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Abstract.

The last several years has brought about a dynamic shifeimidw of exoplanetary systems in
the post-main sequence, perhaps epitomized by the eviflermerviving rocky planetary bodies at
white dwarfs. Coinciding with the launch of tt8pitzer Space Telescope, both space- and ground-
based data have supported a picture whereby asteroid anadogist at a significant fraction of
cool white dwarfs, and are prone to tidal disruption whenspags close to the compact stellar
remnant. The ensuing debris can produce a detectableegdfexcess, and the material gradually
falls onto the star, polluting the atmosphere with heavynelets that can be used to determine the
bulk composition of the destroyed planetary body.

Based on the observations to date, the parent bodies idfatnehite dwarfs are best described
as asteroids, and have a distinctly rocky composition simid material found in the inner Solar
System. Their minimum masses are typical of large asteraittbcan approach or exceed the mass
of Vesta and Ceres, the two largest asteroids in the Solae®y&rom the number of stars surveyed
in various studies, the fraction of white dwarfs that hostastrial planetary system remnants is at
least a few percent, but likely to be in the range-30%. Therefore, A- and F-type stars form
terrestrial planets efficiently, with a frequency at leashih as the remnants detected at their white
dwarf descendants.
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INTRODUCTION AND BACKGROUND

White dwarfs are the end state for over 95% of all stars in th&xy, including our
Sun, and their circumstellar environments represent ttimaite fate for essentially all
planetary systems as well as the Solar System. Only low-stass of spectral type K
and M are more common than white dwarfs both in the Solar meidiood as well as
the Galaxy at large. The disk white dwarfs seen today aregriiynthe descendants of
A- and F-type stars with masse2t 3.0M., although their population contains the
remnants of all intermediate-mass stars that avoid cotepss.

Hence white dwarf arevolved but not necessarily old. The nearest white dwarf
to the Sun is Sirius B with a total age near 250 Myr (Liebertle805), while the
Pleiades, Hyades, and Praesepe young open clusters togetttain more than one
dozen white dwarf members. The low and typically blue-pddkeninosities of white
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dwarfs make them excellent targets for direct imaging glaearches and substellar
companion studies in general.

White Dwarfs as Heavy Element Detectors

Surface gravities of log[(cms2)] = 8, assisted by the onset of convection, ensure
that heavy elements sink rapidly in the atmospheres of veitafs as they cool below
25000K (Koester 2009; Paquette et al. 1986). From this domtard in evolution,
the timescales for metals to diffuse below the photospheralavays a few to several
orders of magnitude shorter than the cooling age. Thus,wbité dwarfs should have
atmospheres composed of pure hydrogen or helium, an exjpectorroborated by
observation (Eisenstein et al. 2006).

Interestingly, a significant fraction of these stars digplaotospheric absorption lines
due to metals when viewed with high-powered optical spectpy (Koester et al. 2005;
Zuckerman et al. 2003). These atmospheric heavy elementxgernal pollutants that
imply ongoing accretion rates above’Ifs 1 or metal masses on the ordef4g within
the convection zone of the star (Farihi et al. 2010a; Koe&t¥&vilken 2006). While
mass can be accreted via Roche lobe overflow or stellar wirsdbhary companion,
for single white dwarfs with metals the two possibilities are the istelar medium
or circumstellar material. Regardless of the source of gépdteric contaminatiorhe
heavy element abundances in cool white dwarfs indirectly measure the composition of
the accreted matter.

Two Important Polluted Prototypes

van Maanen 2

Figure 1 shows the optical spectrum of the prototype metdised white dwarf
and nearest single degenerate star to the Sun, vMa 2. Theraointalcium and iron
absorption features led van Maanen (1917) to initially tode his high proper motion
star was of early F-type. Only 40 years later was it undedstbat these remarkably
strong features in a white dwarf were due to a metal abund2®080 times lower than
solar (Weidemann 1960). Thus, white dwarfs can be detgcpdsluted by a relatively
small amount of metals. The calcium K line is the trademarknetal-polluted white
dwarfs, as this feature is detected in the optical spectedl aiembers of this class.

