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ABSTRACT
We present 11.7 m observations of nine late-type dwarfs obtained at the Keck I 10 m telescope in 2002
December and 2003 April. Our targets were selected for their youth or apparent IRAS 12 m excess. For all nine
sources, excess infrared emission is not detected. We find that stellar wind drag can dominate the circumstellar grain
removal and plausibly explain the dearth of M dwarf systems older than 10 Myr with currently detected infrared
excesses. We predict that M dwarfs possess fractional infrared excesses on the order of LIR /L  106 and that this
may be detectable with future efforts.
Subject headinggs: circumstellar matter — stars: late-type — stars: winds, outflows

1. INTRODUCTION

dust in our own inner solar system, could be an indirect marker
for the presence of parent bodies: rocky planetesimals, asteroids,
and comets that can generate dust.
We present selection criteria for our targets in x 2, and we
present our observations in x 3. In x 4, we present an analysis
of the observations using stellar atmosphere models to estimate
photospheric contributions to the observed infrared flux. We
present a model for circumstellar grain removal for M dwarfs in
x 5 to explain our results and the dearth of M dwarfs older than
10 Myr with observed infrared excesses. In x 6 we discuss the
implications of this model, and we present our conclusions in
x 7.

Until 20 years ago, our knowledge of planets and their formation had been limited to our own solar system, with planets
around other stars being the subject of fiction and hypothesis. With
recent advances in instrumentation and detection capabilities, we
are now confirming the existence of planetary systems around
other stars. In 1983, the Infrared Astronomical Satellite (IRAS )
offered the first evidence of dusty debris, or debris disks, orbiting
other stars (Zuckerman 2001). The dust is heated by the incident
stellar radiation and reemits this radiation in the infrared, which we
can then detect as an ‘‘excess’’ of infrared flux. The first extrasolar
planets were indirectly detected around a millisecond pulsar in
1993 by analysis of the pulsar timing (Wolszczan & Frail 1992).
Finally, the first Jovian planets around stars like our Sun were
discovered in 1995 through the characteristic ‘‘wobble’’ or radial
velocity variations induced in the star (Mayor & Queloz 1995).
Studying the evolution of these systems and their characteristics—
both directly and indirectly—allows us to begin to answer fundamental questions about the existence of life in the universe.
M dwarfs are the lowest mass, size, luminosity, and temperature
main-sequence stars, which comprise 70% of the total number
of stars in our Galaxy (Mathioudakis & Doyle 1993). If planetary
systems exist around M dwarfs, they could represent the most
abundant planetary systems in the Galaxy. Thus, determining
or constraining the abundance of exoplanetary systems around
M dwarfs is important.
About 15% of nearby main-sequence stars exhibit far-infrared
excesses characteristic of cold circumstellar dust, or debris disks
analogous to our Kuiper Belt (Habing et al. 2001). However,
most M-type stars do not currently have detected infrared excesses, despite several targeted and blind surveys (Song et al.
2002; Weinberger et al. 2004; Zuckerman 2001; Liu et al. 2004;
Fajardo-Acosta et al. 2000). Reported 12, 20, and 25 m IRAS
and ISO (Infrared Space Observatory) excess emission candidates have been largely demonstrated as false positives when
followed up by smaller aperture ground-based observations
(Zuckerman 2001; Song et al. 2002; Fajardo-Acosta et al. 2000;
Aumann & Probst 1991).
We have performed a search for 12 m infrared excess around
candidate M dwarfs indicative of extrasolar zodiacal dust. The
presence of such warm debris disks, analogous to the zodiacal
1

2. SAMPLE SELECTION
We constructed our sample from two selection criteria: youth
and apparent 12 m excess. Our target list is given in Table 1.
2.1. Youth
Spangler et al. (2001) have found that for solar-type stars, the
infrared excess varies as t1:76 , where t is the age of the star.
They present a simple model for asteroidal destruction to explain
this result. Extrapolating from the infrared excess produced by
our own zodiacal debris, if we can identify M type stars that are
0.1 times the age of the Sun (t  500 Myr) or younger, any
existing infrared excess might be detectable with ground-based
facilities. Similarly, Liu et al. (2004) estimated that the dust
mass, Md , varies as t0:5 to t1 from debris disk masses estimated
from submillimeter data, with a simple unweighted fit giving
Md / t 0:70:2 . Finally, from the lunar impact record one can
infer that the amount of debris and resulting infrared excess can
be significantly higher for young solar analogs (Chyba 1991).
See Decin et al. (2003) for a reexamination of the time dependence of the IR excess amplitude that leads to a different conclusion from that of Spangler et al. (2001).
In order to identify young, nearby M-type stars, we have used
the results for the  Pic moving group from Zuckerman et al.
(2001) and the ‘‘rapid’’ rotators from the survey by Gizis et al.
(2002) to identify three targets. The most obvious candidate in the
 Pic moving group is GJ 3305 (Song et al. 2002), since AU Mic
(GJ 803) is also member of this moving group and an M-type
dwarf with an imaged debris disk (Kalas et al. 2004; Liu 2004).
The estimated age of GJ 3305 is 12 Myr, or 3 ; 103 t. From
Gizis et al. (2002), GJ 3304 and GJ 3136 are ‘‘rapid rotator’’ stars
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TABLE 1
Extrasolar Zodiacal Dust

