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Spitzer New Views of the CosmosASP Conferen
e Series, Vol. XXX, 2005L. Armus, et al.Formation and Evolution of Planetary Systems: Pla
ingOur Solar System in Context with SpitzerMi
hael R. MeyerSteward Observatory, The University of Arizonaand the FEPS Lega
y S
ien
e Teamhttp://feps.as.arizona.eduAbstra
t. We summarize the progress to date of our Lega
y S
ien
e Pro-gram entitled The Formation and Evolution of Planetary Systems (FEPS) basedon observations obtained with the Spitzer Spa
e Teles
ope during its �rst yearof operation. In addition to results obtained from our ground{based preparatoryprogram and our early validation program, we des
ribe new results from a sur-vey for near{infrared ex
ess emission from the youngest stars in our sample aswell as a sear
h for 
old debris disks around sun{like stars. We dis
uss the im-pli
ations of our �ndings with respe
t to 
urrent understanding of the formationand evolution of our own solar system.1. Introdu
tionIs our solar system, and the potential for life to arise that it represents, 
ommonor rare among sun{like stars in the disk of the Milky Way galaxy? In order tohelp answer this question, planetary s
ientists use the properties observed to-day in our solar system to infer its evolutionary history and initial 
onditions offormation. Astronomers have a di�erent approa
h, observing sun{like stars at avariety of ages in an attempt to 
onstrain the range of paths taken by evolvingplanetary systems that might surround these stars. Only by synthesizing re-sults from studying our solar system and observations of disk evolution aroundensembles of sun{like stars 
an we address the question posed.Few resear
hers dispute that most stars are surrounded by 
ir
umstellara

retion disks at birth. Re
ent near{infrared (1{4 �m) photometri
 studieshave indi
ated that this a

retion phase lasts between 1{10 Myr with 50 % ofsun{like stars losing their inner a

retion disks (Rdisk < 0.1 AU) within 3 Myr(Hais
h et al. 2001). Yet the gas and dust 
ontent of remnant disks at largerradii is un
onstrained by these observations. Cooler dust at larger radii will emitat longer wavelengths 
hara
teristi
 of the appropriate bla
kbody temperature(Be
kwith, 1999). As a result, we 
an 
onsider that di�erent wavelengths tra
edi�erent radii in the disk It is extremely important to 
ondu
t photometri
studies from 1{1000 �m as a fun
tion of age in order to 
onstrain the geometri
distribution of dust from 0.1{100 AU and how it may evolve over time.Observations of a

retion disks surrounding T Tauri stars have establishedthat they are opti
ally{thi
k from a few to > 30 �m (Be
kwith et al. 1990; seealso D'Alessio et al. 2001). It is from these disks that we think planets form.1



2 Meyer et al.As they do, material in the disk is either in
orporated into larger obje
ts or dis-persed leading to the opti
ally{thin disks observed around older main sequen
estars. How mu
h material is required for opti
al{depth unity perpendi
ular tothe disk? If the disk interior to 0.1 AU were opti
ally{thi
k and the opa
ity weredominated by gas, that would imply a mass a

retion rate> 10�7 M�/yr (Meyeret al. 1997; see also Muzerolle et al. 2003). If the opa
ity is dominated by dust,it would take roughly a few times the mass of the asteroid Ceres distributedinterior to 0.1 AU in mi
ron{sized parti
les to rea
h opti
al depth unity. Inthe mid{infrared, it would take approximately one Earth mass of mi
ron{sizedgrains between 0.1-1 AU for the dust to be opti
ally{thi
k. And in the far{infrared, approximately one Jupiter's worth of small grains distributed between1{10 AU would 
orrespond to � = 1:0.It is often assumed that opti
ally thin disks 
orrespond to debris disksrather than primordial disks, though this need not be the 
ase. What do wemean by these distin
tions and how 
an we dis
ern them? We will refer to adisk as primordial if the opa
ity in the disk is dominated by interstellar dustgrains in
orporated into the disk as a by{produ
t of the star formation pro
ess.We will refer to a disk as debris if the opa
ity is dominated by grains generatedthrough 
ollisions of larger parent bodies. While these de�nitions are helpful in
larifying the terminology, they are not very pra
ti
al. We might hope to tellthe di�eren
e observationally by 
onstraining the amount of remnant gas in adisk, thereby invoking times
ale arguements (P{R drag and radiation pressureblowout) to infer that the dust we see must be 
ontinuously replenished (Ba
k-man and Pares
e, 1993) or dete
ting solid{state spe
tral features that suggestdust generated from a di�erentiated parent body.In what follows, we review some re
ent results 
on
erning the evolution of
ir
umstellar disks surrounding sun{like stars in the pre{Spitzer era, des
ribebrie
y our Lega
y S
ien
e Program, provide an overview of our initial results,and dis
uss their impli
ations. Our main goals in 
arrying out this program areto 
onstrain theories for the formation and evolution of planetary systems, andto provide insight into whether solar systems like our own are 
ommon or raresurrounding sun{like stars in the disk of the Milky Way.2. The Pre{Spitzer EraWhile the IRAS satellite provided powerful eviden
e for 
ir
umstellar a