vMa 2 is a helium atmosphere white dwarf with metals. Suctsdtave spectral type
DBZ or DZ (D for degenerate star; B if warm enough to exhibilire lines; Z for
metallic features). Owing to the relative transparency @fum, the first two dozen
externally polluted white dwarfs discovered were of thisieaspectral class; hydrogen-
poor stars enriched by metals (Sion et al. 1990). Their hyeimaleficiency was the first
and still most fundamental problem with the interstellacration hypothesis. Because
hydrogen floats and heavy elements sink, the abundancerpati®BZ stars is precisely
the opposite of expectations if hydrogen-dominated itédles matter were the source

194



0 \ \ \ | |

3300 3600 3900 4200 4500
A (A)

FIGURE 1. vMa 2 was the third white dwarf to be discovered (van Maanet®),.%nd is the prototype
of the DZ spectral class. ThR~ 20000 VLT UVES spectrum (which extends to 6700A) revealyonl
metallic lines of iron, calcium, and magnesium; the poduatis refractory-rich yet hydrogen deficient.
From the SPY project (Napiwotzki et al. 2003).

of the atmospheric pollution.

G29-38

Figure 2 displays the optical spectrum of the metal-richtevdivarf G29-38 (Koester
et al. 1997). The relatively weak calcium K line in this stauplies a metal abundance
1500 times higher than in vMa 2, because G29-38 has a hydatgersphere and cor-
responding spectral type DAZ (D for degenerate star; A falrbgen lines; Z for metal-
lic features). Its ultraviolet spectrum exhibits numeraas features and magnesium
(Koester et al. 1997), the latter is also seen in a high-utiewnl optical spectrum (Zuck-
erman et al. 2003),

Although not the prototype of its spectral class, the imgioece of G29-38 rests upon
the detection off ~ 1000K circumstellar dust (Zuckerman & Becklin 1987) tenrgea
prior to the photospheric metals. Together, these obsenadtdata indicate the dust
orbits sufficiently close to pollute the star via infall, anokroborates dust temperature
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FIGURE 2. The detection of the Ca Il K-line in the optical spectrum ofda28. Note the much stronger
line seen in vMa 2 represents an abundance 1500 times loared#termined for G29-38. Line strength is
a strong function of atmospheric composition (i.e. hydrogehelium) and stellar effective temperature.
From Koester et al. (1997).

inferred from the observed infrared excess. G29-38 is th®opype dusty white dwarf,
and the only known instance of circumstellar dust and plpdtesc metals prior to the
launch ofSpitzer.

M etal-Contaminated White Dwarfsat Large

Understanding externally polluted white dwarfs themseligekey to the nature of
the source of their contamination. The helium-rich DBZ sthave been observed in
significant numbers for many decades, though mainly as dt r@fstheir atmospheric
transparency. Metals may persist in DBZ stars at detectabdds for 1§ yr timescales
(Paquette et al. 1986), and combined with theif 2010° yr cooling ages, it is un-
derstandable the interstellar medium was initially thengriculprit for their pollution
(Dupuis et al. 1993a,b, 1992). In addition to the problemheirthydrogen deficiency,
there remained insufficient evidence for local interstetlauds responsible for many
nearby polluted stars (Aannestad et al. 1993).

The gradual discovery of numerous members of the DAZ sdedfriss (Zuckerman
& Reid 1998; Holberg et al. 1997; Lacombe et al. 1983) pradidew insights into
the general issue of white dwarf pollution. The heavy elensémking timescales in
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hydrogen atmosphere white dwarfs can be a shoatfaes days (Paquette et al. 1986),
implying the observed abundances in DAZ stars are mairddigengoing metal accre-
tion. Inferred metal accretion rates for these stars are tylgioalthe order of 18gs?
but again the necessary, local interstellar clouds argndibt lacking (Koester & Wilken
2006; Zuckerman et al. 2003).

The two major differences between the DAZ and DBZ stars issthe of the con-
vection zone and the transparency of their atmospheredorfimer leads to the sizable
difference in the metal diffusion timescales (Koester 2Q0% the latter determines the
detectability of metals for a given abundance. To summarize

+ DAZ white dwarfs havenydrogen atmosphereghin convection zoneshort diffu-
sion timescales and hence accretion of heavy elementsisedfto be ongoing.

