SB1? 03490974+2403121

HII 0563 -0.25 -0.18 98.66 0.91 B6V 0.07 135 SB1? 03451250+2428021

HII 1823 -0.18 -0.16 38.06 0.39 B8V 0.08 270 03482081+2325165

HII 2425 -0.14 0.69 45.60 0.67 B9V 0.10 310 03494353+2342427

HII 1431 -0.05 0.01 17.26 0.22 A0V 0.29 40 SB2 03472945+2417180

HII 0717 0.02 -0.15 15.17 0.24 A1V 0.60 15 VB, SB? 03453777+2420083

HII 2181 0.04 2.30 652.41 3.00 B8Vpe 0.13 340: VB 03491121+2408120

HII 1084 0.05 -0.06 11.53 0.13 A0V 1.12 150 SB2? 03463420+2337264

HII 1380 0.10 0.17 14.85 0.27 A1V 0.00 235 03472096+2348121

HII 1432 0.18 0.85 1414.24 20.84 B7IIIe 0.06 220 SB1 03472908+2406184

HII 0804 0.18 -0.06 8.40 0.14 A2V 0.38 170 SB1 03455163+2402200

Pels 58 0.27 1.07 19.24 0.34 A3 0.21 95 03455913+2523549

HII 1876 0.39 -0.00 17.26 0.19 A1V 0.00 105 PHB, SB? 03483009+2420441

HII 1362 0.43 0.02 6.71 0.11 A7 0.21 <12 03471935+2408208

HII 2195 0.49 0.25 8.59 0.09 A7V 0.06 160 SB? 03491219+2353126

HII 1384 0.50 -0.04 11.32 0.17 A4V 0.18 215 03472405+2435184

HII 0531 0.58 0.03 6.20 0.12 Am? 0.30 75 03450653+2415486

HII 1284 0.65 0.30 8.56 0.13 A9V 0.09 100 SB1? 03470421+2359426

HII 1266 0.67 -0.05 8.40 0.20 A9V 0.31 95 VB 03470354+2449117

HII 0344 0.68 0.03 7.71 0.16 A8V 0.02 200 03442570+2423408

HII 0697 0.74 0.04 6.60 0.09 A9 0.21 75 03453445+2427478

HII 1762 0.80 -0.05 8.10 0.10 A9V 0.13 180 SB2 03481354+2419063

HII 0975 <0.42: <-0.05: 3.36 0.08 F >1.86: 32 PHB 03461799+2329119

HII 0530 0.95 0.08 4.95 0.10 F3 0.00 <12 03450528+2342097

HII 1122 0.97 0.09 4.27 0.09 F4 0.15 29 SB2 03463932+2406116

HII 0605 0.99 -0.05 5.20 0.09 F3 0.18 80 SB1 03452085+2455194

HII 2345 0.99 -0.07 4.21 0.17 F4 0.08 130 03493272+2322494

HII 1309 1.06 -0.03 3.49 0.11 F6 0.14 85 03471005+2416360

HII 1338 1.10 -0.04 7.21 0.10 F3 0.11 10: SB2 03471656+2407420

HII 1200 1.11 0.10 3.11 0.05 F6 0.29 14 03465053+23142113,4

HII 1912 1.14 -0.03 5.63 0.12 F4 0.16 75 VB 03483480+2410523

HII 1726 1.16 0.04 5.16 0.10 F7 0.17 13 IRB 0.57′′ 03480718+2408315

HII 1613 1.25 0.02 2.78 0.08 F8 0.07 20 03475252+2356286

HII 0727 1.27 0.01 3.61 0.08 F9 0.16 50 03454016+2437380

HII 0405 1.29 0.00 2.89 0.08 F9 0.03 18 03444075+2449067

HII 1856 1.31 -0.06 2.39 0.07 F8 0.05 15 03482616+2402544

HII 2506 1.37 -0.06 2.08 0.05 F8 0.10 14 03495648+23130713

AK 1B 146 1.40 -0.07 3.56 0.06 F8 0.02 12/9 SB2 03435067+2516081

HII 3179 1.42 -0.05 2.43 0.05 G0 0.00 5 03515685+23540703

HII 1797 1.45 0.47 3.61 0.08 F9 0.03 20 03481691+2338125

HII 1101 1.45 0.42 3.32 0.05 F9.5 0.05 19 03463878+24573463

HII 1207 1.45 0.01 1.90 0.08 G0:V 0.09 5 03465491+2447468

HII 1924 1.45 0.06 2.20 0.07 G0 0.01 14 03483451+2326053

HII 2786 1.45 -0.03 2.02 0.05 22 03504007+23555903



56

Meaningful PSF photometry cannot be performed if the sky level is highly

variable within the fitting region, or if the object’s shape deviates significantly

from an Airy function with the adopted FWHM. Also compact cirrus falling

within the 6′′ MIPS beam (corresponding to 800 AU at the Pleiades distance of

133 pc) can mimic radiation from an unresolved debris disk. To exclude am-

biguity in the photometry, we examined the image of every detected member.

We designate as problematic objects having either a non-uniform (filamentary or

curved) background within ∼ 15 pixels of the target (1.5 times the region of sky

fitting) or a bright companion contaminating the target aperture. For the sources

that passed this test, we generated radial profiles and rejected any with FWHM

∼> 5 pixels (6.2′′). These problematic sources are listed in Table 3.1 and examples

are shown in Fig. 3.2; in Figs. 3.1 (except for Be stars) and 3.3 they are designated

by asterisks. Most of them cluster around the ridge of dense ISM cloud in the

West part. For a number of them (highlighted in bold in Table 3.1) the formal

procedure of PSF-fitting indicates considerable excesses. Whether these excesses

are real and due to debris disks or an artifact of cirrus contamination remains to

be seen with better resolution. The analysis presented in the rest of the paper

only deals with members that passed the above contamination test. These ’clean’

sources are shown in Table 3.2 and in Fig. 3.4.

As a measure of the 24 µm excess we use a K−[24] color (where K is a 2MASS

KS). Since there is no NIR excess, as expected for stars of age ∼100 Myr, the

K band flux represents the photospheric flux. K band is the least affected by

reddening of the three 2MASS bands. On average, the extinction toward the

Pleiades is small, < AV >≈ 0.1 mag. However, it may exceed 1 mag in the

South-West, the densest part of the interstellar cloud (Breger, 1986, 1987; Stauf-

fer & Hartmann, 1987; Gibson & Nordsieck, 2003), resulting in ∆K > 0.1 mag.
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Table 3.2—Continued

Name (V − K)0
1 (K − [24])0

1 F24 σF24 SpT AV vsini2 Binary? 2MASS

mag mag mJy mJy mag km/s

HII 0923 1.46 0.08 2.72 0.08 G0 0.05 18 03461005+2320240

HII 0489 1.46 0.21 2.55 0.09 G0 0.11 18 03445639+2425574

HII 0120 1.48 0.01 1.71 0.05 G1 0.26 9 SB1? 03433195+23402663

HII 0152 1.48 0.13 1.84 0.05 G1 0.14 11 03433772+23320963,5

HII 0250 1.48 -0.02 1.73 0.06 G1 0.18 7 SB? 03440424+2459233

HII 0293 1.48 -0.01 1.77 0.05 G1 0.28 7 03441391+2446457

HII 0314 1.48 0.10 2.26 0.09 G1 0.20 38 SB1? 03442008+2447461

HII 0996 1.48 0.22 2.41 0.07 G1 0.02 12 03462267+2434126

HII 1015 1.48 -0.03 1.79 0.05 G1 0.08 10 03462735+25080803

HII 1794 1.51 0.03 2.09 0.09 11 03481712+2353253

HII 1182 1.53 0.01 1.95 0.05 G5 0.00 16 IRB 1.14′′ 03464706+22545253

HII 0739 1.58 0.02 5.00 0.08 G0 0.06 14 PHB 03454211+2454215

HII 1514 1.58 0.09 2.07 0.07 G5 0.00 14 03474044+2421525

HII 2341 1.66 0.07 1.61 0.07 G4 0.06 3 03493312+2347435

HII 1117 1.67 0.07 3.03 0.09 G6 0.00 6/4 SB2 03463767+2347159

HII 0514 1.68 0.12 1.97 0.05 10 03450400+25152824

HII 2644 1.76 -0.03 1.32 0.05 4 03502089+24280033

HII 3097 1.80 0.05 1.66 0.05 15 SB1 03514044+24585943

HII 0571 1.85 0.08 1.64 0.05 G8 0.21 8 SB1 03451534+2517221

HII 2311 1.92 -0.08 1.15 0.05 6 03492873+2342440

HII 1095 2.00 0.27 1.29 0.08 K0 0.18 4 03463777+2444517

HII 0173 2.04 0.06 2.28 0.05 K0 0.00 8/6 SB2 03434841+2511241

HII 2278 2.09 0.03 2.21 0.05 7 VB 0.37′′ 03492570+24561543

HII 2027 2.12 0.01 2.20 0.06 K0 0.00 6 SB2, IRB 0.1′′ 03484894+2416027

HII 0174 2.25 0.03 1.34 0.04 90: 03434833+2500157

HII 2147 2.23 0.12 2.94 0.07 G9 0.00 7/11 SB2 03490610+2346525

HII 2881 2.46 -0.02 1.70 0.05 K2 0.03 10 IRB 0.08′′ 03505432+23500563

HII 1298 2.49 0.05 0.89 0.07 6 IRB 1.18′′ 03470678+2342546

HII 1100 2.63 0.12 1.45 0.08 K3 0.25 5 VB 0.78′′ 03463726+2420366

HII 2034 2.66 -0.01 0.73 0.06 K2.5 0.00 75 03484932+2358383

HII 0885 2.72 0.11 1.45 0.05 K3 0.00 6 IRB 0.87′′ 03460776+2452004

HCG 0131 2.95 -0.02 0.70 0.05 03440282+2539228

HCG 0132 2.99 0.11 0.93 0.05 03440448+2551226

HII 1653 3.34 0.20 0.76 0.07 K6 0.00 21 03475973+2443528

HCG 0312 3.40 0.42 0.58 0.05 6.5 03481729+2430160

HII 1516 3.64 0.33 0.73 0.06 105 03474037+2418071

HCG 0154 3.98 0.10 0.79 0.06 75 IRB 4.61′′6 03442729+2450382

HCG 0354 4.55 0.60 0.63 0.06 03490585+2344232

1Dereddened where spectral type available

2The two values are for two components in SB2

324 µm data from Stauffer et al. (2005)

4Excess object according to Stauffer et al. (2005), but the excess is below our adopted 0.15 mag threshold

5Big offset between 2MASS and MIPS24 positions, likely contaminated with a background object

6Secondary is a background star

Note. — Objects sorted according to (V − K)0 . In bold are 24 µm excess candidates.
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Considering that this is above the uncertainty of our photometry, red K − [24]

color due to obscuration may be misinterpreted as a weak 24 µm excess. There-

fore, we corrected the V and K magnitudes for extinction. The extinction val-

ues reported in Tables 3.1, 3.2 are either from the Pleiades catalog or have been

derived by us for members with known spectral types. We calculated redden-

ing using V − K and J − K intrinsic colors for dwarfs tabulated in Bessell &

Brett (1988) (after converting them into the 2MASS system following transfor-

mations in Carpenter (2001)). The following reddening laws have been used:

AV = 3.1E(B − V ) = 3.1E(b − y)/0.74 = AJ/0.282 = AK/0.112 (Cambrésy et al.,

2002). Extinction in the 24 µm band has been neglected. Big symbols on Figs. 3.3,

3.4 represent dereddened magnitudes; small symbols are observed ones, since no

spectral type information is available for these fainter members.

Fig. 3.3 shows a color-magnitude diagram for our and Stauffer’s combined

sample. The upper envelope traces equal mass binaries. The debris disk can-

didates (§3.4) are marked; none of them appears to lie on the binary sequence.

Non-detected members within the MIPS field of view are shown as dots. One

can see that at the age and distance of the Pleiades we are 100% complete at de-

tecting photospheres earlier than K3 (0.8M¯), and in the absence of interstellar

dust (“cirrus”) could potentially sample photospheres as late as ∼M2 (0.4M¯).

3.4 Excess objects

Fig. 3.4 shows the color-color diagram we use to identify members with excesses.

Only objects with high quality 24 µm photometry are plotted. The V − K axis

represents photospheric colors. The V and K bands are separated far enough

in wavelength space to trace temperature/spectral type and hence luminosity

and mass for main sequence stars. The NIR colors alone, though less affected
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Figure 3.2 The surface and radial plots are shown for representative ’clean’ and
contaminated 24 µm sources. HD 23182, a field star, is one of our PSF templates.
HII 1797 is a Pleiades member from Table 3.2, an example of the sources with
well-defined, point-like profiles. HII 1234 and HII 1061 are from Table 3.1, ex-
amples of bright sources with extended smooth halos, and of faint sources with
non-uniform background, respectively.
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Figure 3.3 Pleiades color-magnitude diagram. Open symbols: ’clean’ 24 µm
sources from Table 3.2, circles – this work, squares – from Stauffer et al. (2005).
Asterisks: contaminated 24 µm sources from Table 3.1. Big symbols: objects
with spectral type, dereddened; small symbols: without spectral type, non-
dereddened. Dots: 24 µm non-detections. Marked are debris disk candidates
according to this work or Stauffer et al. (2005). Solid line: a 115 Myr isochrone by
Siess et al. (2000). Dashed line: a 125 Myr isochrone by Baraffe et al. (1998). Both
isochrones are of solar metallicity and assume a distance of 133.5 pc (Soderblom
et al., 2005).
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Figure 3.4 V − K vs. K − [24] diagram identifying excess objects (marked). Only
members with good 24 µm photometry (Table 3.2) are plotted. Symbol coding is
the same as in Fig. 3.3. “e”-Be star HII 1432; another Be star, HII 2181 (Pleione),
is off scale at K − [24] = 2.3. V magnitudes are a compilation from Stauffer’s
catalog, we estimate their errors to be 0.02 mag for B-G stars (V < 11m) and 0.1
mag for later types; errors in [24] do not include the systematic error of about 5%
from uncertainty in aperture correction and in absolute calibration of the 24 µm
array. Dotted lines: linear fit to the non-excess A-K members and ± 3 standard
deviations in K − [24] from it.
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by reddening, provide a smaller magnitude range and become non-monotonic at

the B-A and K-M transitions. The K − [24] color on the other hand only weakly

depends on the stellar temperature, since both bands fall on the Rayleigh-Jeans

tail for objects as cold as early M dwarfs (Teff >3200 K). In the ’Vega system’

this color should therefore stay close to 0. Significant positive values indicate the

presence of a circumstellar component.

Indeed, as Fig. 3.4 shows, the majority of stars between V − K = 0.05 to 3

(spectral types A to K5) cluster around K − [24] = 0, getting slightly redder with

later spectral type. We regard this region as the locus of pure photospheric colors.

It can be fitted as

(K − [24])phot = 0.034(±0.010) × (V − K)phot − 0.038(±0.016)

The standard deviation of residuals for the 57 fitted stars is σ(K − [24]) = 0.051

mag, which is within the random uncertainty of our photometry.

