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What are debris disks?

• circumstellar, gas-poor disks consisting of dust, comets
and leftover planetesimals

• Kuiper belt / asteroid belt analogues

• follow protoplanetary phase after ∼10 Myr

• size: from a few AU to >1000 AU

• dust continuously replenished by collisions

• several hundred examples known today

Image credit: NASA 4 / 19
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What are debris disks?

What debris disks can tell us. . .

• constrain planet formation theory (e.g. efficiency of
planetesimal formation)

• disk structures may indicate planets

• composition of dust → composition of planets

Image credit: NASA 4 / 19
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The Fomalhaut system

• spectral type: A-star

• distance: 8 pc

• age: 400 Myr

• eccentric dust ring with semi-major axis of ∼140 AU

A&A 540, A125 (2012)

Table 1. Herschel images.

Image Pixela (′′) Integration time (s) SBb S NRb

total map per pixelc (mJy/′′2)
PACS 70 µm 1 10 956 15.6 16.5 77
PACS 160 µm 2 10 956 16.7 6.28 59
SPIRE 250 µm 3 2906 2.1 1.90 32
SPIRE 350 µm 4.2 2906 2.8 0.59 21
SPIRE 500 µm 7 2906 3.6 0.19 27

Notes. (a) Pixel size of the projected image. (b) Surface brightness and signal-to-noise ratio in the brightest pixel of the image. (c) In the central part
of the image where the source is located.

corresponds to 43, 86, 140, 190 and 280 AU at the distance to
Fomalhaut.

The PACS data were processed in the Herschel interactive
processing environment (HIPE, Ott 2010) version 6.0, apply-
ing the standard pipeline steps. The flux conversion was done
using version 5 of the response calibration. Signal glitches due
to cosmic-ray impacts were masked using the PACS photMMT-
Deglitching task in HIPE on the detector timeline. Then a first
coarse map was projected. A high-pass filter was applied to re-
move the low frequency drifts. To avoid the introduction of arte-
facts, we used the coarse map to mask out the disk from the de-
tector timeline prior to the application of the filter. The scale of
the high-pass filter was 15 frames for the blue maps (70 µm), and
25 frames for the red maps (160 µm). The detector time-series
signals were then summed up into a map using the PACS phot-
Project task. The pixel scale for the 70 µm map was set to 1′′,
while the scale for the 160 µm map was 2′′. The source was cov-
ered in two independent observations, scanning the sky in two
orthogonal directions. We combined the two detector time series
and projected these together into the final maps.

Also the SPIRE data were reduced using HIPE. The high
signal-to-noise ratio of these data allowed us to created over-
sampled maps with pixel scales of 3′′, 4.2′′ and 7′′ in the 250 µm,
350 µm and 500 µm bands respectively, equating to approx-
imately 6 samples per beam FWHM. The standard pipeline
script provided with HIPE was used to reduce the data, with the
naiveMapper task being used to construct the maps. A simple
linear baseline subtraction was the only filtering performed on
these data.

Table 1 summarizes the pixel scale, total map integration
time and signal-to-noise ratio of the projected Herschel images.
We also indicate the integration time per pixel, which is the total
time a pixel in the central part of the projected map was seen by
a detector pixel.

Figures 1–3 show that the system is well resolved at 70 µm,
barely resolved at 500 µm, and marginally resolved at intermedi-
ate wavelengths. A first qualitative look at the images shows that
the thermal emission of the dust in the belt around Fomalhaut
appears smooth and not clumpy, contrary to what was expected
by Wyatt & Dent (2002). The smoothness hints at a high dust
replenishment rate by numerous collisions, rather than sporadic
replenishment by rare collisional events. The apparent azimuthal
brightness variations are due to geometric projection effects.
Moreover, distances from the belt to the star vary along the belt,
as it is eccentric. The southern ansa is located closer to the star
than the northern ansa, and is therefore warmer and brighter.
This is the so-called pericenter glow, first observed in a debris
disk by Telesco et al. (2000). The planet candidate Fomalhaut b
may produce local density enhancements. However, there is no

Fig. 1. Herschel PACS 70 µm image of Fomalhaut. The positions of the
star and of the planet candidate Fomalhaut b are indicated. The hatched
circle indicates the spatial resolution (5.7′′). The black-blue-white color
scale is linear. North is up, east to the left.

evidence of an excess or a lack of dust emission near the position
of Fomalhaut b, nor at any other location along the belt.