« DBZ white dwarfs havénelium atmospheredpng diffusion timescalesjeep con-
vection zones and thus contain large masses of heavy elemeéheir outer layers.

Combined with the difficulties with the interstellar acooet hypothesis, these two
properties — the large masses of metals already accreted®Bysiars, and the ongoing
metal accretion by the DAZ stars — led to the generation ofiigge and space-based
programs to detect and study circumstellar dust at metéltpd white dwarfs.

DUST DISK SEARCHESAND STUDIES

While the detection of dust at G29-38 took place 17 years poithe launch oBpitzer,

it was during this latter era that a wealth of data and insiggre achieved in the study
of metal-contaminated white dwarfs and their circumst@favironments. The increased
attention and research focussed on white dwarfs and citellarsdust began soon after
Zuckerman et al. (2003) published the first extensive andessful survey to detect
nearby DAZ stars and Jura (2003) published the tidally gisd asteroid model for

G29-38.

Destroyed Minor Planetsin the Post-M ain Sequence

Two influential models emerged between 2002 and 2003 thatheoretical support
to the idea of circumstellar pollution in cool white dwarfBhe first was a model
of planetary system instabilities introduced by post-msgguence mass loss. Debes
& Sigurdsson (2002) demonstrated that following the bulkndss loss during the
asymptotic giant branch, the unperturbed semi-major ati®g in multiple planet
systems are unchanged, but new resonances are establislesgdence, the planetary
system becomes dynamically young again for a timescale ®§rl@imilar to proto-
planetary systems and that inferred for the Solar System.

Jura (2003) utilized this general picture of a dynamicadlyawed planetary system to
account for all the observed properties of G29-38 by modetsdust disk as the result
of a tidally destroyed asteroid. In this picture, a previgss$able asteroid is perturbed
into a high eccentricity orbit that passes within the Roahatlof the white dwarf,
where it is shredded by gravitational tides. Via collisiptie debris rapidly produces
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TABLE 1. The First 18 White Dwarfs with Infrared Excess Due to Circtetiar Dust

WD Name Type Tgt (K) Year Telescope Reference”
23261049 G29-38 DAZ 11700 1987 IRTF 1)
17294371 GD 362 DBZ 10500 2005 IRTF/Gemini (2,3)
0408-041 GD 56 DAZ 14400 2006 IRTF 4)
1150-153 EC1150#1519 DAZ 12800 2007 IRTF (5)
2115-560 LTT 8452 DAZ 9700 2007 Spitzer (6)
0300-013 GD40 DBz 15200 2007  Spitzer 7
1015+161 PG DAZ 19300 2007 Spitzer )
1116+026 GD 133 DAZ 12200 2007 Sitzer (7
14554298 G166-58 DAZ 7400 2008  Spitzer (8)
0146+187 GD 16 DBZ 11500 2009  Spitzer 9
1457-086 PG DAZ 20400 2009 Spitzer 9
1226+109 SDSS 1228 DAZ 22200 2009 Spitzer (10)
0106-328 HEO0106-3253 DAZ 15700 2010 Sitzer (11)
0304077 HSO03040746 DAZ 10200 2010 Spitzer (11)
08424231 Ton 345 DBZ 18600 2008 AKARI (11)
1225-079: PG DBZ 10500 2010  Spitzer (11)
2221-165 HE22211630 DAZ 10100 2010 Spitzer (11)
1041+091 SDSS 1043 DAZ 18300 2010 CFHT/Gemini (12)

* (1) Zuckerman & Becklin 1987; (2) Becklin et al. 2005; (3) i€ikt al. 2005; (4) Kilic et al. 2006;
(5) Kilic & Redfield 2007; (6) von Hippel et al. 2007; (7) Juraad. 2007a; (8) Farihi et al. 2008b; (9)
Farihi et al. 2009; (10) Brinkworth et al. 2009; (11) Farihie¢ 2010c; (12) Melis et al. 2010

small dust particles orbiting in a vertically optically thi geometrically thin (flat) disk.
The closely orbiting dust 1) emits in the infrared, prodgdine observed excess at G29-
38, and 2) gradually falls onto the star, polluting its atptoere with the observed heavy
elements. This is currently the standard model for metatbad white dwarfs with
infrared excess.

