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ABSTRACT

Using data from the Spitzer Space Telescope Legacy Science Program Formation and Evolution of Planetary
Systems (FEPS), we have searched for debris disks around nine FGK stars (2Y10 Gyr), known from radial velocity
(RV) studies to have one ormoremassive planets. Only one of the sources, HD 38529, has excess emission above the
stellar photosphere; at 70 !m the signal-to-noise ratio in the excess is 4.7, while at k < 30 !m there is no evidence of
excess. The remaining sources show no excesses at any Spitzer wavelengths. Applying survival tests to the FEPS
sample and the results for the FGK survey recently published in Bryden et al., we do not find a significant correlation
between the frequency and properties of debris disks and the presence of close-in planets. We discuss possible
reasons for the lack of a correlation.

Subject headinggs: circumstellar matter — Kuiper Belt — infrared: stars — planetary systems —
stars: individual (HD 6434, HD 38529, HD 80606, HD 92788, HD 106252, HD 121504,
HD 141937, HD 150706, HD 179949, HD 190228)

1. INTRODUCTION

During the last two decades, space-based infrared observations,
first with the Infrared Astronomical Satellite (IRAS ) and thenwith
the Infrared Space Observatory (ISO) and Spitzer, have shown
that many main-sequence stars are surrounded by dust disks
(namely, debris disks). These disks are generally observed by their
infrared emission in excess over the stellar photosphere, but in
some cases the disks have been spatially resolved and extend to
hundreds of AU from the central star. Dust particles are affected
by radiation pressure, Poynting-Robertson and stellar wind drag,
mutual collisions, and collisions with interstellar grains, and all
these processes contribute to make the lifetime of the dust par-
ticles significantly shorter than the age of the star-disk system. It
is therefore thought that this dust is being replenished by a res-
ervoir of undetected dust-producing planetesimals (Backman &
Paresce 1993), like the asteroids, Kuiper Belt objects (KBOs),
and comets in our solar system. This represented a major leap in
the search for other planetary systems; by 1983, a decade before
extrasolar planets were discovered, IRAS observations proved
that there is planetary material surrounding nearby stars (Aumann
et al. 1984).

Preliminary results from Spitzer observations of FGK (solar
type) stars indicate that the frequency of 24 !m excesses (tracing
warm dust at asteroid beltYlike distances) decreases from!30%Y
40% for ages <50 Myr to !9% for 100 MyrY200 Myr and to
!1.2% for ages >1 Gyr (Siegler et al. 2007; Gorlova et al. 2006;

Stauffer et al. 2005; Beichman et al. 2005;Kim et al. 2005; Bryden
et al. 2006). On the other hand, Bryden et al. (2006) estimated that
the excess rate at 70 !m (tracing colder dust at Kuiper BeltYlike
distances) is 13% " 5% and is not correlated with stellar age on
Gyr timescales. It is also found that FGK stars show large varia-
tions in the amount of excess emission at a given stellar age and
that the upper envelope of the ratio of excess emission to the
stellar photosphere at 24 !m decays as 1/t for ages >20 Myr
(Siegler et al. 2007).
These observations are consistent with numerical simulations

of the evolution of dust generated from the collision of planetes-
imals around solar-type stars (Kenyon & Bromley 2005). These
models predict that after 1 Myr there is a steady 1/t decline of the
24 !m excess emission, as the dust-producing planetesimals be-
come depleted. It is also found that this decay is punctuated by
large spikes produced by individual collisional events between
planetesimals 100Y1000 km in size. These events initiate a col-
lisional cascade leading to short-term increases in the density of
small grains, which can increase the brightness density of the
disk by an order of magnitude, in broad agreement with the high
degree of debris disk variability observed by Spitzer (Rieke et al.
2005; Siegler et al. 2007).
However, these models do not include the presence of massive

planets, and the study of the evolution of the solar system in-
dicates that they may strongly affect the evolution of debris disk.
There has been one major event in the early solar system evolu-
tion that likely produced large quantities of dust. Between 4.5
and 3.85 Gyr ago there was a heavy cratering phase that resur-
faced the Moon and the terrestrial planets, creating the lunar
basins and leaving numerous impact craters on theMoon,Mercury,
and Mars. This Heavy Bombardment ended abruptly!3.85 Gyr
ago, and since then the impact flux has been at least an order of
magnitude smaller. During the last 20Y200 Myr of the Heavy
Bombardment epoch, a period known as the Late Heavy Bom-
bardment (LHB), there was increased cratering activity, which
came after a relatively calm period of several hundred million
years and could have been created by a sudden injection of im-
pact objects from the main asteroid belt into the terrestrial zone.
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The orbits of these objects became unstable, likely due to the or-
bital migration of the giant planets, which caused a resonance
sweeping of the asteroid belt and a large-scale ejection of as-
teroids into planet-crossing orbits (Strom et al. 2005; Gomes et al.
2005). This event, triggered by the migration of the giant planets,
would have been accompanied by a high rate of asteroid colli-
sions, and the corresponding high rate of dust production would
have caused a large spike in the warm dust luminosity of the solar
system. Similarly, a massive clearing of planetesimals is thought
to have occurred in the Kuiper Belt (KB). This is inferred from
estimates of the total mass in the KB region, 30Y55 AU, ranging
from 0.02M# (Bernstein et al. 2004) to!0.08M# (Luu& Jewitt
2002), insufficient to form the KBOs within the age of the solar
system (Stern 1996). It is estimated that the primordial KB had a
mass of 30Y50 M# between 30 and 55 AU and was heavily
depleted after Neptune formed and started to migrate outward
(Malhotra et al. 2000; Levison et al. 2007). This resulted in the
clearing of KBOs with perihelion distances near or inside the
present orbit of Neptune and in the excitation of the KBO orbits.
The latter increased the relative velocities of KBOs from10 m s$1

to >1 km s$1, making their collisions violent enough to grind
down a significant mass of the KBOs to dust and blow it away by
radiation pressure.