Eleven stars however, including HII 1101 from Stauffer et al. (2005), lie sig-

nificantly redward of the non-excess locus, indicating K − [24] excess above the

3σ detection level. HII 1095 is another possible excess member, whose larger un-

certainty puts it just below the 3σ confidence level. Two more, HII 1200 (outside

of our field of view) and HII 514, may possess weaker excesses according to the

photometry of Stauffer et al. (2005). Despite the difference in the integration times

(400 s per source in Stauffer et al. (2005) and 80 s in our survey), both studies ob-

serve a similar scatter in the K − [24] color for the solar-type “non-excess” stars –

0.04-0.05 mag from the average 0 value. This makes it difficult to prove excesses

in these two stars beyond the 3σ level; only HII 514 would pass the 0.15 mag

threshold adopted in this work. All 14 suspected excess candidates are marked

in Fig. 3.4 and highlighted in Table 3.2; they (as well as HII 152) have been ex-

cluded from the above fit to non-excess members. Excesses are seen around all
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spectral types down to K0 (and possibly mid-K, Table 3.1), with values ranging

from 0.1–0.5 mag for solar-type stars and 0.15-2.3 mag for early-type stars.

Could excess emission arise from a nearby object confused with a Pleiades

member? The average offset between MIPS and 2MASS positions for members

from Table 3.2 is 0.8′′ . Except for HII 514 and HII 1095, which are the faintest

excess candidates, the 24 µm positions fall within a r=0.5′′ circle around the 0.8′′

systematic offset on the ∆RA vs. ∆DEC plane, together with the majority of

the non-excess members. Furthermore, they have flux densities above 2 mJy, and

the previous studies have shown that the probability of a spurious excess due

to chance alignment with a background giant star or galaxy at this flux level is

small – ∼<0.1% per source (Gorlova et al., 2004; Stauffer et al., 2005). Due to the

proximity of the Pleiades to the ecliptic however, there is concern about aster-

oid contamination. We examined images of the detected Pleiades members for

the presence of nearby companions without a 2MASS counterpart – signaling a

medium-speed asteroid leaving a chain of images as it moves between successive

scans. Also, when the object fell in the overlapping region between two fields, we

could identify contamination by fast moving asteroids by comparing two images

obtained a few days to a half year apart. A ’close companion’ to HII 320 from Ta-

ble 3.1 is one such example of likely asteroid contamination, but none are among

the 14 excess candidates.

The strongest excess among point-like sources belongs to HII 2181 (28 Tau,

Pleione). The third strongest excess is for HII 1432 (25 Tau, η Tau, Alcyone), the

optically brightest member (Fig. 3.3). Both stars belong to the Be, or ’classical’,

type of emission-line B-A stars. Two other emission stars, HII 468 (17 Tau, Elec-

tra) and HII 980 (23 Tau, Merope), may also possess excesses of ∼0.5 mag, but un-

fortunately bright nebulosities surrounding these stars make our measurements
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uncertain (placing them in Table 3.1). All four are post-MS stars, which is indi-

cated by their giant or sub-giant luminosity classes, and fast rotators (vsini >200

km/s). The excess emission is probably free-free emission from gaseous Kep-

lerian disks produced by radiation-driven mass loss and fast rotation (Waters ,

1986; Porter & Rivinius, 2003). The emission stage is episodic – once in about ∼10

years for reasons still debated these stars eject a shell that settles into a temporal

disk in the equatorial plane. In some cases shell episodes coincide with the peri-

astron passage of a companion (Gies et al., 1990). Mass transfer in a binary system

could also account for the spin up of the primary (Harmanec et al., 2002). Pleione

is a good example – fastest rotator, with biggest IR excess and a companion re-

solved with speckle interferometry (McAlister et al., 1989). On the other hand,

any companion to Merope has escaped detection so far (Raboud & Mermilliod,

1998); the only indirect evidence for one is the prominent X-ray emission (Daniel,

Linsky & Gagné, 2002).

In the absence of spectroscopic information for the photometrically selected

members in clusters other than the Pleiades, debris disk stars can be distinguished

from emission-line stars by the absence of excess NIR emission in the former,

since even the hottest candidate debris disks have T< 900 K (Uzpen et al., 2005).

Indeed, none of the rest of the 12 excess members possesses an excess in the

2MASS colors, nor is mentioned as an emission-line star. We therefore regard

these stars as debris disk candidates.

The 24 µm images of the 9 debris disk candidates discovered in this work are

shown in Fig. 3.5; the remaining 3 are from Stauffer et al. (2005). The central

contour is drawn at 1/2 of the intensity of the brightest pixel on the source, as

a measure of the FWHM. As can be seen from these images, the excess emission

appears symmetrical and unresolved within the MIPS beam of 6′′, meaning that
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it is confined to <800 AU from the parent stars, consistent with the sizes of the

nearby debris disks resolved in the mid-IR (Stapelfeldt et al., 2004; Su et al., 2005;

Telesco et al., 2005). The remaining contours are drawn at the level of the median

sky intensity, representing the quality of the background. In all cases the back-

ground is flat or only tilted (HII 489 and HII 1284), but uniform within at least the

first Airy ring where we measure the sky level, lending confidence to the reality

of the detected excesses (compare with the uncertain excess candidates HII 1234

and HII 1061 from Table 3.1 shown in Fig. 3.2).

3.5 Properties of the debris disk candidates

We now discuss individual debris disk candidates in more detail. We arrive at a

similar conclusion as Stauffer et al. (2005): except for the 24 µm excess, the host

stars for debris disks do not stand out as a group in any other properties. We

find however that excesses are more frequent among early-type stars, and that

the solar-type candidates are predominantly single stars.

3.5.1 IRAC excesses

All disk candidates, except for HII 1095, HII 2425 and Pels 58, have been also im-

aged with IRAC. None was found to show excess at wavelengths ≤ 8µm, similar

to cirrus-free non-excess members (Stauffer et al., 2005, 2006 in preparation). This

property provides yet another defense against false excesses from heated inter-

stellar material, since in such cases we would expect to detect aromatic emission

in the 6 to 8µm range.

3.5.2 Model Spectral Energy Distributions

Stauffer et al. (2005) have modeled the spectral energy distribution (SED) from

0.3 to 30 µm in HII 1101. They found that the 24 µm emission arises from a 84
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Figure 3.5 24 µm images of the debris disk candidates discovered in this work;
64′′ × 64′′ (51 px × 51 px), linear flux scale. The central contour is drawn at the
half-maximum of the source flux and the remaining contours at the median sky
level.
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K disk with a central hole 13 AU in radius. Considering that V − K, IRAC and

MIPS fluxes of our strongest solar-type disk candidate HII 1797 are very similar

to HII 1101, it could be that a similar cold disk is observed in HII 1797 as well,

and probably much different from the ones around the F9 dwarf in M 47 and M

dwarf in NGC 2547 that have much stronger 24 µm excesses (Gorlova et al., 2004;

Young et al., 2004). Given the relatively few constraints, a variety of alternative

disk models are also likely to be compatible with the SEDs of these stars.

3.5.3 Binarity

One can expect two opposite effects of binarity on debris disks. The circumstellar

disks in binaries may be more truncated and the inner part of the circumbinary

disk better cleared compared to the single stars, in which case one expects an

anticorreletion between excess and binarity. On the other hand, a companion can

stir up the debris disk prompting more collisions and greater dust production. In

the field and for old (> 1Gyr) stars we find that binary systems may tend toward a

higher incidence of 24um excess (Trilling et al., in preparation). The Pleiades can

in principle provide a useful comparison at a younger stellar age. We therefore

discuss binarity for the Pleiades excess stars.

HII 2195 has been suspected to be a spectroscopic binary based on the scatter

of the radial velocity measurements (Liu, Janes, & Bania, 1991). The number

of observations however is too small to allow determination of the period. The

speckle observations of Mason et al. (1993) did not detect any companion within

0.035-1′′ and less than 3 mag fainter than the primary. Raboud & Mermilliod

(1998) consider this star to be single. The binarity status therefore remains to be

confirmed.

As with HII 2195, HII 1284 was identified as a spectroscopic binary without

a period in Liu, Janes, & Bania (1991), but no companion was detected in the
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speckle observations of Mason et al. (1993). Raboud & Mermilliod (1998) how-

ever consider it a single-lined spectroscopic binary and derive a mass for the

companion of 0.86 M¯, corresponding to spectral type G-K. Also, the weak X-

ray emission detected within 2′′ by Chandra is consistent with emission from an

“inactive late-type companion” (Daniel, Linsky & Gagné, 2002). It is interesting

that HII 1284 is also a photometrically variable star (V1210 Tau). If indeed it be-

longs to the γ Dor pulsating type, with ∆V = ± 0.02 mag and P = 8h (Martı́n &

Rodrı́guez, 2000), this status could explain some of the radial velocity variations

currently assigned to the invisible spectroscopic companion.

HII 1101 was suspected to be a photometric and spectroscopic binary in Soderblom

et al. (1993), confirmed as a spectroscopic binary in Queloz et al. (1998). It was

however considered a single star in Raboud & Mermilliod (1998) and most re-

cently in Stauffer et al. (2005). Clearly the above three stars deserve further spec-

troscopic monitoring to establish their binarity.

HII 1380 was reported as a visual binary in Anderson, Stoeckly, & Kraft (1966),

but binarity is not mentioned in more recent studies (Liu, Janes, & Bania, 1991;

Raboud & Mermilliod, 1998; Dommanget & Nys, 2000; Mason et al., 1993). The

position and photometric information in the Washington Double star catalog

(Mason et al., 2001) indicate that the companion in question could be HII 1368.

The proper motion of the latter, however, as well as its large separation (29′′ )

make it an unlikely cluster member.

The rest of the disk candidates – HII 489, 514, 996, 1095, 1200, 1797, 2425 –

are apparently single stars, as indicated by radial velocity studies (Liu, Janes,

& Bania, 1991; Raboud & Mermilliod, 1998) and their absence in the Hipparcos

Visual Double Stars Catalog (Dommanget & Nys, 2000). Pels 58 is not mentioned

in the above binarity studies, perhaps because it is located 1.3◦ away from the
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core (the North-most square in Fig. 3.1). Nevertheless, the consistency of the

different radial velocity estimates reported for it in VizieR, and the suggestion of

Kharchenko, Piskunov & Scholz (2004) to consider it a radial velocity standard

indicate it to be a single star as well.

We looked at the 2MASS images of the disk candidates for physical compan-

ions within 15′′ that could have been missed in the optical studies (15′′ at the

Pleiades distance corresponds to the maximum separation set by the dynamical

interactions with other cluster members). Also we looked for any other objects

within the MIPS beam (6′′ ) whose emission could be confused with the member

flux. We found HII 2425 to have companion 11′′ north-east, which is visible in the

2MASS K band only. HII 1101 has a 2MASS companion 9′′ south-east, too faint

however to identify its nature from the NIR colors. None of the remaining disk

candidates has 2MASS counterparts within 15′′.

Fig. 3.5 shows that at 24 µm only HII 1284 reveals a companion (11′′ to the

south-east, at RA=03:47:04.5, DEC=+23:59:32.7) with F24 = 2.1 mJy. It is seen at

the same location on the East and West sub-fields obtained few days apart. The

absence of a 2MASS counterpart, meaning K > 14m, and the small reddening

of HII 1284, indicate that, if a Pleiades member, this object would have to be

of very low luminosity (M6 or later) with a huge excess. The observed colors

are too red for an optically thin debris disk, comparable only to excesses from

primordial disks in much younger objects (Lada et al., 2006, Muzerolle et al. 2006

in preparation). The companion to HII 1284 appears therefore to be an unrelated

source.

We conclude that the debris disk candidates in the Pleiades are predominantly

single stars. A few cases – HII 1284, HII 2195 and HII 1101 are possible, but un-

confirmed, spectroscopic binaries. Thus our debris disk stars should be directly
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comparable with the field-star studies of Kim et al. (2005) and Bryden et al. (2006)

that apply to predominantly single-star samples.

3.5.4 Rotation

The distribution of Pleiades rotational velocities with temperature/mass is bi-

modal. The first group includes all spectral types and has the upper envelope

of the vsini distribution exponentially decaying toward later types, starting from

above 300 km/s in B stars (e.g., Pleione), to 7 km/s in K, to 3 km/s in early Ms.

The second group consists of late-type ultra-fast rotators, with velocities of 25-140

km/s (Stauffer et al., 1984; Soderblom et al., 1993; Queloz et al., 1998). All excess

stars fall into the first rotation group formed by the majority of members. With

the limited number statistics per spectral bin, we do not find significant corre-

lation of the strength of the 24 µm excess with rotation. For example, the early

members HII 2425 and HII 1380 share similar spectral types and fast rotation, but

their excesses are markedly different. Half of the late-type ultra-fast rotators fall

in the region of heavy cirrus (RA < 03h48m, Fig. 3.1), making reliable measure-

ment of their excesses impossible. The remaining are HII 2034, HII 1516, HCG

154, and possibly HII 174, none of which has an excess.

3.5.5 X-rays

Recent X-ray studies by Chandra (Daniel, Linsky & Gagné, 2002) and XMM-Newton

(Briggs & Pye, 2003) surveyed areas in the cluster core just eastward of the heavy

cirrus. The XMM-Newton field is a 30′ ×30′ area north-east of Alcyone and Maia.

Except for the late K dwarfs HII 1110 and HII 1280, within this field we detect

at 24 µm all 9 B9.5-K members detected also in X-rays, as well as two X-ray non-

detections, the early A stars HII 1431 and HII 1028. None of these stars shows

convincing IR excess. Two of them are possibly contaminated: HII 1234 is em-
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bedded in a smooth 0.5′ halo, while HII 1028 is somewhat extended for a point

source. The Chandra field is an adjacent 16′ × 16′ area between Alcyone and

Merope. There are 8 B6-K6 common detections between MIPS and Chandra, and

two non-detections – the A stars HII 1362 and HII 1375. Because this area is

strongly affected by cirrus, only 3 objects have reliable 24 µm photometry. Two of

them, the mid-F spectroscopic binaries HII 1122 and HII 1338, do not have 24 µm

excess. The third one, HII 1284, A9, is one of the 12 debris disk candidates. The

X-ray emission is presumably coming from the spectroscopic “inactive late-type”

companion (Daniel, Linsky & Gagné, 2002). Among 5 objects with questionable

photometry, 3 may have 24 µm excesses: the Be star HII 980, A7 HII 956 and K5

HII 1061, all of which are suspected binaries. ROSAT observations are less sen-

sitive but more complete in terms of the covered area. Micela et al. (1999) and

Stauffer et al. (2005) provide X-ray fluxes for all the solar-type debris candidates

(with upper limits for HII 1095 and HII 1200), and upper limits for B-A candidates

(except for Pels 58).