First Spitzer Observations of White Dwarfswith Dust and Metals

The first two white dwarfs found to have circumstellar dustkdi were naturally
premier targets fogpitzer. Figure 3 shows the full spectral energy distributions (SED
including infrared data obtained §pitzer for G29-38 and the second white dwarf
found to have circumstellar dust, GD 362 (Becklin et al. 20RBic et al. 2005). It
is noteworthy that the strength and shape of their thermatimoa are similar, with a
very warm temperature excess and no cool component.

Both stars have strong emission features due to silicateghrsicles, specifically
olivines similar in their emission to solids found in the mughl cloud and orbiting
stars like 8 Pic where planet formation is ongoing (Jura et al. 2007b;cRest al.
2005). Compared to G29-38, the infrared emission from GDi36&pectacular and
perhaps the strongest silicate emission ever seen at agvsdur(Song et al. 2005). The
remarkable infrared properties of GD 362 are matched bygtaypolluted atmosphere
(Zuckerman et al. 2007; discussed below).

Importantly, the infrared emission of both stars is welldaled by the optically thick,
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flat disk models of Jura (2003), placing all the circumstattaterial within 1R, of the
white dwarf. At this distance, any rocky parent body lardrart a few km in size would
become tidally disrupted (Davidsson 1999), making the nfag®ns consistent with a
destroyed minor planet.

Disk Properties: Infrared Photometry and Spectroscopy

As of this writing (mid-2010), there are 18 metal-contan@aawhite dwarfs known
to have an infrared excess owing to circumstellar dust adirooed via Spitzer mid-
infrared observations (Farihi et al. 2010c, 2009; Brinkivoet al. 2009; Farihi et al.
2008b; von Hippel et al. 2007; Jura et al. 2007a,b; Reach 208b). Table 1 lists these
white dwarfs with dust disks in order of the discovery by pedgion date, together with
the stellar effective temperature, spectral type, anddlestope that first detected the
excess emission. As can be seen from the Tefdzer has been instrumental in this
field.

More than 60 metal-rich white dwarfs have been observed Spatizer IRAC at wave-
lengths between 3 andBn, and roughly half were observed with MIPS ai2# before
the end of the cryogenic lifetime (Farihi et al. 2009). Eiglhite dwarfs with disks were
observed spectroscopically wiipitzer IRS between 5 and 15m (representing all ob-
servable white dwarfs with disks at the time). From this éadataset, it is found that
all dust disks detected at white dwarfs share a common séiaoécteristics, supporting
the idea that a single mechanism is responsible for theiea@mce.

1. Circumstellar dust at white dwarfs is well-modeled bymetrically thin, flat disks
that are vertically optically thick at wavelengths as losg2@um.

2. Infrared emission from dust at white dwarfs is very warnthwhe inner disk at
temperaturesi( ~ 1200 K) where grains rapidly sublimate.

3. The outer disk radius is always constrained to lie withmtidal breakup limit for
km-size or larger bodies; there is no evidence for cool dushite dwarfs.

4. Minimum dust masses are ¥y, but because the disks are optically thick (and
based on additional evidence) the disks may have massegas&mlé*g.

5. Infrared spectroscopy reveals the orbiting materialiéh in silicate minerals
(olivine primarily but also possibly pyroxene), and defittien carbon and hydro-
gen.

6. The stellar pollution caused by the infall of disk matkiserich in refractory and
transitional metals, but poor in volatile elements.

The observed properties provide a few important conssantthe origin and be-
havior of the circumstellar material. First, the lack of tdast at white dwarfs implies
the material has not been captured from the interstellaiumedSuch material would
migrate inward from the Bondi-Hoyle radius (roughly 1 AU fatypical white dwarf),
but the compact nature of these disks(0.01 AU) rules out material at these distances
(Farihi et al. 2009; Jura et al. 2007a). Second, the materidépleted in volatile ele-
ments, such as carbon, relative to metals and similar toemettind within the inner
Solar System (Jura et al. 2009a; Farihi et al. 2008b; Jur&;Zach et al. 2005; Lod-
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FIGURE 3. The broad SEDs of G29-38 and GD 362. The data points with draos show short
wavelength an®pitzer photometry fitted by 1) stellar atmosphere models drawn #editines, and 2)

thermal blackbody models shown as dashed lines. Also shoshair Spitzer infrared spectra revealing
strong silicate emission from olivine particles (Jura eR807b; Reach et al. 2005).
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FIGURE 4. Calcium emission in the optical spectrum of SDSS 1228. Thithwof the emission lines
indicates Keplerian rotation at 630 kms. Emission lines from iron are also seen in this star, but not
from hydrogen or helium. From Génsicke et al. (2006).