The evolution of debris disks may therefore be strongly af-
fected by the presence of planets; in its early history, a star with
planetary companions may be surrounded by a massive debris
disk while the planets are undergoing orbital migration, whereas
at a later stage, the star would harbor a sparse dust disk after the dy-
namical rearrangement of the planets is complete (Meyer et al.
2007); at very late stages, 2Y10 Gyr, the production of dust may
undergo occasional bursts due to major collisions of planetesimals
stirred up by the planets. In addition to their effect on the dust
production rates, massive planets can also affect the dynamics of

the dust grains. Examples include the trapping of dust particles
inmeanmotion resonances and their ejection due to gravitational
scattering (Liou & Zook 1999; Moro-Martı́n & Malhotra 2002,
2005).

In this paper, we search for debris disks around nine stars
known from RV studies to harbor one or more massive planets.
These stars are drawn from the SpitzerLegacy programFormation
andEvolution of Planetary Systems (FEPS). The properties of the
stars and their planetary companions can be found in Tables 1 and
2. The observations and data reduction are briefly described in x 2,
and the resulting spectral energy distributions (SEDs) are pre-
sented in x 3. In x 4 we explore the correlation of the frequency
of dust emission with the presence of known planets by applying
survival tests to the FEPS sample and the FGK star survey pub-
lished in Bryden et al. (2006). Finally, x 5 discusses the inter-
pretation of our results. HD 38529, the only planet star in the FEPS
sample with an excess emission, is discussed in detail in Moro-
Martı́n et al. (2007).

2. OBSERVATIONS AND DATA REDUCTION

Anoverviewof the FEPSprogram is given inMeyer et al. (2004,
2006), and a detailed description of the data acquisition and data
reduction is given in Hines et al. (2005) and J. M. Carpenter et al.
(2007, in preparation). The Multiband Imaging Photometer for
Spitzer (MIPS; Rieke et al. 2004) was used to obtain observa-
tions at 24 and 70 !m using the small-field photometry mode
with 2Y10 cycles of 3 and 10 s integration times, respectively.
The data were first processed by the Spitzer Science Center (SSC)
pipeline version S13, and further processing was done by the
FEPS team, the details of which can be found in J. M. Carpenter
et al. (2007, in preparation).

At 24 !m, point-spread function (PSF) fitting photometry
was performed using the APEX module in MOPEX (Makovoz

TABLE 1

Stellar Properties

Source

(HD No.) Spectral Type

Distancea

(pc)

Age

(Gyr)

Teff
(K)

log L

(log L%)

M

(M%) [Fe/H]

6434...................................... G2/3 Vb 40 " 1 12 " 1c 5835d 0.05 " 0.02e 0.84 " 0.05f $0.52d

38529.................................... G8 IIIYG IVb 42 " 2 3.5 " 1g 5697h 0.80h 1.47h 0.445h

80606.................................... G5i 58 " 20 6 j 5573h $0.15h 1.06h 0.343h

92788.................................... G6 Vk 32 " 1 6 " 2l 5836h 0.01h 1.13h 0.318h

106252.................................. G0i 37 " 1 5.5 " 1m 5870h 0.11h 1.01h $0.076h

121504.................................. G2 Vn 44 " 2 2 " 1o 6075d 0.19 " 0.04e 1.03 " 0.06f 0.16d

141937.................................. G2/3 Vp 33 " 1 2.6 " 1q 5847h 0.07h 1.08h 0.129h

179949.................................. F8 Vp 27 " 1 2.5 " 1r 6168h 0.27h 1.21h 0.137h

190228.................................. G5 IVs 62 " 3 5r 5348h 0.63h 1.21h $0.180h

a Hipparcos Catalog (Perryman et al. 1997).
b Houk (1980).
c Barbieri & Gratton (2002); Nordstrom et al. (2004); Ibukiyama & Arimoto (2002).
d Santos et al. (2004).
e Computed from FEPS database.
f Nordstrom et al. (2004).
g Valenti & Fischer (2005); Gonzalez et al. (2001).
h Valenti & Fischer (2005).
i Cannon & Pickering (1918Y1924).
j E. E. Mamajek (2007, in preparation).
k Houk & Swift (1999).
l Wright et al. (2004); Laws et al. (2003); Gonzalez et al. (2001).
m Valenti & Fischer (2005); Wright et al. (2004); Laws et al. (2003); E. E. Mamajek (2007, in preparation).
n Houk & Cowley (1975).
o Barbieri & Gratton (2002); E. E. Mamajek (2007, in preparation).
p Houk & Smith-Moore (1988).
q Barbieri & Gratton (2002); Nordstrom et al. (2004); Laws et al. (2003); Valenti & Fischer (2005); E. E. Mamajek (2007, in preparation).
r Nordstrom et al. (2004); Valenti & Fischer (2005).
s Jaschek (1978).
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&Marleau 2005) with a fitting radius of 21 pixels on the individual
Basic Calibrated Data (BCD) images. Fluxes were computed by
integrating the PSF to a radius of 3 pixels and then applying an
aperture correction of 1.600 to place the photometry on the same
scale as described in the MIPS Data Handbook. The S13 images
were processed using a calibration factor of 0.0447 MJy sr$1.
We adopt a calibration uncertainty of 4%, as stated on the SSC
MIPS Web pages.