retiondisks surrounding newly formed stars (Ru
inski et al. 1985) as well as debrisdisks surrounding nearby luminous main sequen
e stars (Aumann, 1985), manygaps remain in our understanding of how to 
onne
t these two phenomena.Several studies undertaken with the Infrared Spa
e Observatory (ISO), havehelped make these 
onne
tions (see review by Meyer and Be
kwith, 2000; vanDishoe
k, 2003) and fo
us attention on unresolved questions: 1) do debris disksdiminish with the mass in small grains as t�2 expe
ted if the dominant removalme
hanism for grains is P{R drag (e.g. Spangler et al., 2001; see however De
inand Dominik 2003); 2) how long do gas{ri
h disks persist in 
ir
umstellar disks(e.g. Thi et al. 2001); 3) 
an we infer the presen
e of massive planets in disksbased on spe
tral energy distributions (SEDs) (e.g. Bouwman et al. 2003);



Formation and Evolution of Planetary Systems 3and 4) 
an we tra
e the evolution of grain size and dust 
omposition throughobservations of solid state features in the remnant dust (e.g. Meeus et al. 2001).Re
ent ground{based studies undertaken in preparation for the SpitzerSpa
e Teles
ope have also furthered our understanding. Mamajek et al. (2004;see also Weinberger et al., 2003 and Met
hev et al., 2004) 
ondu
ted sensitivemid{infrared photometri
 studies in order to 
onstrain the evolution of dustin the terrestrial planet zone. These preliminary results suggest that opti
ally{thi
k disks between 0.1{1.0 AU evolve on times
ales 
omparable to the 
essationof a

retion. Further, the limits pla
ed on the amount of opti
ally{thin debrisdisks appear in
onsistent with simple extrapolations of our own solar systemzodia
al dust disk to ages of 10{30 Myr (Mamajek et al. 2004). Sub{millimetersurveys for 
ool dust surrounding sun{like stars (e.g. Carpenter et al. 2005)provide quantitative 
onstraints on the evolution of dust mass from 3{30 Myr.Following up a rare dust dete
tion towards the 100{300 Myr old G star HD107146, Williams et al. (2004) tentatively resolved the 450 �m emission andmodelled the disk with a large inner hole. Ardila et al. (2005) have 
on�rmedaspe
ts of this model with images of the disk in s
attered light with the ACSon HST. Finally, Kessler et al. (2005) des
ribe ground{based e�orts to extendwork done on evolution of the sili
ate emission features observed toward HerbigAe/Be stars with ISO (Meeus et al. 2001) to sun{like stars from the protostellarphase through to the debris disk phase.3. Overview of the FEPS ProgramIn 
oordination with guaranteed time programs, general observer programs, andother Lega
y S
ien
e Programs, the FEPS proje
t attempts to address: 1) howopti
ally{thi
k a