ders 2003). Third, the dust disks persist all the way up tetmatures where dust should
rapidly sublimate, precisely as expected for materialithdelivering heavy elements to
the photosphere of its white dwarf.

In summarythe debris orbiting white dwarfs is rocky. The gradual pollution of the
stellar atmosphere by the circumstellar material provides a powerful tool to measure
the bulk chemical composition of extrasolar, rocky planetary bodies such as asteroids,
moons, and potentially major planets.

Diskswith M etallic Gas Components

There are three white dwarfs with dust and photospheric Imétat were initially
discovered due to the presence of metalisseous emission lines in the optical (Gan-
sicke et al. 2008, 2007, 2006). Found serendipitously inSlean Digital Sky Survey
(SDSS), each of these white dwarfs shows optically thicksemn lines in the calcium
triplet in the far-red region of their optical spectra. Fietmore, these emission lines are
precisely the type that are seen in the gas-dominated amtrbsks of cataclysmic vari-
ables, but in thesgngle white dwarfs with disks, hydrogen and helium are seen only in
absorption (Gansicke et al. 2008). Therefore, the emittiagerial is solely composed
of heavy elements.
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Importantly, the gaseous, emitting disk components yiehpiecal constraints on
their radial location, placing them firmly within about R2. This comes directly from
Kepler's laws applied to the observed velocity broadenifidhe emission features
(Gansicke et al. 2006). While the modeling of the dust erorssi the infrared indicates
similar radial distributions for disks at white dwarfs, sieestars with metallic emission
corroborate and strengthen the idea that disks at cool whitafs result from the tidal
destruction of asteroids.

The gaseous debris in these systems coexists with dust,sapdri of the same
phenomenon as the dusty white dwarfs where calcium emisagmare not seen (Melis
et al. 2010). That is, the gas is not the result of sublimatesi dery close to the white
dwarfs, as the dust and gas occupy the same circumstelianse(Brinkworth et al.
2009). Rather, the gas is the result of energetic colliswitisin a rapidly rotating disk
with speeds exceeding@Ic — if the velocity dispersion among dust particles is only
1%, then collisions at 6 knt will occur and grind solids into gas (Jura 2008).

Disk Properties. Stellar Spectroscopy

Because cool white dwarfs should have pure hydrogen ormedimospheres, spec-
troscopy of the metal-contaminated stars indirectly \gdlie elemental abundances in
the accreted material. Jura (2006) showed that several-fimegd white dwarfs have
iron-to-carbon ratios that are super solar, indicatinglagerial originated in a high tem-
perature region of its host system (i.e. the inner systearjhErmore, the two published
cases where detailed abundance analyses were obtaineddvigined spectroscopy re-
veal material broadly similar to the terrestrial planet$efK et al. 2010; Zuckerman et
al. 2007).

Not only are the compositions of metal-enriched white devaiktinctly rocky and
indicative of asteroidal or terrestrial debris, but so dre metal masses. In helium-
rich DBZ stars such as GD 362 and GD 40, the total mass of helaveats in the
mixing layer of the stars is greater tharf1g; more material than contained in a typical
200km Solar System asteroid(!). However, this is only thessnaf metals currently
within the outer layers, and hence thmenimum mass of the accreted matter. If the star
has possessed a disk for a few to several diffusion times@alther likely in the case of
GD 40 Klein et al. 2010), then the total mass of heavy elemientdved is approaches
the masses of Vesta and Ceres, the two largest asteroids $otar System. In the case
of GD 362, in order to account for all of its spectacular prtips with a single pollution
event, Jura et al. (2009b) find that the necessary parent Imadg is between that of
Jupiter’s moon Callisto and Mars, includieg dence for water.