The raw MIPS 70 !m images were processed with the SSC
pipeline version S13. The individual BCD images were formed
into mosaics with 400 pixel sizes using the Germanium Reprocess-
ing Tools (GeRT) software package S14.0 version 1.1 developed
by the SSC. The GeRT package performs column filtering on the
BCD images to remove streaks in the BCD images and then
performs a time median filter to remove residual pixel response
variations. A 4000 ; 4000 region centered on the source position
was masked when computing the time and column filtering such
that the filtering process is not biased by the source. The filtered
images were formed into mosaics using MOPEX. Aperture pho-
tometry was performed on theMIPS 70 !mmosaics using a cus-
tommodified version of IDLPHOT. The adopted aperture radius
of 1600 was chosen to optimize the signal to noise ratio (S/N) for
faint sources. The sky level was computed as the mean value of
the pixels in a sky annulus that extends from 4000 to 6000. The
photometry uncertainty is given by " ¼ !"sky(Nap)

1/2#sky#corr
(1:0þ Nap/Nsky)

1/2, where "sky is the standard deviation in the
sky annulus surface brightness, ! is the pixel solid angle, Nsky

and Nap are the number of pixels in the sky annulus and in the
aperture, and #sky and #corr are correction factors that account for
the presence on the mosaic of nonuniform noise and of correlated
noise, respectively. We used #sky ¼ 2:5 and #corr ¼ 1:40 (see the
full description in J. M. Carperter et al. 2007, in preparation). The
adopted calibration factor is 702 MJy sr$1 (DN s$1)$1, with an
uncertainty of 7%, as described on the SSC MIPS Web pages.

The Infrared Spectrograph (IRS; Houck et al. 2004) was used
to obtain low-resolution (R ¼ 70Y120) spectra from7.4 to 38!m,
with integration times per exposure of 6 and 14 s for the Short-
Low (7.4Y14.5 !m) and Long-Low (14.0Y38.0 !m), respectively.
The data were initially processed with the SSC pipeline S10.5.0,
with further processing described in J. Bouwnman et al. (2007, in
preparation). From the spectra, synthetic photometric points

were calculated at 13 !m with a rectangular bandpass between
12.4 and 14.0 !m, at 24 !mwith the same bandpass shape as the
MIPS 24 filter, and at 33 !m with a rectangular bandpass be-
tween 30 and 35 !m. The estimated calibration uncertainty in the
synthetic photometric is 6% (J. M. Carpenter et al. 2007, in prep-
aration). The spectra are generally not reliable beyond 35 !m, al-
though we found that for HD 6434, HD 121504, and HD 80606
it is very noisy beyond 34, 33, and 30 !m, respectively, making
the 33 !m photometric points unreliable for the last two sources.
The latter is flagged by the SSC as nonnominal, possibly due to a
failure in the peak-up.
The Infrared Array Camera (IRAC; Fazio et al. 2004) was used

to obtain observations at 3.6, 4.5, and 8.0 !m in subarray mode.
Initial processing of the data was done with the SSC pipeline S13,
with further processing as described in J. M. Carpenter et al.
(2007, in preparation). Aperture photometry on individual IRAC
frameswasperformedusing a custommodifiedversionof IDLPHOT
using an aperture radius of 3 pixels (1 pixel ! 1:200), with the
background annulus extending from 10 to 20 pixels centered on
the star. The internal uncertainty was estimated as the standard de-
viation of the mean of the photometry measured at the four dither
positions. We adopted calibration factors of 0.1088, 0.1388, and
0.2021 MJy sr$1 (DN s$1)$1 for IRAC 3.6, 4.5, and 8 !m, re-
spectively, and calibration uncertainties of 2% (Reach et al. 2005).

3. SPECTRAL ENERGY DISTRIBUTIONS
AND EXCESS EMISSION

The SEDs are shown in Figure 1 and include the Spitzer pho-
tometric measurements, observations made by IRAS, Tycho, and
2MASS and, in some cases, upper limits at 1.2 mm fromCarpenter
et al. (2005). For each star, the results from the Spitzer photometric
measurements and their internal uncertainties are listed in the first
entry of Table 3 (in rows indicated by ‘‘obs’’). The reported
fluxes arise from both the photosphere of the star and the thermal
emission of the dust (if present). For all targets, observations are
sufficient to detect the photosphere of the star at all Spitzerwave-
lengths<33 !m,making it possible to detect small dust excesses
( limited mainly by the calibration uncertainties). To estimate the
contribution from the dust alone, we need to subtract the photo-
spheric emission, given in the second entry of Table 3 (in rows in-
dicated by ‘‘model’’). The Kurucz model calculations are described

TABLE 2

Orbital Characteristics of Known Planetary Companions

Planet

(HD No.)

Mp sin i

(MJ)

Period

(days)

ap
(AU) ep Nobs Reference

6434b............................... 0.397(59) 21.9980(90) 0.1421(82) 0.170(30) 130 1

38529b............................. 0.852(74) 14.3093(13) 0.1313(76) 0.248(23) 162 2

38529c............................. 13.2(1.1) 2165(14) 3.72(22) 0.3506(85) 162 2

80606b............................. 4.31(35) 111.4487(32) 0.468(27) 0.9349(23) 46 2

3.90(9) 111.81(23) 0.47 0.9227(12) 61 3

92788b............................. 3.67(30) 325.81(26) 0.965(56) 0.334(11) 58 2

3.58 325.0(5) 0.96 0.35(1) 55 1

106252b........................... 7.10(65) 1516(26) 2.60(15) 0.586(65) 15 2

7.56 1600(18) 2.7 0.471(28) 40 4

121504b........................... 1.22(17) 63.330(30) 0.329(19) 0.030(10) 100 1

141937b........................... 9.8(1.4) 653.2(1.2) 1.525(88) 0.410(10) 81 5

179949b........................... 0.916(76) 3.092514(32) 0.0443(26) 0.022(15) 88 2

190228b........................... 4.49 1146(16) 2.25 0.499(30) 51 4

Notes.—HD38529 has two known planets. Themultiple entries for the other stars correspond to different estimates for the same planet,
ap and ep are the semimajor axis and eccentricity of the planet, and Nobs is the number of RVobservations. The number in parentheses
indicates the uncertainty in the last significant figures.

