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ABSTRACT

The gaseous molecular disk that orbits the main-sequence A-type star 49 Ceti has been known since 1995, but the
stellar age and the origin of the observed carbon monoxide molecules have been unknown. We now identify 49
Ceti as a member of the 40 Myr old Argus Association and present a colliding comet model to explain the high CO
concentrations seen at 49 Ceti and the 30 Myr old A-type star HD 21997. The model suggests that massive—400
Earth mass—analogs of the Sun’s Kuiper Belt are in orbit around some A-type stars, that these large masses are
composed primarily of comet-like objects, and that these objects are rich in CO and perhaps also CO,. We identify
additional early-type members of the Argus Association and the Tucana/Horologium and Columba Associations;
some of these stars display excess mid-infrared emission as measured with the Widefield Infrared Survey Explorer.
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1. INTRODUCTION

Extensive observations have shown that by the time a typical
T Tauri star is ~5 Myr old its protostellar disk will retain
insufficient carbon monoxide gas to be detectable with a radio
telescope. Stars with ages <5 Myr are virtually non-existent
within ~100 pc of Earth (Zuckerman & Song 2004; Torres
et al. 2008). Thus, stars this close to Earth with detectable gas-
rich circumstellar disks are few and far between. CO has been
detected from three classical T Tauri stars within 100 pc of
Earth: TW Hya, V4046 Sgr, and MP Mus (Kastner et al. 2010;
Rodriguez et al. 2010 and references therein). Such stars, with
likely ages in the range 7—12 Myr, represent the oldest known
examples of remnant gaseous protoplanetary disks around solar-
type stars.

Two dusty A-type stars near Earth with gas-rich disks—49 Cet
and HD 21997—are quite different from classical T Tauri stars.
The circumstellar gas at 49 Cet (=HR 451 and HIP 7345) was
discovered in 1995 and has warranted the attention of single and
interferometric radio telescopes (Zuckerman et al. 1995; Dent
et al. 2005; Hughes et al. 2008). The dust distribution has been
investigated with high spatial resolution mid-infrared imaging
(Wahhaj et al. 2007). The gas around HD 21997 (=HR 1082
and HIP 16449) was discovered much more recently (Moor et al.
2011).49 Cetand HD 21997 are, respectively, 59 and 72 pc from
Earth (van Leeuwen 2007).

HD 21997 is classified, reasonably securely, as a member of
the 30 Myr old Columba Association (Moor et al. 2006; Torres
et al. 2008). The age of 49 Cet has been much more up in the
air. The earliest estimates of this age were typically 8—10 Myr
and 8 Myr is the age adopted in the interferometric study by
Hughes et al. (2008). With such a young age, no older than
that of the three classical T Tauri stars mentioned above, it was
reasonable to interpret 49 Cet as a star in transition between a
protoplanetary and a debris disk. However, largely because they
did not associate the Galactic space motions (UVW) of 49 Cet
with any known young (8—100 Myr old) stellar moving group,
Rhee et al. (2007) tentatively assigned an age of “20?” Myr to
the star.

Based on the discussion that follows, we believe that all
previous age estimates for 49 Cet are too young and that the
star is actually a member of the 40 Myr old Argus Association
(Torres et al. 2008; Zuckerman et al. 2011). Thus, among main-
sequence stars, 49 Cet and HD 21997 contain the longest-lived
substantial reservoirs of circumstellar gas currently known in
astronomy. Moor et al. (2011) outline how difficultitis to explain
how so much molecular gas can be present in the circumstellar
disks of such old stars. In the present paper, we present a model
that appears capable of accounting for the properties of such
stars.

2. THE AGE OF 49 CET

We deduce the age of 49 Cet based on its Galactic space mo-
tions (UVW) and its location on an A-type star color—magnitude
diagram (CMD). Together these demonstrate that 49 Cet is a
member of the Argus Association whose age, based on analysis
of its G- and K-type members (Torres et al. 2008), is ~40 Myr.

Table 1 lists A-type stars that we propose as likely or possible
members of the Argus Association; some of these stars are
considered in Section 3. The mean UVW of the Association is
given in the table notes. As may be seen, the measurement errors
in radial velocity for some Table 1 stars are substantial; until
more accurate velocities are measured, identification of such
stars with Argus can be regarded only as possible. However,
the listed heliocentric radial velocity (10.3 & 0.7 km s~') for
49 Cet (=HIP 7345) is well determined (Gontcharov 2006) and
agrees well with the systemic velocity (12.2 km s~!) determined
from the J = 2—1 line of CO (Hughes et al. 2008). While
measurement of accurate radial velocities for rapidly rotating
early-type stars is challenging, precise velocities can be easily
measured for radio emission lines from circumstellar disks.
Thus, the Galactic space motion of 49 Cet is consistent with
that of the Argus association. From a list of ~1500 early-type
main-sequence stars within 80 pc of Earth very few are found to
have all three components of UVW close to those of the Argus
Association (six such stars are listed in Table 4 of Zuckerman
etal. 2011).
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Table 1
Proposed Argus Association Members
HIP HD R.A. Decl. Spec. \% B-V Distance Radial Velocity (U V,W) UVW Error
(h/m)  (deg)  Type  (mag)  (mag) (pc) (kms™) (kms™) (kms™h)
7345 9672 0134 —15 Al 5.6 0.07 59 10.3 +0.7 —229,—164,—54 0.4,0.3,0.7
23585 32296 0504 +45 A2 6.5 0.22 61 194+1.0 —244,—11.1,-54 1.0,0.7,0.3
51194 90874 1027 —65 A2 6.0 0.09 68 7.1+1.0 —22.8,—14.3,—8.8 0.5,0.6,0.2
57013 101615 1141 —43 A0 5.5 0.04 65 8+25 -20.1,—17.3,—-2.9 0.9,2.2,0.8
76736 138965 1540 -70 Al 6.4 0.08 78 —2+43 —19.4,—15.5,—6.3 3.1,2.9,0.9
89925 168913 18 20 +29 A5 5.6 0.23 56 —-219+29 —234,—11.6,—2.4 1.5,2.3,0,9
98103 188728 19 56 +11 Al 5.3 0.01 67 —280+42 —23.2,—18.5,—3.5 2.6,3.2,0.7

Notes. Input data (R.A., decl., distance, proper motion) for the UVW calculations in Tables 1 and 2 are from the Hipparcos catalog (van Leeuwen
2007). Radial velocities and their errors are from Gontcharov (2006), except for HIP 57013 where the velocity and its error are from VizieR. UVW are
defined with respect to the Sun, with U positive toward the Galactic Center, V positive in the direction of Galactic rotation, and W positive toward the
North Galactic pole. Additional information regarding the listed stars can be found in Sections 2 and 3. HIP 7345 is 49 Cet. Torres et al. (2008) give a
mean UVW for Argus stars of —22.0 £ 0.3, —14.4 + 1.3, and —5.0 + 1.3 km s~'. Among the listed stars, HIP 98103 appears the most likely to be a
non-member (see Table 3).