retion disks transition to be
ome debris disk systems; 2) whenthe mole
ular gas from whi
h giant planets form is removed from 
ir
umstellardisks around sun{like stars; and 3) the diversity of planetary ar
hite
tures in-ferred from infrared observations of main sequen
e stars. Our sample 
onsistsof approximately 300 stars with masses between 0.7{1.5 M� spanning a rangeof ages from 3 Myr to 3 Gyr. Roughly 50 stars were sele
ted in six equallyspa
ed bins of log{age. Care was taken to 
hoose the 
losest targets availablein the lowest IR ba
kground regions from the parent samples available withinthe 
onstraints of our program. Ea
h of our target stars is observed with everySpitzer instrument: IRAC photometry in the near{infrared, IRS low resolutionspe
tros
opy in the mid{infrared, and MIPS photometry in the far{infrared. Asub{set of our sample is observed with the IRS at high spe
tral resolution inorder to dis
ern the amount of remnant gas in disks through a variety of atomi
and mole
ular spe
ies (see Hollenba
h et al., this volume). Additional details
on
erning the FEPS program 
an be found in Meyer et al. (2005).4. New ResultsWe re
eived our �rst Spitzer data in De
ember, 2003, as part of the Lega
y Val-idation Program in order to insure that our observing pro
eedures were suitablefor our program given the measured in{
ight performan
e and modi�ed opera-tion proto
ols. Although minor modi�
ations were made to the overall program



4 Meyer et al.based on these data, we su

eeded in: 1) 
on�rming the presen
e of a debris disksurrounding the 30 Myr old sun{like star HD 105, 2) dis
overing a new debrisdisk surrounding HD 150706, a G star with age 700 � 300 Myr, and 3) pla
ingstringent upper limits on dust mass in three older systems. For the two debrisdisks, inner holes ranging from 20{45 AU were inferred based on the observa-tions. The limits on the amount of warm debris suggest that the dust surfa
edensity drops by x100 inside the inner hole radii. While these inner holes 
ouldbe maintained 
ollisionally, depending on the assumptions made 
on
erning thedust, they are also 
onsistent with a model requiring the presen
e of gas giantplanets (Moro{Martin et al., 2005).Several other studies are underway based on data 
olle
ted during the �rstyear of Spitzer operations, some of whi
h was delivered to the Spitzer Lega
yS
ien
e Ar
hive in O
tober, 2004. In a follow{up study 
on
erning the lifetimeof inner dust disks surrounding young stars, Silverstone et al. (2005) 
on�rmand extend the results from Mamajek et al. (2004). In a sample of 74 starsranging in age from 3{30 Myr, only �ve stars were found to exhibit emissionin ex
ess of that expe
ted from the stellar photosphere at wavelengths of 3.6,4.5, and 8.0 �m. While four of the ex
ess stars have ages from 3{10 Myr, onlyone star with ex
ess was found with an age from 10{30 Myr. In all 
ases theex
esses arise from opti
ally{thi
k disks with 4=5 stars exhibiting spe
tros
opi
eviden
e for a
tive disk a

retion. No stars in the sample were found to haveopti
ally{thin ex
ess emission with 
onstraints of < 10�5 Earth masses of dustin mi
ron{sized grains inferred for non{dete
tions. This suggests that: 1) dustfrom 0.1{1.0 be
omes extremely opti
ally{thin on times
ales of 10 Myr; and 2)the times
ale to transition between opti
ally{thi
k and thin is < a million years.Hollenba
h et al. (this volume; 2005) des
ribe the sear
h for remnant gasusing the IRS high resolution mode to sear
h for emission lines of atomi
 andmole
ular spe
ies expe
ted to dominate the 
ooling of gas disks. Non{dete
tionstowards the 30 Myr debris disk 
andidate HD 105 suggest upper limits of <0.1 MJUPITER in remnant gas, ruling out the future formation of gas giantplanets in that system. Hines et al. (this volume; 2005) des
ribes the sear
h forwarm debris disks dete
ted with the IRS in
luding the unusual ring of materialsurrounding HD 12039 emitting at 110 K. Assuming the emission 
omes fromlarge bla
kbody grains, models suggest that the material is 
on�ned to a narrowring from 4{6 AU not unlike the asteroid belt in our own solar system.Kim et al. (2005) present new data for �ve 
old debris disks surroundingsun{like stars analogous to the dust generated in our solar system by 
ollisionsof Kuiper Belt obje
ts. In all 
ases, limits are pla
ed on the amount of warminner debris and estimates are made for the sizes of the inner disk holes inferredas a fun
tion of assumptions made 
on
erning the grain properties. There is adegenera
y in the models su
h that the SEDs observed 
an be explained eitherthrough large (bla
kbody) dust grains at radii from 20{50 AU, or small grainsnear the blowout size at radii > 100 AU. Minimum dust masses inferred are
onsistent (within a fa
tor of x3) with extrapolations based on a toy model forthe evolution of the Kuiper Belt (Ba
kman et al. 2005). While models wherethe inner holes are maintained by 
ollisional evolution and radiation pressureblowout 
annot be ruled out, the data are also 
onsistent with inner holes main-tained by the presen
e of gas giant planets. We plan to distinguish between
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Figure 1. Frequen
y of stars in 
lusters or asso
iations with dete
tablemid{infrared ex
ess versus 
luster age. Filled 
ir
les are data taken fromthe literature while the �lled squares are new results from Silverstone et al.(2005).these models by: 1) attempting to dire
tly dete
t gas giant planets surroundingthe youngest and nearest 
old debris disks in our sample (e.g. Mas
iadri et al.,