References.— (1) Mayor et al. 2004; (2) Butler et al. 2006; (3) Naef et al. 2001; (4) Perrier et al. 2003; (5) Udry et al. 2002.
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Fig. 1.—Spectral energy distributions (SEDs) of the nine planet-bearing stars in the FEPS program. The green line represents the Kurucz model. The black thicker line
represents the IRS low-resolution spectrum. The photometric points are identified as follows: green squares represent ground-based observations (including Tycho and
2MASS); black circles represent Spitzer observations ( IRAC,MIPS, and synthetic photometry from IRS); red diamonds represent IRAS observations. In all cases, the error
bars correspond to 1 " uncertainties. Upper limits are represented by triangles and are given when F/"F < 3 and placed at F þ 3"F if F > 0 or 3"F if F < 0. Black
triangles show the upper limits for Spitzer 70 !m, and red triangles show those for IRAS and 1.2 mm.



in J.M.Carpenter et al. (2007, in preparation). Infrared excesses can
also be identified empirically from the color-color diagrams in
Figure 2, showing a narrow distribution of the ratio of the fluxes at
24 and 8!m(F24/F8) compared to awide distribution of the ratio of
the fluxes at 70 and 24 !m (F70/F24). This indicates that the flux at
24 !m is mainly photospheric and that the best indicator of the
presence of a debris disk is the 70 !m excess emission.

HD 38529 has the only robust detection of an excess at 70 !m
with a S/N in the excess emission of 4.7, a small excess at 33 !m
(with a S/N in the excess emission of 2.1), and no excess<30!m.
Because of the slope of the spectrum across the MIPS 70 !m
band, the 70 !m flux needs to be color corrected by dividing
the observed flux by 0.893 (assuming the emission arises from
cold dust emitting like a blackbody at 50 K; see the MIPS Data
Handbook). This increases the 70 !m flux from 75.3 to 84.3 mJy.
The centroid positions of the object in the 24 and 70 !m images
are R:A: ¼ 05h46m34:88s, decl: ¼ þ01(10004:6100 and R:A: ¼
05h46m34:79s, decl:¼ þ01(10004:6200, respectively, in agree-
mentwith the 2004.7 2MASS coordinates for HD38529 (R:A: ¼
05h46m34:895s and decl: ¼ þ01(10004:6500, accounting for the
proper motion of the star), with the absolute pointing knowledge,
better than 1.400 and 1.700 (1" radial) at 24 and 70!m, respectively
(Spitzer Observers Manual). Inspection of the images shows that
the 24 and 70 !m source is free of nearby point sources, and there
is very little structure from galactic cirrus. Finally, it is unlikely
that the emission at 70 !m comes from a background galaxy
within 200of the stellar position; using the background counts in
Dole et al. (2004) and followingDownes et al. (1986),we estimate
a probability of 1:5 ; 10$5 for 50mJy and 7:4 ; 10$6 for 100mJy.
We therefore conclude that the observed 70 !m emission comes
from HD 38529. Even though it is difficult to identify statistical
trends fromone detection, it is interesting to note that HD38529 is
themost luminous, most massive, andmost evolved of the planet-
bearing stars in Table 1. Assuming V ¼ 5:95 (Johnson 1966), a
Hipparcos distance of 42 pc, and no reddening, the object has an

absolute visual magnitude of Mv ¼ 2:81 and log (L/L%) ¼ 0:82,
putting the star on the Hertzsprung gap, so it is clearly postYmain
sequence.
In summary, we find that only 1 out of 9 of the planet-bearing

stars show evidence of a debris disk. In the next section, we
explore whether or not there is evidence of a correlation between
the presence of debris disks and close-in planets.

4. ARE DEBRIS DISKS AND CLOSE-IN PLANETS
RELATED PHENOMENA?

Using the FEPS data, we address the possibility of a debris-
planet connection by comparing the results for the nine planet-
bearing stars (hereafter, ‘‘the planet sample’’) to those of a larger
subset of stars in the FEPS sample without regard to the presence
of planets (hereafter, ‘‘the control sample’’). The planet sample
is a subset of the control sample. Given the current statistics from
RV surveys, it is unlikely that the majority of the stars in the con-
trol sample harbor a giant planet; therefore, the control sample is
likely less biased for the presence of giant planets than is the
planet sample. By comparing these two samples, we investigate
whether the frequency and luminosity of debris disks are cor-
related with the presence of a massive planet.

4.1. Selection of the Control Sample

The main criterion for the choice of the control sample is that
the observations reach levels of sensitivity similar to the planet
sample. For this we require that (1) the stars in the control sample
span the same range of distances as the planet-bearing stars
(26Y62 pc) and (2) their infrared background levels at 70 !m be
similar. Age may also be a factor, as the stars in the FEPS sample
typically range from 3 Myr to 3 Gyr, with a few stars perhaps as
old as 3Y10 Gyr, while planet-bearing stars are typically older
than 1 Gyr. If debris disks evolve significantly over the range
3 MyrY10 Gyr, this could also introduce a bias in the debris disk
detection. Samples of young stars show an initial rapid decline

TABLE 3

Spitzer Photometry and Kurucz Stellar Models for FEPS Targets with Planets

Source

(HD No.)