Table 2
Proposed Tucana/Horologium and Columba Association Members
HIP HD R.A. Decl. Spec. \% B-V Distance Radial Velocity (U V,W) UVW Error
(h/m)  (deg)  Type  (mag)  (mag) (pc) (kms™") (kms™) (kms™h)
25280 35505 0524 —16 A0 5.6 0.0 68 21.0+1.2 —11.8,-21.2,—1.7 0.7,0.6,0.5
26395 37306 0537 —11 A2 6.1 0.05 63 23.0+ 1.0 —13.1,—20.2,—-5.8 0.5,0.4,0.3
41081 71043 0822 —52 A0 5.9 0.02 70 225420 —10.3,—-21.6,—5.9 0.2,1.1,0.2
53771 95429 1100 —51 A3 6.2 0.19 61 139+ 1.0 —12.6,—19.0,—5.3 0.5,1.0,0.2
59394 105850 1211 -23 Al 5.5 0.06 59 11.0+42 —10.5,—19.6,—0.3 1.3,3.1,2.6
72408 130556 14 48 +21 FO 79 0.41 75 -95+15 —11.3,—-20.6,—0.5 0.7,1.0,1.4
104365 201184 2108 -21 A0 53 0.00 55 —120+322 —7.7,—18.9,0.0 22,1.2,2.1

Notes. Characteristic mean UVW for Tuc/Hor stars are given in Zuckerman & Song (2004) as —11, —21, 0 km s~1, and in Torres et al. (2008) as —9.9 +
1.5, =209 + 0.8, and —1.4 £+ 0.9 km s~1. Torres et al. give a mean UVW for Columba stars of —13.2 + 1.3, —21.8 + 0.8, and —5.9 &+ 1.2 km s—h
There is a galaxy ~50 arcsec from HIP 72408 (mostly toward the south) that provides the strong 60 and 100 «m IRAS excess emission noted in VizieR.
HIP 72408 is apparently a weak X-ray source in the ROSAT All-Sky Survey Catalog. HIP 30675 (=HR 2328) may be a Columba star at a distance
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from Earth of ~125 pc (see Section 3).

A star is included in the present Tables 1 and 2 or in
Tables 4-6 of Zuckerman et al. (2011) if each component of
UVW is consistent with that of the association mean. “Consis-
tency” in this context implies that all three stellar components of
UVW match those of the association mean within the sum of the
quoted error in stellar velocity and the standard deviation of the
dispersion among the association velocities. However, because
errors in UVW can be underestimated (see following paragraph),
because a standard deviation is not an absolute limit, and be-
cause these table lists “proposed” association members, we have
tended to err somewhat on the side of including a potential non-
member in preference to losing a true member.

In Figure 1, we plot the location on a CMD of early A-type
stars near Earth that have been proposed as members of five
young moving groups. Table 2 presents early-type stars that we
propose as members of the 30 Myr old Tucana/Horologium
and Columba Associations; membership is based on UVW and
location on a CMD. As may be seen from Figure 1 and Table 3,
for a given B — V there is sometimes a substantial spread in My
for stars proposed to be of the same or nearly the same age. If
the stars have been correctly placed into the indicated moving
groups, then one possibility is that some aspect of the formation
and early evolution of early-type stars can lead to a range of
stellar sizes at a given color and nominal age. Alternatively,
some of the stars in Table 3 may not actually belong to the
indicated moving group. Given the errors in measuring radial

velocities of early A-type stars and, to a lesser degree, errors
in Hipparcos parallaxes, some proposed members of a given
moving group will ultimately turn out to be non-members. In
the present work and that of our 2011 paper (Zuckerman et al.
2011), we have adopted the Gontcharov (2006) radial velocities
and their errors while recognizing that the latter are likely to be
too optimistic for some stars. We adopt Hipparcos parallaxes
from van Leeuwen (2007) while anticipating that some of these
may not be correct (see, for example, the example of HIP 30675
considered in Section 3). Ultimately, high accuracy parallaxes
from Gaia, a dedicated campaign to confirm the Gontcharov
radial velocities and reduce their errors, and perhaps a traceback
analysis of the moving groups, for example, as demonstrated by
Ortega et al. (2002) for the B Pictoris moving group, should
distinguish between true members and impostors.
Notwithstanding caveats expressed in the preceding para-
graph, the excellent agreement of the UVW of 49 Cet with that
of the Argus Association and the location of 49 Cet (the red
square in Figure 1 and star A in Table 3) indicate that 49 Cet is
unlikely to be younger than 40 Myr. Indeed from comparison in
Figure 1 of the location of the various proposed A-type mem-
bers of Argus with the indicated Pleiades stars (from Vigan et al.
2012), the Argus Association might be somewhat older than the
40 Myr deduced by Torres et al. (2008). Thus, a 40 Myr age
for 49 Cet is at least as secure as the 30 Myr age for HD 21997
deduced by Moor et al. (2011). HD 21997 is star “E” in Figure 1.
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Figure 1. Color-magnitude diagram of stars listed in Table 3. Gold stars are members of the Pleiades cluster that have been dereddened and cleaned of binary stars
(from Vigan et al. 2012). The dashed line is an empirical linear fit to Pleiades stars with B—V between 0 and 0.3 mag (from Vigan et al. 2012).

(A color version of this figure is available in the online journal.)

3. YOUNG NEARBY STARS OTHER THAN 49 CET

Various searches for CO toward dusty main-sequence stars
with ages >10 Myr have been reported, but only 49 Cet and HD
21997 have yielded detections (e.g., Zuckerman et al. 1995; Dent
etal. 2005; Kastner et al. 2010; Moor etal. 2011). In Appendix A
and Table 4 we present a revised version of a portion of Table 1
in Kastner et al. (2010). A principal motivation for revisiting this
table is the absence of CO abundance upper limits in the Kastner
et al. table which presents only limits to H, abundances based on
an assumed H,/CO ratio by number equal to 10*. As discussed
in Section 4.3, if the comet model described in Section 4.4 can
account for the CO observed at 49 Cet and HD 21997, then
the H,/CO ratio in these debris disks is unconstrained and is
unlikely to be 10%.