A PICTURE OF PLANETARY SYSTEM REMNANTS

The Spitzer and ground-based detections of circumstellar dust araiusethat they

support an emerging picture of rocky planetary system rensnand provide a physical
and chemical link between the orbiting debris and the plpdtesc heavy elements. In
this manner, astronomers now have a powerful tool to studyctmposition of extra-
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FIGURE 5. Fifteen elements heavier than helium in the highly contateid photosphere of GD 362
reveal a pattern that is similar to a combination of Earth llan compositions. From Zuckerman et al.
(2007).

solar terrestrial bodies. But the phenomenon of destrogdchacreted minor planets at
white dwarfs needs an evolutionary context, and there dfsighificant uncertainties
in how specific properties arise.

Disk Properties: Frequency and Statistics

After three cycles ofpitzer studies of DAZ and DBZ white dwarfs, there were suf-
ficient stars observed to begin robust statistics. Farill.g2009) assembled and ana-
lyzed the first 53 metal-rich white dwarfs, finding that theeslihood of a circumstellar
dust was strongly linked with the metal accretion rate ofsteg and its cooling age.
The time-averaged metal accretion rate is calculated byipiyihg the metal abun-
dance in the star by its convective envelope mass, and dgidy the metal sinking
timescale. This essentially assumes a steady-state babetween accretion of heavy
elements from an external source and their diffusion belmsvduter layers (Koester
2009; Koester & Wilken 2006). For the DAZ stars whose diffustimescales are very
short, the assumption of ongoing accretion is physicallyivated, while for the DBZ
stars the time-averaged accretion rate is simply a valuihbgmostic (Farihi et al. 2009).

Figure 6 plots the inferred metal accretion rates versusirgpage for all polluted
white dwarfs observed b$pitzer to date, and distinguishes between those stars with
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FIGURE 6. Dust disk frequency among all 61 metal-rich white dwarfsevbed by Spitzer IRAC.
Plotted on are the time-averaged metal accretion rate aalingoage for each star. The dotted line
corresponds to & 108gs 1. G166-58 is the only star with a disk that is located signifiabelow
this accretion rate benchmark, and with a cooling age beydaygr (Farihi et al. 2008b). Adapted from
Farihi et al. (2010c).

infrared excess and those without. As can be seen in thefptagccretion rates above
3x10%gs 1, there is a greater than 50% chance a white dwarf will havenfxared
excess due to dust. This makes physical sense becausedker ¢ine ongoing accretion
rate, the (presumably) more massive the reservoir thapgglging the metals. This trend
is also consistent with the idea that more massive disksl@have a sufficiently high
surface density to eschew being mostly or totally vaporiaadcollisions (Jura 2008).
In essence, massive disks are tightly packed, with the-paeicle spacing of the same
order as the particle size, effectively damping out cals (Farihi et al. 2008b).

Another observed trend is that dust disk frequency coeslatith younger cooling
ages. However, this trend contains a bias because metatslyaelne detected in warmer
and younger white dwarfs when the pollution is relativelghi Still, there is only a
single white dwarf with atmospheric metals and an infravezkss at ages beyond 1 Gyr
(Farihi et al. 2010c).

When one views these metal-rich stars statistically, asgograwn from larger sam-
ples of white dwarfs in general, the overall result is thateen 1% and 3% of all white
dwarf with cooling ages less than around 0.5 Gyr have botlalkesiriched atmospheres
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and circumstellar dust. Such a picture is consistent wighdynamical resettling of a
planetary system in the post-main sequence (Debes & Sigumda002), and the rela-
tive dearth of disks at older cooling ages may representépéton of large asteroids
necessary to create an infrared excess (Farihi et al. 2008)mally at the few percent
level, white dwarfs with dust represent an underlying papah of stellar systems har-
boring the remnants of terrestrial planets (Farihi et a090and therefore at least this
fraction of A- and F-type stars are likely to build rocky péds.