In the 70 µm image, the star shows up as an unresolved point
source. The flux of this central source, however, exceeds the stel-
lar photospheric flux. This is in agreement with excess flux close
to the star previously found at near-infrared wavelengths and at-
tributed to hot dust (Absil et al. 2009). The region between the
unresolved central source and the belt is not devoid of dust ei-
ther; the 70 µm image shows emission in this inner disk as well.
The dust particles in this region either originated in the belt and
spiraled in past the orbit of Fomalhaut b, or were released from
an unresolved inner belt and moved outwards.

2.2. Belt geometry

The geometric properties of the belt were derived from the PACS
70 µm and 160 µm images in the following way. Along each
pixel row and column intersecting the belt, the coordinates of
the pixel with the highest surface brightness are determined. In
this way, the position of the ring in the image is captured by a
set of pixel coordinates (x, y) along the ring. An ellipse is fitted

A125, page 2 of 9

Image credit: Acke et al. 2013
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The Fomalhaut dust ring

A&A 540, A125 (2012)

Table 1. Herschel images.

Image Pixela (′′) Integration time (s) SBb S NRb

total map per pixelc (mJy/′′2)
PACS 70 µm 1 10 956 15.6 16.5 77
PACS 160 µm 2 10 956 16.7 6.28 59
SPIRE 250 µm 3 2906 2.1 1.90 32
SPIRE 350 µm 4.2 2906 2.8 0.59 21
SPIRE 500 µm 7 2906 3.6 0.19 27

Notes. (a) Pixel size of the projected image. (b) Surface brightness and signal-to-noise ratio in the brightest pixel of the image. (c) In the central part
of the image where the source is located.

corresponds to 43, 86, 140, 190 and 280 AU at the distance to
Fomalhaut.

The PACS data were processed in the Herschel interactive
processing environment (HIPE, Ott 2010) version 6.0, apply-
ing the standard pipeline steps. The flux conversion was done
using version 5 of the response calibration. Signal glitches due
to cosmic-ray impacts were masked using the PACS photMMT-
Deglitching task in HIPE on the detector timeline. Then a first
coarse map was projected. A high-pass filter was applied to re-
move the low frequency drifts. To avoid the introduction of arte-
facts, we used the coarse map to mask out the disk from the de-
tector timeline prior to the application of the filter. The scale of
the high-pass filter was 15 frames for the blue maps (70 µm), and
25 frames for the red maps (160 µm). The detector time-series
signals were then summed up into a map using the PACS phot-
Project task. The pixel scale for the 70 µm map was set to 1′′,
while the scale for the 160 µm map was 2′′. The source was cov-
ered in two independent observations, scanning the sky in two
orthogonal directions. We combined the two detector time series
and projected these together into the final maps.

Also the SPIRE data were reduced using HIPE. The high
signal-to-noise ratio of these data allowed us to created over-
sampled maps with pixel scales of 3′′, 4.2′′ and 7′′ in the 250 µm,
350 µm and 500 µm bands respectively, equating to approx-
imately 6 samples per beam FWHM. The standard pipeline
script provided with HIPE was used to reduce the data, with the
naiveMapper task being used to construct the maps. A simple
linear baseline subtraction was the only filtering performed on
these data.

Table 1 summarizes the pixel scale, total map integration
time and signal-to-noise ratio of the projected Herschel images.
We also indicate the integration time per pixel, which is the total
time a pixel in the central part of the projected map was seen by
a detector pixel.

Figures 1–3 show that the system is well resolved at 70 µm,
barely resolved at 500 µm, and marginally resolved at intermedi-
ate wavelengths. A first qualitative look at the images shows that
the thermal emission of the dust in the belt around Fomalhaut
appears smooth and not clumpy, contrary to what was expected
by Wyatt & Dent (2002). The smoothness hints at a high dust
replenishment rate by numerous collisions, rather than sporadic
replenishment by rare collisional events. The apparent azimuthal
brightness variations are due to geometric projection effects.
Moreover, distances from the belt to the star vary along the belt,
as it is eccentric. The southern ansa is located closer to the star
than the northern ansa, and is therefore warmer and brighter.
This is the so-called pericenter glow, first observed in a debris
disk by Telesco et al. (2000). The planet candidate Fomalhaut b
may produce local density enhancements. However, there is no

Fig. 1. Herschel PACS 70 µm image of Fomalhaut. The positions of the
star and of the planet candidate Fomalhaut b are indicated. The hatched
circle indicates the spatial resolution (5.7′′). The black-blue-white color
scale is linear. North is up, east to the left.

evidence of an excess or a lack of dust emission near the position
of Fomalhaut b, nor at any other location along the belt.