6 Meyer et al.2005), 2) 
oronagraphi
 imaging of the outer dust disks in s
attered light (e.g.Kalas et al. 2005), and 3) resolved observations of the thermal emission usingnulling interferometry on large ground{based teles
opes equipped with adaptiveopti
s (e.g. Liu et al. 2004).

Figure 2. Spitzer SEDs for debris disks surrounding sun{like stars fromKim et al. (2005). Expe
ted photospheri
 emission based on our model �tsare shown as solid lines, with best �t models for the ex
ess emission indi
atedwith a dashed line. The ages and estimated dust masses for ea
h system arealso given.5. Impli
ationsWhat sort of pi
ture is emerging 
on
erning the formation and evolution ofplanetary systems around sun{like stars based on the early results from FEPS?Our results suggest that not only are inner disks surrounding post{a

retion TTauri stars devoid of dete
table disks out to a few AU, but also that the dustprodu
tion rates in any remnant planetesimal belts are lower than predi
ted bysimple models for the early evolution of our solar system. Whether these systemsla
k planetesimal belts all together, or have yet to be dynami
ally stirred bythe presen
e of larger bodies remains to be seen. We 
annot yet distinguishwhether outer debris disks are best �t with a diminution of dust mass as t�2 ort�1 
hara
terisi
 of P{R drag and 
ollisional blowout dust removal me
hanisms,respe
tively. What is 
lear is that there is a large dispersion in dust massesat all ages. Rieke et al. (2005) present eviden
e that the typi
al disk evolution



Formation and Evolution of Planetary Systems 7around intermediate{mass (A{type) stars 
ould be pun
tuated by rare 
ollisionsthat temporarily raise observed dust signatures by orders of magnitude.

Figure 3. Dust mass versus age with sub{mm observations of Carpenter etal. (2005) 
ompared with 70 �m dete
tions (and upper limits) from Meyeret al. (2004) and Kim et al. (2005). Also shown are two models for dustdiminution with time. Evolution with t�2 represents the P{R drag modelwhile t�1 indi
ates 
ollisional blowout removal.Future work in
ludes: 1) a study of dust ex
ess surrounding G stars inthe 100 Myr old Pleiades open 
luster (Stau�er et al.), 2) the properties ofwarm debris disks in our FEPS sample (Bouwman et al.), 3) the spe
tral energydistributions and solid state spe
tra of long{lived a

retion disks un
overed inour sample (Bouwman et al.), and 4) upper limits to the lifetime of gas{ri
h disksbased on our survey of 10 stars with the IRS in high resolution mode (Pas
u

iet al.). Of paramount importan
e will be development of a model for the dustprodu
tion rates in our own solar system as a fun
tion of time so that we 
anas
ertain whether our solar system is 
onsistent with the observed dispersionin evolutionary properties for disks surrounding sun{like stars. In this way, wehope to address one pie
e of the puzzle in understanding whether solar systemslike our own are 
ommon or rare in the Milky Way.A
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