In the present section, we consider mid-IR emission as
measured with the Widefield Infrared Survey Explorer (WISE),
UVW velocities, and location on a CMD of some stars listed in
Tables 1-3 along with a few additional stars of interest.

3.1. Stars With Emission In the WISE Catalog

We examined the WISE catalog to determine if any stars
in Tables 1 and 2 had excess IR emission above the stellar
photosphere. Our criteria for deciding whether an excess is
present are the same as described in Section 2.2 of Zuckerman
et al. (2012), so we do not repeat these criteria here. Four stars
from Tables 1 and 2 display excess emission above the stellar
photosphere in the WISE 22 pm filter; their spectral energy
distributions are shown in Figure 2.

3.2. UVW and Location On Color—-Magnitude Diagrams

HIP 23585. This Table 1 star is too red to appear in Figure 1,
but can be plotted on similar CMDs that appear in Zuckerman
(2001) and Vigan et al. (2012). Its location is consistent with a
40 Myr age.

HIP 25280, 59394, 72408, 104365. Based on their W com-
ponent of space velocity, these Table 2 stars are members of the
Tuc/Hor Association (rather than Columba).

HIP 26309. This member of the nucleus of the Columba
Association (Zuckerman et al. 2011) sits very low on a CMD
(star H in Figure 1).

HIP 26395 and 53771. Based on their W component of
space velocity, these Table 2 stars are members of the Columba
Association (rather than the Tuc/Hor Association). HIP 26395
is a new member of the nucleus of the Columba Association;
the nuclear region is delineated in Section 5.2 of Zuckerman
et al. (2011). HIP 26395 is star “T” in Table 3 and Figure 1; it,
along with another Columba member, HIP 32104 (star K), and
a Tuc/Hor member HIP 12413 (star C) all sit near each other
and very low on the CMD.

HIP 30675. This ~20 arcsec double star, HR 2328, is
potentially nearby and young. According to SIMBAD and van
Leeuwen (2007), the parallax is 13.26 mas which would put the
star ~75 pc from Earth. However, there are other sources where
the listed parallax is much smaller, near 8 mas; for example, in
the Hipparcos double star catalog and in Kharchenko & Roeser
(2009). If 13.26 is to be believed, then the star plots too low in
Figure 1 to be reasonable, whereas if something like 8 is used,
then the location is reasonable. Also, the small proper motion
is more likely for a more distant star. At a distance of 125 pc,
the UVWis —10.0, —19.4, —5.7 (1.9, 2.0, 1.3), consistent with
membership in the Columba Association (see Notes to Table 2).
The primary is AO-type and the secondary about F5. Even for
a young star, the F-star is very bright in X-rays according to
Figure 4 in Zuckerman & Song (2004); based on the ROSAT
All-Sky Survey, its fractional X-ray luminosity (L/Lpo) is
equal to —3.8.

HIP 41081. The U velocity component is that of Tuc/Hor
while the W component is appropriate for Columba. Similar
mixed messages occur for a few stars in Table 3 of Zuckerman
etal. (2011).

HIP 53771. While too red to appear in Figure 1, the location
of this Table 2 star on a CMD (Zuckerman 2001; Vigan et al.
2012) is plausible for a 30 Myr old star.

HIP 89925. This double line spectroscopic binary consists
of Am and A9 stars (Fekel et al. 2009). A deconvolution of
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Figure 2. Spectral energy distribution of four stars in Tables 1 and 2 with excess emission at 22 um wavelength in the WISE catalog; three of the four are considered
in Section 3. In each panel the two leftmost points are from Tycho-2, the next three points are from 2MASS, and the next two are the two short wavelength channels
in WISE. The points at 11 and 12 um are from WISE and IRAS, respectively. Similarly the points at 22 and 25 pum are from WISE and IRAS. Points at 60 and 100
pm are from /RAS. IRAS upper limit flux densities are plotted as downward pointing triangles. The IRAS points are color-corrected. The blue line is a fit to the stellar
photosphere (see Zuckerman et al. 2011; Rhee et al. 2007) and the green line is a sum of the photosphere and the excess emission from dust particles. In each case
the excess emission is modeled as a blackbody, or two blackbodies in the case of HIP 76736. These blackbodies are drawn in the figures and have the following
temperatures: 220 K, 240 K, 230 K, and 250 K and 65 K for HIP 26395, 41081, 59394, and 76736, respectively. The total fractional infrared dust luminosities, 7, are

8.8,7.3,4.4, and 59 x 1075 for HIP 26395, 41081, 59394, and 76736, respectively.

(A color version of this figure is available in the online journal.)

the light curve, combined with assumed B—V = 0.14 and 0.26
for the primary and secondary, respectively (Fekel et al. 2009),
places both components in the region of a CMD (Zuckerman
2001; Vigan et al. 2012) appropriate for 40 Myr old stars.

4. DISCUSSION

What is the origin of the molecular gas at 49 Cet and HD
21997? Some possibilities include (1) unusually long-lived
remnants of the protoplanetary (Herbig Ae) phase of stellar
evolution, (2) collisions of icy comets, and (3) signature of the
aftermath of a recent collision of gas-rich planets or planetary
embryos.

The lifetime of a given CO molecule in a circumstellar disk
is set by the intensity of the ultraviolet stellar and interstellar
radiation fields modulated by shielding by other CO molecules
and by H, molecules and dust grains. In their model for HD
21997, Moor et al. (2011) derive a CO lifetime of ~500 years
and, given similarities in the two debris disks, the CO lifetime at
49 Cet is unlikely to be much different. 500 years is very short

compared with estimated ages of 30-40 Myr, so we concur
with Moor et al. that the observed CO is not likely to be a
remnant of the protoplanetary phase. Thus, in what follows, we
consider models with rapid production of gas phase CO. We
assume planetesimal belts that contain volatile-rich comet-like
and larger objects, akin to the Sun’s Kuiper Belt (KB).

Moor et al. (2011) and Hughes et al. (2008) find that shielding
of CO by dust grains is unimportant in comparison with
shielding by H, or CO self-shielding. Nonetheless, the dust
abundance in the debris disk can potentially yield important
clues regarding the origin of the CO molecules. For example,
49 Cet and HD 21997 are among the dustiest A-type stars within
70 pc of Earth thus suggesting a direct connection between dust
and gas even if the former does not protect the latter.