Narrow Dust Ringsor Largely Gaseous Disks

Figure 6 also demonstrates that the majority of observedlmieh white dwarfs do
not exhibit infrared excess detectable §yitzer, including some of the most highly
polluted stars. Prior to the launch &pitzer it was suggested that unseen, low-mass
stellar and brown dwarf companions could be responsibl¢hi@metal pollution seen
in some white dwarfs, e.g. via wind capture (Dobbie et al.®2Mbolberg et al. 1997).
However, the mid-infrared photometry and spectra of migtald white dwarfs rules out
the presence of low-mass companions down tMz$ and in some cases to even lower
substellar masses (Farihi et al. 2008a; Baraffe et al. 2008gre found, the detected
infrared excesses cannot be reproduced by substellar pitves models, while the
majority of metal-rich stars simply have no infrared exogbsre one would be expected
if a companion were present (Farihi et al. 2009).

A realistic possibility for those stars with relatively lgpmmetal sinking timescales
(DBZ and very cool DAZ stars) is a depleted disk. In this céise,extant photospheric
metals are the scars of a previous accretion event that tack pvithin a few diffusion
timescales (Farihi et al. 2009). In these cases one miglgotxp see abundances that
reflect this fact, as iron sinks most rapidly, while lighteetals such as sodium and
magnesium diffuse more slowly (Koester 2009).

However, there are many cases of white dwarfs where metedt@me must be ongo-
ing due to their very short diffusion timescales (Koester &h 2006). For these stars
where an infrared excess is not detected, accretion is megusut not being detected.
If collisions within an evolving disk typically grind dowro#ds into particles too small
(2ma/A < 1) to emit efficiently at infrared wavelengths, then a laygeltotally gaseous
disk may result (Farihi et al. 2008b). Furthermore, astedeistruction within the Roche
limit of a white dwarf should occur more frequently for smaditeroids as they should
be more populous and their low mass implies they will be mesalily perturbed into
an eccentric orbit. Such multiple impacts on a pre-existig will strongly enhance
collisions and sputtering and should result in substagaakous circumstellar material
(Jura 2008).

Another possibility is that many white dwarfs have circuatist dust from which
they are accreting, but the infrared signature of the diskiixle or undetectable. Figure
7 shows the relatively subtle infrared excesses of two nrethlwhite dwarfs observed
by Spitzer. In each case, the excess is in the Bo range, whereas a typical dust disk
like G29-38 is detected at 15200 (Farihi et al. 2010c). Importantly for the physics
involved, narrow rings with radial extents in the ranfye= 0.01— 0.1 R, are possible
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FIGURE 7. Thetwo most subtle infrared excesses detected from nacimmumstellar dust rings (Farihi
et al. 2010c, 2009). Without supporting short wavelengtiadhe infrared photometry would have been
difficult to interpret as an excess with confidence.
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FIGURE 8. Calcium masses in the convective envelopes of 146 DBZ stans the SDSS. The open
and filled circles represent stars with and without tracerbgen, respectively. The top three dotted lines
mark the mass of calcium contained in the two largest Solate®y asteroids Ceres and Vesta, and the
150 km diameter asteroid Minerva, assuming calcium is 1.§%h&ss as in the bulk Earth (Allégre et al.
1995). The dotted line at the bottom is the maximum mass @iuwal that can be accreted over®40

by a cool white dwarf moving at a velocity of 50 km'sthrough an interstellar cloud with a density of
1000 cnv 3. Adapted from Farihi et al. (2010a).

but would not necessarily produce an excess unless vievgaahatest inclination angle.
Yet dust rings this narrow would still contain sufficient reds pollute a typical white
dwarf for 1 — 10° yr at the accretion rates inferred for highly polluted s{@arihi et
al. 2010c).

In summary, those stars with infrared excess and dust mapéeesult of a sin-
gle, large asteroid and hence spectroscopy of their pdllataospheres will yield the
composition of a planetary embryo or fragment. For those stars without obvious infrared
excess, multiple events may have caused the debris to bdaayel/ gaseous, and spec-
troscopy of these stars may reveal toenposition of an ensemble of smaller asteroids.
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The End of the Inter stellar Accretion Hypothesis

The accumulated evidence of the past several years strenglyorts the idea that
white dwarfs with metals are polluted by their immediatewemstellar environments,
and not by the interstellar medium. In fact, there is a destiack of evidence favoring
the interstellar medium.