Chen et al. (2005a) noticed a possible anti-correlation between X-ray activity

and debris disk presence, interpreting it as evidence for dust clearing by stellar

wind drag. To test this correlation, we plot X-ray luminosities for the solar-like

Pleiades members from Table 3.2 in Fig. 3.6. The sizes of the circles represent

the magnitude of the 24 µm excesses. As one can see, the disk candidates are

not distinguishable from the diskless ones in this diagram (in agreement with

Stauffer et al. (2005)). Although we do not confirm the Chen et al. (2005a) finding,

a larger sample is needed for a better test. In addition, the Pleiades stars are

significantly older than the members of the Sco-Cen association studied by Chen

et al., and the wind drag must be less effective because the stellar wind is weaker.
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Figure 3.6 Solar-type members from Table 3.2 with X-ray luminosity fractions
from Micela et al. (1999) and Stauffer et al. (2005). Dotted circles: binaries; down-
ward arrows: upper limits. Bigger circles correspond to bigger K − [24] excess
(defined as the deviation from the fit to the non-excess locus in §3.4). Marked are
disk candidates. The three strongest single X-ray emitters are the fast rotators HII
727, HII 174, & HII 2034.
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3.6 Lifetime of the 24 µm excess

We will now compare the excess rate for the Pleiades stars with results from other

studies. Various authors use slightly different criteria to define a significant ex-

cess, dictated mainly by the precision of their IR measurements, and split their

samples into slightly different spectral type/color bins, which are usually lim-

ited by the volume and detection limits of a given survey. Spectral type and

binarity information are not available for the majority of cluster stars either. For

a preliminary comparison with other studies we define those Pleiades members

to have excesses that deviate by more than 0.15 mag (∼3σ) from the K − [24] lo-

cus of non-excess members as derived in §3.4. We calculate excess frequencies in

the following spectral-type groups defined with colors (dereddened where pos-

sible): 1) early-type stars – B–A, or V − K ≤ 0.8; 2) solar-type stars – F–K3, 0.8 <

V − K ≤ 2.7. We further compute excess fractions separately for single stars. In

all cases only stars from Table 3.2 are used. For our total sample of non-emission

early-type Pleiades stars we obtain an excess fraction of 25% (5 stars out of 20);

for a subsample of single stars it is 33% (3/9). For solar-type stars we obtain cor-

respondingly: 10% (4/40) based on our measurements only, 9% (5/53) when we

include the 13 stars from Stauffer et al. (2005), and for the single stars only in the

combined sample – 17% (5/30). Note that a 0.06 mag difference in [24] between

us and Stauffer et al. (2005) puts HII 514 just below the boundary between excess

and non-excess objects. Our 0.15 mag excess threshold also eliminates HII 1200 as

an excess candidate, so we add only HII 1101 from Stauffer et al. (2005) as having

a confirmed excess.

In Table 3.3 we compile Spitzer results on the 24 µm excess fractions in several

young clusters and associations and in the field, separately for early-type and

solar-type stars. They are binned into several age categories that roughly cor-
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Table 3.3. 24 µm excess fraction as a function of age

Epoch in the Solar system Age Cluster Excess fraction Ref.

B–A F–G–K

Transition from <10 Myr 44% 4/9 Rieke et al. (2005)

accretion to 5–20 Myr Sco-Cen 34–50%1 14/41 Chen et al. (2005a)

debris stage 8–10 Myr TW Hya 29% 2/7 Low et al. (2005)

Terrestrial 10–24 Myr 48% 10/21 Rieke et al. (2005)

planet 25–35 Myr NGC 2547 38% 8/21 Young et al. (2004); Rieke et al. (2005)

formation 25–89 Myr 47% 20/43 Rieke et al. (2005)

Giant planet 90–189 Myr 26% 28/108 Rieke et al. (2005)

migration, 60-100 Myr M 47 23% 8/35 Gorlova et al. (2004)

interaction 100–120 Myr Pleiades 25% 5/20 9% 5/53 this work and Stauffer et al. (2005)

Late heavy bombardment, 190-800 Myr 12% 10/85 Rieke et al. (2005)

asteroid grinding, >1 Gyr 1.2% 2/167 Beichman et al. (2005); Kim et al. (2005);

destruction of comets Bryden et al. (2006); Beichman et al. 2006 in prep.

Giant stage, >800 Myr <8% 0/36 Jura (1990) (G giants)

evaporating of comets in the Kuiper belt,

condensation of stellar wind

1The observed level of 34% is due to contamination by interlopers, accounting for them can bring the excess fraction to 50%

respond to the main episodes of dust production in the Solar System – clearing

of the primordial disk and vigorous collisions between growing planetesimals

within the first 10 Myr; rare collisions between terrestrial planet embryos (e.g.,

the Earth-Moon creation at 30 Myr); possible migration of giant planets that stir

smaller bodies and initiate collisional cascades (Late Heavy Bombardment at 700

Myr); and finally a constant process of dust production from colliding asteroids

and evaporation of comets.

We derive another limit on debris disk excesses using G giants. G giants are

tracers of the post-main-sequence evolution of A stars, unlike cooler K-M giants

which are a mixture of stars with a wide range of masses and at various late

evolutionary stages. Jura (1990) searched the IRAS Point Source Catalog for 60
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µm excess emission in G giants. He found no confident excess among 36 giants.

This allows estimation of an upper limit εup on the true excess fraction, using the

binomial distribution as appropriate for the small number statistics here. At a

confidence level of 0.954 (that corresponds to ±2σ in the Gaussian approxima-

tion) εup is calculated from ∫ εup

0 37(1− ε)36dε = 0.954, resulting in εup = 0.08. Based

on a larger sample (that includes fainter stars) Plets et al. (1997) found the 60 µm

excess fraction to be 0-3% for G giants, and even less at 25 µm. Kim, Zucker-

man, & Silverstone (2001) reexamined a dozen IRAS excesses around G-K giants

with ISO and found dust to extend at least a few thousand AU (with T < 100 K),

which excludes a debris disk interpretation. We therefore adopt 8% as a conser-

vative limit on the 25 µm excess fraction from debris disks around evolved stars

of a few solar masses. Data from Table 3.3 are plotted in Fig. 3.7.

An important new result is the high level of excesses at 24 µm for the roughly

solar mass stars in the Pleiades compared to older field dwarfs. For the field

dwarf sample, we have combined the work of Kim et al. (2005), Bryden et al.

(2006), and Beichman et al. (2006, in preparation) into a total sample of 167 stars

of solar mass and typical age >1 Gyr. Of these stars, two have excesses at 24

µm, compared with five of 53 solar mass stars in the Pleiades. We have used the

binomial theorem to test the significance of this difference and find a probability

of less than 0.3% that the two samples are drawn from the same distribution. That

is, 24 µm excesses are more common at 100 Myr than at >1 Gyr at a statistically

significant level.

The incidence of Pleiades 24 µm excesses appears to be higher still in stars of

∼ 2.5 M¯ (A-stars) – 25% vs. 9% in solar mass stars (with a 96% confidence). Does

this mean that debris disk masses are systematically greater in high-mass stars?

For example, a broad range of masses was found for primordial disks around
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Figure 3.7 Decay of 24 µm excess fraction as a function of age, based on Spitzer
studies of stars in the young clusters and the field (Table 3.3). Solid circles: early-
type stars; open circles: solar-type stars; solid square: G giants (descendants of A
stars).
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low-mass stars in Andrews & Williams (2005), which may translate into varying

planetesimal masses and give rise to a great variation in debris dust production.

However, in the absence of photometry at longer wavelengths, one can not rule

out that the observed difference in excesses is due to the difference in the stel-

lar luminosity or in the spectral energy distribution. More luminous A stars are

capable of heating up material to larger distances, resulting in a geometrically

larger area that emits at 24 µm. On the other hand, radiation pressure which is

the dominant dust removal mechanism around luminous stars, is also a function

of wavelength. Stellar mass and wind are additional factors that enter the expres-

sions for the forces acting on the dust particle (e.g., Chen et al., 2005b). At this

time it is not clear which of the these effects is the most important cause of the

difference. While this observation awaits confirmation from other clusters, the

decline in disk fraction with time for both A- and solar-type stars is similar. We

thus qualitatively conclude that the disk evolution is similar over the 0.8 to 2.5

M¯ stellar mass range, and that a significant number of stars within this range

are still producing debris at high levels in their planetary zones (∼1 – 20 AU ) at

100 Myr of age.

The apparent difference between field A-stars and field solar-type stars arises

to first order simply because the A-stars are systematically younger. We can

therefore use the solar-mass stars as an indication of the evolution of debris disks

past the main sequence lifetime of A stars. Twenty two of the sample of 167 solar-

mass stars discussed above are detected at 70 µm (in general, the observations are

deep enough to detect the stellar photospheres, although often at only low signal

to noise). The rate of detection at this wavelength is 13±3%, compared with a rate

of ∼1% at 24 µm. Su et al. 2006, to be submitted to ApJ, demonstrates for the field

A stars of various ages and Smith et al. (2006) for nearby B-K young stars, that
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the 70 µm excess fraction decays slower than the 24 µm one. We conclude that

the decline of the 24 µm emission with age corresponds to the decline of the fre-

quency of collisions or disruptive events within the inner parts of the planetary

systems, corresponding to the asteroidal zone of the solar system. The outer parts

detected at 70 µm, corresponding to the Kuiper Belt zone, evolve more slowly.

Terrestrial planets had formed in the Solar system at ∼30 Myr (Kleine et al.,

2002) and presumably largely cleared material in the inner few AU region that

we are probing at 24 µm. However, in different planetary system architectures,

Moon-sized bodies within 1 AU may still survive by the Pleiades age of ∼115

Myr (Basri, Marcy, & Graham, 1996). Occasional collisions could give rise to in-

termittent excesses at 24 µm (Kenyon & Bromley, 2005). Another source of warm

dust at this age could be occasional disturbances of the asteroid or cometary belts

by migrating giant planets. Dynamical simulations show that giant planets can

experience strong interactions near the mean motion resonances, resulting in dra-

matic episodes of scattering and producing a collisional cascade of the smaller

bodies, perhaps explaining the Late Heavy Bombardment at 700 Myr in the inner

Solar system (Gomes et al., 2005; Strom et al., 2005).

Kenyon & Bromley (2005) have quantified this picture in a series of simula-

tions for a solar-type and an A-type star. The predicted evolution of the 24 µm

excess can be directly compared to observations from our Figs 3.4 and 3.7. After

10 Myr an overall decline in 24 µm excess is predicted, but with levels that are

always bigger for the more luminous A stars. Indeed, the average excess is ob-

served to decline with age for both early and late-type stars, and the fraction of

detected excesses appears smaller in the solar-type stars compared to the early-

type ones (Fig. 3.7). But how can we explain the observed range of excesses be-

tween stars of similar age and mass? For solar-type stars, the simulations show it
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can be explained by collisions within a few AU that produce short-lived excesses

in amounts much bigger than the weak preexisting level. For A stars, however,

the simulations behave differently: the 24 µm emission comes from distances up

to 100 AU , and the excess from a single collision never competes with the excess

from the bulk of the disk (compare Figs. 4 and 8 in Kenyon & Bromley (2005)).

This result also appears to contradict the observed extent of the Vega system (Su

et al., 2005). Therefore, explaining disk behavior as a function of stellar mass is

an area requiring further investigation.

3.7 Conclusions

We have conducted a photometric survey for warm dusty disks in the Pleiades,

the nearest medium-age (∼100 Myr) open cluster. At this age, terrestrial planet

formation should be complete, and the inner few AU region is expected to be

largely cleared of dust. The dust however can be temporarily replenished, either

from occasional asteroid collisions or from the outer regions where giant planet

migration may still be occurring. Indeed, we find 24 µm excess emission around

nine B9-K0 non-emission stars. The fraction of B-A stars with excesses is 25%,

comparing well to a similar age cluster M 47 (Gorlova et al., 2004).

Because of the proximity of the Pleiades, for the first time we can explore

excesses in solar-mass stars down to the photospheric limit. Combined with the

Stauffer et al. (2005) sample, we find that the incidence of 24 µm excesses for these

stars, at 10%, is significantly higher than that for old field solar-mass stars, 1%.

Thus, the clearing of debris in the planetary zone (∼1 – 20 AU ) for these stars

takes a similar time as the similar process in A-stars, of order 100 million years.

Comparing with the incidence of 70 µm excess in >1 Gyr old solar mass stars,

13±3%, it appears that the outer, Kuiper Belt - like zones of planetary debris clear
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much more slowly that the planetary zones seen at 24 µm.
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CHAPTER 4

MID-IR SURVEY OF DEBRIS DISKS IN NGC 2547

We carried out a planetary disk survey in the the 30 Myr-old cluster NGC 2547

using IRAC and MIPS instruments on-board Spitzer. At 4.5–8 µm we are sensitive

to photospheres down to mid-M types (0.2 M¯) and at 24 µm to early-Gs (1.2 M¯).

We find only 3–4 members with excess at 8 µm out of ∼400, resulting in excess

fraction ∼<1% at this wavelength. By contrast, the excess fraction at 24 µm is 44%

(for B–F types). Out of four late-type excesses at 8 µm two are consistent with

asteroid-like debris disks, while the other two possibly originate from transitional

disks. Our survey provides the best evidence so far that the inner 0.1–1 AU parts

of disks around solar-type stars clear out very thoroughly by 30 Myrs.

4.1 Introduction

NGC 2547 is a rich open cluster in the Southern Hemisphere at a distance of

450 pc (m − M = 8.25 ± 0.2). Clariá (1982) was first to carry out an extensive

photoelectric survey (in the UBV bands) and determine its main properties. He

identified 70 members up to V = 13.4m (B3 to ∼K0) and estimated the age to be

between 30 and 80 Myr from the brightest members at the Main Sequence (MS)

turn off. Despite lying ∼ 8◦ from the Galactic plane, the cluster was found to have

only a small amount of reddening, E(B − V )=0.06 ± 0.02. Jeffries & Tolley (1998)

and Naylor et al. (2002) extended the cluster sequence further down to V = 20m

(mid-Ms or ∼0.2 M¯, according to models of Siess et al. (2000)), by carrying out

a BV I survey within 15′ from the cluster center and identifying counterparts to

ROSAT sources. They inferred an age of 10–20 Myr from isochronal fitting to

the low mass pre-MS population, at odds with the estimate of ∼50 Myr from the
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cluster turn-off (though the latter is defined by only one or two stars). Further-

more, the saturation level of the X-ray luminosity in G-K stars was found to be a

factor of two lower than in the 30–50 Myr-old clusters IC 2391 and α Per, while

the distribution of rotational velocities was indistinguishable (Jeffries, Totten, &

James, 2000). The first measurements of the Lithium depletion in K-M members

again favored 50 Myr, casting doubt on the validity of the pre-MS evolution-

ary models (Jeffries et al., 2003; Oliveira et al., 2003). The age discrepancy was

finally reconciled at 30 ± 5 Myr based on more precise observations of X-rays

with XMM-Newton (Jeffries et al., 2006) and of the Li depletion boundary with

the VLT (Jeffries & Oliveira, 2005). The most recent UBV RI study of Lyra et al.

(2006) confirms a 30–40 Myr age range after fitting four independent contraction

tracks, their distance and reddening being on the low side of the previous range

of estimates (390 pc and E(B − V ) = 0.03).

30 Myr is an interesting age when planetary embryos, 1000 km-sized bod-

ies, have probably already formed in the inner few AU zone (Chambers, 2001;

Kenyon & Bromley, 2006). They are capable of stirring up smaller bodies and

creating collisional cascades, forming a debris disk, for example in the form of

a single ring bright in the mid-IR in the model of Kenyon & Bromley (2004c),

or in the form of numerous rings in the presence of giant planets that gravita-

tionally scatter and trap dust into resonances in the model of Moro-Martı́n &

Malhotra (2002). The Earth-Moon system was created in a grand collision at this

age (Kleine et al., 2002). By comparing the disk population in NGC 2547 with

clusters and field stars of different ages we can verify whether indeed this age

corresponds to the peak of planetesimal activity, and whether the time-scale for

inner planet formation differs among stars of various masses.

No signs of gas accretion were found in the (limited) spectroscopic surveys
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of the cluster. The Spitzer survey of Young et al. (2004) also demonstrated the

lack of dust near the sublimation temperature for the bulk of members down to

mid-K, while ∼200 K dust was found for a quarter of the early-type members.

