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✦ Resolved disk examples
✦ get grain sizes
✦ see structure & infer history

✦ Two-temperature disks
✦ infer structure (i.e. two belts?)
✦ origin of warm components?

Why model disks?
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1) Create disk model: get r
2) Make disk spectrum at r
     (with size distribution)
3) Find Dmin to get a match

also get geometry (+ other 
info if resolution is good)

Procedure
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Figure 6. Disk sizes resolved by Herschel relative to expectation from blackbody
emission. While the large dust grains around A stars (L! ! 10L!) have
temperatures close to the blackbody approximation, solar-type stars tend to
be considerably warmer. In particular, the disk around the dim M star GJ 581
(leftmost point) is nine times larger than expectation or, its equivalent, the dust
is three times hotter than the local blackbody temperature (Lestrade et al. 2012).
The overall trend is broadly consistent with the expectation from radiative
blowout, where the most luminous stars have the largest grain sizes.
(A color version of this figure is available in the online journal.)

grains modeled here, is a more important factor in reproducing
the shape of an SED.

5. DISCUSSION

The basic results of our model fits (dust luminosity, mass,
grain size) are summarized in Table 6. We find that the dust
luminosity ratios for the warm/inner- and the cold/outer-dust
components, Lwarm and Lcold, are generally in the range of 10−5

to 10−4, with the cold component a factor of ∼3 more luminous.
The exceptions are HD 159492, whose two components are
comparable in brightness, and the solar-type star HD 104860,
whose cold component is about an order of magnitude brighter
than any other (Lcold = 6 × 10−4).

We also calculate dust masses for each warm/cold com-
ponent, integrating over all dust sizes from amin up to 1 mm
(Equation (8)). Dust masses for the warm components are ∼1%
of a lunar mass (ranging from ∼3 × 10−4 to ∼8 × 10−4Mmoon;
see Table 6). The outer disk always has more dust, typically
about a factor of a hundred, or more. The bright outer disk of
HD 104860 is again an outlier, with 1.8 Mmoon of dust. This is
comparable to an independent dust mass estimate based solely
on the SCUBA submillimeter flux (13 Mmoon; Najita & Williams
2005).

5.1. Grain Sizes

While the masses and fractional luminosities calculated from
our model fits are comparable to previous results (Morales
et al. 2011), the grain sizes for these systems have never been
measured before. Now, with the disk sizes resolved by Herschel,
we deduce the values for amin, which we compare against the
expectation from radiative blowout, aBOS. (In Table 6, we list
amin and its ratio to blowout, fMB ≡ amin/aBOS.) fMB has
also been deduced for other spatially resolved debris systems
with Spitzer/IRS and MIPS 70 µm data of comparable quality.
For example, Su et al. (2009) find fMB ∼ 5 for the outer

planetesimal belt around HR 8799 (an A-type star) assuming
a grain population of AstroSil, while Krist et al. (2010) found
fMB ∼ 3 for HD 207129 (G0V), assuming a somewhat steeper
slope for the grain-size distribution (q = −3.7). Also with the
steeper slope, Golimowski et al. (2011) found a minimum grain
size for HD 92945 (K1V) that is even larger compared with
blowout, fMB > 10.

Within the four stars considered here, we also see consider-
able variation in grain size relative to blowout. For HD 70313,
the SED fit with IMP grain composition has amin of 5.6 µm.
This size is equal to the blowout size expected given the den-
sity of “dirty” ice IMPs and the properties of the star, that is,
fMB = 1. The solar-type star 104860, on the other hand, has
much larger grains compared with expectation from blowout.
We find that the minimum-to-blowout size factor is fMB ≈ 5.5
for dirty-ice IMP composition, or fMB ≈ 7 for pure AstroSil.
Last, the SEDs for HD 71722 and HD 159492 require grains
that are smaller than the blowout limit. The amin necessary for
fitting the cold-outer component of HD 71722 is slightly smaller
than the blowout limit (fMB ≈ 1/2), for an IMP amin of 5.4 µm.
The solar-type HD 104860 star–disk system on the other hand,
requires a factor of ∼1/3 of the blowout size for AstroSil-only
(amin = 1.1 µm), or fMB ≈ 1/2 for a dirty-ice IMP population
(amin = 2.2 µm) to fit the cold-outer component.

5.2. Grain Composition

Under the assumption of idealized compact spherical grains
distributed in narrow dusty belts, the three A stars (HD 70313,
HD 71722, and HD 159492) are all best fit (∆χ2 > 10, Table 7)
with a two-component debris-disk model where the inner/
warm dust is taken to be composed of AstroSil and the outer/
cold belt of inhomogeneous IMPs with a dirty-ice matrix. The
fits (Figures 3 and 4, blue curves) best reproduce the energy
distributions while matching the resolved location of the outer
dusty regions. In each case, the AstroSil-only SED fits (magenta
lines) are not as sharply peaked as the data at !70 µm, such that
the AstroSil-only fit underpredicts the 70 µm photometry for
HD 70313, HD 71722, and HD 159492 and overpredicts the
Herschel 160 µm photometry for HD 71722. (Table 7). We thus
conclude that the AstroSil+IMPs is the best description of debris
system for the inner+outer dust around the A-type stars in our
sample: HD 70313, HD 71722, and HD 159492.