A recent analysis of nearly 150 metal-polluted (DBZ-typdjiter dwarfs discovered
in the SDSS used several diagnostics to test the feasibilitlgterstellar accretion for
stars generally far more distant than previous studies.dd@l@tion was found between
the metal content of the stars and their space velocitiesxpscted for Bondi-Hoyle
type accretion, nor with their distance from the Galactangl, as expected if the stars
are capturing material from within the spiral arms of the &l (Farihi et al. 2010a).
Furthermore, many of these stars are located far above th@0 pc thick gas and dust
layer of the Galaxy, having spent several to tens of Myr oletshe dominant source
of interstellar matter. Figure 8 perhaps illustrates blest interstellar accretion simply
cannot account for the metal content of these stars. Sintpteds the white dwarfs
contain large asteroid-size masses of heavy elements @ahabt have been accreted
from the ISM by any reasonable physical model (Farihi et@1.0az).

Thus, interstellar accretion is no longer viable. Spedifica cannot account for the
observed population of metal-enriched white dwarfs. Gistellar pollution — planetary
system remnants — is currently the only plausible and sobatad model.

OUTLOOK IN A NEW PARADIGM

Evidencefor Water-Rich Asteroids

The now complete transition to the planetary systems as tdredard model for
metals in white dwarfs suggests that other models for thggroand evolution of cool
white dwarf atmospheres may benefit from reexamination.eikample, the hydrogen
deficiency of helium atmosphere white dwarfs (both with afmttieut metals) has always
been a problem, as accretion from the interstellar mediwulgiguickly convert them to
hydrogen-rich atmospheres (Koester 1976). In the plapsiatem view, trace hydrogen
can be delivered to the white dwarf in water-rich asteroids.

The main asteroid belt in the Solar System is at least 6% vigtenass (due to the
25% water content of Ceres; Thomas et al. 2005), and it i©oredde to suppose that
extrasolar asteroids will contain water. While surface aedr-surface water ice and
volatiles will be evaporated due to heating during the adgtigpgiant evolution of the
white dwarf progenitor, interior water should survive in dieoate to large size asteroids
(Jura & Xu 2010). If one examines the relative fractions oblcdelium-rich white
dwarfs with 1) trace metals, 2) trace hydrogen, or 3) botbn ttne last category should
occur with the lowest frequency if the origin of the trace atg&and the trace hydrogen
are independent. In contrast, trace to these expectatraicg, hydrogen is found more
often in those stars with trace metals, indicating the falgsiof water within the parent
body that delivered the metals (Farihi et al. 2010a).

There are a few examples of white dwarfs where the accrefiomter-rich planetary
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material seems likely. Both GD 362 and GD 16 have circunatelisks, photospheric
metals, and rather high trace hydrogen abundances comijgan#iter stars of the same
effective temperature (Jura et al. 2009b). A dedicatecchear atmospheric oxygen at
these two stars is sure to be revealing. The white dwarfs GaBid GD 61 both have
photospheric metals and oxygen detected in the ultrayieletre the oxygen abundance
is in excess of that expected if all the metals were contamesides (Jura & Xu 2010).
Because oxygen sinks more slowly than elements such asrsilicagnesium, and iron
(Koester 2009), the apparent overabundance of oxygen maygeficial. If accretion
can be shown to be ongoing in either of these systems, it wariktrong evidence that
these white dwarfs accreted a rocky parent body rich in water

Terrestrial Planets at | ntermediate M ass Star s

White dwarfs are the evolutionary end point for the vast mgjoof all stars in
the Milky Way. Owing to the shape of the initial mass functiamd the finite age of
the Galaxy, the currently observed disk population is pritpalescended from main-
sequence A- and F-type stars with masses in the rarRye 30M.,. The statistics for
tidally disrupted asteroids at white dwarfs can be used asi@ Bwer limit for the
frequency of terrestrial planets at their main-sequenogemritors. In this view, A- and
F-type stars build terrestrial planetisieast a few percent of the time, and in some cases
there is evidence for water-rich building blocks. If oneibtites all metal-polluted white
dwarfs to rocky debris, then the fraction of terrestrialn@tary systems that survive
post-main sequence evolution (at least in part) is as hig0#sto 30% (Zuckerman et
al. 2010, 2003). Hence, the rocky planetary system remriaitg) witnessed at white
dwarfs indicates that terrestrial planets are a frequergrbguct of intermediate-mass
star formation.
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