In the 70 µm image, the star shows up as an unresolved point
source. The flux of this central source, however, exceeds the stel-
lar photospheric flux. This is in agreement with excess flux close
to the star previously found at near-infrared wavelengths and at-
tributed to hot dust (Absil et al. 2009). The region between the
unresolved central source and the belt is not devoid of dust ei-
ther; the 70 µm image shows emission in this inner disk as well.
The dust particles in this region either originated in the belt and
spiraled in past the orbit of Fomalhaut b, or were released from
an unresolved inner belt and moved outwards.

2.2. Belt geometry

The geometric properties of the belt were derived from the PACS
70 µm and 160 µm images in the following way. Along each
pixel row and column intersecting the belt, the coordinates of
the pixel with the highest surface brightness are determined. In
this way, the position of the ring in the image is captured by a
set of pixel coordinates (x, y) along the ring. An ellipse is fitted

A125, page 2 of 9

Herschel PACS 70µm Image credit: Acke et al. 2013
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Is a planet shaping the dust ring?

• Indications for a planet
shaping the dust ring
(Kalas et al. 2005):

• centre of dust ring
offset by ∼15 AU from
star

• sharp inner edge

• ⇒ search for planetary
candidates

A planetary system as the origin of structure in
Fomalhaut’s dust belt
Paul Kalas1, James R. Graham1 & Mark Clampin2

The Sun and >15 per cent of nearby stars are surrounded by dusty
disks that must be collisionally replenished by asteroids and
comets, as the dust would otherwise be depleted on timescales
<107 years (ref. 1). Theoretical studies show that the structure of a
dusty disk can be modified by the gravitational influence of
planets2–4, but the observational evidence is incomplete, at least
in part because maps of the thermal infrared emission from the
disks have low linear resolution (35 AU in the best case5). Optical
images provide higher resolution, but the closest examples
(AU Mic and b Pic) are edge-on6,7, preventing the direct measure-
ment of the azimuthal and radial disk structure that is required for
fitting theoretical models of planetary perturbations. Here we
report the detection of optical light reflected from the dust grains
orbiting Fomalhaut (HD 216956). The system is inclined 248 away
from edge-on, enabling the measurement of disk structure around
its entire circumference, at a linear resolution of 0.5 AU. The dust is
distributed in a belt 25 AU wide, with a very sharp inner edge at a
radial distance of 133 AU, and we measure an offset of 15 AU

between the belt’s geometric centre and Fomalhaut. Taken
together, the sharp inner edge and offset demonstrate the presence
of planetary-mass objects orbiting Fomalhaut.
Fomalhaut’s circumstellar dust was discovered at thermal infrared

wavelengths with the Infrared Astronomical Satellite8,9, and maps of
dust emission at submillimetre wavelengths with 7.5–14 00 angular
resolution suggested a ring of material residing between 100 and
140 AU radius10,11. Fomalhaut is only 7.7 parsecs (1 pc ¼ 3.3 light
years) from the Sun. Using the Advanced Camera for Surveys (ACS)
on board the Hubble Space Telescope (HST), we detect its dust
complex at optical wavelengths, with angular resolution 100 times
sharper than previous submillimetre maps (Fig. 1; Methods). Fomal-
haut is surrounded by a narrow dust belt inclined to our line of
sight and with significant asymmetry in its azimuthal brightness
distribution. We perform a nonlinear least-squares fit to the ellipse
traced by the brightest points along the belt. The semimajor and
semiminor axes are 140.7 ^ 1.8 AU and 57.5 ^ 0.7 AU, respectively.
The position angle of the ellipse is PA ¼ 156.08 ^ 0.38, with incli-
nation to the line of sight i ¼ 65.98 ^ 0.48 (assuming that the
structure is intrinsically circular). These values are consistent with
the belt properties previously inferred viamodelling of submillimetre
data11.
The geometric centre of the elliptical fit to Fomalhaut’s belt is