An ambiguity remained for late K–M stars however, where mid-IR excesses were

marginally detected in a dozen stars. The uncertainty was partly due to measure-

ment errors, but also due to low number statistics of known members for the em-

pirical determination of the photospheric locus in the Spitzer bands. The present

study is a re-analysis of the Spitzer data for NGC 2547 first presented in Young

et al. (2004). Compared with the Young et al. (2004) study that was performed

early in the Spitzer mission, we use improved image processing techniques and

flux calibrations, resulting in more precise photometry. Secondly, to identify de-

bris disks we apply color criteria developed in the successive studies of other

clusters, within the framework of the MIPS open cluster survey (Gorlova et al.,

2004, 2006; Siegler et al., 2006). Thirdly, we use a new extended membership list,

improving on excess statistics. We therefore probe disks around the lower mass

stars and over the full area covered by Spitzer. Finally, we carry out a multi-slit

medium-resolution spectroscopic survey of a subsample of photometric mem-

bers. We improve the spectroscopic membership list for F-M stars and confirm

chromospheric emission in K and M stars that was somewhat ambiguous with

the fiber spectrographs used in previous studies.

4.2 Observations and Data Reduction

4.2.1 Spitzer Photometry

Spitzer observed a ∼ 1◦-wide area centered on NGC 2547 with the IRAC and

MIPS instruments at 3.6, 4.5, 5.8, 8.0, and 24 µm central wavelengths. Obser-

vations of NGC2547 with IRAC were obtained on Dec 19, 2003. The high dy-
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Figure 4.1 NGC 2547 color mosaic composed of two IRAC bands and the MIPS
24 µm one. The optically brightest members in the center of the cluster are sur-
rounded by extended 24 µm emission, a result of winds and heating of the inter-
stellar cirrus. They also excite the 7.7 µm feature in the spectrum of the polycyclic
aromatic hydrocarbon molecules, seen as the bright green area. Two dashes indi-
cate position of ID 9, a candidate low-mass member with a strong mid-IR excess.
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namic range mode survey with integration times of 0.4 s and 10.4 s covers about

half a square degree centered on RA=08:10:13 and DEC=-49:13:25. The obser-

vation was repeated twice in each position giving a total of 20.8 s integration

time. The BCD frames from the SSC pipeline 13.2 were processed using the SAO

IRAC Pipeline, and mosaics were created using a custom IDL program. We then

performed photometry for a new member list of the UK group (§4.3.1). Source

finding and aperture photometry for IRAC were carried out using PhotVis ver-

sion 1.10 which is an IDL-GUI based photometry visualization tool (Gutermuth

et al., 2004). The radii of the source aperture, and the inner and outer sky annuli

were at 2.4, 2.4 and 7.2 arc-second respectively. We converted the MJy/sr units

to DN/s using conversion factors 0.1088, 0.1388, 0.5952, and 0.2021 for channel

1, 2, 3, and 4 respectively. Then we calculated the standard IRAC magnitudes

using −2.5 · log(fluxDN/s) + zp where zp is 21.9929, 21.2583, 19.0747 and 19.4372

for channel 1, 2, 3, and 4 respectively. The zp term includes: 1) the zero point of

the standard tramsformation using large aperture measurements of standard star

observations; 2) the aperture corrections of 0.21, 0.23, 0.35 and 0.5 for channels 1,

2, 3, and 4 to account for the differences between the aperture sizes used for stan-

dard star and NGC 2547 photometry; 3) corrections for exposure time. Originally

we accepted all sources with photometric error less than 0.2 mag as good de-

tections, then we examined the detected sources visually to clean the sample of

spurious detections and non-stellar objects. However, because the IRAC images

were obtained with only two dithers, this procedure is limited at removing the

effects of the cosmic rays. This issue is discussed further in §4.3.2. We compared

our photometry with the photometry of Young et al. (2004) and found that the

two datasets agree within the errors. The IRAC counterparts of the known mem-

bers of NGC 2547 were found using a 2′′ matching radius.
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Figure 4.2 IRAC 8 µm image showing area surveyed photometrically and spectro-
scopically in this work. Asterisks: optically-selected photometric members from
Naylor et al. (2002) and Jeffries et al. (2004); squares: members detected with
Spitzer, rhombs: sources for which we obtained spectra.
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The Multi-band Imaging Photometer for Spitzer (MIPS) at its shortest wave-

length of 24 µm traces warm dust at about 200 K, at radii 1–3 AU corresponding

to terrestrial planets and the Asteroid Belt in the Solar System. For MIPS we used

the same reduction as Young et al. (2004) but re-did the photometry. At 24 µm

we performed a PSF-fitting photometry – due to better PSF sampling and a more

complicated background than for the IRAC bands. The procedure is identical to

that Gorlova et al. (2006) initially applied to the Pleiades. Briefly, we first ap-

plied the IRAF package daophot , task phot to obtain aperture photometry for

the cluster members based on 2MASS coordinates. We used these results as in-

put into task allstar with the template PSF constructed from 19 isolated stars in

our image with a range of brightness. To put instrumental magnitudes produced

by allstar into the “Vega system”, we used the following conversion factors:

the aperture correction for an aperture with radius 3.5 px (1 pixel= 1.247′′) and

sky annulus from 5 to 10.5 pixels is 0.86 mag; 1 DN/s/px= 1.63742E-06 Jy/px;

[24] = 0m is equivalent to 7.14 Jy. The allstar re-centered coordinates deviate

by no more than the 2′′ from 2MASS coordinates, except for a few of the faintest

members and bright extended objects.

Our Spitzer photometry for optical candidate members is given in Tables 4.1

and 4.2. Out of 860 objects we detect 606, 638, 589, 582, & 84 at maximum mag-

nitudes 15.5, 15.7, 15.4, 15.0, & 11.7 in IRAC channels 1–4 and at MIPS 24 µm

respectively. This is 3–5 times more detections and 1–2 mag deeper than Young

et al. (2004). Figure 4.1 shows the Spitzer view of NGC 2547 composed of the 4.5,

8 and 24 µm maps. Fig. 4.2 shows the 8 µm image with overplotted optical mem-

bers, those detected at 4.5, 8 µm, and 24 µm, and the subsample we observed

spectroscopically. The IRAC images have a good match in depth and coverage

to the optical surveys (except for a 0.2◦ NE offset of the 3.5 and 5.8 µm channels
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from the cluster center). The MIPS coverage is only slightly smaller in the NS di-

rection, but confusion with background sources and interstellar (ISM) nebulosity

limits its sensitivity to intermediate mass members in the center of the cluster.

4.2.2 Multi-slit Spectroscopy

To evaluate the level of contamination of our sample of photometrically selected

members, as well as to investigate excess sources, we have obtained medium-

resolution spectra in the red for a number of candidate members, covering a wide

range of spectral types from B to mid-M. These sources are marked by open cir-

cles in the color-color plots in this paper.

The observations were performed in two runs in 2005 with the multi-object

spectrograph IMACS on the 6.5m Baade telescope (Magellan-1) in Las Campanas,

Chile. The atmospheric conditions were excellent with seeing typically around

0.6′′. We observed 3 fields with 5 masks. Two 15′ × 15′ fields are centered on

the cluster center and one is adjacent to the North-West (Table 4.3, Fig. 4.1). For

the central fields we created separate masks for bright stars (V = 8 − 13m) and

faint stars (V = 13 − 20m) to avoid bleeding from bright stars at long exposures.

The faint masks contained 20–30 slits each. About a quarter of the spectra were

rejected in the final analysis due to overlap with other spectra, closeness to chip

edges, or underexposure.

We observed with the f/4 camera, 2×2 binning (for higher S/N), 6′′ × 0.7′′

slits and the 1200 lines/mm grating, at the maximum available angle of 32◦.8 in

1st order. The spectra were dispersed across 4 chips resulting in 3 gaps ∼100 Å -

wide. The aim was to target the region around the Ca II IR triplet at 8500-8700 Å

at the maximum resolution. With a plate scale of 0.22′′/binned pixel, this resulted

in resolution of 1.0Å (for 0.6′′ seeing), or 8,200 (36km/s) at the central wavelength

of 8350 Å . When reducing the data however we discovered that the filter we used
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Table 4.1. Spitzer photometry for NGC 2547 members1

RA ◦ DEC ◦ V-K RC -K K ± [3.6] ± [4.5] ± [5.8] ± [8.0] ± [24] ± 2MASS Field Star PM

(2000, 2MASS) No.2 No.2 m.?3

122.136105 -49.436287 2.74 2.12 11.78 0.02 99.99 99.99 11.77 0.01 99.99 99.99 11.66 0.02 99.99 99.99 08083266-4926106 6 55 y

122.137767 -49.070377 99.99 2.49 12.29 0.02 12.20 0.01 12.32 0.01 12.17 0.03 11.93c 0.04 99.99 99.99 08083306-4904133 16 138 y

122.486579 -49.576954 99.99 4.11 14.35 0.08 14.11 0.01 14.15 0.02 13.95 0.07 13.98 0.13 99.99 99.99 08095677-4934370 3 573 na

122.489718 -49.138947 -0.03 99.99 8.95 0.02 9.01 0.01 9.04 0.00 9.01 0.00 8.88 0.01 7.31h 0.03 08095753-4908202 15 8396 y

122.490323 -49.163170 99.99 1.21 11.87 0.03 11.85 0.00 11.88 0.01 11.83 0.02 11.79 0.04 99.99 99.99 08095767-4909474 13 67 n

122.491086 -48.821747 99.99 1.77 11.66 0.02 11.62 0.00 11.68 0.01 11.58 0.01 11.61 0.02 99.99 99.99 08095786-4849182 23 40 y

122.493574 -49.062019 4.40 3.39 12.76 0.03 12.57 0.01 12.57 0.01 12.41 0.03 12.53 0.05 99.99 99.99 08095845-4903432 18 221 na

122.515556 -49.415951 2.11 1.63 11.57 0.02 11.58 0.00 11.65 0.01 11.59 0.01 11.59 0.02 99.99 99.99 08100373-4924574 8 40 y

122.515843 -49.018646 1.65 99.99 10.89 0.02 10.87 0.00 10.89 0.00 10.81 0.01 10.85 0.01 10.85 0.18 08100380-4901071 18 50 y

122.517183 -49.266048 5.17 3.99 13.52 0.04 13.34 0.01 13.33 0.01 13.22 0.05 13.03 0.08 99.99 99.99 08100412-4915577 13 601 na

122.517603 -49.008003 99.99 4.64 15.23 0.14 14.98 0.02 14.94 0.05 14.60 0.15 99.99 99.99 99.99 99.99 08100422-4900288 18 1361 na

122.518443 -48.848446 99.99 2.49 11.38 0.02 11.31 0.00 11.43 0.01 11.36 0.01 11.31 0.01 99.99 99.99 08100442-4850544 23 52 n

122.519145 -49.194130 99.99 4.36 14.60 0.09 14.21 0.02 14.14 0.03 14.02 0.14 13.26c 0.14 99.99 99.99 08100459-4911388 13 922 na

122.531490 -48.942616 99.99 2.66 11.75 0.03 11.62 0.00 11.78 0.01 11.71 0.02 11.63 0.03 99.99 99.99 08100755-4856334 18 95 na

122.531649 -49.000996 99.99 2.70 11.19 0.02 11.08 0.00 11.19 0.00 11.11 0.01 11.00 0.01 10.70 0.14 08100759-4900035 18 79 y

122.532396 -48.919441 99.99 1.17 11.62 0.02 11.61 0.00 11.63 0.01 11.66 0.02 11.56 0.03 99.99 99.99 08100777-4855099 23 27 y

122.532740 -49.276600 -0.01 99.99 8.43 0.02 8.50 0.01 8.46 0.01 8.49 0.00 8.51 0.00 7.64h 0.04 08100785-4916357 9 8432 y

122.534364 -49.183403 99.99 99.99 99.99 99.99 14.99 0.02 15.01 0.05 99.99 99.99 99.99 99.99 99.99 99.99 08100824-4911002 13 1776 na

1A portion of the table is given here for reference. The full version will be available on-line from the Astrophysical Journal

2Designations from “Wide catalog” of Naylor et al. (2002) or from “RIZ” catalog of Jeffries et al. (2004)

3Proper motion membership flag (§2.3), na: proper motion not available

hextended (halo-like) sources at 24 µm

cExcess in this band may be due to contamination of the aperture by a nearby source, cosmic ray or strong nebulosity

Note. — Objects from this table are solid circles on Figures 4.3, 4.4, 4.5, 4.6 , 4.7, 4.8, except those with notes h, c, ns, nm (they have been omitted from the corresponding figures).

99.99 means no data; K: KS from 2MASS
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Table 4.2. Spitzer photometry for NGC 2547 less plausible members1

RA ◦ DEC ◦ V-K RC -K K ± [3.6] ± [4.5] ± [5.8] ± [8.0] ± [24] ± 2MASS Field Star PM

(2000, 2MASS) No. No. m.?2

122.569989 -49.221443 3.01 99.99 11.94 0.03 11.86 0.00 11.99 0.01 11.94 0.02 11.93 0.06 99.99 99.99 08101679-4913171 13 95ns n

122.596591 -49.067772 6.12 99.99 14.51 0.09 14.20 0.03 14.14 0.02 14.45 0.14 13.62 0.17 99.99 99.99 08102318-4904039 18 2184 na

122.606415 -49.109318 4.14 99.99 12.60 0.02 12.48 0.01 12.56 0.01 12.49 0.03 12.42 0.04 99.99 99.99 08102553-4906335 13 695 na

122.607373 -49.136795 2.71 99.99 10.82 0.02 10.77 0.00 10.72 0.00 10.74 0.01 10.66 0.01 10.44 0.14 08102576-4908124 13 300 n

122.612700 -49.146881 1.83 99.99 11.35 0.02 11.38 0.00 11.35 0.00 11.41 0.01 11.28 0.02 11.29 0.24 08102704-4908487 13 148 y

122.628687 -49.178982 4.65 99.99 12.90 0.03 12.73 0.01 12.72 0.01 12.67 0.03 12.76 0.06 99.99 99.99 08103088-4910443 13 2342 na

122.632784 -49.358234 3.41 99.99 11.82 0.02 11.74 0.00 11.75 0.01 11.68 0.02 11.67 0.03 99.99 99.99 08103186-4921296 8 729 y

122.641873 -49.083370 2.43 99.99 10.98 0.02 10.88 0.00 10.95 0.00 10.86 0.01 10.85 0.01 99.99 99.99 08103404-4905001 18 92 na

122.649730 -49.305893 0.72 99.99 9.38 0.02 9.37 0.01 9.41 0.00 9.43 0.00 9.38 0.00 9.46 0.05 08103593-4918212 48 3564 y

122.683753 -49.220924 2.57 99.99 10.95 0.02 10.90 0.00 10.92 0.00 10.94 0.01 10.87 0.01 99.99 99.99 08104410-4913153 13 431 y

122.695184 -49.462570 5.47 4.20 14.98 0.13 14.38 0.02 14.31 0.02 14.25 0.11 14.14 0.17 99.99 99.99 08104684-4927452 2 1028nm na

122.716280 -48.971233 2.84 99.99 11.06 0.02 11.02 0.00 11.14 0.00 11.08 0.01 10.98 0.01 99.99 99.99 08105190-4858164 18 490 y

122.730125 -49.443478 4.84 99.99 13.80 0.04 13.53 0.01 13.47 0.01 13.42 0.06 13.45 0.08 99.99 99.99 08105523-4926365 9 1394 na

122.747649 -49.142479 5.12 99.99 13.50 0.04 13.23 0.01 13.19 0.01 13.19 0.06 13.18 0.08 99.99 99.99 08105943-4908329 12 1176 na

122.769807 -49.054371 3.96 99.99 11.85 0.04 11.73 0.01 11.64 0.01 11.60 0.02 11.64 0.04 99.99 99.99 08110475-4903157 19 1086 n

122.802249 -49.093540 5.60 99.99 14.43 0.07 14.12 0.04 14.09 0.04 13.72 0.11 13.41c 0.10 99.99 99.99 08111253-4905367 19 633 na

122.803718 -49.162022 2.50 99.99 10.85 0.02 10.80 0.00 10.89 0.00 10.84 0.01 10.81 0.01 99.99 99.99 08111289-4909432 12 137 n

122.819776 -49.115688 99.99 4.02 14.80 0.10 14.47 0.02 14.36 0.03 14.22 0.10 13.94 0.14 99.99 99.99 08111674-4906564 12 731nm na

122.836424 -49.219448 1.35 99.99 10.69 0.02 10.68 0.00 10.66 0.00 10.71 0.01 10.66 0.01 99.99 99.99 08112074-4913100 12 22 y

1A portion of the table is given here for reference. The full version will be available on-line from the Astrophysical Journal

2Proper motion membership flag (§2.3), na: proper motion not available

nsNon-stellar flag in Jeffries et al. (2004)

nmBelow the cluster sequence on the V − (V − K) or R − (R − K) diagram – nonmember?