Name

Teffa
( K)

Db
(pc)

F11.7 m Observed
(mJy)

GJ 3136..............
GJ 3305..............
GJ 3304..............
GJ 507.1.............
GJ 585.1.............
G203047..........
GJ 729................
GJ 4068..............
HU Del...............

3200
3700
3100
3600
4200f
3200
3100
3100
3000

14.3  2.9
29.8  0.3e
10.0  1.7
19.8  4.3
25.6  1.1
7.3  0.5
2.97  0.02
18.2  4.3
8.9  0.2

43  8
106  19
50  9
98  3
62  5
122  5
373  8
22  12g
55  3

FIRAS 12 m c
(mJy)
...
...
...
166 
106 
135 
392 
102 
89 

23
18
15
74
8
16

F11.7 m Modeled
(mJy)

Fd,  /F, d











<0.56
<0.54
<0.54
<0.09
<0.24
<0.12
<0.06
<1.64
<0.16

48
103
61
109
53
125
382
30
59

2
2
2
3
2
4
14
1
3

a

From reduced 2 fit of PHOENIX NextGen model spectra to nearest 100 K.
Inferred from parallax obtained through SIMBAD and VizieR unless otherwise noted.
c
Color corrected as described in x 4, taken from the IRAS Faint Source Catalog and Point Source Catalog where available.
d
The 3  upper limits inferred from 11.7 m observations as a function of frequency, .
e
Zuckerman et al. (2001). Inferred from SIMBAD parallax for primary companion, 51 Eri.
f
Model spectra fitted to 200 K. The best-fit temperature is consistent with this source’s previously identified spectral type, K5.
g
The error quoted for this particular flux measurement is dominated by systematic error in our calibration rather than statistical
uncertainties in the detection itself. Thus, we report a detection rather than an upper limit.
b

with v sin i ¼ 30 km s1, so these stars are likely younger than
the Hyades and therefore about 0.1 times the age of the Sun
(Terndrup et al. 2000).
2.2. Apparent 12 m Excess
Similar to the work of Fajardo-Acosta et al. (2000), we
cross-correlated the Two Micron All Sky Survey (2MASS) with
the IRAS Point Source and Faint Source Catalogs. We used the
volume-complete 676 source M dwarf sample of Gizis et al.
(2002) and the 278 source dwarf K- and M-type sample identified in Mathioudakis & Doyle (1993). There is moderate overlap
between these two samples. We selected targets with unusually
red K  ½12 m colors. We eliminated sources exhibiting a false
color excess attributable to IRAS beam confusion, such as binaries or relatively bright nearby companions within 10 . In addition,
with the exception of HU Del (GJ 791.2), known binary sources
were discarded. Our most promising six targets were observed.
With the exception of GJ 585.1, a K5 dwarf, the remaining five
targets are M type.
3. OBSERVATIONS
We present 11.7 m observations of nine late-type dwarfs
obtained at the Keck I 10 m telescope in 2002 December and 2003
April. Table 1 lists the target stars and their distance, 11.7 m
observed photometry, 12 m IRAS photometry, and derived 3 
TABLE 2
Journal of 11.7 m Observations

Name
GJ 3136..........................
GJ 3305..........................
GJ 3304..........................
GJ 507.1.........................
GJ 585.1.........................
G203047......................
GJ 729............................
GJ 4068..........................
HU Del...........................

Night Observed
(Hawaii Standard Time)
2002 Dec
2002 Dec
2002 Dec
2003 Apr
2003 Apr
2003 Apr
2003 Apr
2003 Apr
2003 Apr