For HD 104860 (F8), using only the Spitzer and Herschel
measurements, we are not able to select between AstroSil (with
fMB ∼ 7) or dirty-ice IMPs (with fMB ∼ 5) as the better fit
(∆χ2 ∼ 0). Unlike with the other systems, note that the excess
emission continues to rise from the Spitzer 70 µm measurement
to the Herschel 100 and 160 µm photometry. One could
therefore conclude that if the cold/outer dust belt is a relatively
narrow ring (∆r ∼ 0.1r0), then AstroSil is a closer description
of the dust grain composition, and which provides a slightly
better fit to the longest wavelength (submillimeter/CARMA)
measurement. However, if the dust in the outer regions of this
star is similar to the “dirty” ice IMPs used for the A-stars,
then the cold/outer belt must be wider than the 0.1r0 used in
Equation (1). We adopt a width of 0.2r0 to model this cold/outer
belt, and find a better fit out to the submillimeter SCUBA data
(blue curve of Figure 4). Because this system is also significantly
resolved at Herschel 160 µm with a somewhat larger radii
(∼166 AU), we conclude that the icy-grain model with a wider
dust region (∆r ∼ 0.2r0) is likely the better description for this
cold-outer debris belt.
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Fig. 5. Evolution with time of the radial optical depth (defined as in
Eq. (2)) for the very high dust-mass case Mdust = 10 M⊕.

Fig. 6. Same as Fig. 1, but for a dynamically “very cold” system with
〈e〉 = 0.001.

3.2.2. dynamically cold system

Another way of obtaining a departure from the standard SB pro-
file is to decrease the dynamical excitation of the system to a
very low value, typically 〈e〉 ≤ 0.01. Figure 6 shows the results
for the case 〈e〉 = 0.001 (=2〈i〉), where a sharp outer edge is
maintained outside the birth ring for the entire duration of the
simulation (107 yr).

The abrupt luminosity fall-off at the outer edge is here due to
a global depletion of small grains directly resulting from an im-
balance between the collisional production and destruction rates
of small and large particles in such a dynamically cold disc. This
can be understood in the following way:

For a given dust mass, a lower dynamical excitation does
not change the collision rate between large objects not affected
by radiation pressure. Indeed, because of the equipartition 〈e〉 =
2〈i〉 the decrease in 〈∆v〉 is exactly compensated by the increase
of the particle number density due to the reduced thickness.
However, the lower 〈∆v〉 values mean that collisions will be less
destructive and produce less smaller fragments. This means that
the rate at which small grains (the ones significantly affected by
radiation pressure) are produced is significantly reduced. On the
contrary, the rate at which these small grains are destroyed is
higher. Indeed, collisions velocities for impacts involving them

Fig. 7. Geometrical cross section per logarithmic size range, integrated
only for grains inside the birth ring, for systems with different dynam-
ical excitation. These curves at obtained at the end of the integration
(107 yr) and are normalized to have the same value at the large grain
size.

are not significantly reduced by the small 〈e〉 for parent bodies,
since small grain dynamics is predominantly imposed by radia-
tion pressure. Furthermore, the rate at which such impacts occur
is increased, compared to the nominal case, because of the in-
creased radial optical depth (see Sect. 5.1.2 for a more detailed
analysis).

As 〈e〉 decreases, this imbalance becomes more severe and
the depletion of the smallest grains is more acute. This is illus-
trated in Fig. 7 displaying, for different values of the system’s
dynamical excitation, the respective contributions of different
grain sizes to the total geometrical cross section σ. For the nom-
inal case (〈e〉 = 0.1), we obtain the standard result that σ is
dominated by the smallest grains close to the cut-off size. As 〈e〉
gets smaller, however, the contribution of these smaller grains
progressively decreases. Below the limiting value 〈e〉 ∼ 0.01,
this effect is so pronounced that the system’s optical depth is
no longer dominated by the smallest grains, but by much bigger
particles in the 100−1000s0.5 range. These particles have their
orbits largely confined within the birth ring. This explains why
a sharp luminosity decrease is observed at the outer edge of the
birth ring.

Note that contrary to the very high mass case, the sharp outer
edge does not smooth out with time but persist throughout the
107 yr of the simulation.

4. Analytical derivation: the “universal” r−3.5 profile

Our numerical exploration has shown that the r−3.5 surface
brightness profile beyond the outer edge seems to be the most
generic outcome for a collisional ring system under the action
of stellar radiation pressure. We reinvestigate this issue from an
analytical point of view and derive simplified formulae confirm-
ing this result. We take here as a basis the analytical approach
of Strubbe & Chiang (2006) and extend it to more general cases
regarding grain size and spatial distributions.

We firstly assume that, within the birth ring, particles follow
a power-law size distribution of index q (instead of fixing q =
−3.5 for a Dohnanyi equilibrium):

dNBR ∝ sqds. (3)

Since these grains spend most of their orbits in the empty re-
gion outside the birth ring, their total number integrated over the

718 P. Thébault and Y. Wu: Outer edges of debris discs

Fig. 5. Evolution with time of the radial optical depth (defined as in
Eq. (2)) for the very high dust-mass case Mdust = 10 M⊕.

Fig. 6. Same as Fig. 1, but for a dynamically “very cold” system with
〈e〉 = 0.001.

3.2.2. dynamically cold system

Another way of obtaining a departure from the standard SB pro-
file is to decrease the dynamical excitation of the system to a
very low value, typically 〈e〉 ≤ 0.01. Figure 6 shows the results
for the case 〈e〉 = 0.001 (=2〈i〉), where a sharp outer edge is
maintained outside the birth ring for the entire duration of the
simulation (107 yr).

