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Dust Removal Time Scales

Stellar age 
> 107 yrs

Poynting-Robertson: 

Grain-grain collisions:

Radiation Pressure:

< 104-106 yr

Debris disks are indirect evidence 
that the first steps of planet 

formation have taken place

Dust is not primordial but is replenished by planetesimals 
(like asteroids, comets and KBOs). 

These dust disks (a.k.a debris disks) 
host planetary systems
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Alligators are cold-blooded. They cannot generate their own heat. Instead, they take on the temperature of their environment. Notice in the 
infrared images, how the alligator is cool compared to the warm-blooded human holding it. The alligator's temperature is close to room 
temperature. Notice also how cold the alligator's eyes are. In the wild, alligators will adjust their body temperature by entering water to cool off, or 
by basking in sunlight to warm up.
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solar extra- solar 



Pre-Herschel...
(1) Most disks have high dust content
(2) Most disks are spatially unresolved

solar extra- solar 



Solar System debris disk: 
Kuiper Belt dust:     Ldust/L* ~ 10-7-10-6 
Asteroid Belt dust:  Ldust/L* ~ 10-8-10-7

Extra-solar debris disks
(Spitzer)
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(1) Pre-Herschel: most disks have high dust content



Extra-solar debris disks
(Spitzer)

10-6 10-5 10-4 10-3 10-2 10-1 1

Ldust/L*

Herschel
(DUNES, 
DEBRIS)

(all stellar types)

Herschel faintest disk: 
Ldust/L*  = few x 10-7 

(DUNES)

Solar System debris disks: 
Kuiper Belt dust:     Ldust/L* ~ 10-7-10-6 
Asteroid Belt dust:  Ldust/L* ~ 10-8-10-7

(1) Pre-Herschel: most disks have high dust content
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(1) Pre-Herschel: most disks have high dust content
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Herschel: Is the dust content of the Solar System 
average?  Are planetesimal-clearing events common?

(solar-type 
stars)

Spitzer 
data

Bryden et al. (2006)



Disk diameter (AU) (spatially resolved)
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(2) Pre-Herschel: most disks are spatially unresolved

Solar System debris disk: 
Classical Kuiper Belt ~ 50 AU
Scattered Kuiper Belt > 1000 AU



Star

Star + disk

Star + disk with inner cavity

Spectral Energy Distributions
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Spitzer/MIPS Stapelfeldt et al. (2004)

24 μm 70 μm 450 μm

Fomalhaut debris disk



Frequency and 
timing of 
planetesimal 
formation in the 
terrestrial planet 
region

Maximum dust production rate 
when the largest planetesimals 
reach 1000 km and  excite the 
orbits of the smaller bodies 
increasing their collision rate
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Stellar Age (Myr)

Percentage of stars with warm 
dust emitting at 24 μm

Observations limited to 
100-1000 x zodis

(Meyer et al. 2008)

~32%: if τdpr < 10 x age bin

18% 3-30 Myr
12% 30-300 Myr
2% 300-3000 Myr

> 60%: if τdpr < age bins

Interpretation depends 
on duration of dust 
production epoch, τdpr:



Is the history of the Solar 
System common in other 
planetary systems?



(E.g. the formation of the Veritas family 8.3 
Myr ago; responsible for 25% of the zodi) 

Peaks due to the individual 
collisions of large bodies.

Evolution of dust in the Solar System

(Kenyon & Bromley 2005)

Very high in the past; evidence of 
massive young planetesimals belts. 

    Steady 1/t decrease due to 
    planetesimal erosion.
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Peak due to Late Heavy 
Bombardment; triggered by orbital 
migration of giant planets; sweeping 
of secular resonances through AB; 
ejection of asteroids into planet-
crossing orbits. 
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Figure 4. Fractional luminosity as a function of time. Inset shows

small increase in fractional luminosity during the LHB. However,

it should be noted that the peak is diminished due to the fact

that we have averaged over 5 Myr (see section 2.2). The fractional

luminosity at late times is an overestimate since we have ignored

P-R drag effects (see section 2.5.2).

the radial distribution of the mass remains the same from
the end of the Nice model. In reality, since the mass of the
CKBOs remains constant and it is only the SDOs that are
being lost through dynamical processes (see section 2.2), the
distribution of mass will again resemble a narrow belt sim-
ilar to that present before the LHB but at a larger radius.
As such this assumption probably overestimates the mid-IR
flux at late times because there would not be as much mass
spread inwards as we are assuming.