20
20
20
23
23
23
23
23
23

Integration Time
(s)
120
120
120
240
300
300
144
120
120

upper limits on the infrared excess from synthetic spectral fitting. Table 2 lists the observations and integration times. Figures 1
and 2 show spectral fits, observations, and available literature
photometry.
The three targets selected for their youth—GJ 3136, GJ 3304,
and GJ 3305—were observed at Keck at 11.7 m using the Long
Wavelength Spectrograph (LWS) in imaging mode in 2002 December (Jones & Puetter 1993). On-source integration times for
all three targets were 2 minutes. Standard IDL routines were used
to reduce the data, and we wrote IDL routines to flux-calibrate the
data.
For the particular observations in 2002 December, it was
discovered later by Varoujan Gorjian (2003, private communication) and confirmed by Keck staff that a screw that adjusts a
mirror in the LWS detector had come loose and fallen out. This
allowed some movement of the optics as a function of telescope
orientation during the time of our observations. However, we
observed standards within 10 of our targets for GJ 3304 and GJ
3305, and all three targets and standards were observed at air
masses 1.2. Nevertheless, this potentially adversely affected
the calibrations used in our observations, especially for GJ 3136,
introducing a systematic error. Thus, we treated the variance in
the calibration of our standards as systematic rather than random
errors and adjusted our resulting uncertainties in our observations
accordingly. The net result was to roughly double our final calibration uncertainties.
The six targets selected for their apparent IRAS 12 m excesses
were observed at Keck using LWS at 11.7 m in 2003 April,
using the same reduction techniques described above. On-source
integration times ranged from 2 to 5 minutes. In the cases of
G203047 and HU Del, target acquisition and identification was
performed with NIRC (Keck Near Infrared Camera) K-band
imaging (Matthews & Soifer 1994).
4. ANALYSIS
Photospheric flux was estimated by fitting PHOENIX NextGen
stellar atmosphere models (Hauschildt et al. 1999) to available
UBVRIJHKs photometry, taking into account effective bandpasses and photometric uncertainties in finding the minimum 2
in temperature and normalization. The JHKs photometry was
obtained from 2MASS and converted to flux densities based on

No. 2, 2005

M DWARF DISKS OLDER THAN 10 Myr?

1163

the calibration by Cohen et al. (2003), outlined in the 2MASS
Explanatory Supplement (Cutri et al. 2003, chap. VI, x 4a). UBV
and R–I photometry, when available, was obtained from the
Gliese catalog. R magnitudes, when available, were obtained from
the USNO-A2.0 catalog queried through VizieR (Ochsenbein
et al. 2000; Gliese & Jahreiss 1979, 1991; Monet et al. 1998).
Correcting USNO-R to Landolt-R magnitudes did not affect our
model spectral energy distribution (SED) fits. The IRAS 12 m
flux densities were color corrected assuming blackbody emission, following the procedures outlined in the IRAS Explanatory Supplement (Beichman et al. 1988, chap. VI, x C.3). The
adopted color correction factors were chosen depending on the
effective temperature Teff of each star, with a typical value of
1.41.
PHOENIX NextGen models were used to fit the observed
photometry rather than a blackbody, since the stellar SEDs are
very different from that of a blackbody (Song et al. 2002; Mullan
et al. 1989). We assumed log g ¼ 4:5 and solar metallicity, as
is typical for main-sequence stars in the solar neighborhood
(D’Antona & Mazzitelli 1997; Drilling & Landolt 2000). Six of
our nine targets were previously identified as flare stars, which
primarily affect the U and B magnitudes during flaring. However,
the exclusion of U- and B-band magnitudes in our SED fits did
not alter the derived temperatures for our targets. Uncertainties in
the predicted model flux at 11.7 m are derived from the resulting variance of the spectral fit as a function of the temperature
(100 K) and effective normalization (5%) uncertainties around
the minimum reduced 2 fit.
We find that the spectral models and photometric data are
consistent with one another, and consistent with no detected infrared excess at 11.7 m for all nine targets. Our derived effective
temperatures are in agreement with published spectral types
when available. We obtain an overall reduced 2 of the model
fits to the data of 0.95, and on average the 3  upper limits correspond to a ratio of Fd;  /F;   30% at 11.7 m, excluding
GJ 4068. This ratio limit is typical for current ground-based midinfrared observational capabilities; we are limited in our analysis
by our photometric quality rather than model-fitting uncertainties.
4.1. Comments on the Discrepancies between Our Groundbased Observations and IRAS Flux Measurements

Fig. 1.—Model spectral fits, photometric data, and observations from 2002
December. Available UBVRIJHKs photometry and bandpasses are displayed in
black. The 11.7 m observations are shown with error bars in blue. Model
spectra are displayed in brown.

IRAS did not detect GJ 3304, GJ 3305, and GJ 3136 in the Point
Source and Faint Source Catalogs, but as one can see in Figure 1,
our measurements at 11.7 m are consistent with the predicted
photospheric emission. For GJ 4068, GJ 507.1, HU Del, and GJ
585.1, we note that the color-corrected IRAS 12 m measurements are inconsistent with our 11.7 m measurements with
significances of 5.5, 3, 2, and 2.5 , respectively. The IRAS
12 m measurements are also inconsistent with the predicted
photospheric emission at 9, 2.5, 2, and 3 , respectively. It is
unlikely that these discrepancies are due to the presence of
Si emission in the IRAS 12 m bandpass, which would be missed
by the LWS 11.7 m bandpass (Metchev et al. 2004; Gaidos &
Koresko 2004). For HU Del and GJ 4068 we suspect that this
inconsistency is due to beam confusion from nearby sources,
located 1A0 and 2A1 away, respectively. For GJ 507.1 and
GJ 585.1, we suggest that the inconsistencies are probably due
to statistical fluctuations and the ‘‘Malmquist bias’’ for stars
near the detection threshold (Song et al. 2002).
For G203047 and GJ 729, we note that the color-corrected
IRAS 12 m measurements and our 11.7 m measurements are
consistent with both one another and the predicted model photospheric emission. Although G203047 and GJ 729 possessed
unusually red K  ½12 m colors in our initial sample, this was