The abrupt luminosity fall-off at the outer edge is here due to
a global depletion of small grains directly resulting from an im-
balance between the collisional production and destruction rates
of small and large particles in such a dynamically cold disc. This
can be understood in the following way:

For a given dust mass, a lower dynamical excitation does
not change the collision rate between large objects not affected
by radiation pressure. Indeed, because of the equipartition 〈e〉 =
2〈i〉 the decrease in 〈∆v〉 is exactly compensated by the increase
of the particle number density due to the reduced thickness.
However, the lower 〈∆v〉 values mean that collisions will be less
destructive and produce less smaller fragments. This means that
the rate at which small grains (the ones significantly affected by
radiation pressure) are produced is significantly reduced. On the
contrary, the rate at which these small grains are destroyed is
higher. Indeed, collisions velocities for impacts involving them

Fig. 7. Geometrical cross section per logarithmic size range, integrated
only for grains inside the birth ring, for systems with different dynam-
ical excitation. These curves at obtained at the end of the integration
(107 yr) and are normalized to have the same value at the large grain
size.

are not significantly reduced by the small 〈e〉 for parent bodies,
since small grain dynamics is predominantly imposed by radia-
tion pressure. Furthermore, the rate at which such impacts occur
is increased, compared to the nominal case, because of the in-
creased radial optical depth (see Sect. 5.1.2 for a more detailed
analysis).

As 〈e〉 decreases, this imbalance becomes more severe and
the depletion of the smallest grains is more acute. This is illus-
trated in Fig. 7 displaying, for different values of the system’s
dynamical excitation, the respective contributions of different
grain sizes to the total geometrical cross section σ. For the nom-
inal case (〈e〉 = 0.1), we obtain the standard result that σ is
dominated by the smallest grains close to the cut-off size. As 〈e〉
gets smaller, however, the contribution of these smaller grains
progressively decreases. Below the limiting value 〈e〉 ∼ 0.01,
this effect is so pronounced that the system’s optical depth is
no longer dominated by the smallest grains, but by much bigger
particles in the 100−1000s0.5 range. These particles have their
orbits largely confined within the birth ring. This explains why
a sharp luminosity decrease is observed at the outer edge of the
birth ring.

Note that contrary to the very high mass case, the sharp outer
edge does not smooth out with time but persist throughout the
107 yr of the simulation.

4. Analytical derivation: the “universal” r−3.5 profile

Our numerical exploration has shown that the r−3.5 surface
brightness profile beyond the outer edge seems to be the most
generic outcome for a collisional ring system under the action
of stellar radiation pressure. We reinvestigate this issue from an
analytical point of view and derive simplified formulae confirm-
ing this result. We take here as a basis the analytical approach
of Strubbe & Chiang (2006) and extend it to more general cases
regarding grain size and spatial distributions.

We firstly assume that, within the birth ring, particles follow
a power-law size distribution of index q (instead of fixing q =
−3.5 for a Dohnanyi equilibrium):

dNBR ∝ sqds. (3)

Since these grains spend most of their orbits in the empty re-
gion outside the birth ring, their total number integrated over the

718 P. Thébault and Y. Wu: Outer edges of debris discs

Fig. 5. Evolution with time of the radial optical depth (defined as in
Eq. (2)) for the very high dust-mass case Mdust = 10 M⊕.

Fig. 6. Same as Fig. 1, but for a dynamically “very cold” system with
〈e〉 = 0.001.

3.2.2. dynamically cold system

Another way of obtaining a departure from the standard SB pro-
file is to decrease the dynamical excitation of the system to a
very low value, typically 〈e〉 ≤ 0.01. Figure 6 shows the results
for the case 〈e〉 = 0.001 (=2〈i〉), where a sharp outer edge is
maintained outside the birth ring for the entire duration of the
simulation (107 yr).

The abrupt luminosity fall-off at the outer edge is here due to
a global depletion of small grains directly resulting from an im-
balance between the collisional production and destruction rates
of small and large particles in such a dynamically cold disc. This
can be understood in the following way:

For a given dust mass, a lower dynamical excitation does
not change the collision rate between large objects not affected
by radiation pressure. Indeed, because of the equipartition 〈e〉 =
2〈i〉 the decrease in 〈∆v〉 is exactly compensated by the increase
of the particle number density due to the reduced thickness.
However, the lower 〈∆v〉 values mean that collisions will be less
destructive and produce less smaller fragments. This means that
the rate at which small grains (the ones significantly affected by
radiation pressure) are produced is significantly reduced. On the
contrary, the rate at which these small grains are destroyed is
higher. Indeed, collisions velocities for impacts involving them

Fig. 7. Geometrical cross section per logarithmic size range, integrated
only for grains inside the birth ring, for systems with different dynam-
ical excitation. These curves at obtained at the end of the integration
(107 yr) and are normalized to have the same value at the large grain
size.

are not significantly reduced by the small 〈e〉 for parent bodies,
since small grain dynamics is predominantly imposed by radia-
tion pressure. Furthermore, the rate at which such impacts occur
is increased, compared to the nominal case, because of the in-
creased radial optical depth (see Sect. 5.1.2 for a more detailed
analysis).

As 〈e〉 decreases, this imbalance becomes more severe and
the depletion of the smallest grains is more acute. This is illus-
trated in Fig. 7 displaying, for different values of the system’s
dynamical excitation, the respective contributions of different
grain sizes to the total geometrical cross section σ. For the nom-
inal case (〈e〉 = 0.1), we obtain the standard result that σ is
dominated by the smallest grains close to the cut-off size. As 〈e〉
gets smaller, however, the contribution of these smaller grains
progressively decreases. Below the limiting value 〈e〉 ∼ 0.01,
this effect is so pronounced that the system’s optical depth is
no longer dominated by the smallest grains, but by much bigger
particles in the 100−1000s0.5 range. These particles have their
orbits largely confined within the birth ring. This explains why
a sharp luminosity decrease is observed at the outer edge of the
birth ring.