offset from the star by 13.4 ^ 1.0 AU at PA ¼ 350.48. Assuming that
the star and belt are coplanar, the projected offset translates to 15.3 AU

in the plane of the belt. A keplerian orbit with non-zero eccentricity
traces an ellipse where the star is at one focus and the centre of the
ellipse is offset by a value, f, equivalent to the semimajor axis, a, times
the eccentricity, e. If we assume Fomalhaut’s belt is non-circular, then
the observed offset and semimajor axis give e ¼ 0.11 ^ 0.01. Peri-
astron is at PA ¼ 1708 (Fig. 1b). The non-circularity of the structure
leads to a small revision for the inclination, i ¼ 65.68 ^ 0.48 (ref. 12).

The offset of the star relative to the dust belt and an asymmetric
scattering phase function produce the azimuthal brightness asym-
metries. In the rotated frame shown in Fig. 1, we refer to the upper
left quadrant of the belt as quadrant one (Q1), with Q2, Q3 and Q4

LETTERS

Figure 1 | Optical detection of dust in Fomalhaut’s Kuiper belt. a, False-
colour coronagraphic image (Methods). North is 668 clockwise fromvertical.
b, Residual image after subtracting a model of a dust belt (Methods). Green
lines trace the projected boundaries of the detected belt (133–158 AU). The
white diamond and asterisk mark the centres of the belt and the star,
respectively. The horizontal green line traces the belt semimajor axis,
whereas the red line traces the vector between the belt and star centres.
White boxes and circles mark extended objects and background stars,
respectively.

1Astronomy Department, University of California, Berkeley, California 94720, USA. 2Goddard Space Flight Center, Greenbelt, Maryland 20771, USA.

Vol 435|23 June 2005|doi:10.1038/nature03601

1067
© 2005 Nature Publishing Group 

 

Optical HST image. Image credit: Kalas et al. 2005
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Detection of Fomalhaut b

• detection of Fomalhaut b with HST (Kalas et al. 2008, 2011,

2013)

Image credit: NASA and ESA 8 / 19
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The nature of Fomalhaut b

• puzzling spectral properties:
• detected in optical (e.g. Kalas et al. 2013)
• . . . but non-detection in mid-IR (e.g. Janson et al. 2012)

• ⇒ inconsistent with models of planetary spectra

• ⇒ detection in reflected starlight

• ⇒ need additional reflecting surface

Image credit: Paul Kalas (UC Berkeley)
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The nature of Fomalhaut b

• proposed models:
• circumplanetary dust disk (Kalas et al. 2008)

• transient dust cloud (Kalas et al. 2008)

• swarm of irregular moons around 2–100 M⊕ planet
(Kennedy & Wyatt 2011)

Image credit: ESA, NASA, and L. Calcada (ESO for STScI)
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Swarm of irregular satellites

• irregular moon = ”satellite on distant, inclined, often
eccentric and retrograde orbit” (Wikipedia)

• most are believed to have been captured

• e.g. Saturn: 38 irregular satellites known

Image credit: NASA/JPL/Space Science Institute
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Swarm of irregular satellites

• satellites erode by collisions and produce dust

• presumably more dust for planets around young stars

• Fomalhaut b: irregular satellites of a few lunar masses
around 2–100 M⊕ planet can explain the detected emission

12 / 19
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Fomalhaut b and the eccentric dust ring revisited

• orbit of
Fomalhaut b
highly eccentric
⇒ unlikely to be
responsible for
eccentricity /
morphology of
the disk!

Fig. 25.— Posterior distributions of the periapse (left)
and apoapse (right) distributions.

riapse is where Fomalhaut’s system may be most
dynamically disturbed.

9. Discussion

Fomalhaut is emerging as an increasingly com-
plex planetary system. It is therefore helpful to
review and define its various elements before as-
sessing the possible nature of Fomalhaut b.

9.1. Inventory of the Fomalhaut System

Figure 26 is a notional sketch of the Fomalhaut
system, where we adopt a nomenclature based on
the approximate positions of features in radius and
position angle in the sky plane.