By extrapolating the fractional luminosity we find that
this model gives the current value to be f = 2× 10−7 which
is within the range 10−7− 10−6 suggested by the size distri-
bution of KBOs (Backman et al. 1995; Stern 1996b).

2.4 Comparison with extrasolar debris discs

Dust in debris discs emits most strongly in the infrared, as
can be seen in figure 3. Since its launch in 2003, the Spitzer
Space Telescope has been used to survey stars for infrared
excesses. The Multiband Imaging Photometer for Spitzer
(MIPS) makes observations of the stars at 24 µm and 70 µm
which can then be compared to photospheric models to cal-
culate if there is evidence for any excess emission which may
be due to dust present in the system. Surveys using Spitzer
are generally calibration limited which means that they can
detect stars with a fractional excess (the ratio of flux from
the dust to flux from the star at a given wavelength) above
a given limit. At 24 µm, the Formation and Evolution of
Planetary Systems (FEPS) survey can make 3σ detections
of excess down to a limit of F24/F24� = 0.054 for the bright-
est stars (Carpenter et al. 2009). At 70 µm the limit is ap-
proximately F70/F70� ≈ 0.55, although observations of the
more distant stars are sensitivity limited and so have not be
observed down to this limit (Wyatt 2008).

Carpenter et al. (2009) surveyed 314 stars and found
that there is a decrease in 24 µm excess with age. They
show that 15% of stars younger than 300 Myr have a 24 µm

Figure 5. Excess ratio versus time for 24µm (top) and 70µm

(bottom). The solid line represents the emission from our model,

assuming a single-slope size distribution with qd = 11/6 and

black-body grains (c.f. figure 12). The asterisks are observed discs

and the dashed line shows the approximate observational limit.

The excess ratio at late times is an overestimate since we have

ignored P-R drag effects (see section 2.5.2).

excess greater than 10.2% above the photosphere but this
fraction goes down to 2.7% for older stars. By combining
observations of both field stars and stars in open clusters
and associations from the literature, Gáspár et al. (2009)
also find that there is a decrease in the fraction of stars with
24 µm excess with age, levelling off at a few percent for stars
older than 1 Gyr. Trilling et al. (2008) found that 16% of
F and G type stars have detectable debris discs at 70 µm
from a sample of 225 stars. Although they show that the
data could indicate a decrease in the fraction of stars with
detectable excess with age, a constant excess fraction also
adequately fits the data and there are currently too few ob-
servations to distinguish between the two. Hillenbrand et al.
(2008) similarly find no apparent trend in the 70 µm excess
fraction with age, however they do note that the maximum
excess ratio at 70 µm does appear to decrease with age,
which can be seen in figure 5 (bottom).

The evolution of the fractional excesses at 24 µm and
70 µm for our model are shown in figure 5. For comparison
these plots also show 106 Sun-like stars (represented by as-
terisks) for which excesses have been detected (Habing et al.
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The study of the dust 
excess emission  as a 
function of stellar age 
does not show a sharp 
decline

LHB-type of events 
don’t seem to be 
common

Are processes like the LHB common in other 
planetary systems?

Main feature: sharp 
decrease of the 
frequecuency of debris 
disks after the clearing 
of planetesimals

Spitzer observations of extra-
solar debris disks

Evolution of dust 
in the Solar 

System (model)

(Booth et al. 2009)

Peak due 
to LHB

24 μm
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1/t decay 
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Large variability at a given age
-> stochastic collisions 

(Su et al. 2006)
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Hints on parent 
planetesimal composition



Comet Hale Bopp
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Wavelength (μm) (Beichman et al. 2005)

HD 69830

K0V,  0.8Msun, 0.45Lsun

age: 3000-10000 Myr

Three planets: 
≥ 10.2 M⊕      0.0785 AU
≥ 11.8 M⊕     0.186 AU 
≥ 18.1 M⊕     0.63 AU.  