Note that contrary to the very high mass case, the sharp outer
edge does not smooth out with time but persist throughout the
107 yr of the simulation.

4. Analytical derivation: the “universal” r−3.5 profile

Our numerical exploration has shown that the r−3.5 surface
brightness profile beyond the outer edge seems to be the most
generic outcome for a collisional ring system under the action
of stellar radiation pressure. We reinvestigate this issue from an
analytical point of view and derive simplified formulae confirm-
ing this result. We take here as a basis the analytical approach
of Strubbe & Chiang (2006) and extend it to more general cases
regarding grain size and spatial distributions.

We firstly assume that, within the birth ring, particles follow
a power-law size distribution of index q (instead of fixing q =
−3.5 for a Dohnanyi equilibrium):

dNBR ∝ sqds. (3)

Since these grains spend most of their orbits in the empty re-
gion outside the birth ring, their total number integrated over the

718 P. Thébault and Y. Wu: Outer edges of debris discs

Fig. 5. Evolution with time of the radial optical depth (defined as in
Eq. (2)) for the very high dust-mass case Mdust = 10 M⊕.

Fig. 6. Same as Fig. 1, but for a dynamically “very cold” system with
〈e〉 = 0.001.

3.2.2. dynamically cold system

Another way of obtaining a departure from the standard SB pro-
file is to decrease the dynamical excitation of the system to a
very low value, typically 〈e〉 ≤ 0.01. Figure 6 shows the results
for the case 〈e〉 = 0.001 (=2〈i〉), where a sharp outer edge is
maintained outside the birth ring for the entire duration of the
simulation (107 yr).

The abrupt luminosity fall-off at the outer edge is here due to
a global depletion of small grains directly resulting from an im-
balance between the collisional production and destruction rates
of small and large particles in such a dynamically cold disc. This
can be understood in the following way:

For a given dust mass, a lower dynamical excitation does
not change the collision rate between large objects not affected
by radiation pressure. Indeed, because of the equipartition 〈e〉 =
2〈i〉 the decrease in 〈∆v〉 is exactly compensated by the increase
of the particle number density due to the reduced thickness.
However, the lower 〈∆v〉 values mean that collisions will be less
destructive and produce less smaller fragments. This means that
the rate at which small grains (the ones significantly affected by
radiation pressure) are produced is significantly reduced. On the
contrary, the rate at which these small grains are destroyed is
higher. Indeed, collisions velocities for impacts involving them

Fig. 7. Geometrical cross section per logarithmic size range, integrated
only for grains inside the birth ring, for systems with different dynam-
ical excitation. These curves at obtained at the end of the integration
(107 yr) and are normalized to have the same value at the large grain
size.

are not significantly reduced by the small 〈e〉 for parent bodies,
since small grain dynamics is predominantly imposed by radia-
tion pressure. Furthermore, the rate at which such impacts occur
is increased, compared to the nominal case, because of the in-
creased radial optical depth (see Sect. 5.1.2 for a more detailed
analysis).
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trated in Fig. 7 displaying, for different values of the system’s
dynamical excitation, the respective contributions of different
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gets smaller, however, the contribution of these smaller grains
progressively decreases. Below the limiting value 〈e〉 ∼ 0.01,
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no longer dominated by the smallest grains, but by much bigger
particles in the 100−1000s0.5 range. These particles have their
orbits largely confined within the birth ring. This explains why
a sharp luminosity decrease is observed at the outer edge of the
birth ring.

Note that contrary to the very high mass case, the sharp outer
edge does not smooth out with time but persist throughout the
107 yr of the simulation.

4. Analytical derivation: the “universal” r−3.5 profile

Our numerical exploration has shown that the r−3.5 surface
brightness profile beyond the outer edge seems to be the most
generic outcome for a collisional ring system under the action
of stellar radiation pressure. We reinvestigate this issue from an
analytical point of view and derive simplified formulae confirm-
ing this result. We take here as a basis the analytical approach
of Strubbe & Chiang (2006) and extend it to more general cases
regarding grain size and spatial distributions.

We firstly assume that, within the birth ring, particles follow
a power-law size distribution of index q (instead of fixing q =
−3.5 for a Dohnanyi equilibrium):

dNBR ∝ sqds. (3)

Since these grains spend most of their orbits in the empty re-
gion outside the birth ring, their total number integrated over the

Pawellek+2014, Thebault+08

more stirring in disks around higher mass stars?
(but grain properties could be different too)

linked to higher planet frequency?



Circumbinary dynamics

2658 S. Doolin and K. M. Blundell

Figure 2. The (i cos W, i sin W) surface of section for circumbinary orbits as a function of binary orbital eccentricity eb.
Green: prograde (i < π/2). Precession is clockwise.
Blue: retrograde (i > π/2). Precession is anticlockwise.
Red: island of libration centred at (i = π/2, W = π/2). Precession is anticlockwise.
Purple: island of libration centred at (i = π/2,W = −π/2). Precession is anticlockwise.
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Tracer of star formation

Fig. 6.— An example of the chaotic orbits of three bodies born in
and accreting from a cloud core. The triple system in this simula-
tion remains bound as it drifts away from the core, but is unstable
and will eventually break apart. The figure is 10,000 AU across.
From Reipurth and Mikkola (2014).