Note. — Objects from this table are triangles on Fig. 4.3, 4.5, 4.7, except for those with notes (they have been omitted from the corresponding figures).

For description of columns and footnotes see Table 4.1
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transmitted also in 2nd order, contaminating the targeted red region with 3600–

4750 Å flux. This affects mostly F-K stars that have strong metallic lines in the

blue. The effect is reduced at higher airmass. We alleviated the order overlap

problem by carrying out a spectral analysis relative to several templates chosen

from the sample itself §4.4, and also with reference to the external digital libraries

that cover both spectral regions.

We normally observed 3 science exposures, followed by quartz flat fields and

He-Ne-Ar arcs. Bias frames were obtained every other night. The reduction was

performed with the IMACS reduction package COSMOS, that performs alignment

of the frames, summation with cosmic ray rejection, flat-fielding, wavelength cal-

ibration, sky subtraction and 2-dimensional spectrum extraction. Final extraction

was performed with the IRAF task apall .

In total, we extracted spectra for 88 sources, 84 of which are in our member

lists (Tables 4.1, 4.2). 2MASS 08093815-4918403 was resolved into 2 objects 1′′

apart. With seeing of 0.6′′, the wings of the spectral PSFs overlap, so we carried

out their extraction with reduced aperture size. The spectrum of the brighter

source was given designation “a”, and of the fainter one “b”. One more object

was resolved into a pair – 2MASS 08100398-4913027, but only the spectrum of

the brighter star was extracted. The companion star is 1.3′′ NE away, unresolved

in 2MASS, and probably explains the non-stellar flag in Jeffries et al. (2004). The

information on the spectral sample is given in Table 4.4.
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Table 4.3. Log of IMACS observations

Mask No. Mask Center UT Date Airmass Seeing Integr. Time V

RA (h:min:s) DEC (◦ : ′ : ′′) FWHM(′′) sec × frames mag

1 08:09:40.000 -49:12:00.00 2005 Feb 02 1.11–1.12 0.6 15 × 7 9-13

2 08:09:40.000 -49:12:00.00 2005 Dec 23 1.07–1.11 0.6 900 × 3 13-19

3 08:10:36.000 -49:15:00.00 2005 Dec 21 1.09–1.10 0.6 150 × 3 10-12

4 08:10:36.000 -49:15:00.00 2005 Feb 03 1.13–1.18 0.7 600 × 3 13-15

5 08:09:40.000 -48:57:30.00 2005 Dec 21 1.07–1.07 0.6 900 × 3 13-18
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Table 4.4. IMACS spectroscopy of NGC 2547 candidate members

RA ◦ DEC ◦ 2MASS (V − K)0 V0 (K − [8])0 (K − [24])0 SpT RV Group Prob. RV S/N Sp. No Remarks1

(2000, 2MASS) % km/s mask:slit

122.489716 -49.138947 08095753-4908202 -0.20 8.73 0.05 1.62 A0Vn BF 37 67 83 1:23 BL

122.402992 -49.193977 08093671-4911383 0.02 8.67 -0.05 -0.05 A0-A1 BF 52 59 280 1:19 BL

122.525330 -49.238346 08100607-4914180 0.04 9.68 0.02 1.47 B8-A1 BF 59 32 38 1:18 LSN

122.467563 -49.183971 08095221-4911022 0.06 9.48 99.99 99.99 99.99 BF 54 34 120 1:7 BL

122.373264 -49.104618 08092958-4906166 0.35 10.03 99.99 99.99 A0-A2V BF 48 19 180 1:22 BL

122.461121 -49.213715 08095066-4912493 0.36 10.03 -0.05 0.02 A2-A3IV BF 66 18 93 1:21

122.460849 -49.222061 08095060-4913194 0.53 10.40 99.99 99.99 A0 G 0 12 95 3:7 BL

122.442093 -49.240837 08094610-4914270 0.53 10.49 -0.00 -0.00 F0 BF 99.99 20 79 1:13

122.361183 -49.243664 08092668-4914371 0.58 10.70 0.04 1.27 99.99 BF 51 11 120 1:8

122.377213 -49.345665 08093053-4920443 0.81 10.90 0.01 0.07 F0 BF 52 13 104 1:14 BL

122.308395 -49.067493 08091401-4904029 0.84 11.23 0.14 0.16 99.99 G 65 1 91 1:17 BL; ID 1

122.694252 -49.292011 08104662-4917312 0.89 10.57 0.01 0.11 99.99 G 34 -5 31 3:5 LSN

122.453885 -49.160297 08094893-4909370 0.93 10.74 99.99 99.99 99.99 BF 4 10 79 1:11 BL

122.408997 -49.311222 08093815-4918403 0.96 10.62 0.11 0.95 A7-A9 BF 42 16 110 1:20a UPH; ID 2a

122.408997 -49.311222 08093815-4918403 0.96 10.62 0.11 0.95 A7-A9 K 42 39 72 1:20b UPH; ID 2b

122.261971 -49.100616 08090287-4906022 1.02 11.60 0.02 -0.07 99.99 G 51 0.6 56 1:26

122.503632 -49.142345 08100087-4908324 1.04 10.80 -0.01 0.01 99.99 BF 44 13 31 1:9 LSN

122.556358 -49.345505 08101352-4920438 1.10 10.78 0.00 0.03 99.99 BF 22 26 15 1:10 LSN

122.345573 -49.132641 08092293-4907575 1.14 12.00 -0.06 0.60 99.99 K 26 9 81 1:15

122.615593 -49.202656 08102774-4912095 1.15 10.81 0.04 -0.14 99.99 G 19 -10.6 46 3:6

122.707695 -49.190510 08104984-4911258 1.16 11.58 0.06 0.14 99.99 G 29 6 29 3:8

122.836426 -49.219448 08112074-4913100 1.18 11.85 0.02 99.99 99.99 G 46 19 20 3:10

122.644608 -49.144444 08103470-4908399 1.30 12.20 -0.03 0.05 99.99 G 13 5 27 3:9

122.462875 -48.983959 08095109-4859022 1.37 12.96 0.10 99.99 99.99 G 0 49 99 5:23

122.241280 -48.905254 08085790-4854189 1.38 99.81 0.02 99.99 99.99 G 99.99 14 97 5:28

122.515846 -49.018646 08100380-4901071 1.49 12.36 0.02 0.02 99.99 G 42 8 120 5:14 BL

122.394005 -49.348721 08093456-4920553 1.58 13.01 0.03 0.87 99.99 K 40 27 190 2:13

122.260422 -48.971462 08090250-4858172 1.61 12.95 1.54 3.66 99.99 G 99.99 14 62 5:11 ID 8

122.475891 -49.322803 08095421-4919220 1.62 12.50 0.01 -0.09 99.99 K 99.99 16 29 1:27

122.421562 -48.920731 08094117-4855146 1.63 99.81 0.03 99.99 99.99 G 99.99 22 84 5:32
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Table 4.4—Continued

RA ◦ DEC ◦ 2MASS (V − K)0 V0 (K − [8])0 (K − [24])0 SpT RV Group Prob. RV S/N Sp. No Remarks1

(2000, 2MASS) % km/s mask:slit

122.759750 -49.273598 08110234-4916249 1.65 12.90 0.01 0.79 99.99 K 64 16 35 4:8

122.564255 -49.185986 08101542-4911095 1.81 13.03 0.18 99.99 99.99 K 49 70 29 4:6

122.658081 -49.239586 08103793-4914225 1.87 13.20 0.11 99.99 99.99 K 57 17 36 4:9

122.344864 -49.275253 08092276-4916309 1.91 13.42 0.07 99.99 99.99 K 7 7 170 2:14 Em?

122.553841 -49.235958 08101292-4914094 1.92 13.45 0.02 99.99 99.99 K 99.99 13 190 2:9 Em?

122.469788 -49.371399 08095274-4922170 1.97 13.33 -0.06 99.99 99.99 K 0 26 160 2:15

122.574997 -49.397305 08101799-4923502 2.09 13.71 0.05 99.99 99.99 K 41 14 22 4:11

122.330360 -49.073902 08091928-4904260 2.19 14.26 0.15 99.99 K3e K 99.99 21 26 5:36

122.776550 -49.207417 08110637-4912267 2.19 13.97 0.08 99.99 99.99 K 36 23 22 4:13

122.371506 -49.023357 08092916-4901240 2.20 14.17 0.01 99.99 99.99 K 6 3 29 5:10

122.305527 -48.966663 08091332-4857599 2.20 13.72 0.14 99.99 99.99 K 99.99 0 40 5:33

122.338715 -49.011452 08092129-4900412 2.20 14.13 0.05 99.99 99.99 K 59 1 38 5:35

122.232185 -48.954659 08085572-4857167 2.41 14.49 0.14 99.99 99.99 K 99.99 31 31 5:17

122.683754 -49.220924 08104410-4913153 2.41 13.33 0.06 99.99 99.99 K 71 68 37 4:7

122.581009 -49.129021 08101944-4907444 2.42 14.02 0.09 99.99 99.99 K 66 -30 170 2:17

122.349495 -49.251152 08092387-4915041 2.50 13.94 0.01 99.99 99.99 K 0 22 130 2:24

122.561432 -49.208897 08101474-4912320 2.51 13.39 0.12 0.74 99.99 K 3 110 220 2:7

122.250938 -49.342571 08090022-4920332 2.56 14.41 0.03 99.99 99.99 K 40 9 110 2:20 Em

122.516617 -49.217426 08100398-4913027 2.65 13.87 0.14 99.99 99.99 K 99.99 4 140 2:10a

122.436768 -49.038761 08094482-4902195 2.67 14.15 0.06 99.99 99.99 K 99.99 54 40 5:29

122.540054 -49.265015 08100961-4915540 2.72 13.90 0.22 0.61 99.99 K 48 8 170 2:8

122.545158 -48.979935 08101083-4858477 2.74 14.41 0.06 99.99 99.99 K 38 73 52 5:8

122.582817 -48.933346 08101987-4856000 2.75 14.46 0.05 99.99 99.99 K 99.99 16 66 5:24 Em

122.523247 -49.249485 08100558-4914581 2.77 14.46 0.21 99.99 99.99 K 26 35 140 2:11

122.298508 -48.950550 08091164-4857019 2.77 14.87 0.12 99.99 99.99 K 99.99 70 24 5:20

122.334152 -49.117924 08092019-4907045 2.79 14.41 0.11 99.99 99.99 K 0 33 150 2:16

122.569992 -49.221443 08101679-4913171 2.84 14.76 -0.01 99.99 99.99 K 0 91 110 2:18

122.361816 -49.005196 08092683-4900187 2.94 14.73 0.10 99.99 99.99 K 0 50 30 5:19

122.570480 -48.941444 08101691-4856291 3.10 14.20 3.10 6.99 99.99 K 99.99 29 64 5:12 BL; ID 9

122.539825 -48.942863 08100955-4856343 3.11 15.31 0.06 99.99 99.99 K 99.99 68 47 5:21
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4.3 Identifying Excess Candidates

4.3.1 Cluster Membership

Young et al. (2004) used a sample of 184 stars from Naylor et al. (2002) with mem-

bership based on D’Antona & Mazzitelli (1997) (DM97) isochrones, of which 169

were detected at least in one IRAC band and 31 at 24 µm. Rieke et al. (2005) re-

port 24 µm measurements for an additional 15 B-A members. Since then a deeper

and wider survey has been carried out in the RIZ bands by Jeffries et al. (2004),

that covers the central area within a 30′ radius from the cluster center, plus two

fields 60′ away. The RIZ sample consists of DM97 and BCAH98 (Baraffe et al.,

2002)-selected samples (Tables “A3” and “A2” respectively) that we merged into

one by including all sources from both tables. For the brightest stars, which were

saturated in this survey, we use an “enhanced catalog” from Littlefair et al. (2003)

(“Table 1”) that is a combination of the Naylor et al. (2002) BV I “wide catalog”

with the BV catalog of Clariá (1982). The tables are available in electronic form

at the Cluster Collaboration’s Photometric Catalog Page1.

Next we looked at the BV -selected candidate members that did not have RIZ

member counterparts. We found all of them (within a 2′′ correlation radius) in

Table A1 of Jeffries et al. (2004), that lists RIZ photometry for everything in the

NGC 2547 field, as well as contains image quality flags. We moved into a separate

table of less probable members (Table 4.2) the sources with non-stellar designa-

tion, flawed photometry due to bad pixels, closeness to an edge of the CCD, or

problematic background, as well as the sources with good RIZ photometry but

that were rejected as members. We only retained in the main member list (Table

4.1) bright sources that were apparently rejected because of the saturation in the

RIZ bands. The total number of objects in the two tables is 860.
1http://www.astro.ex.ac.uk/people/timn/Catalogues/description.html
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Table 4.4—Continued

RA ◦ DEC ◦ 2MASS (V − K)0 V0 (K − [8])0 (K − [24])0 SpT RV Group Prob. RV S/N Sp. No Remarks1

(2000, 2MASS) % km/s mask:slit

122.537231 -49.261490 08100893-4915413 3.12 15.29 0.15 99.99 K7e K 0 -13 15 4:17 LSN; Em?

122.518440 -48.848446 08100442-4850544 3.21 99.81 0.06 99.99 99.99 K 99.99 26 17 5:38

122.632782 -49.358234 08103186-4921296 3.25 15.04 0.14 99.99 K7e K 62 -14 17 4:12 LSN; Em?

122.531647 -49.000996 08100759-4900035 3.27 14.44 0.18 0.47 99.99 K 69 136 49 5:25

122.479492 -48.970581 08095507-4858140 3.57 15.96 0.16 99.99 99.99 K 99.99 15 23 5:22 Em

122.596619 -49.202389 08102318-4912086 3.61 15.99 0.20 99.99 99.99 M 99.99 17 90 2:26 Em

122.319061 -49.158604 08091657-4909309 3.62 15.92 0.26 99.99 M0e M 99.99 11 84 2:21 Em

122.531219 -49.179089 08100749-4910447 3.72 16.09 0.07 99.99 M0e M 99.99 16 92 2:23 Em

122.292725 -49.040291 08091025-4902250 3.74 15.85 0.38 0.27 99.99 M 0 10 18 5:18 Em

122.379402 -48.887966 08093105-4853166 3.75 99.81 0.04 99.99 99.99 K 99.99 89 28 5:27

122.439842 -49.293472 08094556-4917364 3.90 16.12 0.16 99.99 M0e M 99.99 9 68 2:19 SR; BL

122.606415 -49.109318 08102553-4906335 3.98 16.56 0.18 99.99 M1e M 99.99 16 80 2:28 Em

122.403549 -49.239304 08093685-4914214 4.00 15.74 0.27 99.99 M1e M 99.99 17 100 2:12 Em

122.589607 -49.026085 08102150-4901339 4.21 17.03 0.21 99.99 99.99 M 99.99 10 27 5:30 Em?