To determine how the amount of dust at 49 Cet and HD
21997 compares with that at other A-type stars near Earth, we
consider stars with excess 60 um measured with the Infrared
Astronomical Satellite (IRAS) and listed in Table 2 of Rhee
et al. (2007). This table should be complete for A-stars within
70 pc of Earth with large fractional infrared luminosities,
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Table 3 Table 4
Key for Figure 1 IRAM 30 m CO Observations of Nearby, Dusty Stars

HIP \% B-V My Moving Age Reference Name 3or 307 507 Mco

(mag) (mag) (mag) Group (Myr) for M.G. (mK) (mK km s~1) (Jy km s7h (10~* Mg)
A-49 Cet 5.62 0.07 1.75 Argus 40 1 HD 15745 72 145 1.9 <5.0
B-2578 5.07 0.04 1.78 Tuc/Hor 30 2 HD 21997 119 240 3.1 <11.0
C-12413 4.74 0.06 1.98 Tuc/Hor 30 3 HD 30447 139 280 3.7 <14.5
D-15353 6.03 0.13 2.33 AB Dor 70 3 HD 32297 89 178 2.3 <18.5
E-16449 6.38 0.12 2.10 Columba 30 4 HD 38206 146 295 3.9 <11.8
F-23179 493 0.04 1.34 Columba 30%* 3 HD 85672 64 128 1.7 <9.2
G-25280 5.65 0.00 1.48 Tuc/Hor 30 1 HD 107146 55 110 1.4 <0.8
H-26309 6.26 0.15 2.65 Columba 30 3 HD 131835 193 388 5.1 <40.6
1-26395 6.10 0.05 2.11 Columba 30 1 HD 191089 124 249 3.3 <59
J-26966 5.73 —0.01 1.35 Columba 30 4 HD 221853 54 110 1.4 <5.0
K-32104 5.20 0.06 2.00 Columba 30 3
L-41081 5.89 0.02 1.66 Columba 30 1 Notes. This is a revision of Columns 8-11 in Table 1 in Kastner et al. (2010).
M-50191 3.85 0.05 1.39 Argus 40* 3 The listed main beam brightness temperatures (Column 2) and the upper limits
N-51194 6.00 0.09 1.34 Argus 40 1 on integrated line intensity are all only upper limits; 3o for the second and third
0-57013 5.54 0.04 1.46 Argus 40 1 columns and 5o for Columns 4 and 5. See Appendix A for details. As noted
P-57632 2.14 0.09 1.93 Argus 40 3 there, the linewidth assumed for calculation of upper limits to integrated line
Q-59394 5.45 0.06 1.60 Tuc/Hor 30 1 intensity in Table 4 is 5 km s~!, whereas 3 km s~! was assumed in Table 1 in
R-76736 6.42 0.08 1.94 Argus 40 1 Kastner et al. (2010). Mg is the mass of Earth.
S-95261 5.03 0.02 1.61 B Pic 12 5
T-98103 5.28 0.01 1.13 Argus 40* 1
U-98495 397 —003 143 Argus 40 3 in a dusty 10 Myr old circumstellar envelope than one of
V-99770 4.93 015 178 Argus 40% 3 age 30—40 Myr. While there have been detections via optical
W-104365  5.30 0.00  1.60  Tuc/Hor 30 1 absorption lines of trace amounts of gas around some main-
X-115738  4.95 004 159  ABDor 70 3 sequence stars including 8 Pictoris (e.g., Roberge & Weinberger
Y-117452  4.59 000 147  ABDor 70 3 2008 and references therein), the derived column densities of
7Z-118121 5.00 0.06 1.62 Tuc/Hor 30 2

Notes. With the exception of 49 Cet, the letters preceding the HIP designation
are those that are plotted in Figure 1. HD 21997 is star E. Additional information
regarding some listed stars can be found in Section 3. An asterisk in the Age
column indicates stars that appear high (bright) in the figure and thus might be
too old to be members of the designated young moving group. Some problems
with assigning A-type stars to moving groups are considered in Sections 2 and 3.
The right-most column gives the earliest reference where one can find a given
star placed into a given moving group.

References. (1) This paper; (2) Zuckerman & Webb 2000; (3) Zuckerman et al.
2011; (4) Moor et al. 2006; (5) Zuckerman et al. 2001.

T = Lir/Lyo; all such stars would have been easily detectable
with IRAS. According to Rhee et al. (2007), T = 8 x 10~* and
5 x 107 for 49 Cet and HD 21997, respectively. There are ~300
A-type stars within ~70 pc of Earth (Jura et al. 1998). Of these,
only four have 7 as large or larger than those of 49 Cet and HD
21997. Three of the four—HR 4796, g Pictoris, HR 7012—have
ages ~10 Myr and may not yet have completely dispersed their
primordial dusty disks. In addition, the dust at these three stars
is warmer than the dust at 49 Cet and HD 21997, and the closer
to a star that dust grains reside the fewer are required to absorb
a given fraction of the starlight. The remaining very dusty star is
HIP 8122 with 7 = 5 x 10~* and an estimated age of 100 Myr
(Rhee et al. 2007). Thus, for stars whose infrared emission is
dominated by KB analog, cool dust, 49 Cet, and HD 21997
rank among the 1%-2% dustiest of nearby A-type stars. (We
do not consider here the tiny number of young nearby A-type
stars with IR-excess emission dominated by warm, zodiacal-
type dust; Melis et al. 2012).

Youth and dustiness notwithstanding, CO has not yet been
detected with a radio telescope at any of HR 4796, B Pictoris,
or HR 7012, consistent with the notion that the CO gas seen
at 49 Cet and HD 21997 is not primordial. If the CO gas
were primordial, then on average one would expect more CO

gas are far less than those necessary for radio detection of a
rotational line in emission.

The far-infrared emission seen by IRAS is carried primarily
by grains of radius ~10 wm, just above the radiative blowout
size. Flux densities at submillimeter wavelengths sample larger
grains, with radii up to a few mm. The total mass of these large
grains has been measured with radio telescopes at various stars;
results are listed in Table 2 in Rhee et al. (2007) and—for Vega,
Fomalhaut, 49 Cet, and HD 21997—are presented in the fourth
column of Table 5 of the present paper. Again, whether one
examines Table 2 in Rhee et al. (2007) or Table 5 here, 49 Cet
and HD 21997 stand out for having large total dust masses in
comparison with other nearby stars.

If CO molecules are sequestered in planetesimals and in the
dusty-icy matrices that result from collisions of such objects,
then dust and CO production rates should be related. As many
authors have shown, for debris disks as dusty as those at 49
Cet and HD 21997, collisional cascade followed by radiative
blowout of small dust grains is a far faster dust loss mechanism
than is Poynting—Robertson drag.