5.1. Origin of Brown Dwarf/VLM Binaries
The formation of very low mass (M.0.1 M�) objects

has been debated for a long time, and three basic ideas
have emerged: a very low mass (VLM) object can form if
the nascent core has too little mass (Padoan and Nordlund,
2004), or it can form if the stellar seed is removed from
the infall zone through dynamical ejection (Reipurth and
Clarke, 2001; Stamatellos et al., 2007; Basu and Vorobyov,
2012), or the cloud core can photoevaporate if a nearby
OB star is formed (Whitworth and Zinnecker, 2004). The
emerging consensus is that all three mechanisms are likely
to operate under different circumstances, and that the rel-
evant question is not which mechanism is correct, but how
big their relative contributions are to the production of VLM
objects (Whitworth et al., 2007). Similarly, BD/VLM bina-
ries are likely to have several formation mechanisms.

Extensive numerical studies combining N-body simula-
tions with accretion have shown that the large majority of
brown dwarf ejections are not violent events, but rather the
result of unstable triple systems that eventually drift apart
at very small velocities, typically within the first 100 Myr
(Reipurth and Mikkola, 2014). When brown dwarfs are re-
leased from triple systems, by far the majority of the re-
maining binaries are VLM objects. These binaries gently
recoil and become isolated VLM binaries. These VLM
binaries have a semimajor axis distribution that peaks at
around 10-15 AU, but with a tail stretching out to ⇠250 AU.
At shorter separations, the simulations show a steep decline
in number of systems, although the simulations underesti-
mate the number of close binaries because they do not take
viscous orbital evolution into account. Brown dwarf and

Fig. 7.— The relative numbers of bound stable, bound unstable,
and unbound triple systems as function of the projected separation
of the outer pairs, from a major N-body simulation after 100 Myr.
The majority of very wide binaries is unstable at this age. At much
younger ages, say 1 Myr, unstable systems dominate at all separa-
tions. (From Reipurth and Mikkola, 2012).

VLM binaries formed through dynamical interactions can
in principle have much larger separations, of many hun-
dreds or thousands of AU, but in that case they must be
bound triple systems, where one component is a close, often
unresolved, binary. More than 90% of bound triple systems
at 1 Myr have dispersed by 100 Myr, and all VLM triple
systems with outer semimajor axes less than a few hundred
AU have broken up. In this context, it is interesting that
Biller et al. (2011) found an excess of 10-50 AU young
brown dwarf binaries in the 5 Myr old Upper Scorpius as-
sociation compared to the field.

5.2. Origin of Spectroscopic Binaries
Spectroscopic binaries is a generic term for all binaries

that have separations so close that their orbital motion is
measurable with radial velocity techniques. In practical
terms, the large majority of known spectroscopic binaries
has a period less than ⇠4,000 days. Surveys of metal-poor
field stars (for which statistics is particularly good) find that
18%±4% are spectroscopic binaries (Carney et al., 2003).

Radial velocity studies of young stars are complicated
by the sometimes wide and/or complex line profiles, but
an increasing number of pre-main sequence spectroscopic
binaries are now known (e.g., Mathieu, 1994; Melo et al.,
2001; Prato, 2007; Joergens, 2008; Nguyen et al., 2012).
In the Orion Nebula Cluster, Tobin et al. (2009) has up to
now found that 11.5% of the observed members are spec-
troscopic binaries, but the survey is still ongoing.

Spectroscopic binaries have semi-major axes that are of-
ten measured in units of stellar radii, and rarely exceed a
few AU. These binaries cannot form with such close sepa-
rations, and they must therefore result from processes that
cause a spiral-in of an initially wider binary system. Given
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Figure 2. Images of the sources resolved in this work, the corresponding PSF
stars, and the residual from peak-normalized subtraction. Contours are drawn
at 3σbkd, 6σbkd, and 9σbkd in all images.
(A color version of this figure is available in the online journal.)

source morphologies were similar to those of certain archetypal
disks that have already been resolved with mid-IR imaging. We
use two archetypes for comparison: (1) a possible asteroid-belt
analog, ζ Lep, and (2) a possible Kuiper Belt analog, β Pic. The
ζ Lep emission is very compact, and the evidence for a disk in
this type of a source would be found in the FWHM. In contrast,
the central disk of β Pic is very extended but relatively faint and
for the most part not evident in a measurement of the FWHM,
but rather in the wings of the profile.

4.1. ζ Lep Analog

ζ Lep was resolved in 18.3 µm images, and the measured
spatial extent implied a dust disk radius of 3 AU (Moerchen
et al. 2007b). The disk radius was inferred from a quadratic
subtraction of the PSF FWHM from the azimuthally averaged
source FWHM: FWHM2

source − FWHM2
PSF = D2

disk. (Such a
relationship is strictly true for Gaussian functions, and another
example of combination in quadrature is given in Equation (1).)
Therefore, we consider whether each of the sources in our
sample (besides ζ Lep) would be spatially resolved if it were
described by a point source (the size of which is dictated by the
corresponding PSF) and a dust disk of radius 3 AU with the same
brightness relative to its host star as that of the ζ Lep system. We
calculate the FWHM for each source as the quadratic addition
of its corresponding PSF FWHM and a disk with a 3 AU radius:
FWHM2

PSF+D2
6 AU = FWHM2

source. The point source considered
here may correspond to stellar emission and/or emission from
dust from an unresolved region near the star.