122.351585 -49.107857 08092437-4906282 4.27 17.04 0.19 99.99 M2e M 99.99 8 68 2:31 Em

122.338821 -49.098358 08092131-4905540 4.36 16.64 0.25 99.99 99.99 M 99.99 13 86 2:25 Em

122.507507 -49.262623 08100180-4915454 4.42 17.38 0.19 99.99 M1e M 99.99 12 61 2:29 Em

122.592102 -49.189735 08102210-4911230 4.43 17.47 0.42 99.99 M2e M 99.99 22 64 2:32 Em

122.587654 -49.179119 08102103-4910448 4.64 17.81 0.08 99.99 M3e M 99.99 17 58 2:33 Em

122.412186 -49.251431 08093892-4915051 4.70 17.34 0.19 99.99 99.99 M 99.99 16 61 2:22 Em

122.476212 -49.144962 08095429-4908418 4.71 18.27 0.21 99.99 99.99 M 99.99 15 48 2:37 Em

122.239937 -49.190601 08085758-4911261 4.77 18.16 0.15 99.99 99.99 M 99.99 12 42 2:34 Em

122.428062 -49.354679 08094273-4921168 4.85 18.64 0.22 99.99 99.99 M 99.99 11 34 2:38

122.296295 -49.238434 08091111-4914183 5.03 18.19 0.39 99.99 99.99 M 99.99 6 361 2:30

122.437485 -49.106701 08094499-4906241 5.06 18.04 0.72 99.99 M4e M 99.99 15 48 2:35

122.358002 -49.166264 08092592-4909585 5.07 18.45 0.03 99.99 99.99 M 99.99 8 43 2:36 Em?

122.502663 -48.894230 08100063-4853392 5.24 99.81 0.12 99.99 99.99 M 99.99 8 16 5:31

122.456100 -49.271927 08094946-4916189 5.49 18.59 0.36 99.99 99.99 M 99.99 17 47 2:27

122.397820 -49.217602 08093547-4913033 5.50 19.55 0.95 3.70 M4.5 M 99.99 11 28 2:6 ID 7

1RV: Membership probability based on proper motion from Dias et al. (2006); Em: emission inside Ca II NIR lines; BL: broad lines; SR: sky residuals; UPH: unresolved photometry; LSN: low

signal to noise ratio
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As additional constraint on membership, we analyzed proper motions for

our photometric sample. The UCAC2 catalog and its bright stars supplement2

(Zacharias et al., 2003) contain measurements for all NGC 2547 B-F stars and for

86% of G-K stars, but only for 6% of M stars3 (when using coordinate matching

radius of 2′′). We fitted each distribution of pmRA∗cos(Dec) and pmDec with a

Gaussian to get a mean -4.6 mas/yr and 5.7 mas/yr, and σ of 5.0 and 4.8 mas/yr,

respectively. Objects with proper motion vector deviating by no more than 10

mas/yr (2σ) from the cluster mean have been marked as members (flag ”Y” in

the last column of Tables 4.1 and 4.2), and as proper motion non-members other-

wise. We find proper motion member fraction to be 95%, 81%, 52%, 77% and 80%

among BA, F, G, K, and M-type photometric members, respectively.

4.3.2 IRAC Excesses

The Infra-Red Array Camera (IRAC) captures images in four bands spanning

3-8 µm and tracing dust from the near-sublimation temperature of ∼1000 K to

about 400 K, corresponding to radii within 1 AU for solar-type stars. In Figure

4.3, we plot sources from Tables 4.1 and 4.2 on the V − K vs K − [8] diagram to

identify possible 8 µm excesses. We visually examined the quality of the image

of each one with an apparent 8 µm excess. We removed nine objects from the

plot because of a nearby companion, cosmic ray hit, artifact from a bright star,

or a non-uniform nebulosity contaminating the 4 px-wide aperture. One more

object (2MASS 08104684-4927452) was rejected because it was too low on the V

vs V − K diagram. Four more were not plotted because they had non-stellar

flags on the RIZ magnitudes. Only one of these 14 objects is detected at 24 µm
2Also available via the VizieR Online Data Catalogs I/289 and I/294.
3Spectral classes are assigned based on (V − K)0 color in Tables 4.1 and 4.2 or on (R − K)0

when the former is not available, following Bessell & Brett (1988) and Kenyon & Hartmann (1995)
dwarf calibrations.
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(2MASS 08100961-4915540), and its 24 µm excess is in question as well, due to

strong nebulosity. All these sources were omitted from Fig. 4.3.

A similar diagram was constructed in the R − K color (Fig. 4.4). We omitted

the objects excluded from Fig. 4.3 plus nine additional objects (none of which has

a V mag) with questionable 8 µm excesses due to poor image quality. One more

(2MASS 08111674-4906564) was rejected because it is too blue on the R vs R − K

diagram. Of these 10 objects only one is detected at 24 µm, with only marginal

excess due to closeness to the detection limit (2MASS 08090351-4909148). Tables

4.1 and 4.2 include footnotes regarding source selection issues.

The remaining 8 µm excesses were marked with numbers on Figures 4.3 and

4.4. Excess objects were visually selected by being ≥3 σ away from the aver-

age locus formed by the majority of members of the corresponding V − K, R −

K colors. The 8 µm channel is significantly affected by the cosmic ray hits.

Since the size of the IRAC beam is only about 4 pixels, for faint objects it is

sometimes difficult to decide whether a detection is real or an artifact of a cos-

mic ray hit. However, if an excess is found at 8 µm, we can expect to detect it

also in the 5.8 µm band. We therefore constructed V − K vs K − [5.8], R − K

vs K − [5.8] diagrams (Figs 4.5, 4.6). As can be seen from these plots, most

faint members with 8 µm excesses do not stand out at 5.8 µm: ID 3 (2MASS

08104343-4930158), 5 (2MASS 08085856-4911171), 6 (2MASS 08101041-4858052), 7

(2MASS 08093547-4913033), 10 (2MASS 08104401-4859372), 11 (2MASS 08083389-

4907176), 12 (2MASS 08094287-4903413). To guard against bad photometry due

to cosmic ray hits, we required an excess in faint sources to be apparent at both 5.8

and 8 µm. In the absence of additional information about objects rejected based

on this requirement we do not discuss them further, with the exception of ID 7,

which was already noticed by Young et al. (2004) to have a 24 µm excess and for
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Figure 4.3 Color-color diagram for identifying 8 µm excesses using V −K color to
trace photospheric flux. Solid circles: BV RIZ-selected NGC 2547 members (from
Table 4.1); triangles: BV R-selected possible members (from Table 4.2); open circles:
spectroscopically observed (from Table 4.4)
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Figure 4.4 Color-color diagram for identifying 8 µm excesses using R − K color
to trace photospheric flux. Symbols same as in Fig. 4.3
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which we obtained a spectrum. Properties of ID 7 together with the remaining 8

µm excess objects are reported in Table 4.5.

4.3.3 MIPS Excesses

The cluster has mass segregation, with members above 2 M¯ (mid-Fs) all gath-

ered within the central 20′ (Littlefair et al., 2003; Jeffries et al., 2004). This coincides

with the limit for photospheric detection at 24 µm for our observations of NGC

2547, which is at ∼10.8m, or 0.3 mJy, where the distribution of [24] magnitudes ex-

periences sharp downturn. We can push for excess detections to lower masses, but

we will be unable to calculate the excess fraction (the fraction of stars with excess)

there. Thus, compared to Young et al. (2004), we are probing the disk fraction at

24 µm to a similar (stellar) mass limit. The advantage of our study is improved

statistics for excess detections in the intermediate to low-mass members, due to

the larger area covered; as a result, we detect a few sources with excesses even

more extreme than in Young et al. (2004) (§4.5).

How do we identify 24 µm excesses? The cluster is young and has a contin-

uum of objects with K− [24] bigger than ∼0 expected from the Rayleigh-Jeans tail

of the pure photospheric emission for stars earlier than early M (Figures 4.7, 4.8).

The non-excess locus thus cannot be easily identified from the stars of NGC 2547

itself. We therefore use the Pleiades locus as a fiducial. One can see that all the

NGC 2547 stars fall inside or to the right of the adopted non-excess boundaries.

We regard objects 3 σ errorbars to the red relative to the central line to have a 24

µm excess and report them in Table 4.5. To reproduce the Pleiades locus in the

R−K color in Fig. 4.8, we used the relation between R−K and V −K for B9–K7

MS stars from Kenyon & Hartmann (1995). Two new excesses are identified on

this diagram, with K − [24] between 1.5 and 2 mag.
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Figure 4.5 Color-color diagram to confirm 8 µm excesses in the neigboring 5.8 µm
IRAC band. Symbols same as in Fig. 4.3
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Figure 4.6 Similar diagram as in Fig. 4.5 but with R − K color
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Figure 4.7 Color–color diagram used to identify 24 µm excesses. The gray line
represents our detection limit at 24 µm. It approximates the locus of the non-
detected members by assuming their [24] < 10.8m, and so is a reflection of the K
vs V −K sequence. It shows that we are complete at 24µm up to V −K ∼1.3 (late
Fs). Objects to the left of this line are either binaries or situated in the cleaner than
average background region. Dashed lines are the non-excess locus ± 3 σ derived
for the Pleiades stars (from Gorlova et al. (2006), which we utilize here to identify
excesses in NGC 2547. Symbols are the same as on the previous figures. Triangle
at (4.62, 5.37) is 2MASS08090344-4859210 discussed in §4.5.1
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Figure 4.8 Same diagram as in Fig. 4.7 but with R − K color
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Table 4.5. NGC 2547 Members with mid-IR Excess

2MASS Name Sp. No (V − K)0 (R − K)0 (K − [8])0 (K − [24])0 Remarks

Selected based on 8 µm excess

08091401-4904029 1:17 0.84 99.99 0.14 0.16 ID 1

08093815-4918403 1:20a, 1:20b 0.96 99.99 0.11 0.95 excess also at K and [3.5]; ID 2

08090720-4919144 99.99 2.76 2.04 0.26 99.99 excess also at [4.5] and possibly at [5.8]; ID 4

08093547-4913033 2:6 5.50 4.29 0.95 3.70 excess also possibly at [5.8]; ID 7

08090250-4858172 5:11 1.61 1.25 1.55 3.66 excesses also at [3.5] through [5.8]; ID 8

08101691-4856291 5:12 3.10 2.47 3.10 6.99 excesses also at K through [4.5]; ID 9

Selected based on 24 µm excess

08092602-4911553 99.99 -0.18 99.99 0.04 0.22

08084981-4913437 99.99 -0.04 99.99 0.02 0.17

08100607-4914180 1:18 0.04 99.99 0.02 1.47

08112585-4912288 99.99 0.08 99.99 -0.01 0.70

08104233-4857253 99.99 0.12 99.99 0.00 0.28

08100841-4900434 99.99 0.12 99.99 0.00 1.10

08110323-4900374 99.99 0.57 99.99 0.03 1.08

08092668-4914371 1:8 0.58 99.99 0.04 1.27

08084571-4923473 99.99 0.62 99.99 0.00 0.96

08111134-4904442 99.99 0.71 99.99 0.07 0.54

08101673-4915173 99.99 0.72 99.99 0.03 0.79

08092293-4907575 1:15 1.14 99.99 -0.06 0.60

08104546-4901068 99.99 1.23 99.99 0.05 0.43

08101836-4906461 99.99 1.27 99.99 0.01 0.42

08094507-4856307 99.99 1.27 99.99 -0.01 0.45

08085576-4923085 99.99 1.33 99.99 0.00 0.36

08090344-4859210 99.99 5.37 99.99 0.60 4.62

Selected based on possible 24 µm excess

08104815-4923385 99.99 1.51 1.15 -0.01 0.62

08093456-4920553 2:13 1.59 1.20 0.03 0.87

08110009-4906442 99.99 1.59 1.23 0.03 0.84

08110234-4916249 4:8 1.65 1.24 0.01 0.79

08101474-4912320 2:7 2.51 99.99 0.12 0.74 RV and proper motion non-member

08100961-4915540 2:8 2.72 2.12 0.22 0.61

08091758-4859252 99.99 2.67 2.11 0.09 0.69

08125256-4912123 99.99 99.99 2.21 99.99 1.48

08102491-4851482 99.99 99.99 1.83 0.12 1.90 proper motion non-member
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Table 4.5—Continued

2MASS Name Sp. No (V − K)0 (R − K)0 (K − [8])0 (K − [24])0 Remarks

08091770-4908344 99.99 5.56 4.30 0.64 3.18

Note. — In bold are colors indicating excess

The five optically brightest members (B stars) formally show excess at 24 µm,

but in all of them the emission is extended beyond the 6′′-wide MIPS beam, cor-

responding to 2400 AU at 400 pc. This scale is too big for a typical debris disk.

The phenomenon was first encountered in the follow-up studies of the IRAS-

discovered disks, and was dubbed “the Pleiades phenomenon”. It is explained

by accumulation of matter around massive stars as a result of either mass loss

or the radiation pressure exerted on the interstellar dust, and should not be con-

fused with a debris disk that results from the shattering of planetesimals. Indeed,

two bubbles are seen on Fig. 4.1 around these “halo” stars. The bigger one in the

northern part of the cluster is centered on the B5 II member HD 68451, and the

more compact one in the center of the cluster is clearly produced by the B3 IV

star HD 68478. We mark these stars in Table 4.1 and omit them from the K − [24]

plots.

At magnitudes near the detection limit one has to worry about confusion with

the ISM clumps and extragalactic objects. We examined the images of all 24 µm

excess sources. To help the discussion and guide the eye on Fig. 4.7, we split

these objects into several groups based on V − K (see Table 4.5).

Three of the 4 excess sources with V − K ∼ 1.6 and K − [24] = 0.6 − 0.9

have distorted shapes, while 6 sources out of 8 with V − K > 2.5 (R − K > 1.8),

K − [24] = 0.6 − 4 are at the level of fluctuations in the nebulosity. We therefore
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call these excesses “possible”. We note that the region of V − K = 2 − 4 is where

contamination from background giants is strongest (Littlefair et al., 2003). Indeed,

2MASS 08101474-4912320 whose membership is only based on BV I photometry,

has a radial velocity (RV) > 100 km/s which is much larger than the cluster mean

(§4.4). We do not discuss objects from this group any further. The images of

the remaining excess sources however (including the 4 most extreme ones with

K − [24] > 3.5) appear symmetrical and they have RV consistent with cluster

membership. We discuss them in §4.5.

4.4 Spectroscopic Subsample

Because of the unfortunate overlap of the blue and red regions in our spectra,

the spectral classification is not trivial. Only the brightest B–A stars from our

sample have been previously classified, as well as a few K–Ms from the Li studies.

Therefore we first plotted our spectra along a sequence in V −K color, assuming

that the non-excess members would form a smooth sequence of spectral lines

strengths from which excess members and interlopers might stand out. Fig. 4.9

shows representative spectra along this sequence. The segments are shown that

contain prominent features used in spectral classification. Lines marked on top

correspond to the red wavelength region, while those on the bottom correspond

to the blue.