Fig. 2.—Model spectral fits, photometric data, and observations from 2003 April. Available UBVRIJHKs photometry and bandpasses are displayed in black. The
12 m IRAS measurements, color corrected, are also displayed in black with effective bandpass and errors shown. The 11.7 m observations are shown with error bars in
blue. Model spectra are displayed in brown. See text for discussion.
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not indicative of a true excess with subsequent modeling of their
cool photospheres. For GJ 4068, the flux error is dominated by
systematic error in our calibration rather than statistical uncertainties in the detection itself. Thus, we report a detection rather
than an upper limit. For HU Del, we note that it is a spectroscopic
binary, which may account for the model spectral fit appearing to
be slightly inconsistent with the literature photometry. Finally,
for GJ 585.1, the only K dwarf in our sample, our 11.7 m measurement is above the predicted model photosphere at the 1.5 
level and may warrant further observations at longer wavelengths. However, given that this is only a 1.5  excess, we do
not believe that it is likely to be real.
5. MODELING OF CIRCUMSTELLAR PROCESSES
In x 5.1, we review the current observational knowledge of
M dwarf circumstellar environments. In x 5.2, we contrast observations with a steady state application of Poynting-Robertson
(P-R) grain removal for M dwarfs. In x 5.3 we present a model
for stellar wind drag grain removal for M dwarfs. In x 5.4, we
discuss the current knowledge of M dwarf stellar winds. In x 5.5,
we then evaluate the relevance of stellar wind drag in M dwarf
debris disks, and we present a model for their evolution. In x 5.6,
we discuss other dust removal mechanisms.
5.1. The Observational Dearth of M Dwarf Debris Disks
Circumstellar disks are common around M dwarfs younger
than 5 Myr; the inner parts of these disks appear to dissipate
within 5–10 Myr, and any remaining disks are relatively rare in
systems older than 10 Myr. AU Mic (GJ 803) and GJ 182 are the
only two M-type dwarfs older than 10 Myr with an infrared or
submillimeter excess, confirmed with ground-based observations, that is indicative of a debris disk (Song et al. 2002; Liu et al.
2004; Zuckerman 2001; Fajardo-Acosta et al. 2000). This lack
of late-type dwarfs older than 10 Myr with an infrared excess
does not appear to be a selection effect due to IRAS detection
limits but rather an age-dependent phenomenon (Song et al.
2002; I. Song 2003, private communication). Weinberger et al.
(2004) propose that the lack of warm infrared excesses associated with the inner disks of K and M dwarfs in the TW Hya
association implies rapid planet formation within 5–10 Myr,
which in turn depletes available parent bodies for dust replenishment. For AU Mic, Liu et al. (2004) argue that the lack of
warm (T  200 K) dust in the inner region of the circumstellar
disk suggests the presence of an unseen planetary companion,
also indicative of rapid planet formation within 10 Myr.
In support of this rapid planet formation theory, it is known
that known that primordial material to potentially form planets
is common around low-mass stars and brown dwarfs with ages
less than a few million years (Liu et al. 2003; Klein et al. 2003;
Pascucci et al. 2003; Lada et al. 2000; Beckwith et al. 1990;
Osterloh & Beckwith 1995). Hen 3-600 (TWA 3, a multiple star
system) and TWA 7 are M-type pre–main-sequence members
of the 5–10 Myr old TW Hydrae association with observed
infrared excesses (Zuckerman 2001). Coku Tau 4, AA Tau, and
CD 40 8434 are further examples of T Tauri type pre–mainsequence M dwarfs with observed infrared excesses (Metchev
et al. 2004; Quillen et al. 2004; Kenyon & Hartmann 1995). However, recent simulations of terrestrial planet formation around
solar-type stars take on average 10–50 Myr to accrete into the
analogs of our solar system terrestrial planets. This process includes large-scale impacts—like the one that is theorized to have
formed Earth’s moon—lasting on the timescale of 100 Myr
(Agnor et al. 1999) and thus providing parent bodies to generate
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extrasolar zodiacal clouds on these timescales. The arguments
of Weinberger et al. (2004), Song et al. (2002), and Liu et al.
(2004) lead us to conclude that there potentially exists a different debris disk evolution timescale for K and M dwarfs, and
here we propose such a mechanism.
5.2. Grain Removal from Poynting-Robertson Drag
The dust we observe in a debris disk is replenished by the
grinding (destruction) of parent bodies (Zuckerman 2001) and
removed under the action of P-R and other forces. Thus, the
infrared excess can be related to the destruction rate of the parent
bodies. In a simple model, we derive from Chen & Jura (2001)
and Jura (2004) a relation between LIR and the rate at which mass
is being removed from parent bodies and converted into dust,
Ṁd ,
Ṁd c2 ¼ C0 LIR ;