Given the plausibility of a direct or indirect connection
between dust and CO production rates (as considered above),
it is important to understand both rates. Unfortunately, in two
of the best-studied debris disks, estimates of dust production
rates are wildly discrepant—for Vega (Su et al. 2005; Miiller
et al. 2010) and for Fomalhaut (Acke et al. 2012; A. Krivov
2012, private communication and below). We therefore consider
collisional cascade rates in some detail.

4.1. Dust Loss Rates Via a Collisional Cascade
At 49 Cet and HD 21997

One may estimate a minimum dust mass required to block a
given fraction of the light of a star (e.g., Chen & Jura 2001);
we denote this fraction as T = Lir/Lyo (see the third column
in Table 5). For conventional dust grain size distributions, such
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Table 5
Disk Parameters

Star Age T M gust Mco AR/R h/R dM /dt Reference for
(Myr) (1074 (M) (10~*Mg) (1012 g s~ AR and h
Vega 350 0.2 0.008 0.4 0.2 0.3 Miiller et al. 2010
Fomalhaut 440 0.8 0.024 0.13 4 Acke et al. 2012
Boley et al. 2012
49 Cet 40 8 0.31 25 ~0.5 0.04 45 Hughes et al. 2008
HD 21997 30 5 0.22 35 ~0.5 0.2 13 Moor et al. 2011

Notes. Values of t (= Lir/Lpol) are from Rhee et al. (2007). R is disk radius, AR is disk width in the radial direction, and # is full vertical height
of the disk at radius R. Artymowicz & Clampin (1997) give i/R ~ 0.2 for the disk that orbits B Pictoris. The dust masses, My, obtained directly
from submillimeter measurements (Rhee et al. 2007) are in units of Earth masses. The CO masses are in units of 10~* Earth masses. dM/dt is the
production/loss rate of dust grains with radii slightly larger than the blow-out radius in a quasi-steady state, collisional cascade, model (calculated in
Appendix C for Vega and Fomalhaut and in Section 4.1 for 49 Cet and HD 21997). The listed age for Fomalhaut is from a recent paper by Mamajek

(2012).

as in a collisional cascade, the dominant particles contributing
to t have radii somewhat larger than the blowout radius (Chen
& Jura 2001). The required dust production rate in a steady
state must balance the most rapid relevant loss rate of these
dominant particles; in a collisional cascade this loss rate is set
by destructive collisions of small particles that give rise to even
smaller particles that can then be radiatively blown out of the
debris disk. T is an easily observable quantity and is equivalent
to radial optical depth through a spherically symmetric dust
shell.

In Appendix B we derive an expression, as a function of 7,
for collision times of dust particles with sizes slightly above the
blowout size. We consider a cylindrical ring of radius R, width
in the radial direction of AR, and full vertical height 4. Then the
collision time is

teol = PAR/247TR, 1)

where P is orbital period.

The dust loss rates at Vega and at Fomalhaut estimated by
Su et al. (2005) and Acke et al. (2012), respectively, are much
larger than one calculates from Equation (1) or in the collisional
cascade model proposed by Miiller et al. (2010). We consider
these discrepancies in detail in Appendix C. For reasons given
there, and because the Su et al. and Acke et al. papers lack a
description of a physical mechanism that can generate small
dust particles at the rates required in their models, we assume a
conventional collisional cascade to produce small particles at a
rate given by Equation (1). With this expression and the one that
follows, we can calculate the rate of dust grain production/loss
for 49 Cet and HD 21997.

As shown in detail by Melis et al. (2012), the mass loss rate
in a collisional cascade can be written as a function of stellar
and dust properties:

dM/dt = CT*R*TI M | Tyu, )

where R,, T., and M, are in solar units and Ty, is in K.
The value of the coefficient C depends on the ratio AR/R in
Equation (1). For AR/R = 0.5, appropriate for 49 Cet and
for HD 21997 (Table 5), C = 1.75 x 10%° when dM/dt is
ing s™'. We take R,, T, 7, and Ty, from Table 2 in Rhee
et al. (2007), and assume M, = 2.7 and 2.4 for 49 Cet and HD
21997, respectively. The derived loss rate, in g s~!, for small
dust particles is listed in Table 5 for these two stars as well
as for Vega and Fomalhaut. The Table 5 dust loss rates for
49 Cet and HD 21997 are similar to dust production rates
derived by Kenyon & Bromley (2010) in their model for debris

disks around 30 Myr old A-type stars (e.g., see their Figures 13
and 14).

4.2. Ratio of Dust and Gas Production Rates

In a steady-state model for the CO currently in orbit around
HD 21997, Moor et al. (2011) deduce that 140 Earth masses of
planetesimals in the debris disk would have been destroyed in the
past 20 Myr. This contrasts dramatically with the Miiller et al.
(2010) model for Vega where a collisional cascade operating
for the past ~340 Myr would have destroyed only a few Earth
masses of solids. Moor et al. thus favor a situation where the
CO is currently experiencing a temporary high production rate.

The mass loss rate in dust at HD 21997 (Table 5) presents
another potential problem for any steady state model for
generating the observed CO. Moor et al. derive a minimum
CO production rate of 10! g s~!. This is an order of magnitude
faster than the dust production rate (Table 5). Suppose the dust
is composed of a 50-50 mixture by mass of water ice versus
silicates plus other solids (e.g., Section 3.2 in Acke et al. 2012).
Optimistically taking the CO and CO, mass fractions in a typical
comet to each be 20% that of water ice (Mumma & Charnley
2011) and assuming that photodissociation of CO, produces a
CO molecule, one then obtains a ratio, CO/dust, equal to ~0.2
by mass. Then the CO production rate would seem to be of order
a factor of 50 too fast relative to that of the dust, at least in the
steady state.

These assumed CO and CO, mass fractions are near the
upper end of those measured in solar system comets (Mumma
& Charnley 2011). However, solar system observations sample
only the outer layers of comets that are much older and have
been heated to much higher temperatures than young comets at
49 Cet and HD 21997. Thus, it would not be surprising if the
latter are, on average, more CO- and CO,-rich than solar system
comets. The discrepancy between the CO and dust production
rates in the steady state could be reduced somewhat should CO
and CO; carry an even larger fraction of the mass of a typical
youthful comet than we have assumed.