We consider a source to be spatially resolved if the value
FWHMsource (convolved PSF and 3 AU radius disk) is greater
than its corresponding value for FWHMPSF by more than
3σext, where σext is the total uncertainty associated with the
FWHM measurements (discussed further in Section 3.2). Based
on the PSF observations associated with each source and the
assumption that they have a morphology like that of ζ Lep, we
estimate that 11 sources should have been resolved in images
near 10 µm and 5 sources should have been resolved in images
near 18 µm. In reality, five sources were resolved in 10 µm
images, and two sources were resolved in 18 µm images (results
discussed further in Section 3.2). HD 141569 is in both of these
sets, and it is known from prior observations that this dust disk is
more extended (r > 30 AU) and is not comparable in nature to
ζ Lep. Removing HD 141569 from the set of resolved sources
leaves three sources resolved in 10 µm images and one source
resolved in 18 µm images. The fact that only approximately
half of the projected number of resolved Zeta-Lep-like sources
were actually resolved suggests that not all of the sources are
comparable in size to the asteroid-belt-like analog associated
with ζ Lep. However, it is also possible that some sources have
a disk size comparable to that of ζ Lep but remain undetected
due to lower disk brightness. This is a reasonable possibility,
because ζ Lep has a higher fractional IR luminosity than most
of the sources in our sample.

4.2. β Pic Analog

We also assess the number of sources we would expect to
resolve if the disk morphology of each target were comparable
to that of the well known disk β Pic. For each target, we check
whether extended emission (r ∼ 100 AU) like that seen around
β Pic would be significantly detected above the background
noise level in our actual source images. To be clear, this is not
spatial extent sought at the FWHM level, but emission farther
out in the brightness profile that is significantly above the level
of the background. We acknowledge that edge-on disks like β
Pic may be more detectable than face-on disks because of the
higher line-of-sight column densities, and so we consider the
disk emission levels for both an edge-on and a face-on case.
We used unaltered mid-IR images of β Pic (Telesco et al. 2005)
for the edge-on case, since it is nearly edge-on already. For the
face-on case, we constructed simple model images of a face-on
β Pic by integrating the measured flux density as a function of
radius and then redistributing it azimuthally. By generating this
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Resolved disks - summary

✦ Dozens of disks now resolved

✦ Grain sizes larger than expected for Sun-like

✦ No signs of “tilted” disks (yet)

✦ Close binary disks aligned (4), wide are not (1)

✦ Much more detailed modelling to be done

✦ e.g. reconciling HST with Herschel
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η Corvi
The Astrophysical Journal, 784:148 (19pp), 2014 April 1 Duchêne et al.

Figure 4. Close up on the 70 µm image of η Crv before (left) and after (right) subtraction of a PSF scaled to the best-fit estimate of the combined flux of the star and
inner ring component. Both images are shown on a linear stretch from zero to 125% of the peak pixel brightness. The signal-to-noise ratio per pixel varies from 10 to
20 along the ring in the PSF-subtracted map.
(A color version of this figure is available in the online journal.)

a reference PSF (Figure 4). Out of 11 available PSFs, we selected
an image of β And (OID 1342212508) which presented the best
match to the core FWHM measured in η Crv image. We note
that the low intensity (≈10% of the peak) trefoil artifact of the
PACS PSF may introduce a small additional uncertainty in the
subtraction. The inclination and compact size of the ring also
introduces uncertainty in the PSF subtraction process. Using two
extreme cases of a zero-flux central pixel on one hand and an
maximally smooth residual map inside of the ring on the other
hand (which yield fluxes of 79 and 61 mJy for the unresolved
source, respectively), we estimate that the central point source
has a 70 µm flux density of 70 ± 5 mJy. Thus, the emission
from the warm dust at 70 µm is comparable to that of the star
itself. Note that the absolute flux calibration uncertainty of PACS
(2.6%)21 is significantly smaller, and thus the dominant source
of error is the PSF subtraction itself. This estimate is confirmed
by the analysis of the deconvolved images, which show that
the central point source accounts for about 30% of the total
flux. At 100 µm, no central point source is detected, even in the
deconvolved image. Subtracting a scaled PSF from the image
until the central pixel has zero flux leads to a conservative upper
limit of 45 mJy for the central source. For comparison, the
predicted photospheric flux at 100 µm is 17 mJy.

The 70 µm image of the outer ring (after subtraction of the
central core) shown in Figure 4 provides valuable information
on its azimuthal and radial structure. The NW ansa has a higher
peak surface brightness and is somewhat sharper than the SE
one, as illustrated in Figure 5. The radial profiles of the ring
appear marginally resolved in all directions, even toward the
sharper NW ansa. This does not seem to be confirmed by our
deconvolution attempts, however. Our modeling (see below)
supports the conclusion that the ring is not resolved radially
in these observations. Higher resolution observations, which
would be particularly helpful in reducing confusion with the
central point source, are needed to study directly the radial and
azimuthal structure of the outer ring. We note, however, that
the SE and NW halves of the outer ring (split along the minor
axis) have integrated 70 µm fluxes whose ratio is 0.96+0.02

−0.03. In
other words, there is no significant left/right asymmetry in the
integrated brightness of the outer ring at that wavelength.