IRAC 3.6

(!m)

IRAC 4.5

(!m)

IRAC 8

(!m)

IRS 13

(!m)

MIPS 24

(!m)

IRS 24

(!m)

IRS 33

(!m)

MIPS 70

(!m)

S/Nexc

at 70 !m
1200

(!m)

6434................ obs 952 " 7 603 " 7 215 " 1 74.9 " 0.8 23.9 " 0.2 25.0 " 0.8 11 " 1 8.0 " 7.4 0.7 0 " 10

model 892 " 28 565 " 17 203 " 6 73 " 2 23.2 " 0.7 23.2 " 0.7 12.2 " 0.4 2.6 " 0.1 . . .
38529.............. obs 5893 " 42 3634 " 44 1340 " 9 467 " 5 150 " 1 146 " 2 86 " 2 75 " 11 4.7 . . .

model 5935 " 283 3689 " 168 1360 " 66 487 " 24 156 " 8 156 " 8 82 " 4 17.4 " 0.8 . . .
80606.............. obs 340 " 2 210 " 3 75.5 " 0.5 23.8 " 0.7 8.65 " 0.08 7.9 " 0.3 3.1 " 0.6 3 " 5 0.5 . . .

model 335 " 12 208 " 7 77 " 3 27 " 1 8.8 " 0.3 8.8 " 0.3 4.6 " 0.2 0.98 " 0.04 . . .
92788.............. obs 1447 " 10 891 " 11 323 " 2 111 " 1 36.1 " 0.3 37 " 1 20 " 2 11 " 9 0.8 5 " 15

model 1438 " 52 902 " 31 329 " 12 118 " 4 38 " 1 38 " 1 19.8 " 0.7 4.2 " 0.2 . . .
106252............ obs 1200 " 9 746 " 9 271 " 2 92.8 " 0.9 30.6 " 0.3 30.6 " 0.6 18 " 1 16 " 9 1.4 . . .

model 1146 " 31 708 " 18 268 " 7 94 " 3 30.0 " 0.8 30.0 " 0.8 15.8 " 0.4 3.3 " 0.1 . . .
121504............ obs 1002 " 7 631 " 8 225 " 1 81.3 " 0.8 25 " 0.2 27 " 2 14 " 2 27 " 19 1.3 . . .

model 976 " 35 620 " 22 222 " 8 79 " 3 25 " 1 25 " 1 13.4 " 0.5 2.8 " 0.1 . . .
141937............ obs 1393 " 10 872 " 11 311 " 2 110 " 1 34.9 " 0.3 35.1 " 0.5 18 " 2 $3 " 12 $0.6 . . .

model 1365 " 38 864 " 23 312 " 9 111 " 3 36 " 1 36 " 1 18.7 " 0.5 4.0 " 0.1 . . .
179949............ obs 2943 " 21 1849 " 23 658 " 4 234 " 2 73.9 " 0.7 71 " 1 35 " 2 $5 " 11 $1.2 1 " 10

model 2822 " 78 1809 " 49 641 " 18 229 " 6 73 " 2 73 " 2 38 " 1 8.1 " 0.2 . . .

190228............ obs 2068 " 15 1283 " 16 469 " 3 166 " 2 52.8 " 0.5 53.4 " 0.8 29 " 3 12 " 26 0.2 . . .
model 1987 " 66 1223 " 40 456 " 15 164 " 5 52 " 2 52 " 2 27.6 " 0.9 5.8 " 0.2 . . .

Notes.—Photometry and 1 " internal uncertainties are in units of mJy. Calibration uncertainties are not included in the error estimates. IRS fluxes come from synthetic
photometry from IRS low-resolution spectra. Fluxes at 1200 !m are from Carpenter et al. (2005). Rows labeled ‘‘model’’ give the expected stellar contribution from its
Kurucz model; those labeled ‘‘obs’’ give the photometric measurement. The S/N of the excess, S/Nexc, is the photometric measurement minus the star’s contribution from
its Kuruczmodel divided by the global uncertainty. The global uncertainty is calculated by adding in quadrature the internal and calibration uncertainties, the later taken to
be 7% for MIPS 70 !m.
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over the first !100 Myr, while Bryden et al. (2006) found that
the excess rate at 70 !m is 13% " 5% (down to a fractional lu-
minosity of Ldust/L) ! 10$5, i.e., about 100 times the luminosity
of the KB dust) and is not correlated with stellar age on Gyr
timescales. Therefore, by choosing a control sample that is restricted
to stars older than 300 Myr, we do not expect to introduce any
significant age bias, while improving the statistics by increasing
the number of stars in the control sample. Our control sample thus
consists of 99 stars with distances 26Y62 pc and ages >300 Myr.
We use the Kolmogorov-Smirnov (K-S) test (see, e.g., Press et al.
1993) to assess whether or not the distributions of distances and
IR background levels of the planet and the control samples are
consistent with having been drawn from the same parent popu-
lation. The K-S test yields two values,D, a measure of the largest
difference between the two cumulative distributions under con-
sideration, and probability (D > observed), an estimate of the sig-
nificance level of the observed value of D as a disproof of the

null hypothesis that the distributions come from the same parent
population; i.e., a very small value of probability(D > observed)
implies that the distributions are significantly different. Because
in this casewefind probability(D > observed) ¼ 0:6 (for distance)
and probability(D > observed) ¼ 0:4 (for IR background), we
conclude that both samples could have been drawn from the
same distribution in terms of distance and IR background levels
and therefore can be compared. Note that the K-S test for age
yields a much lower probability [ probability(D > observed) !
10$5]; i.e., both samples are not likely drawn from the same dis-
tribution in terms of age. However, given that the observations
indicate that for the ages under consideration (>300 Myr, with
approximately half of the stars having ages >1 Gyr) there is no
correlation between the 70 !m excess and the stellar age, we do
not expect to introduce any significant bias by comparing the two
samples (but keep in mind that the validity of the comparison
relies on the observed lack of correlation with age).