ð1Þ

where C0 is a numerical constant of order unity, LIR  (L )IR is
the luminosity of the dust infrared excess, and c is the speed of
light. Chen & Jura (2001) used C0 ¼ 4, where C0 depends on
the assumed initial dust distribution relative to the inner radius
at which the dust sublimates.
We have used the steady state assumption that Ṁd ¼
Mdust /tremoval and equations (4) and (5) in Chen & Jura (2001) to
arrive at equation (1). Note that in the derivation of Chen & Jura
(2001), the dominant grain removal process is assumed to be
P-R drag (tremoval ¼ tP-R ).
For M-type dwarfs, the characteristic grain removal timescales
from P-R drag are significantly longer than for earlier type dwarfs
due to the relatively lower luminosities in late-type dwarfs. Thus,
contrary the observational dearth of M-type debris disks, we
might expect a large abundance of dust around these stars.
5.3. Grain Removal from Corpuscular Stellar Wind Drag
We propose that the corpuscular (proton) stellar wind drag,
hereafter stellar wind drag, in late-type dwarfs serves as the dominant mechanism for grain removal in these stars, in contrast to
the P-R drag cited for earlier type debris disk evolution. An analogous and more detailed derivation applied to red giants can be
found in Jura (2004).
The stellar wind drag force is caused primarily by the proton
flux from the solar wind impacting dust grains and the resulting
anisotropic recoil; the effect is analogous to the P-R drag (Burns
et al. 1979; Gustafson 1994; Holmes et al. 2003). In our own
solar system, the solar wind drag has been measured to be on the
order of 30% of the P-R drag force, varying in strength between
20% and 43% (Gustafson 1994). Holmes et al. (2003) approximate a value of 1/3.
To first order in vorb /c and vorb/vsw—assuming that each of
these quantities is T1, as in Gustafson (1994), where vorb is the
grain orbital velocity of a grain assumed to be in a circular orbit
and where vsw is the proton stellar wind velocity, assumed to be
entirely radial—we can write the ratio of drag times tP-R/tsw in
terms of the magnitude of force ratios,
t P- R
Fsw = â
c Fsw = r̂
;
¼
¼
vsw Frad = r̂
tsw
FP-R = â

ð2Þ

where Fsw, Frad, and FP-R correspond to the solar wind pressure,
radiation pressure, and P-R drag forces, respectively, and â and
r̂ correspond to the azimuthal and radial unit vectors in spherical coordinates. We note that while the radiative stellar wind
pressure can be dominated by the radiation pressure, the drag
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force ratio is enhanced by a factor of c/vsw in favor of the corpuscular drag force. We then write
t P- R
c Qsw
¼
vsw QP-R
tsw




Ṁsw vsw
Qsw Ṁsw c2
¼
;
L =c
QP-R L

ð3Þ

where properties such as grain size, density, and distance
from the star drop out from the above expression and where
Qsw/QP-R is the ratio of coupling coefficients. For our own solar
system, taking Ṁsw ¼ Ṁ  2 ; 1014 M yr1 and assuming
Qsw /QP-R ¼ 1, equation (3) evaluates to 37%.
Equation (3) presents a first-order expression to evaluate the
relative importance of the P-R and stellar wind drags; more detailed expressions for the drag forces can be found in Gustafson
(1994). We deduce from equation (3) that stellar wind drag can
dominate P-R drag due to the lower M dwarf luminosities relative to the Sun. We write a more general expression for the
inferred parent body destruction rate in cgs units, Ṁd , by combining equation (1) and equation (3),


C0 LIR
Ṁd ¼
c2




Ṁsw c2
1þ
;
L

ð4Þ

where we have assumed for simplification and clarity that
Qsw /QP-R ¼ 1, and we note again that LIR represents the luminosity of the infrared excess due to dust. We can write the above
equation in terms of the observed fractional infrared excess as
Ṁd c2
LIR
¼
:
L
C0 (L þ Ṁsw c2 )

ð5Þ

Equations (4) and (5) reduce to
Ṁd ¼

C0 Ṁsw LIR
;
L

Ṁd
LIR
¼
L
C0 Ṁsw

ð6Þ
ð7Þ

in the limit when stellar wind drag is the dominant grain removal
mechanism.
Scaling the P-R drag timescale (see eq. [5] in Chen & Jura
2001) by tsw/tP-R from the right-hand side of equation (3), we
derive the grain removal timescale for stellar wind drag,
tsw ¼