4.3. Excitation of CO Rotational Levels

In Section 4.4, we present a colliding comet model to account
for the CO observed at 49 Cet and HD 21997. Should outgassing
from comets be responsible for the CO, then the H,/CO ratio
in the debris disks is essentially unconstrained. In particular,
there is no reason to expect the large ratios by number, e.g.,
10* or 10°, conventionally assumed in models of CO excitation
(e.g., Hughes et al. 2008; Moor et al. 2011). Then excitation of
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CO rotational levels may well be due to something other than
collisions with H,. One plausible alternative could be collisions
of CO with electrons. Following photodissociation of CO, the C
will be photoionized and thus be a source of electrons. Provided
the C+ ions remain in the same volume as the CO molecules for
a sufficient length of time, then these electrons can excite the
CO rotational ladder.

Dickinson et al. (1977) give expressions for calculation of rate
coefficients for electron excitation of rotational levels of linear
polar molecules in low-density clouds. We assume an electron
temperature of 70 K and consider the J = 2—1 transition of CO.
Then the collision time (s) for excitation of the J = 2 level is
1.4 x 108/n,, where n, is the number of electrons per cm 3. For
the CO 2—1 transition 1/A ~ 10° s. Thus, the J = 2 level can be
significantly excited in regions with n, ~ 100 cm™>.

The electron densities are related to the CO volume densities
and the lifetime of C+ and electrons in the volume where the
CO resides. Given the substantial uncertainties in the volumes
occupied by the observed CO molecules at 49 Cet and HD
21997, reliable estimation of electron densities will have to
await mapping of CO with ALMA. That said, with CO volumes
based on values for AR, R, and £ listed in Table 5, provided that
CO and C+ abundances are comparable in regions where CO
resides, then electrons would be a viable collision partner for
excitation of CO in orbit around 49 Cet and HD 21997.

Independent of whether or not electrons dominate excitation
of CO rotational levels, because H; helps to shield CO against
photodissociation, if H, abundances are much lower than
assumed in conventional models, then this could have substantial
implications for the CO production rates required to match the
observations.

4.4. A Comet Model For CO Around 49 Cet and HD 21997

Two principal constraints on a model that seeks to explain
the CO abundances at 49 Cet and HD 21997 are (1) the rapid
rate of CO production necessitated by its short (~500 yr)
lifetime against photodissociation (e.g., Moor et al. 2011) and
(2) the relatively rapid rate of CO production compared to dust
production (Section 4.2).

The model outlined below involves collisions among the great
numbers of comets that likely orbit 49 Cet and HD 21997.
Because these two stars rank among the dustiest A-type stars in
the solar vicinity (Section 4 and Table 5) it is not unreasonable
to assume that their debris disks are quite massive relative to
those that orbit most other stars. In this sense 49 Cet and HD
21997 are very dusty stars; but in comparison to the amount of
CO present, there is relatively little dust.

Schlichting & Sari (2011) present a model of the young Sun’s
KB. They argue that the total KB mass was dominated during its
first 70 Myr by comet-size planetesimals and that the KB never
possessed many more Pluto-size objects than it does now. They
take the radius R, radial width AR, and total mass of the KB to
be 40 AU, 10 AU, and 40 Earth masses, respectively.

We envision the debris regions at 49 Cet and HD 21997 to
have R = 100 AU and (AR)/R = 0.5 (Table 5). Neither R nor AR
are particularly well constrained by existing data for these stars;
hopefully ALMA will substantially improve the situation in the
future. For the Sun’s young KB region and for 49 Cet and HD
21997, we assume a disk surface density proportional to R~
(Lissauer 1987) and a scale height proportional to R. Then,
scaling from the KB, the total mass of comets that orbit 49 Cet
and HD 21997 is equal to ~400 Earth masses. This estimate
assumes that at a given value of R, say 40 AU for example,
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youthful A-type stars will have about the same surface density
of comets as did the youthful KB.

With CO and CO; cometary mass fractions as assumed in
Section 4.2, 400 Earth masses of comets correspond to a CO
plus CO;, mass of 80 Earth masses. With a canonical H,/CO
ratio by number of 10*, a protoplanetary disk of at least 0.2 M,
is implied. In a sample of 86 pre-main-sequence stars in the
Taurus—Auriga dark clouds, Beckwith et al. (1990) deduced
the presence of a few dusty protoplanetary disks with masses
as large as a solar mass. The mass of the typical star in the
Beckwith et al. sample is a few times smaller than the masses
of 49 Cet and HD 21997, who, as noted above, rank among the
dustiest main-sequence stars known.

We consider each comet to have aradius of 1 km and a density
of 2 g cm™3, such that a typical comet has a mass of 10'® g
There are thus 2.4 x 10'* comets in orbit around 49 Cet and
HD 21997.

Sanford & Alamendola (1990) and Tielens et al. (1991) con-
sider sublimation temperatures for pure CO and CO; ices and
also CO and CO; ices trapped in an H,O ice matrix; these
temperatures are all <60 K. For typical collision velocities of
hundreds of m s~' (Appendix B), the bulk of the shattered
comets will be heated well above these temperatures. In ad-
dition, “most kilometer-sized asteroids are likely rubble piles.
Many comets may also be strengthless or nearly strengthless
bodies, their fragility demonstrated when they break up far from
perihelion for no obvious reason” (p. 1, Movshovitz et al. 2012
and references therein). Given the high CO and CO, mass frac-
tions assumed in our model, following a cometary collision
these molecules should have little trouble escaping as vapors.
At the same time, less volatile materials can remain as solids
(e.g., Tielens et al. 1994; Czechowski & Mann 2007).

We estimate the characteristic time for comet collisions using
Equation (B6). The number of comets per unit volume (V) is
equal to 2.4 x 10'* divided by the volume of the debris ring
(2w RARM). This yields a collision time of

feol = 2RARP /7 (10%), (3)

where R and AR are in cm. With a period of 650 yr at 100 AU
around these A-type stars, fcop = 5 X 107 yr. With 2.4 x 104
comets, there are 5 x 10° collisions yr~! or one every 6 s!

As in Section 4.2, we assume that 50% of the mass of a
typical comet is water ice, that CO and CO, each comprise 20%
as much mass as water ice, and that photodissociation of CO,
yields a CO molecule. When two comets collide, we assume
that 50% of the total mass becomes debris consisting of CO,
CO,, and solid material composed primarily of equal quantities
by mass of water ice and silicates. With these assumptions, CO
is produced at a rate ~10%> g yr~!. To reproduce the observed
CO mass of ~3.5 x 10~* Earth masses at HD 21997, Moor
et al. (2011) require a CO production rate of 4 x 10?! g yr~'.