(1) Fomalhaut A is the central A3V star (↵
PsA, HD 216956, GJ 881). Mamajek (2012) finds
Teff = 8590±73 K, L = 16.65±0.48 L�, M =
1.92±0.02 M� and age 440±40 Myr. The helio-
centric distance is 7.704±0.028 pc and the angular
radius for the stellar photosphere of 1.01 mas cor-
responds to 1.84 R� (Di Folco et al. 2004). The
position angle of the stellar spin axis is aligned
with the minor axis of the main belt (Le Bouquin
et al. 2009). Given the ⇠ 16⇥ greater luminosity,
the radiation environment at a given radius in the
Fomalhaut system is roughly four times greater
than for the Solar system. The tidal radius, at,
set by the Galactic tidal field is (Tremaine 1993)::

at = 1.7⇥105AU

✓
M?

M�

◆1/3✓
⇢

0.15 M� pc�3

◆�1/3

(1)

Assuming ⇢ = 0.11 M� pc�3 (Holmberg &
Flynn 2000), then at = 234 kAU (1.1 pc). There-
fore Fomalhaut B, discussed below, is well within
the sphere of Fomalhaut A’s gravitation influence.

The barycenter is located 15.8 kAU from Fomal-
haut A.

Fig. 26.— Notional sketch of the Fomalhaut system
viewed face-on. The radial locations of features are ap-
proximate and not to scale. For example, the 10 AU belt
represents dust near 10 AU radius, but the width of the
belt is not precisely known.

(2) Fomalhaut B is a common proper mo-
tion stellar companion, also known as TW PsA.
This is a K4Ve star with Teff = 4594±80 K, L
= 0.189±0.013 L�, and M = 0.73+0.02

�0.01 M�. In
the sky plane TW PsA is located 1�.96 (55 kAU)
southwest of Fomalhaut A, and therefore lacks a
projected alignment with the major axis of the belt
(Figure 27). Mamajek (2012) gives a 3D project
separation of 57.4+3.9

�2.5 kAU. The heliocentric dis-
tances of Fomalhaut A and B are within 2� of each
other. No further information is currently avail-
able with respect to the possible orbit of Fomal-
haut B. If 57.4 kAU is adopted as the semi-major
axis value, then the orbital period is ⇠8 Myr. We
note that given a single astrometric observation of
a binary separation, the most likely value for the
orbital semi-major axis is the observed projected
separation (Savransky 2011).

(3) Fomalhaut b could alternately be named
Fomalhaut Ab. The present work revises the pre-
vious notion that Fomalhaut b’s orbit is nested
within the belt. Instead, Fomalhaut b’s orbit is
highly eccentric. In the 2012 epoch of observation,
Fomalhaut b is 125 AU from the star assuming

23

Kalas et al. 2013
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Fomalhaut b and the eccentric dust ring revisited

Fomalhaut b is not responsible for the morphology of the disk.
What now?

• Fomalhaut c ?

• close stellar encounter ?

• . . . gas-dust interactions ?
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Sharp (eccentric) rings through gas-dust
interactions

• alternative without invoking planets: gas-dust interactions

• dust affects gas temperature - gas affects dust dynamics

• operates for stars with spectral type as late as K

• works for a wide range of dust and gas masses

(Supplementary Information). We also check that when the conditions
for the streaming instability24 are considered, the photoelectric insta-
bility dominates (Supplementary Information).

A development of the model is that some of the rings start to oscil-
late, seeming eccentric. These oscillations are epicycles in the orbital
plane, with a period equalling the Keplerian, corresponding to the free
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Figure 2 | Growth and saturation of the photoelectric instability. In this
three-dimensional stratified local box with linearized Keplerian shear, the main
source of heating is photoelectric. The equilibrium in the radial direction is
between stellar gravity, Coriolis force and centrifugal force. In the vertical
direction the equilibrium for the gas is hydrostatic, between stellar gravity,
pressure and the drag-force back-reaction. To provide a stable stratification, an
extra pressure pb~rc2

b is added, where cb is a sound speed associated with a
background temperature. For the dust, a steady state is established between
gravity, diffusion and drag force. The dust continually falls to the midplane but
is diffused upwards. The diffusion is applied only in z, mimicking turbulent
diffusion that is in general anisotropic. a, x–z cut at y 5 0 at 100 orbits. The
instability concentrates dust in a preferred wavelength. The resulting structures
have stable stratification. b, x–y cut at the midplane z 5 0 at 100 orbits. No