4adust D2
;
3Qsw Ṁsw

ð8Þ

where D is the distance of the grain from the star.
5.4. Late-Type Dwarf Stellar Winds
Empirical and semiempirical arguments have shown that latetype dwarf wind mass-loss rates can exceed the solar wind massloss rate of 2 ; 1014 M yr1 by factors ranging from 10
(Mullan et al. 1992; Fleming et al. 1995; Wargelin & Drake
2001, 2002; Wood et al. 2001, 2002) to a proposed 104 in the
case of the M dwarf flare star YZ CMi (Mullan et al. 1992).
This enhanced stellar wind mass loss is expected because of the
hotter coronae and increased magnetic activity in active late-type
dwarfs. Recent models suggest that the mass-loss rates from late-
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type dwarfs are a few times 1012 M yr1 (Wargelin & Drake
2001; Lim & White 1996; van den Oord & Doyle 1997); this
predicted mass-loss rate is still a factor of 100 times the solar
value.
The task of remotely observing such winds (directly or indirectly) around other solar-type dwarfs has been a substantial
challenge. The measurements of stellar winds can be made by
modeling high-resolution Hubble Space Telescope spectra of
Ly —‘‘astrospheric’’ absorption in Ly is produced from the
interaction of the ionized stellar wind with the neutral interstellar
hydrogen. From observations of G and K dwarfs, Wood et al.
(2002) derived the relationship ṁsw / FX1:150:20 from correlating observed stellar wind mass-loss rates with X-ray activity,
where FX is the X-ray flux at the surface of the star and ṁsw is the
mass-loss rate per unit surface area. This relation implies a mass
loss rate Ṁsw  1000 times that of the solar wind for the particular case of AU Mic (Wood et al. 2002; Huensch et al. 1999).
With substantial uncertainty, Wood et al. (2002) derive
Ṁsw  Ṁ (t/t )2:000:52 from stellar rotational velocity evolution and correlation with FX. Wood et al. (2002) caution that
this relation may not accurately extrapolate for stars younger
than 300 Myr, but the mass loss will generally decrease with
time from some maximum value. Solar wind mass-loss rates
as high as 103 times its present value have been hypothesized
(Sackmann & Boothroyd 2003; Wood et al. 2002), but such a
large enhancement in the mass-loss rate may not extend to young
M-type dwarfs (Lim & White 1996; van den Oord & Doyle 1997).
5.4.1. Proxima Cen

No one has detected a wind from the nearest M dwarf,
Proxima Cen, but ascribing an appropriate upper limit is a matter
of debate. Wood et al. (2001) placed an upper limit on Ṁsw of
0.2 times the solar wind mass-loss rate, contrary to the arguments
of Wargelin & Drake (2001), Lim & White (1996), and van den
Oord & Doyle (1997). However, the assumptions of Wood et al.
(2001) about the intrinsic stellar Ly line profile are cited as
controversial in Wargelin & Drake (2002). From X-ray observations of charge exchange between the wind of Proxima Cen
and neutral interstellar medium gas, Wargelin & Drake (2002)
instead place a 3  upper limit constraint of 14 times the solar
wind mass-loss rate, Ṁ . More accurate estimates and measurements of M dwarf wind mass-loss rates will resolve these differences and uncertainties.
5.5. The Relevance of Stellar Wind Drag for M Dwarf
Debris Disk Evolution
It seems plausible that M dwarf wind mass-loss rates can
exceed the solar value by at least a factor of 10. Consequently,
scaling from equation (3), we find that stellar wind drag dominates P-R drag in M dwarfs. We can now estimate LIR/L when
stellar wind drag is the dominant grain removal mechanism.
From equation (7), using Ṁsw ¼ Ṁ (t/t )2:000:52 from Wood
et al. (2002), estimating Ṁd ¼ 4 ; 106 ðt /t Þ1:760:2 g s1, and
setting C0 ¼ 4, we calculate
 0:240:6
LIR
7 t
 9 ; 10
:
L
t