21 http://herschel.esac.esa.int/twiki/pub/Public/PacsCalibrationWeb/pacs_
bolo_fluxcal_report_v1.pdf

Figure 5. Surface brightness radial profile for the outer ring of η Crv as
estimated from the core-subtracted 70 µm image. The profiles are computed
as the median profiles within four separate wedges, each with a half opening
angle of 30◦ and centered along either side of the major and minor axes. The
inset image indicates the central P.A. used to define each wedge. The shaded
areas surrounding each curve represent the range of ring profiles obtained from
using the “minimum” and “maximum” possible PSF subtraction, highlighting
the increasing uncertainty introduced by PSF subtraction at short distances from
the star. The horizontal axis represents the deprojected distance to the central
source assuming an inclination of 47◦ and a major axis P.A. of 116◦ (Section 3.3).
The gray bar indicates the position of the ring mean radius as derived from our
radiative transfer modeling (Section 4.3); it is further out than the peak of the
curves as a consequence of azimuthal smearing and PSF convolution.
(A color version of this figure is available in the online journal.)

At 100 and 160 µm several faint sources are detected in the
vicinity of η Crv (see Figures 1 and 3). Two of them, sources
B and C, have been detected at 450 and 850 µm by Wyatt et al.
(2005), and we follow their nomenclature, adding a source D
located further North of η Crv than source B. We estimated the
100 and 160 µm fluxes of all three background sources using
small apertures and applying appropriate aperture corrections;
we also estimated their location relative to η Crv by measuring
the centroid of each source in these apertures. The relative
astrometry and fluxes of the background sources are summarized
in Table 4. Given its high proper motion, η Crv has moved
≈4′′ relative to fixed background sources during the almost
9 yr time difference between our PACS observations and the

7

✦ The other “original” two-
temperature disk

✦ Inner belt mid-IR confirmed
✦ No material seen between 

inner and outer belts
✦ Different minimum grain 

sizes, smaller in warm belt
✦ Possible origin in outer belt

✦ (FEBs?)
Duchene+14
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T. Löhne et al.: Modelling the huge, Herschel-resolved debris ring around HD 207129
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of the belt of parent bodies. (Right) Size distribution of the reference
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In addition, when compared to the observations, the model
predicts a slightly shallower 70-µm slope around the outer disk
edge, i.e. at 10–13 arcsec from the centre along the long axis.
At 100 µm, the model disk falls off too steeply at 8–11 arcsec
and/or is too narrow overall by about 4%.

At 160 µm, the model features a more pronounced plateau
or even a depression close to the disk centre, meaning that there
is a marginal lack of long-wavelength emission coming from the
drag-dominated regions. With the material dragged into these
inner regions being hotter, it is more difficult to fill the gap at
longer wavelengths – despite the PSF-blurring being stronger.
Additional emission from the neglected inner 20 AU would
strengthen this trend, which is also evident from the power-law
fits (see Fig. 6).

4.5. Size and radial distribution of the dust

In the left panel of Fig. 11, the profile of the normal optical thick-
ness is shown to deviate from the profile typically expected for
collisionally very active debris disks. The models of these disks
would predict the optical thickness to be dominated at all radial
distances by a halo of small grains that are slightly larger than the
blowout grains. The stellar radiation pressure pushes these grains
to eccentric and extended orbits, and the resulting outer profile of
the optical depth follows a power-law slope of −1.5 (Krivov et al.
2006; Strubbe & Chiang 2006; Thébault & Wu 2008). Here, we
report a slope for this disk that is significantly steeper near the
belt’s outer edge. As discussed by Thébault & Wu (2008), this
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Fig. 12. Optical thickness as a function of radial distance and grain size
for the reference run: (left) 3–23 µm, (right) 0.4–1.8 µm.

phenomenon is caused by the low dynamical excitation of the
system, which results in very different collisional probabilities
and impact velocities among the different grain populations. The
big grains have their collision rates set by the average “dynam-
ical” eccentricity in the system. In the reference run, we found
relatively low eccentricities (emax = 0.05), such that the rate of
destruction of big grains is low. The resulting production rate of
small grains is also low. Their destruction rate, however, is high
because it depends on the dynamical excitation of these small
grains, which is always high because it is set by the high ec-
centricities they get from radiation pressure. As a result of this
imbalance between destruction and production rates, their abun-
dance is reduced. In consequence, the belt region is dominated
by larger grains, as represented by peaks at about 7 and 4 µm in
the size distributions at respective distances of 100 and 150 AU,
seen in the right panel of Fig. 11. The halo gets suppressed.

It is only further away from the star and the belt that
the model profiles flatten and then approach r−1.5. The size-
dependent radial profiles in Fig. 12 show that, in these outer re-
gions, the optical thickness is dominated by an agglomeration of
barely bound grains at sub-micron sizes around the maximum in
the β function (where still β < 1). The profile overplotted in the
left panel of Fig. 11 for the iceless run shows that the exact shape
depends on the actual model parameters used.

In contrast to the sharp outer edge, drag forces lead to a
rather shallow drop at and within the inner edge of the parent
belt. The radial profile of the reference run peaks around the
outer edge of the planetesimal disk and slowly slopes towards
the inner edge of the belt, where it steepens. Within about 90 AU
it then flattens again because of drag forces. However, the opti-
cal depth of the reference run does not remain constant in these
inner regions, as would be expected for pure transport domina-
tion. The profile instead roughly follows a r0.9 profile. This can
be explained by a mix of collisions and transport, as illustrated
in the size-dependent radial profiles in the right panel of Fig. 12.
In the inner regions, grains with radii smaller than 2 µm are the
most affected by transport and exhibit a characteristic flat pro-
file, while larger grains suffer from ongoing collisional grinding.
As a result of the disk’s low dynamical excitation and the overall
depletion of small grains, these larger grains dominate the radial
profile even in the inner regions modelled here. However, addi-
tional flattening towards a constant profile is expected to occur at
distances below 10–20 AU, where only smaller grains (!2 µm)
remain.