Spitzer IR excess: 
Strong excess at 24 μm   
No excess at 70 μm 

Hints on parent 
planetesimal composition

Transient event: 
dpr is too high to be 
sustained (Wyatt et al. 2006)

(Lisse et al. 2007)

Best fit: highly processed low carbon 
P- or D-type asteroid (like Veritas)



Characterization of the population of small 
bodies in extra-solar planetary systems
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(Carpenter 
et al. 2009)

N = 44 (FGK)

Best fit parameters

with 70 μm 
excess

without 70 μm 
excess From fits to 

spectra 
(12–35μm)

10 AU

40 AU

Kuiper Belt-like belts are the most common
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(Trilling et al. 
2008 and 
Gautier et 
al. 2007)

Age > 600 Myr1-σ error

70 μm

24 μm
warm dust

cold dust

<age>

old M

Kuiper Belt-like belts are the most common

Frequency of disks is different in old A stars and M stars than in FGK stars. 

Sensitivity:
70 μm:   ~100xKB
24 μm:   ~1000xAB



1-σ error

70 μm

24 μm
warm dust

cold dust

old M

Kuiper Belt-like belts are the most common

Sensitivity:
70 μm:   ~100xKB
24 μm:   ~1000xAB

Improve sensitivity Herschel data



Frequency of cold disks 
around solar-type stars~6-16%

Frequency of giant planets
(<20 AU): ~17-19%

KB-like disks could be very 
common around solar-type stars

(Sensitivity: Jupiter and Saturn-like 
planets)

(Sensitivity: 100 x KB). 

no correlation observed

Planetesimal formation...
- is a robust process (debris disks are found around stars with a 
stellar luminosities spanning more than 2 orders of mag). 
- is more common than giant planet formation (unlike planets, 
debris disks are not correlated with high stellar metellicities)

Kuiper Belt-like belts are the most common



Location of planets at 
large semi-major axes
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Spiral 
structure
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Model of Kuiper Belt Dust
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Planets can affect the 
debris disk structure

- Gravitational ejection
- Resonant perturbations
- Secular perturbations

     (Moro-Martin & Malhotra 2005)



Planets can affect the 
debris disk structure

- Gravitational ejection
- Resonant perturbations
- Secular perturbations

     (Moro-Martin & Malhotra 2002)



Planets can affect the 
debris disk structure

- Gravitational ejection
- Resonant perturbations
- Secular perturbations

a(AU)

Lo
g

(N
)

     (Moro-Martin & Malhotra 2002)



Planets can affect the 
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Planets can affect the 
debris disk structure
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- Gravitational ejection
- Resonant perturbations
- Secular perturbations

a(AU)

     (Moro-Martin et al. 2007)



Sensitive to a wide range of planet masses and 
semi-major axes. 

Complementary to radial velocity and transit 
methods (sensitive to planets closer to the star) 
and to direct imaging  (sensitive to young 
planets)

Planets can affect the debris disk structure

Debris disks structure as a planet detection method



Planets can affect the debris disk structure

Off-centered disks
Sharp inner edge

But most disks are  unresolved

(Kalas et al. 2008) (Chiang et 
al. 2009)

Need spatially resolved observations



Need spatially resolved observations

HD 82943

(Moro-Martín et al. 2010)
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(Moro-Martín 
et al. 

submitted)

Need spatially resolved observations
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HD 82943

(Moro-Martín et al. 2010)



(Moro-Martín et al. 2010)

Need spatially resolved observations

Need to know Rout



Need spatially resolved observations

HD 82943

(Moro-Martín et al. 2010)
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We need spatially resolved 
observations with Herschel!