ð9Þ

Equation (9) predicts that the frequency of M dwarf debris
disks older than 10 Myr is roughly independent of age. Furthermore, the predicted infrared excess ratio is below typical
observational limits (Metchev et al. 2004; Spangler et al. 2001;
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Liu et al. 2004). For our estimate of Ṁd used above, we inferred
the time dependence from Spangler et al. (2001) and Liu et al.
(2004), and we adopted a proportionality constant of C0 LIR /c 2 ¼
C0 L fd /c2 ¼ 4 ; 106 g s1 from equation (1). For this proportionality constant for Ṁd , we again set C0 ¼ 4 and L ¼ L , and we
inferred fd ¼ 2:5 ; 107 at t ¼ t from Figure 2 in Spangler
et al. (2001). This estimate for Ṁd is consistent with the dust replenishment rate for the zodiacal cloud, Ṁd  3 ; 106 g s1
(Fixsen & Dwek 2002).
5.6. Other Dust Removal Mechanisms
Stellar wind drag can dominate P-R drag in the evolution of
M dwarf debris disks when tP-R /tsw > 1, which occurs when
Ṁsw /Ṁ k 3L /L . We can now put this result in context with
the role of collisions and the role of grain blowout, through both
radiation pressure and stellar wind pressure.
Dust grain blowout due to radiation pressure is irrelevant for
M dwarfs because of the lower luminosity and longer peak
wavelength of radiation (L  101 to 103 L, kpeak > 1 m).
We present a simplistic spherical grain model to explain this
result. Assuming the absorption coupling coefficient Qa ¼ 1
and the average grain density dust ¼ 2:5 g cm3, we calculate
from equation (2) in Chen & Jura (2001) a radiative blowout
grain size radius ablowout  0:1 m for an M0 dwarf, with L ¼
0:1 L and M ¼ 0:5 M. Because 2ablowout /kpeak < 1 for all
M dwarfs, our assumption that Qa ¼ 1 is invalid, and equation (2) in Chen & Jura (2001) is not applicable.
When 2a/k < 1, we write, from equation (7.7) in Spitzer
(1998, p. 151),



n2  1 a
;
Qa (a; k) ¼ 8Im 2
n þ2 k

Frad
3L

;
Fgrav 16cGM dust kpeak

ð11Þ

where G is Newton’s gravitational constant and c is the speed of
light. Taking dust ¼ 2:5 g cm3, L ¼ 0:1 L, M ¼ 0:5 M,
and kpeak ¼ 1 m, we calculate   0:05. We conclude that
T1 for all M dwarfs—radiation pressure is insufficient to
overcome gravitational attraction in expelling orbiting grains of
any size. The grain morphology for these small grains can be
important relative to the blackbody approximation, and a more
detailed calculation of the effective cross section to evaluate the
relevance of radiative blowout has been done by Saija et al.
(2003). The authors similarly conclude that the radiative pressure for small amorphous grains orbiting a 2700 K M dwarf is
negligible.
Krist et al. (2005) suggest that stellar wind pressure may play
a role in the dissipation of dust around AU Mic. We compute the
stellar wind blowout radius to be
ablowout ¼

3Qsw Ṁsw vsw
;
16GM dust

where vsw is the stellar wind velocity, and any grains smaller than
ablowout will be expelled under the action of stellar wind pressure.
This can be derived directly by taking the ratio of the stellar wind
and gravitational forces and setting them equal to 1 or by multiplying equation (2) in Chen & Jura (2001) by jFsw = r̂/Frad = r̂j
(see eqs. [2] and [3]).
For a 0.5 M M0 dwarf with a solar mass-loss rate and solar
wind velocity of 400 km s1 (Feldman et al. 1977), assuming
Qsw ¼ 1 and dust ¼ 2:5 g cm3, the corresponding blowout radius is insignificant at 2 ; 104 m. However, for a 0.5 M M0
dwarf with a mass-loss rate of 103 Ṁ , the corresponding
blowout radius would be 0.2 m, increasing to 0.9 m for a
0.1 M late-M dwarf with a mass-loss rate of 103 Ṁ . Thus,
the relevance of stellar wind blowout increases for later spectral
types but is only relevant for extremely young or active M dwarfs
with potentially unrealistic mass-loss rates. The validity of our
assumption that Qsw ¼ 1 for these grain sizes is also uncertain.
Dominik & Decin (2003) suggest that all the known debris disk
systems are collision dominated and not P-R drag dominated.
This relies on the assumption that dust grains can be ground down
by collisions until they are blown out by radiation pressure on a
timescale short compared to a drag timescale. This assumption
does not hold for M dwarf debris disks, since dust grains are not
blown out by radiation pressure. While M dwarf debris disks will
be collisionally processed on short timescales, stellar wind drag
or grain growth is likely to still be the dominant grain removal
process. This modification predicts an excess of small grains for
M dwarf debris disks relative to those around earlier type stars
and hence a relatively blue disk color.
6. DISCUSSION

ð10Þ

where n is the complex index of refraction, which is material
dependent. Equation (10) evaluates to Qa (a; k)  a/k for various silicates at wavelengths of 1 m (Dorschner et al. 1995;
Ossenkopf et al. 1992). We integrate Qa (a; c/)L over  for a
stellar blackbody spectrum and derive Qa L  L a/kpeak . The
ratio of the radiation pressure to the gravitational attraction is
then independent of grain size:
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ð12Þ