Hughes et al. (2008) do not give a CO production rate
appropriate to their model for 49 Cet, but the CO mass at 49
Cet is about seven times that at HD 21997 or about the mass
of Pluto (A. M. Hughes 2012, private communication). While
this is a lot of CO, it is only a tiny fraction of the total mass of
comets in the debris disk.

As noted in Section 4.2, the CO production rate by mass at
HD 21997 is a factor of 10 faster than the dust production rate
given in Table 5 via a collisional cascade. If we assume that the
CO lifetime against photodissociation at 49 Cet is the same as
that at HD 21997 (500 years), then for 49 Cet the ratio of CO to
dust production rate is ~20.
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In our model the fraction of mass released via comet collisions
in the form of CO and CO; is only ~20% of the mass released
in solid material that will eventually, via a collisional cascade,
become the 10 um size dust grains considered in Appendix C.
The key to why the CO-to-dust production rates are skewed
so heavily in favor of CO is probably related to the much
shorter time it takes to release large amounts of CO following a
disruptive impact compared to the time to whittle a large chunk
of solid debris down to 10 um size particles. With Equation (1),
the collision time at HD 21997 for dust particles with sizes a
bit above the blowout radius is 2.6 x 10* yr. For typical solid
chunks coming off a comet collision, the ensuing collision times
could easily be millions of years.

In the model of Schlichting & Sari (2011), dynamical stirring
of the young KB increases as a function of time—as large
bodies grow in the debris belt, they stir up the smaller objects
(the comet-size objects we are considering here). A similar
picture of the early evolution of debris disks around youthful
A-type stars was developed earlier by Kenyon & Bromley (2008,
2010). Thus, 49 Cet and HD 21997 may be in a dynamically
active phase where comet collisions are frequent, but where
the breakdown of large bodies of solid debris into small dust
particles has not yet had time to operate to conclusion. The
spirit of such a model is not one that relies on an unusual,
catastrophic, transient event. Rather the two stars are passing
through a normal era in the evolution of comet-dominated debris
belts. Given the discussions in Schlichting & Sari (2011) and
Kenyon & Bromley (2010), it would not be unreasonable for
that era to occur at an age of ~30 Myr (see, e.g., the 1 km panel
in Figure 23 in Kenyon & Bromley 2010).

5. CONCLUSIONS

We present a massive (400 Earth mass) comet-cloud model to
explain the large quantities of carbon monoxide gas seen at the
30-40 Myr old, A-type, stars HD 21997 and 49 Ceti. Because
CO is rapidly photodissociated in the stellar and interstellar
radiation fields, it must be produced rapidly. We calculate that
this production rate is an order of magnitude faster than the
rate of production of dust particles via a model of collisional
cascade in the steady state. The implications of this ratio are:
(1) young, pristine comets are likely to be richer in CO and
perhaps CO; than typically observed solar system comets and
(2) the destruction of the youthful comets around HD 21997
and 49 Cet is not likely to have been in a steady state situation
over periods of time exceeding millions of years. If dynamical
activity in debris disks is ramping up at the age of these stars, for
example, through the build-up of large bodies as in the model of
the young Kuiper Belt proposed by Schlichting & Sari (2011)
or the model of debris disks around A-type stars by Kenyon &
Bromley (2010), then the production of small dust particles may
lag well behind the rate of CO outgassing.

The primary driving force for CO outgassing is likely to be
collisions among the 100 trillion comets that orbit 49 Cet and HD
21997. Such a model for these systems is consistent with origin
in a protoplanetary disk of initial mass of order a few tenths of
a solar mass and suggests that comets form very early in the
history of such disks before there is sufficient time to convert
much CO to CHy. If comet collisions provide the observed CO,
then the H,/CO ratio is unconstrained and may not be large. If
so, then collisional excitation of the CO rotational levels may
be dominated by something other than H,, perhaps electrons.

Acke et al. (2012) have proposed a rapid comet-destruction
model for the dusty debris disk that orbits Fomalhaut that, at
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first glance, might seem similar to our model for HD 21997 and
49 Ceti. But, in fact, the two models are very different. As we
note in Appendix C, the Acke et al. dust loss rate is 20 times
faster than the rate we calculate via a conventional collisional
cascade. They do not specify a physical mechanism that can
convert comets so rapidly into dust. Their rapid dust loss rate
at Fomalhaut is compelled by their quoted very short lifetime
(1700 yr) for dust grains near the blowout size. But a detailed
model of the similar debris disk at Vega by Miiller et al. (2010
and as outlined in our Appendix C) casts doubt on the validity
of such a short lifetime. Additional observations and modeling
of the Fomalhaut debris disk are warranted. In particular, a
sensitive search for CO at Fomalhaut would be worthwhile;
because it is the presence of so much CO that compels the
rapid comet destruction rate in our model, while combination of
observations of CO and of dust serves to constrain the model.

At the risk of being obvious, dusty young stars will be
excellent targets for ALMA mapping of dust and CO gas, should
the latter be detectable. It should be possible to map the shape
and mass of youthful Kuiper Belt analogs and to clarify the
composition of young comets.

We thank Meredith Hughes, Alexander Krivov, and Hilke
Schlichting for taking time to clarify some aspects of their
papers, David Jewitt and Michael Jura for helpful comments,
and the referee for useful suggestions. This research was funded
in part by NASA grants to UCLA and the University of Georgia.

APPENDIX A
IRAM 30 m CO OBSERVATIONS

Table 4 lists a set of upper limits on peak intensities (307) and
integrated intensities in the '>CO(2-1) line (50;) as measured
with the IRAM 30 m telescope in 2009 August for a sample of
dusty stars within ~100 pc of Earth that includes HD 21997.
These upper limits supercede those reported in Columns 811 in
Table 1 of Kastner et al. (2010). The upper limits on integrated
line intensity are computed as in Section 2.1 of Kastner et al.
(2010) for spectrometer channel widths of v = 0.8 km s~
but now for an assumed linewidth of Av = 5 km s~!, whereas
they assumed a linewidth of Av = 3 km s~!. The equivalent line
intensities in Jy km s~! are then obtained assuming a conversion
factor of 7.85 Jy K~! for the 30 m telescope at 230 GHz.

The listed values of 307 were obtained from the rms of
the residuals to a fit to the baseline of each spectrum over
the range —5 km s~! to +5 km s™'; these values differ only
slightly from those reported in Kastner et al. (2010), which were
based on fits over a somewhat longer baseline. The conversion
factor employed here differs from that adopted by Kastner et al.
(2010); this factor was applied erroneously by those authors.
Note that the '>?CO(2-1) upper limit for HD 21997 in Table 4,
50; = 3.1 Jy km s, is consistent with the integrated line
intensity of 2.29 & 0.47 Jy km s~! reported in Moor et al.
(2011). Likewise the upper limit on CO mass for HD 21997 in
Table 4 is consistent with their measured CO mass.