Fig. 2.—Color-color diagrams of the nine stars in the FEPS planet sample (left) and the 99 stars in the FEPS control sample (right). Stars that show 70 !m excess
emission with a S/N in the excess emission >3 are shown in red and include one star in the planet sample (HD 38529) and nine stars in the control sample. Similarly, stars
that show 24 and 33 !m excess emission with a S/N in the excess emission >3 are shown in blue and green, respectively, and include only two stars (for 24 !m) and four
stars (for 33 !m) in the control sample and none in the planet sample. [The outlier at (0.114, 0.357) in the upper left panel corresponds to HD 80606; its IRS spectrum is
very noisy beyond 30 !m, possibly due to a peak-up failure, making the 33 !m point unreliable.]
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4.2. Frequency of Debris Disks

With respect to the frequency of debris disks, we find that 1/9
stars in the FEPS planet sample have 70 !m excess emission
with a S/N in the excess emission >3, compared to 9/99 stars in
the FEPS control sample; for the Bryden et al. (2006) survey, the
rates are 1/11 (planet sample) and 7/69 (control sample). Be-
cause the frequency of debris disks (seen at 70 !m) in the planet
sample and the control sample are similar, we conclude that there
is no evidence of the presence of a correlation between the fre-
quency of debris disks and close-in planets (if wewere to assume
a

ffiffiffiffi
N

p
error in the number of stars with excesses, the frequency

of debris around a planet-bearing star would bewithin a factor of
3 of the control sample). At 24 !m (tracingwarmer dust), the fre-
quency of debris disks could also be similar in the planet and the
control samples, as none of the stars in the FEPS planet sample
show excess emission, while 2/99 stars in the FEPS control sam-
ple do.

4.3. Fractional Excess Luminosity: Survival Analysis

The planet sample and the control sample are dominated by
upper limits; therefore, the K-S test is not sufficient to assess the
probability that they could have been drawn from the same
parent distribution. To extract the maximum amount of informa-
tion from the nondetections, it is necessary to use survival analysis
methods, which make certain assumptions about the underlying
distributions. Using ASURV revision 1.2 (Lavalley et al. 1992),
which implements the survival analysis methods of Feigelson &
Nelson (1985),we have used theGehan, logrank, and Peto-Prentice
tests to compute the probability that the planet sample and the
control sample were drawn from the same parent distribution
with respect to the fractional excess luminosity, Ldust/L).

We use the fractional luminosity of the excess, Ldust/L), instead
of the 70 !m excess flux, to minimize any correlation with dis-
tance. Following Bryden et al. (2006), from the 70 !m excess
emission one can estimate the fractional luminosity of the excess
by assuming a single dust temperature, Tdust ¼ 52:7 K, corre-
sponding to an emission peak at 70 !m. In this case, Ldust/L) !
10$5(5600/T))

3(F70;dust/F70;) ), where F70,dust and F70,) are the
dust excess and photospheric flux at 70 !m and T) is the stellar
temperature in kelvins. For nondetections, F70;dust ¼ 3"F70,
where "F70 is the 1 " uncertainty of the observed flux.

The resulting survival analysis probabilities, using 3 " upper
limits, are 0.64 (Gehan), 0.86 (logrank), and 0.72 (Peto-Prentice).
As discussed in Feigelson & Nelson (1985), the logrank test is
more sensitive to differences at low values of the variable under
consideration (i.e., near the upper limits), while the Gehan test is
more sensitive to differences at the high end (i.e., for the detec-
tions). The Peto-Prentice test is preferred when the upper limits
dominate and the sizes of the samples to be compared differ (as it
is our case). Similarly, we have carried out survival analysis for
the sample of 69 FGKmain-sequence stars in Bryden et al. (2006).
This samplewas selectedwith regard to the expected S/N for stellar
photospheres and is not biased for or against known planet-bearing
stars. The planet sample consists of 11 stars with known close-in
planets, and the control sample includes all 69 stars. With respect
to the FEPS targets, these stars are generally closer, and the ob-
servations are therefore sensitive to less luminous debris disks
(see Fig. 3). In this case, the probabilities that the planet sample
and the control sample could have been drawn from the same
parent distribution with respect to the fractional excess luminosity
are 0.83 (Gehan), 0.86 (logrank), and 0.70 (Peto-Prentice). If we
consider the FEPS and Bryden samples together, these probabil-
ities are 0.62, 0.85, and 0.70, respectively. Because all the prob-

abilities are larger than 0.6, i.e., significantly larger than 0, the
conclusion from the Gehan, logrank, and Peto-Prentice tests from
the data collected so far (from both FEPS and the GTO results in
Bryden et al. 2006) is that we cannot rule out the hypothesis that
the planet sample and the control sample have been drawn from
the samepopulationwith respect to the fractional excess luminosity.
In other words, we find no sign of correlation between the excess
luminosity and the presence of close-in massive planets.