We found variability in the strength of blue features that correlates with the

airmass of observations. The February observations were obtained at a slightly

larger airmass and the blue features are weaker than in December. As a result, we

can not accurately differentiate between late F to K classes based on the strength

of such classical indicators as Ca II H & K, Balmer lines and the G band. The IR

Ca II triplet itself does not vary significantly between F–K types (Allen & Strom,
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Figure 4.9 Spectroscopic sequence in NGC 2547 based on the representative
IMACS spectra. Colon means that spectral type was estimated based on the
V − K color. Examples of fast and slow rotation are given for A types, exam-
ples with and without emission in the Ca II lines are given for K and M types.
All spectral segments have been normalized to unity at the short-wavelength
end and shifted vertically for clarity; horizontal dashes on the right mark the
level of the zero flux for each spectrum. From top to bottom: 2MASS08092958-
4906166, 2MASS08095066-4912493, 2MASS08102774-4912095, 2MASS08101292-
4914094, 2MASS08101944-4907444, 2MASS08093685-4914214, 2AMSS08092592-
4909585. The wavelength scale is heliocentric. Line identifications are from Mu-
nari & Tomasella (1999), Torres-Dodgen & Weaver (1993), and the Digital Spectral
Classification Atlas of R. O. Gray
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1995; Carquillat et al., 1997), while the weaker Fe I and Ti I lines get mingled with

metallic lines from the blue. On the other hand, we can confidently identify B–A

types based on the presence of the Pashen series, and M types based on the K I

and Na I strong lines in the red.

To measure radial velocities, we split our sample visually into four groups

that we call “B-F”, “G”, “K” and “M”, with 13, 13, 40 and 23 objects respec-

tively. Within each group we picked a template to use for cross correlation, re-

quiring only for it to be of high S/N and contain no chip gaps or bad pixels

in the main features of interest. These templates are 2MASS 08095066-4912493,

08095109-4859022, 08101944-4907444, 08092437-4906282 respectively. We stress

that the names of these RV groups only roughly represent spectral types, due to

variations in the visibility of the blue spectrum.

We then measured the RVs of these templates using 3–6 lines of Ca, Fe, Ti

in the 8500–8700 Å interval with line identifications from Munari & Tomasella

(1999). We obtained 27.4, 58.0, -20.6 and 21.1 km/s with an estimated uncertainty

of 36/
√

4 = 18 km/s (where 36 km/s is our spectral resolution and 4 is the av-

erage number of lines used for the estimation of the RV of the templates). We

then used the IRAF task fxcor to correlate the template spectra with the objects

in each group in the same 8500–8700 Å region, and converted the relative pixel

shifts into heliocentric velocities. Robichon et al. (1999) reports the RV for the

cluster to be 14.4 ± 1.2 km/s based on 5 stars, Clariá (1982) 15.4 km/s based on

10 stars, and Jeffries, Totten, & James (2000) 12.8 km/s ± 0.9 based on 20 stars.

Since we did not observe RV standards, to put our RVs on the absolute scale, we

averaged our values for the M stars (where we achieve the highest acuracy) to ob-

tain 21.7 km/s (±3.5 for 22 stars) and then subtract 8.9 km/s (= 21.7− 12.8) from

all our values to put them on the same scale as Jeffries, Totten, & James (2000).
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These adjusted RVs are given in Table 4.4 and plotted in Fig. 4.10.

Fig. 4.10 shows histograms for each RV group and for all four groups together.

The biggest uncertainty in RV is for hot stars, where vsini is big and the Ca II lines

are contaminated by Pa lines. In the G group the contamination from the blue

region is strongest. In K stars one can see a secondary peak at 75 km/s, which

must arise from contaminating giants as expected in this spectral range. Naylor

et al. (2002) estimated that the contamination of the BV I sample by background

stars is negligible, except in the 14.0 < V < 15.5 range where the cluster sequence

crosses the “finger” of Galactic red giants and contamination is predicted to be as

high as 40%. The combined histogram at the bottom panel does not include the 4

earliest type stars with the biggest vsini and discrepantly big RVs. It can be used

to eliminate as non-members stars with RV> 50 km/s. None of them appears

among the 8 µm excess objects, and only one has a possible 24 µm excess (2MASS

08101474-4912320).

4.5 Properties of the Excess Candidates

4.5.1 8 µm excesses

In the following we discuss each of the 8 µm excess sources in detail. We obtained

spectra for all of them except ID 4. These spectra are shown in Fig. 4.11.

ID 1 has only a marginal excess at 8 µm and has a border-line one at 24 µm.

According to our spectrum, it is a fast rotator of an early F type, which agrees

with its photometry. The RV and proper motion are consistent with member-

ship as well. The weak excess may arise from the ISM nebulosity affecting the

photometry.

ID 2 shows only marginal excess at 8 µm but a significant level in the NIR

and at 24 µm. It is a highly probable member according to its proper motion. We
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Figure 4.10 Distribution of radial velocities in NGC 2547 measured from IMACS
spectra relative to the respective template in each spectral group. Contamination
of K type members by background giants can be seen from the secondary peak at
75 km/s. N gives the number of spectra in each group
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resolved it into two objects 1′′ apart. The system is entered in the Washington Vi-

sual Double Star Catalog (Worley & Douglass, 1997) with only three observations

from 1929-1949, leaving open the question of the physical association. Our spec-

trum of the primary is consistent with late A7-A9 reported in the literature, and

the RV is close to the cluster mean. The secondary has stronger Ca II lines, lacks

Pa lines and a RV larger by 23 km/s. We speculate that it may be a background

K giant, which would explain the anomalous H − K color of the system. Does

the 24 µm excess originate from the primary A type member or the K giant then?

We are inclined to attribute it to the former since excesses around G-K giants are

rare (Zuckerman, Kim & Liu, 1995; Jura, 1990; Plets et al., 1997), while excesses

around A stars of this age are very common (Rieke et al., 2005).

ID 4 in Jeffries et al. (2003) is indicated as a K5 RV member with Li and weak

chromospheric emission in Hα (RX 9). It is interesting that besides a weak 8 µm

excess it also shows a robust excess at 4.5 µm and a marginal one at 3.5 and 5.8

µm. We did not obtain a spectrum of it.

ID 7 is the latest-type member with a robust detection at 24 µm, indicating an

excess of ∼3 mag. It was the largest excess detected in Young et al. (2004). Jeffries

& Oliveira (2005) classified it as an M4.5 radial velocity member with no Li. It

does not show excess at 5.8 µm, but has the reddest K − [8] color among late-

type members (we do not count ID 12 as a reliable detection). The strong K I at

7699Å and Na I doublet at 8200Å in our spectrum firmly rule out the possibility

of a low-gravity background giant (Torres-Dodgen & Weaver, 1993; Schiavon et

al., 1997), while our RV again confirms membership. It shows emission in Hδ

and Hγ , but higher resolution is needed to tell whether the emission is due to a

chromosphere or to accretion.

24 µm excess in ID 7 is the second largest in M stars in our study, exceeded
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only by another possible member, 2MASS 08090344-4859210 (Fig. 4.7). The latter

has F24 =1.2 mJy, making it a clear detection. It is a close match with ID 7 being

only 0.15 mag bluer in R− I and V −K, which indicates SpT ∼M3. The 24µm ex-

cess it shows surpasses ID 7 by 0.9 mag. If this object is a sibling of ID 7, it would

mean that stars of ∼30 Myr age and ∼0.25 M¯ are capable of generating dusty

disks even more vigorously than massive stars. There is a caveat though. Jeffries

et al. (2004) dismiss it as a member based on the RIZ photometry. However, it

is only 0.05 mag off the nearest members on the I vs R − I and I − Z vs R − I

diagrams, and is a legitimate member on I vs I − Z, V vs V − K (R − K, I − K)

color-magnitude diagrams. With J − H = 0.76 ± 0.06, H − K = 0.25 ± 0.06 it

is slightly above other late type members, with errorbars allowing both a dwarf

and a giant interpretation. Spectroscopy of gravity-sensitive features similar to

ID 7 is needed to resolve this interesting case.

ID 8 ia a single mid-G member according to the optical and NIR color-magnitude

diagrams. Our spectrum is consistent with this classification and indicates its RV

is also consistent with membership. Together with ID 9, it is unique in that its

excess starts already at 3µm.

ID 9 has the biggest excesses at all IRAC wavelengths and at 24 µm in our sur-

vey. It was detected already by IRAS – the Serendipitous Survey Catalog (Klein-

mann et al., 1986) contains measurement at 25 µm and upper limits at 12 and 60

µm. The IRAS flux at 25µm is in excellent agreement with ours: 0.16 Jy. According

to the V RK color-magnitude diagrams, it could be an equal-mass binary late-K

dwarf. Our spectrum is consistent with this classification. The radial velocity is

consistent with membership, at +29 km/s it is within the HWHM of the cluster

peak in its RV group. The only notable difference between it and the other mem-

bers with similar colors and from the same mask are the shallower and broader
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lines, indicating faster than typical rotation with vsini >20 km/s (see Fig. 4 in

Jeffries, Totten, & James (2000)). Its H − K color of 0.3 mag is however more

characteristic of a mid-M dwarf. We can rule out the latter classification with our

spectrum. It appears therefore that ID 9 has an IR excess starting at 2 µm and

rising all the way to 24µm.

4.5.2 24 µm excesses

There are 27 objects in Table 4.5 that show excess at 24 µm but not at 8 µm. To

compare NGC 2547 to other clusters we now compute the fraction of members

with 24 µm excess. As we have seen, by (V −K)0 ∼ 1.4 we start missing members

in the MIPS band, while the identified excesses are prone to confusion with un-

related sources and nebulosity. We therefore calculate the excess fractions below

this limit. In the range −0.2 ≤ (V −K)0 < 0.7, corresponding to ∼B8–A9, 8 out of

18 highly probable members with good photometry show excess, resulting in an

excess fraction of 44%. Adding 2 possible members (triangles on Fig.4.7) results

in 45% (9 out of 20). All these sources are also proper motion members, except for

non-excess 2MASS 08094610-4914270, which however qualifies as member based

on the Tycho Catalog measurement4. In the range of 0.7 ≤ (V −K)0 < 1.4, F0–F9,

the excess among the highly probable members is 33% (7/21) and the same (33%)

with the addition of 3 possible members (8/24). Excluding 4 proper motion non-

members, all of which are non-excess ones, increases the excess fraction in the F

stars to 40% (8/20).
4Available via the VizieR Online Data Catalog I/250.
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Figure 4.11 IMACS spectra of some excess members from table 4.5. From
top to bottom: 2MASS08091401-4904029, 2MASS08093815-4918403 (resolved
into two components), 2MASS08090250-4858172, 2MASS08101691-4856291,
2MASS08100961-4915540, 2MASS08093547-4913033. Wavelength scale heliocen-
tric



117

4.6 Discussion

4.6.1 Evolution of 8 µm excess

Emission at 8 µm traces dust hotter than ∼300 K, corresponding to distances of

∼1–10 AU around G–A stars, and ∼0.1–1 AU in M–K stars. Excess at 8–10 µm

is generally found in young stars simultaneously with excesses at shorter IRAC

bands and at 24 µm, in other words in stars with optically thick primordial disks.

Excess starting longward of 6–8 µm is rare and in most cases is followed by

stronger 24 µm excess, meaning that the inner part of the disk is optically thin

or evacuated. Such disks are found in stars younger than 30 Myr and have been

dubbed ”transitional”, meaning they can be in the transitional state from primor-

dial to debris. Disks with only modest 8 and 24 µm excesses are extremely rare.

They are sometimes called ”terrestrial debris systems”, implying the presence of

massive asteroidal belts. Only a few are summarized in Hines et al. (2006), all

around stars 30 Myr and older. It is likely however that they are being missed in

young clusters because of the reduced sensitivity at 24 µm. The surveys of two

nearby 1–3 Myr-old clusters are intriguing. While Lada et al. (2006) find 10–20%

stars in IC 348 to have transitional disks (which they call ”anemic”), Hartmann

et al. (2005a) find many fewer in the slightly younger Taurus region. By contrast,

excesses starting at 24 µm are fairly common until about 100 Myr (Gorlova et al.,

2006; Hernandez et al., 2006; Siegler et al., 2006).

While the inner accretion disks have been extensively studied at 2–4 µm al-

ready from the ground, and the colder debris disks at 24–70 µm in the recent

large Spitzer surveys (e.g., Rieke et al. (2005); Bryden et al. (2006); Su et al. (2006);

Kim et al. (2005)), the evidence for the evolution of inner disks probed by 8 µm

requires more data. It has been suggested that the inner holes in the transitional

disks are due to loss of small dust grains into larger planetesimals or to the dy-
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namical effects of a giant planet. As we have seen, the 8 µm wavelength is critical

at identifying such disks. No rich clusters have been studied at 8 µm however at

the age of a few tens of Myr when terrestrial planets have been forming in the So-

lar System (Kleine et al., 2002). That is why 30 Myr-old NGC 2547 is so important

in this respect.

The fraction of 8 µm excesses for all sources in Tables 4.1 and 4.2 except for

marked ones is <5% (0/20), ≤7% (0-2 out of 28, depending on the marginal cases

of ID1 and ID2), 1.5% (1/68), 1.0% (2/208), and 0.4% (1/227) for BA, F, G, K

and M stars respectively. When discarding proper motion non-members and ap-

plying the proper motion membership fraction found in §4.3.1 to those without

proper motion estimates, we obtain correspondingly <5% (0/19), ≤9% (0-2/23),

2.6% (1/(35+7×0.52), 1.2% (2/(143+30×0.77)), ≤0.6% (≤1/(8+216×0.80), depend-

ing on whether ID7 is a proper motion member or not). Summarizing, we find

the 8 µm excess fraction at 30 Myr to be ∼<1% for the intermediate-mass to low-

mass stars, which is much less than the fraction of the 24 µm excesses. Among

four detected 8 µm excesses two (ID 4, ID 7) are weak and two (ID 8, 9) are highly

significant; three of them have 24 µm excesses, while in ID 4 it could be too weak

for detection. How do these fractions compare with younger and older ages?

Silverstone et al. (2006) surveyed 74 solar-mass (G–mid-K) young nearby stars

with IRAC and MIPS. They found 5 stars with IRAC excesses, all of them from

optically-thick disks; all are younger than 20 Myr. The excess fractions are 14+11
−7

% and 2+5
−2 % for the 3–10 Myr and 10–30 Myr bins respectively. Hernandez et al.

(2006) surveyed 60 B–F stars in the two Orion subassociations OB1b (5 Myr old)

and OB1a (10 Myr old). They found two 8 µm excesses in the younger group (one

belonging to the accretion disk of a Herbig Ae star and another to a massive de-

bris disk) and one excess in the older group (from a Herbig Ae star), resulting in 8



119

µm excess fractions of 9% and 5% at 5 and 10 Myr respectively. In a similar study

of K–M stars Sicilia-Aguilar et al. (2006) found the fraction of IRAC excesses to

be 48% for the 4 Myr-old cluster Tr 37 (10% of them possible transition disks),

and 4% in the 10 Myr-old NGC 7160 (one excess from an accreting disk, the other

from a transitional disk). Among A–F stars in NGC 7160 only one has weak 8

µm excess and two have 24 µm excesses only, less than in Tr 37. Megeath et al.