APPENDIX B
COLLISIONAL CASCADE RATES

The easily observable quantity is radial optical depth through
a spherically symmetric dust shell, T = Lz /Lo, but collision
rates of disk particles are more directly related to what has
been called “face-on fractional surface density o (r)” (Backman
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& Paresce 1993) or “full vertical optical thickness” (= t;
Artymowicz & Clampin 1997) of disk-like structures. The
expressions given by these sets of authors are similar and we
begin with Equation (8) from Artymowicz & Clampin (1997):

feon = P/12(t1), (BI)

where P is orbital period. We consider a cylindrical ring of radius
R, width in the radial direction of AR, and full vertical height A.
Then, the ring (disk) optical depth in the radial direction, 7, is

7, =2Rt/h. (B2)
Relating 7, and 7, gives
7, = 1,(h/AR) = 2Rt/AR (B3)
or with Equation (B1),
teol = PAR/24TR. (B4)

When P is expressed in terms of orbital radius to the 1.5 power
and stellar mass to the —0.5 power (as per Kepler and Newton),
then this expression is in good agreement with Equation (25) of
Wyatt et al. (2007). Finally, with AR/ R = 0.3 from Table 5, we
obtain a typical dust particle collision time

feoll = P/SOT (B5)

with a variation of perhaps a factor of £2 due to differing dust
ring, in-plane, extents.

One can also employ kinetic theory to independently derive an
expression that relates t to T, but without use of Equation (B1).
Collision times are equal to the mean free path (mfp) between
dust particle collisions divided by the relative particle velocities.
The relative velocity for typical particles in the ring is the orbital
velocity times /4 /2R. So the collision time is

ooll = (mfp)P/ﬂh- (B6)

The mfp = (0 N)~' = (4wa®N)~', where “a” is dust grain radius
and N is the number of grains per unit volume. Then,

T = Nwa*(2w RARR) /47 R? (B7)

and
mfp = ARh/8TR (B8)

thus,
teol = PAR/87TR (B9)

in agreement with Equation (B4).

Artymowicz & Clampin (1997) use kinetic theory to de-
rive a collisional rate a few times faster than that given in
Equations (B4) and (B9), but then choose to adopt the rate
given in Equation (B4); we do the same.

APPENDIX C
DUST LOSS RATES AT VEGA AND FOMALHAUT

Based on Spitzer Space Telescope observations of Vega,
Su et al. (2005) calculated a large dust production rate,
~6 x 10 g s7!, and concluded that this rate could not
have been sustained over Vega’s 350 Myr lifetime. Miiller
et al. (2010) reinterpreted the Spitzer data and derived a dust
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production/loss rate via collisional cascade two orders of mag-
nitude smaller than that of Su et al. In the Miiller et al. model the
mass in dust grains with radii ~10 pm—that is, slightly above
the blowout size—is ~7 x 10~* Earth masses. One can calcu-
late a similar dust mass from an estimate of the dust surface area
required to block 2 x 107 of the light from Vega (e.g., Equation
(4) in Chen & Jura 2001). In their elaborate Vega model, Miiller
etal. (2010) and A. Krivov (2012 private communication) derive
a collisional lifetime for these small particles of ~3 x 103 yr.
Together, Equation (B4) and Table 5 yield a collision time of
5 x 10° yr, and thus a dust mass loss rate via a collisional
cascade of ~3 x 10" g s~!. We note in passing, there is a
typo in the value for 7, = 8.3 x 10~ given in Section 6.8 of
Miiller et al. (2010). In fact, 7, in their model is 8.3 x 107> (A.
Krivov 2012, private communication), in good agreement with
the value of 10~* we derive from Equation (B3) and Table 5.

Based on Herschel Space Observatory images, Acke et al.
(2012) derived mass loss rates in dust grains for Fomalhaut.
Given that their methods are similar to those used by Su et al.
(2005) to analyze Vega, it is surprising that Acke et al. cite
neither Su et al. nor Miiller et al. (2010). Like Su et al., Acke et al.
derive small grain lifetimes of ~1000 yr, that is, much shorter
than can be achieved via grain production with a conventional
collisional cascade. Thus, if the Acke et al. mass loss rate of
~7 x 10" g s~ were appropriate for Fomalhaut, then dust
grain production would likely be due to something other than
a collisional cascade (see paragraph that follows); Acke et al.
(2012) suggest a quasi-steady state model of colliding comets
over a 200 Myr lifetime of Fomalhaut. Should Fomalhaut’s age
instead be ~440 Myr, as seems likely (Mamajek 2012), then the
Acke et al. picture would become even more extreme.

Blockage of 8 x 107> of the light from Fomalhaut with
10 um radius grains of density 2 g cm™ requires a mass of
~10% g. This may be compared with the mass of 3 x 10** ¢
of comparable size grains with, apparently, somewhat lower
density in the model of Acke et al. (2012). With Equation (B4),
we find a characteristic dust production timescale of 8 x 10* yr
and a mass loss rate of 4 x 10'? g s~! via collisional cascade.
This mass loss rate is ~20 times slower than the Acke et al.
mass loss rate. Since the mass and luminosity of Fomalhaut are
similar to that of ¢ Lep (Rhee et al. 2007; Chen & Jura 2001),
compact grains of radii only a few microns would be stable
against blowout, thus potentially increasing the discrepancy
between the quoted Acke et al. mass loss rate and that estimated
from a collisional cascade. It may be possible to match the
spectral energy distribution and images of Fomalhaut with
inclusion of such small, bound, grains (A. Krivov 2012, private
communication). Should a model similar to that of Miiller et al.
(2010) apply to Fomalhaut as well as to Vega, then a normal
collisional cascade might account for the dust distribution at
Fomalhaut and invocation of an extreme colliding-comet model
might be unnecessary. In particular, use of a single power-
law size distribution for both blow-out and bound grains is
unphysical (A. Krivov 2012, private communication; Miiller
et al. 2010) and additional modeling of the data is warranted.

As noted in the main text, it is one thing to have comets
collide, but converting the resulting debris into small dust
particles is something else again. The Su et al. and Acke et al.
papers lack a description of a physical mechanism that can
generate small dust particles at the rates required in their models.
Therefore, in agreement with Miiller et al. (2010), we regard
a conventional collisional cascade as the most plausible dust
production mechanism.
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