6.1. Some Implications of Stellar Wind Drag for M Dwarfs
The time dependence and steady state assumptions of equation (9) may be oversimplified, and the normalization is similarly uncertain by at least a factor of 2. Nonetheless, stellar wind
drag offers an explanation for the lack of M-type debris disks
older than 10 Myr identified in Song et al. (2002), FajardoAcosta et al. (1999), and Mamajek et al. (2004). For the latetype dwarfs with confirmed infrared excesses in Metchev et al.
(2004), the estimated disk masses derived from the Chen & Jura
(2001) model should be adjusted higher by the ratio of tP-R/tsw .
For the late-type dwarfs in the TW Hydrae association, the removal of grains by the stellar wind drag offers an alternative
explanation to rapid planet formation put forth by Weinberger
et al. (2004). The circumstellar disks and forming planetesimals may still exist, but the infrared excess emission can be
effectively ‘‘suppressed’’ by the stellar wind drag relative to
the effects of the P-R drag. When gas is still present in the disk,
the dynamics are more complicated, and our model does not
apply.
6.2. AU Mic: An Application of the Model
AU Mic is the only M dwarf with an imaged circumstellar disk
and infrared excess older than 10 Myr. We propose that stellar
wind drag offers an alternative explanation for the lack of warm
dust grains observed near AU Mic. The observed substructure
and turnover in the slope of the radial surface brightness profile
are naturally explained by the presence of a planetesimal disk in
the inner 35 AU (Metchev et al. 2005; Krist et al. 2005; Liu
2004). This inner disk could be produced by the stochastic destruction of parent bodies, the subsequent generation of dust, and
the removal of the dust by stellar wind drag within a time short
compared to the 12 Myr age of AU Mic. If circumstellar gas is
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present in the AU Mic disk, the physical interpretation becomes
more complicated, and our model does not apply.
We can estimate grain removal timescales from equation (8).
We assume a grain size of a ¼ 0:5 m (Metchev et al. 2005), a
grain density of s ¼ 2:5 g cm3, and Qsw ¼ QP-R  1. Since
these assumptions dictate the grain opacity, which is unknown to
within an order of magnitude, our estimates are similarly uncertain. For AU Mic, we could take Ṁsw  103 Ṁ from the X-ray
luminosity (Wood et al. 2002; Huensch et al. 1999). However,
this is a factor of 5–10 higher than the maximum Ṁsw inferred
from modeling M dwarf winds (Wargelin & Drake 2001; Lim &
White 1996; van den Oord & Doyle 1997). Thus, our estimate for
Ṁsw is also uncertain by an order of magnitude, and we instead
adopt Ṁsw ¼ 102 Ṁ for this calculation. If Ṁsw ¼ 102 Ṁ , then
stellar wind drag removes grains smaller than 0.5 m in the inner
35 AU of the AU Mic disk within 4 ; 104 yr. Similarly, grains
smaller than 0.5 m will be removed out to 250 AU in 2 Myr.
We deduce that at least the inner portion of the AU Mic debris
disk must have been replenished by collisions of parent bodies.
Neglecting stellar wind drag for comparison and assuming L ¼
0:13 L (Metchev et al. 2005), P-R drag would remove grains
smaller than 0.5 m out to 35 AU in 8 Myr.
If Ṁsw ¼ 103 Ṁ , we calculate a corresponding stellar wind
blowout radius of 0.2 m from equation (12), where we assume
Qsw ¼ 1, dust ¼ 2:5 g cm3, M ¼ 0:5 M, and vsw ¼ vsw; ¼
400 km s1. This is consistent with the minimum grain radius
of 0.3 m derived observationally by Metchev et al. (2005) at a
distance of 50–60 AU. This implies that there will be a relatively
large number of grains less than 1 m in size in the AU Mic disk,
since such grains are too large to be blown out by stellar wind
pressure and radiation pressure is negligible. This is consistent
with the observed overall blue color of the AU Mic disk relative
to the colors of disks around earlier type stars (Metchev et al.
2005; Krist et al. 2005).
Equation (9) predicts that LIR /L  2 ; 107 for AU Mic, although we caution against applying equation (9) to stars as young
as AU Mic. Liu et al. (2004) measure LIR /L  6 ; 104 , a factor
of 3 ; 103 higher, from infrared and submillimeter observations.
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This implies that the AU Mic disk is not in a steady state; leftover
primordial material or a recent major planetesimal collision
contributing to the observed dust excess could be considered
‘‘transient’’ effects.
7. CONCLUSIONS
We do not observe any excess 11.7 m emission for nine latetype dwarfs, selected for their youth or apparent IRAS 12 m
excess. We find that stellar wind drag can dominate the PoyntingRobertson effect in grain removal from late-type dwarf debris
disks, and this offers an explanation for the dearth of known
M dwarf systems older than 10 Myr with infrared excesses. We
predict that M dwarf debris disks older than 10 Myr will have a
roughly equal age distribution, with LIR /L  106 . Future efforts, such as the Spitzer Space Telescope, may be successful in
detecting these systems.
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