Figure 13 summarises these findings and shows that the re-
lation between size and radial distribution is indeed non-trivial.
In the case of the reference run, the peak in the size distribu-
tion shifts from 3 µm at 20 AU to about 7 µm (i.e. ten times the
blowout radius) at the inner edge of the planetesimal belt. Near
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Fig. 1. A schematic view of the ε Eridani system’s architecture. The
outer ring is the region where the dust is produced by parent planetesi-
mals; the intermediate zone is the one where it is transported inward by
drag forces, possibly interacting with a presumed outer planet; trans-
port continues through the inner region where dust interacts with the
known inner planet. Two possible orbits of the inner planet are shown.
The outer part of the sketch (>10 AU) is not to scale. Inset: the observed
SED. The IRS spectrum (dots) stems from dust in the inner region and
exhibits a characteristic “plateau” (“shoulder”) at λ ≈ 20–30 µm. The
main part of the SED with a maximum at λ ≈ 70–80 µm, well probed
by several photometry points (symbols with error bars), derives from
the outer and intermediate regions.

2.2. Stellar properties

We assumed a stellar mass ofM# = 0.83M" (Benedict et al.
2006) and a luminosity of L# = 0.32 L" (Di Folco et al. 2007).
For the stellar spectrum we used a NextGen model (Hauschildt
et al. 1999) with an effective temperature of 5200 K, log g = 4.5,
solar metallicity, and stellar radius R# = 0.735 R" (Di Folco
et al. 2007).

2.3. Dust grain properties

The knee in the IRS spectrum at ∼20 µm (inset in Fig. 1) is remi-
niscent of a classical silicate feature. Since the exact composition
of those silicates is not known, we have chosen astronomical sili-
cate (Laor & Draine 1993) (ρd = 3.5 g cm−3). On the other hand,
by analogy with the surface composition of Kuiper belt objects
in the solar system (e.g., Barucci et al. 2008), we may expect
many additional species such as ices and organic solids. In par-
ticular, it is natural to expect water ice to be present, especially
given that the source of dust is a “Kuiper belt” located very far
from the star (∼55–90 AU), and the star itself has a late spectral
class. Accordingly, we also tried homogeneous mixtures of as-
trosilicate with 50% and 70% volume fraction of water ice (Li
& Greenberg 1998) (ρd = 1.2 g cm−3). The bulk density of these
ice-silicate mixtures is ρ = 2.35 g cm−3 and ρ = 1.89 g cm−3, re-
spectively. The optical constants of the mixtures were calculated
by effective medium theory with the Bruggeman mixing rule. In

10-2

10-1

100

10-1 100 101

β-
ra

tio

grain size [µm]

70% ice + 30% astrosil
50% ice + 50% astrosil

100% astrosil
blow-out limit

Fig. 2. The β ratio of two silicate – water ice mixtures, compared to a
pure silicate composition, as a function of size for ε Eri. The bars show
the size bins used in the inner disk simulations (Sect. 4). The dashed
horizontal line shows the dynamical blowout limit of β = 0.5.

all three cases (pure astrosilicate, two ice-silicate mixtures) the
dust grains were assumed to be compact spheres.

2.4. Radiation pressure

Using the optical constants and adopting Mie theory, the ra-
diation pressure efficiency Qrp, averaged over the stellar spec-
trum, was calculated as a function of size s (Burns et al. 1979;
Gustafson 1994). We then computed the radiation pressure to
gravity ratio, β (Fig. 2). The resulting β(s) was utilized to
compute the direct radiation pressure and Poynting-Robertson
forces.

2.5. Stellar wind

The stellar wind was included by a factor βsw/β, which is the
ratio of stellar wind pressure to radiation pressure:

βsw

β
=

Fsw

Frp
=
Ṁ#vswc

L#

Qsw

Qrp
, (1)

where Qsw is the efficiency factor for stellar wind pressure
(Burns et al. 1979; Gustafson 1994). We adopted Qsw = 1.
Assuming a stellar wind velocity equal to the average solar
wind velocity, vsw ≈ 400 km s−1, and using a mass-loss rate
of Ṁ# ≈ 30 Ṁ" (Wood et al. 2002), we get βsw = 3.69 ×
10−2β. In this estimate (but not in the simulations), we set
Qrp to unity. Thus direct stellar wind pressure is approximately
27 times weaker than radiation pressure. However, the stellar
wind drag is (βsw/β)(c/vsw) ≈ 28 times stronger than radiation
(Poynting-Roberston) drag.

2.6. Sublimation

Using an ice-silicate mixture for dust raises a question whether
and where the icy portion of the dust grains will suffer sub-
limation. The ice sublimation temperature of ∼100 K (e.g.
Moro-Martín & Malhotra 2002; Kobayashi et al. 2008) is
reached at ≈10 AU (Fig. 3). Mukai & Fechtig (1983) proposed
that fluffy and nearly homogeneous grains of ice and silicates
can produce a core of silicate after sublimation of ice. Assuming
a grain with a volatile icy mantle, instead of a homogeneous
sphere of ice and silicates, would lead to the same result. In both
cases, the silicate cores left after ice sublimation continue to drift
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Summary
✦ Resolved disks:

✦ Uniform studies revealing stellar mass trends

✦ No signs (yet) of star-disk misalignment

✦ Goals: stellar mass dep. and dynamical history

✦ Two temperature disks:

✦ Potentially powerful but understanding needed

✦ Goal: predict system structure from SED
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