(2005) studied 15 K–M stars in η Chameleon 5–9 Myr association. They found

6 to have excesses at the IRAC bands (excess fraction 40%), five of these are ac-

cretors, one not. None of the two A members shows excess. Currie et al. (2006)

found in the 12 Myr-old double cluster χ & h Persei 8 µm excesses in 1–3% of the

intermediate-mass stars and approximately 10% in the solar-mass stars (1.2–1.4

M¯ where they are complete). Low et al. (2005) summarizes SEDs for the 8–10

Myr old TW Hydrae association. Among 22 K–M members, 3 show excesses at

8–10 µm, two of which are from primordial disks (TW Hya and Hen 3-600) and

one from a debris disk (HD 98800AB), resulting in an excess fraction 14%. Riaz,

Gizis, & Hmiel (2006) reports excess from a primordial disk in one of the two

brown dwarfs in TW Hya (the other brown dwarf has excess starting at 24 µm).

At 30 Myr among ∼500 B–M stars in NGC 2547 we identify 4 with IRAC

excesses, two of which are only marginal, while the other two are extremely

strong. Mamajek et al. (2004) studied 14 F–M members of the 30 Myr old Tucana-

Horologium association and found none with 10 µm excess, resulting in an excess

fraction <7%. The less homogeneous Spitzer studies of field stars have yielded

only a few discoveries of hot disks beyond 30 Myr. Chen et al. (2006) obtained

IRS spectra for 59 nearby mostly B–F stars with IRAS 60 µm excesses. They found

7 at ages ≤10 Myr, 2 at ages 20–50 Myr and 2 at 500-1000 Myr (ζ Lep and η Crv) to

have 8-13 µm excess (in amount ≥10% above the photospheric flux). From a sim-
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ilar study of 41 main sequence F5–K5 stars Beichman et al. (2006) found another

two (HD 69830 and HD 72905), only one of which is older than 1 Gyr, resulting

in an excess fraction of 2.5%. Uzpen et al. (2005) searched the GLIMPSE Spitzer

Legacy Program fields in the Galactic plane for hot debris disks, analogs of β

Pic. They found 18 out of 184 stars to be such candidates, B–K main-sequence

stars with 8 µm excess 0.35 < K − [8] < 2 and fractional luminosity 10−3 − 10−2.

Unfortunately we can not include them in our analysis due to the lack of ages

and evidence from the longer-wavelength photometry, which may be difficult to

obtain considering enhanced cirrus at the low galactic latitudes and the typical

distances of the sample of about 0.5–1 kpc.

In general, the above studies indicate an inside-out clearing of disks. Evolu-

tion of the inner disks, as traced by the NIR photometry and spectroscopic signa-

tures of accretion, occurs on a time-scale of ∼3 Myr, with the disk fraction falling

by 10 Myr to a few percent in the solar-mass stars and essentially to zero for the

intermediate-mass stars. Excess at 6–8 µm decays more slowly, being at the level

of 10% for low-mass stars at 10 Myr and dropping to 1% by 30 Myr. Excess at

24 µm decays even more slowly, getting to the level of few percent by 300 Myr

(with a possible peak at 10 Myr, Hernandez et al. (2006)), and the decay is still

slower at 70µm (Su et al., 2006). Unlike 24 µm excess, 8 µm excess does not show

a secondary peak after first few Myrs, and is less frequent among B–A stars. This

behavior and the lack of extreme excesses at 8 µm may imply a rapid depletion

of the material within 1 AU, inhibiting planet formation and the debris stage.

Even if planets do form in a few Myr, as rare cases with inner holes suggest,

the end process of planet formation should be tuned to the rapid dissipation of

smaller bodies to inhibit collisional cascades. The relevant processes to consider

are the sublimation of icy bodies and inward planet migration (e.g., Burkert &
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Ida (2006)).

4.6.2 Transitional disks at 30 Myr?

Spectral energy distributions of NGC 2547 sources with 8 µm excesses are pre-

sented in Fig. 4.12. First we over-plot Kurucz models with effective temperatures

corresponding to the expected spectral types and sub-giant gravity, normalizing

them to fit the observations in the J band. The flux beyond 10 µm was extrapo-

lated with the Planck function. As one can see, photospheric models match well

the SEDs of excess stars from 0.4 (B band) to 2 µm (K), with only a slightly worse

fit for ID 7 (M4.5) with strong molecular features. These fits confirm that excess

emission is present in all IRAC bands in ID 8 and 9, and at 8 µm in ID 7, a result we

obtained previously from empirical color-color diagrams. Next we fit the excess

emission with a series of black bodies, by varying the temperature and normal-

ization factor. The best fits together with the fraction of the excess flux relative to

the photospheric τ (= Lexc/L∗bol) are shown in Fig. 4.12. For comparison, we also

show the median SED for the low-mass stars with optically-thick disks in the 1–2

Myr-old Taurus region. We could not obtain a satisfactory single-temperature fit

for ID 9, so a 250 K black body curve is shown for reference only. For ID 4 the

IRAC excesses are small and in the absence of constraints at longer wavelengths

can be fit with a wide range of temperatures starting from about 500 K; for ref-

erence we show a fit corresponding to the dust sublimation temperature of 1500

K. While the fractional luminosities of ID 4 and 7 place them in the range of the

typical debris systems, the luminosities of ID 8 and 9 are too big, suggesting that

at least ID 9 must have an optically-thick disk.

Two possibilities exist to explain the excesses of ID 8 and 9: either the disks

are transitional, evolving from primordial to debris (as seen in the smaller IRAC

excesses compared to Taurus), or these objects are background post-MS stars ex-



122

Figure 4.12 Spectral energy distributions of stars with 8 µm excess. Rhombs:
BV RIJHK, IRAC and MIPS 24 µm photometry; solid line: Kurucz photospheric
model spectra with effective temperature T∗ and logg = 3.0; dot-dashed line: pho-
tospheric flux plus a black-body flux of temperature Tdisk and fractional luminos-
ity τ ; dotted line: median SED of the pre–main-sequence sources in Taurus (from
D’Alessio et al. (1999))
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periencing mass-loss. The 3.5–5.8 µm colors of both stars are consistent with TTau

stars (Hartmann et al., 2005a). The 8 and 24 µm excesses in the amount observed

in ID 8 are rare but observed in some TTau stars, while the excesses of ID 9 in

these bands are more extreme (Padgett et al., 2006). Despite big mid-IR excesses,

the two stars however lack strong excess in the NIR (ID 8 has none). They also

lack emission for example in Hδ and the Ca II triplet in our spectra. These are

characteristics of transitional disks where gas accretion has ceased and dust has

dissipated from the inner 0.1 AU but primordial dust at larger radii is still present.

The question is whether the 30 Myr age of the cluster is widely discrepant with

this interpretation. The typical ages of TTau and transitional disks are a few Myr.

On the other hand, K-band excess may persist at the level of few percent even

at ages of 10 Myr (Hillenbrand, 2005; Bonatto et al., 2006). The cases of gas ac-

cretion beyond 10 Myr are rare but also exist, the most famous being a low-mass

Classical TTau star St 34 in Taurus, whose Li age is at least 25 Myr (White & Hil-

lenbrand, 2005; Hartmann et al., 2005b). The long-lived accretion they suggest is

maintained due to binarity of this star with a sub-AU separation. ID 8 does not

appear to be a binary though. The nearby associations like TW Hya and η Cha

present the best examples of how diverse disks can be at 10 Myr. Considering

that our study is one of the first that explore disks at 0.1–1 AU at the 20–40 Myr

age range with good statistics, we can not dismiss the possibility that ID 8 and 9

may be the oldest known transitional disks around solar-mass stars.

Could they be interpreted as background interlopers with a dusty envelope?

Indeed, ID 9 is in the region of the cluster color-magnitude sequence that is most

strongly contaminated by Galactic G–K giants (Littlefair et al., 2003). ID 8 is not,

but it comfortably lies among dusty evolved stars on the [3.5] − [8] vs. [8] − [24]

diagram of the LMC field in Meixner et al. (2006). Despite their big mid-IR excess,
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the H − K excess in ID 8 and 9 is much weaker compared with the AGB stars

(Buchanan et al., 2006). Perhaps ID 8 and 9 belong to a rare class of the first-ascent

G–K giants with IR excess as a result of the mixing event (de La Reza, Drake,

& da Silva, 1996). These giants tend to have high Li abundance, fast rotation

and asymmetric absorption in Hα (Drake et al., 2005). High-resolution spectra

probing these diagnostics could clarify the status of ID 8 and 9.

4.7 Conclusions

We have extended the survey of Young et al. (2004) of the circumstellar disks in

the 30 Myr old cluster NGC 2547 to include the newly identified members over

the entire 1.5◦ × 1◦ area covered by Spitzer. Among ∼600 B–mid-M members

(corresponding to masses down to 0.2 M¯) where we are sensitive to the photo-

spheric level, only 4 stars show convincing excesses in the IRAC bands, corre-

sponding to an excess fraction ∼<1%. This behavior is in striking contrast with the

24 µm excesses exhibited by 30–45% of B–F members, and can be understood if

the planetary formation process in the disk propagates inside-out.

Of the four 8 µm excesses, two are marginal and have SEDs consistent with

debris disks (around an M4 dwarf discovered by Young et al. (2004) and a K5

dwarf). We identify another possible mid-M member with excess starting at 24

µm. If confirmed, it will be one of the few known M dwarfs older than 20 Myr

with mid-IR excess (Siegler et al., 2006). The other two members have strong 8 µm

excesses. One is a ∼mid-G dwarf with SED consistent with a massive hot debris

disk. Another is a mid-K dwarf whose SED is more consistent with an optically-

thick disk, though with depressed 2–6 µm emission compared with the average

SED of a classical T Tau star. Though we do not find signatures of gas accretion

in our spectra for these two stars, further spectroscopic investigation is needed at
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higher resolution to confirm the transitional nature of these disks. In particular, a

spectroscopic estimate of gravity and a more precise radial velocity measurement

could eliminate the possibility of these stars being background giants.

Our survey provides the best evidence to date that the frequency of the 8 µm

excess that traces the disk zone inside ∼1 AU around solar-type stars diminishes

to less than ∼1% by 30 Myr. If planetary formation occurs inside 1 AU, it must be

complete by 30 Myrs.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

We performed a photometric search for dusty disks in three open clusters span-

ning the age range when solar-type stars experience the final stages of terrestrial

planet formation. Two clusters have been probed at 4–24 µm corresponding to

distances 1-10 AU (100 AU for massive stars) and one cluster, M47, at 24 µm only.

We were sensitive to photospheres down to 1.5 M¯ in all three clusters, and to 0.5

M¯ in the nearest one, the Pleiades at 130 pc (Fig. 5.1).

We find a clear evolution of debris disks: the amount of the mid-IR excess and

the fraction of stars with excesses decay to the level of 10-20% on the time-scale

of 100 Myr. This behavior is generally in agreement with the theory of terrestrial

planet formation through the process of oligarchic growth. In this picture, planets

excite orbits of smaller bodies and initiate collisional cascades, grinding grains to

blow-out sizes and thus clearing the disks of primordial material. Combining our

observations of terrestrial dust with studies at other wavelengths that probe dust

near sublimation temperatures to the freezing temperatures of the Kuiper belt,

we observe that the dust clearing proceeds from the inside out with timescales

ranging from a few Myr in the innermost regions to 1+ Gyr in the outermost (Fig.

5.2).

We find a few facts however that are not readily predicted by the theories.

There is solid evidence now (Fig. 5.3) that at all ages even as young as few Myr,

about half of the stars do not show any excess emission at mid-IR wavelengths,

while theories predict a measurable lower level on excess that lasts for example

at 24 µm till 100 Myr (Kenyon & Bromley, 2005). If some stars lose primordial

disks early on, (for example, due to a companion, a close passage with another
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Figure 5.1 Distribution of 24 µm excesses in three open clusters presented in this
dissertation. Dotted lines: locus of disk-free stars. Classical Be stars have been
excluded from this plot. In each cluster we are complete at 24 µm to mid-F (∼1.4
M¯). The larger scatter in M 47 is due to less accurate photometry. [24] magni-
tudes in M47 from Table 2.1 have been adjusted by +0.10 mag (which is within
the uncertainty of the zero-point) to match the non-excess stars in the Pleiades
and NGC 2547.
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star, or photoevaporation by O stars), one can speculate that planetesimals do not

grow to big sizes and do not produce significant amount of debris. Furthermore,

in the absence of the tugging force from a primordial magnetized disk these stars

would spin up to greater velocities. One therefore anticipates anti-correlation of

excess with stellar density and rotation (or X-rays). However the field star studies

(e.g. Rieke at al. (2004); Silverstone et al. (2006), Meyer et al. in preparation)

show disk fractions that are very consistent with cluster results, implying that

environmental impact is not highly significant. Similarly, no strong dependence

on rotation or binarity was found in our Pleiades study. The cause for the fast

clearing of dust in certain systems remains an open issue.

Are excess and non-excess stars at a given age systems with radically different

planet architectures or just ones observed in the phases of quiescence and when

dominated by a random collision, respectively? We found at least five cases of

extremely large 24 µm excesses in the low-mass stars in the 30 and 80 Myr old

clusters. The SEDs show that at least one of them (ID9 in NGC 2547) is optically

thick with a range of temperatures, which can not be readily explained by de-

bris from a single collision. Were the disk primordial, it would have dissipated

on the timescale <10 Myr, due to sublimation, Pointing-Robertson effect or col-

lisional grinding. It is interesting that this object is located at the edge of the

bubble blown by a massive star the cluster. Perhaps its collapse was triggered

by the propagating ionization shock later in history of the cluster. Or maybe its

excess is produced by an unresolved clump of cirrus on which ID9 is being ac-

cidentally projected. Another interesting fact to consider is a possible binarity

of this object as seen in the broadened lines in our medium-resolution spectrum.

Accretion could have been inhibited by a close companion, leading to accumula-

tion of matter in the outskirts of the system where dust dissipation timescales are
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slowest.

Our interpretation of excesses is based on a simplified treatment of disk as a

series of black-body annuli with temperatures corresponding to the heliocentric

distances. According to this approach the excesses should be a simple function

of the luminosity only : Ldisk/Lstar ∼ Sdisk/D
2
star−disk ∼ 1/Dstar−disk ∼ L

−1/2
star .

The fact that debris disks around massive stars are seen at least as frequently as

around solar-type stars tells us that the the opacity and therefore mass or geom-

etry of the dust must vary between different disk systems.

We are in the process of obtaining mid-IR spectra with Spitzer for some of the

disks discovered in this study. This will allow us to constrain the distribution

and the composition of the dust, perhaps throwing light on the dust origin. We

are also observing additional solar-mass stars in the Pleiades to document more

thoroughly the end of the epoch of major debris production. Next, we plan to

perform high-resolution spectroscopy for the extreme excess stars in NGC 2547,

to verify if these stars can be background giants or interlopers from younger as-

sociations.

Finally, we plan to explore with Spitzer disks in the embedded clusters of few

Myr age. To identify members and their other properties like accretion rates in

these obscured regions we will employ the new generation of near-IR multi-object

spectrographs, such as FLAMINGOS (Muench et al., 2003). This future work will

aim at understanding the cause for the different amounts of excess in individual

systems, so spectacularly revealed by Spitzer. The study of debris disks provided

novel evidence regarding the bombardment history of the Solar system. Now we

can use it as a tool to learn about this epoch in detail.
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Figure 5.2 Inside-out clearing of dusty disk around a solar-type star as a func-
tion of the distance/temperature from the star. Decay time is the the age by
which only few percent of stars are showing excess at a given photometric band.
Temperatures correspond to black bodies that peak at the central wavelengths of
Spitzer bands.
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Figure 5.3 Fraction of stars with disks as a function of stellar age as seen by Spitzer
at 24 µm. Filled symbols: massive stars, open symbols: solar-type stars. Data for
three open clusters studied by us is supplemented with cluster and field studies
from the literature.
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