5. DISCUSSION

5.1. Comparison to Previous Studies

Greaves et al. (2004) searched for submillimeter dust emis-
sion around eight stars known from RV studies to have giant
planets orbiting within a fewAU and found no debris disks down
to a dust mass limit of 6 ; 10$8 M%;

10 they also noted that out of
20 solar-type stars known to have disks, only one, $ Eridani, has
a planet orbiting inside a few AU (Hatzes et al. 2000) and con-
cluded that either debris disks and close-in giant planets are un-
related phenomena or they are mutually exclusive. However,
these results had severe limitations due to the low sensitivity of the
submillimeter observations and the limited accuracy of theRVmea-
surements due to the youth of the sample. The high sensitivity
of the mid-IR observations with Spitzer allows a fresh reexam-
ination of the question. Preliminary work from a Spitzer MIPS
GTOprogrambyBeichman et al. (2005) found that out of 26FGK

Fig. 3.—Ratio of the excess flux to the photospheric flux for the stars with
70 !m excess emission and a S/N in the excess emission >3. The shape of the
symbol indicates the presence of a close-in planet. Circles represent stars with
known RV planets, crosses represent stars without known planets (but included
in RV surveys), and triangles represent stars without known planets (not included
in RV surveys). The black symbols correspond to stars in the FEPS survey, while
blue and red correspond to stars in Beichman et al. (2005) and Bryden et al.
(2006), respectively. (The latter includes stars at smaller distances than those in
the FEPS sample, so it is sensitive to smaller excesses.) For comparison, the
dotted line shows Fdust /F) at 60 !m resulting from the collisional cascade of a
planetesimal disk at 30Y80 AU (Kenyon & Bromley 2005). Because the colli-
sional physics and the behavior of the debris following the collision are uncer-
tain, the estimate for Fdust /F) at 60 !m could vary by more than a factor of 10, so
the observations could be consistent with the model predictions.

10 Dust mass estimates for the KB dust disk range from a total dust mass
<3 ; 10$10 M% (Backmanet al. 1995) to!4 ; 10$11 M% for dust particles<150!m
(Moro-Martı́n&Malhotra 2003); with a fractional luminosity of Ldust/L) ! 10$7Y
10$6 (Stern 1996). The fractional luminosity of the asteroid belt dust (namely,
zodiacal cloud) is estimated to be Ldust/L) ! 10$8 to 10$7 (Dermott et al. 2002).

MORO-MARTÍı́N ET AL.1318 Vol. 658



field stars known to have planets through RV studies, six stars
(HD 33636, HD 50554, HD 52265, HD 82943, HD 117176, and
HD 128311) show 70 !m excess with a S/N in excess of 12.4,
12.1, 3.2 15.7, 3.2 and 4.6, respectively, implying the presence of
cool dust (<100K) locatedmainly beyond 10AU. These six stars
have a median age of 4 Gyr, and their fractional luminosities,
Ldust /Lstar, in the range (0:1Y1:2) ; 10$4 are !100 times that
inferred for the KB (Beichman et al. 2005). The study suggested
a tentative correlation between the frequency and magnitude of
the dust emission with the presence of known planets. Our anal-
ysis of the FEPS and the Bryden et al. (2006) samples does not
confirm the presence of such a correlation.

5.2. Interpretation of Our Results

We found that, given the Spitzer and RV data we have so far,
there is no evidence of a correlation between the presence of close-
in massive planets and the frequency and excess luminosity of
debris disks; i.e., debris disks are not more prevalent in systems
with close-in massive planets than in systems selected without
regard to whether they have close-in massive planets or not. This
might seem a surprising result, because it is reasonable to assume
that most giant planets formed in systems that were initially rich
in planetesimals, as plantesimals are the building blocks of giant
planets in the core-accretion model. However, despite a likely
initial abundance of dust-producing planetesimals, systems with
giant planets may not produce abundant debris at Gyr ages. The
solar system is one example in which there is significant evidence
that it once had amassive planetesimal belt despite the little debris
produced today. That is, giant planets may play an important role
in the evolution of debris disks by efficiently grinding away or
ejecting planetesimals from an initially massive disk. This could
involve processes similar to the LHB in the early solar system,
where a large fraction of the dust-producing planetesimals were
lost due to the orbital migration of the giant planets. For the
planet-bearing stars, if the conditions for the formation of at least
one giant planet weremet, we could speculate that additionalmas-
sive planets possibly formed and migrated, which could lead to
LHB-type events. Comparison of the debris disk properties be-
tween stars with and without massive giant planets may therefore
be a function of age. The FEPS and Bryden et al. (2006) samples
are drawn mainly from stars 300 Myr to 10 Gyr old, i.e., mostly
after the LHB is thought to have occurred in our solar system.

Our result also suggests that massive planets may not be required
to produced debris. A possible mechanism for the production of
debris in the presence or absence of massive planets is the col-
lisional cascademodel of Kenyon&Bromley (2005). Such amodel
can produce debris at Gyr ages, even in disks that are too low in
solids to form a giant planet (i.e., too low in initial diskmass and/or
too low in metallicity). In this model, large (1000 km) planetes-
imals can stir up smaller planetesimals (0.1Y10 km in size) along
their orbits, starting a collisional cascade that can produce dust
excess emission of the magnitude shown in Figure 3 over the rel-
evant range of ages. However, this cannot be the only mechanism,
because if it were to dominate debris production, one would expect
to see the dust temperature correlatedwith age, but this trend has not
been observed (Najita & Williams 2005). Similarly, the observa-
tions in Figure 3 could not confirm the time dependence of the
fractional 70 !m excess emission predicted by the models.

That massive planets may not be required to produce debris is
also supported by several observational results. First, debris disks
are more common than massive planets. It is found that >7% of
stars have giant planets with M < 13 MJ and semimajor axis
within 5 AU, but this is a lower limit, because the duration of the
surveys (6Y8 yr) limits the ability to detect planets between 3 and

5 AU. The expected frequency of gas giant planets increases to
!12% when RV surveys are extrapolated to 20 AU (Marcy et al.
2005),with the distribution of planets following dN /dM / M$1:05

from 1MS to 10MJ (where the subscripts S and J refer to Saturn
and Jupiter, respectively; the surveys are incomplete at smaller
masses). In comparison, the frequency of debris disks observed
at 70 !m with Spitzer is 13% " 5% (from Bryden et al. 2006).
However, this detection rate is sensitivity limited, because the
observations in Bryden et al. (2006) can only reach fractional
luminosities of Ldust/L)k 10$5, i.e., k100 times the luminosity
from our solar system KB. Bryden et al. (2006) found that the
frequency of dust detection increases steeply as smaller frac-
tional luminosities are considered, ranging from nearly 0% for
Ldust/L) !10$3 to 2% " 2% for Ldust/L) !10$4 and 13% " 5%
for Ldust/L) ! 10$5. Using this cumulative distribution and as-
suming that the distribution of debris disk luminosities is a
Gaussian, Bryden et al. (2006) estimated that the luminosity of
the solar system dust is consistent with being 10 times brighter or
fainter than an average solar-type star; i.e., debris disks at the
solar system level could be common. The debris disks observed
with Spitzer could therefore be the high-luminosity tail of a dis-
tribution of dust luminosities that peaks near the solar system
values.

Second, there is no correlation between stellar metallicities
and the incidence of debris disks (Beichman et al. 2005; Bryden
et al. 2006; Greaves et al. 2006). Greaves et al. (2006) found that
in a sample of 310 F7YK3 stars within 25 pc of the Sun and for
which the stellar metallicities are known, there is only a 0.6%
probability that planet-bearing stars and debris disks stars have
the same metallicity distribution, with the planet-bearing stars
being correlated with high stellar metallicities (Fischer &Valenti
2005). This is in agreement with the core-accretion model, in
which the formation of giant planets requires the presence of a
large surface density of solids in the disk, so that the planet can
grow a core sufficiently large to accrete an atmosphere before the
gas disk disappears in P10 Myr. Because the governing time-
scale in the growth of planetesimals is the orbital period, in theKB
region the planetesimal formation process is slower (according to
Kenyon& Bromley [2004], it may take!3 Gyr to form a Pluto at
100AU), but can proceedwell after the gas disk has dissipated (so
there is no time limitation). This can occur in systems regardless of
whether or not they meet the conditions for giant planet formation.

As a result, collisional grinding in a self-stirred model of this
kind might be expected to produce debris in systems with low
metallicities and low initial disk masses. If this leads to debris
production in a wider variety of systems than can produce giant
planets, we might expect the presence of debris to be poorly cor-
related with the presence of giant planets.

6. CONCLUSIONS

1. Using Spitzer observations, we have searched for debris
disks around nine planet-bearing solar-type stars, with stellar ages
ranging from 2 to 10 Gyr. Only one of the sources, HD 38529, is
found to have excess emission above the stellar photosphere, with
a S/N at 70!mof 4.7 and no excess at k < 30!m.The remaining
sources show no excesses at any Spitzer wavelengths.

2. Given the data we have so far, from both FEPS and the FGK
sample from Bryden et al. (2006) and using survival analysis, we
find that there is no evidence of a correlation between the presence
of close-in massive planets and the frequency and excess lumi-
nosity of debris disks.

3. Because we expect massive planets to form in systems that
are initially rich in planetesimals, but the observations indicate
that systems with giant planets do not preferentially show debris,
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there is the possibility that massive planets play an important role
in the evolution of debris disks by efficiently grinding away or
ejecting planetesimals from an initially massive disk, possibly in
a LHB-type event.

4. Our results also suggest that massive planets may not be
required to produced debris, which is supported by the collisional
cascade models of Kenyon & Bromley (2005) and the observa-
tions and theoretical models that indicate that debris disks are
more prevalent than massive planets.
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APPENDIX

HD 150706

HD 150706 is a member of of the FEPS sample and exhibits an excess emission at 70 !m with a S/N in the excess emission of 4.3
(and a color-corrected flux of 46.3 mJy). Even though it has been listed as a planet-bearing star, it is not included in our planet sample,
because new RVobservations cannot confirm the claimed planet. HD 150706 has appeared in various compilations of Sun-like stars with
extrasolar planets (cf. Santos et al. 2004). An orbital solution for a purported 1.0 MJ eccentric planet at 0.8 AU was announced by the
Geneva Extrasolar Planet Search Team (the 2002 Washington conference of Scientific Frontiers in Research in Extrasolar Planets; Udry
et al. 2003); however, there is no refereed discovery paper giving details, onlyWeb pages. Eight Doppler velocity measurements (Table 4)
made with HIRES on the Keck telescope from 2002 to 2006 yield rms values of 12.1 m s$1, far below the 33 m s$1 velocity amplitude
claimed due to a planet. The rms for a linear fit of the HIRES data is 8 m s$1, which can be adequately explained by the expected jitter for a
young (700 " 300Myr), active early G star such as HD 150706. The four years of HIRES data rule out the presence of planets of roughly
1 MJ or larger located within 2 AU and 2 MJ or more within 5 AU (modulo sin i ). Smaller planets inward of 5 AU and super-Jupiters
outward of 5 AU are not inconsistent with the HIRES observations to date. Further, the lack of a monotonic trend in the velocities of
amplitude many tens of m s$1 indicates that there is no brown dwarf or low-mass star anywhere within !20 AU.
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