non-axisymmetric instability is observed, and the dust forms stripes. c, Time
evolution of the vertically and azimuthally averaged density, showing the
formation of well-defined rings. d, Time evolution of the maximum dust
density. The instability saturates at about 70 orbits in this case. The slowdown
compared with the growth rate VK/2 predicted in Fig. 1 is because of the use of
viscosity, and the background pressure needed for the stratification. The
dimensionless parameter b 5 c(cb/cs)2 measures the strength of this term.
e, Maximum growth rate, showing that linear instability exists as long as b , 1.
The maximum growth rate decreases smoothly from VK/2 for b 5 0, to zero for
b 5 1. f, The structure formed in the dust density at t 5 50 (about eight orbits)
for different values of b. At moderate values, growth still occurs at a significant
fraction of the dynamical time. The run shown in a–d used b 5 0.5.
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Figure 3 | Sharp eccentric rings. a–c, Snapshots
of the dust density in a two-dimensional global disk
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rearrange into rings at later times, such as those at
r 5 0.6 and r 5 1.0 between b and c. Although
mostly axisymmetric, some rings seem to oscillate,
appearing off-centred or eccentric. d, We measure
the azimuthal spectral power of the density shown
in c, as a function of radius. Modes from m 5 0 to
m 5 3 are shown, where m is the azimuthal
wavenumber. e, Although the ring at r 5 1.5 has
m 5 0 as the more prominent mode, we show that a
circle (black dotted line) is not a good fit. An ellipse
of eccentricity e 5 0.03 (red dotted line) is a better
fit, although still falling short of accurately
describing its shape. The black and red diamonds
are the centre of the circle (the star) and the centre
of the ellipse (a focal distance away from the star),
respectively.
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the electrostatic potential of the grain. The value of ! depends
(weakly) on stellar spectrum, local electron density, and gas tem-
perature. It is important not to limit the photon energy range to
the FUV range (more on this below).

Gas orbiting around a star is subject to the forces of gravity
and gas pressure. We again assume that gas moves only on cir-
cular orbits. The gas circular velocity (vgas) is

vgas ¼ vKep 1" !ð Þ12; ð12Þ

where

! ¼ " r

v2Kep"gas

dP

dr
: ð13Þ

Here P ¼ "gaskTgas/#gmH is the gas pressure, and we take #g ¼
2:34 (for a mixture of molecular hydrogen and helium).

A grain that is orbiting faster than the local gas (v$ > vgas) ex-
periences a head-wind, loses angular momentum and migrates
inward, and vice versa. Grains tend to migrate to stable orbits
where they are in corotationwith the gas, ! rð Þ ¼ % sð Þ. This leads
to a size segregation, s ¼ s rð Þ. This is the dynamical basis for our
theory.

Let the original surface brightness of a face-on disk be approx-
imated by the following expression,

I rð Þ ¼ L%
4&r 2

2H

Z 1mm

smin

&s2
dndust
ds

ds; ð14Þ

where L% is the stellar luminosity, and H the dust scale height.
We set H /r ¼ 0:05 as for the gas disk. We have also taken the
grain albedo to be unity and assumed that the disk is face-on.
After radial migration, grains of size between s and sþ ds (where
s > 7:7#m) are concentrated into an annulus between r and r þ dr.

Ignoring collisional evolution during this process, the dust mass
within each ds bin is conserved. This yields a new surface bright-
ness profile:

I rð Þ ¼ L%
4&r 2

&s2
ds

dr

Ns

2&r
; ð15Þ

where Nsds is the total number of grains between s and sþ ds
integrated over the whole disk,

Ns ¼
Z

dndust
ds

2&r 02H dr 0: ð16Þ

4. GAS TEMPERATURE

Here we compute gas heating and cooling rates to determine
the gas temperature profile. Much of this analysis is based on the
work of Kamp & van Zadelhoff (2001, hereafter KvZ01), al-
though we do find some disagreements with their analysis. Ex-
cept where noted, we adopt their expressions to calculate various
rates.
As grains migrate to their stable radii, the gas temperature pro-

file evolves, modifying the grains’ destination. We do not attempt
to trace this behavior by solving the time-dependent equations
self-consistently. Instead, we approach the problem by studying
systems with dust distributions of differing initial FWHM.
Results at the disk midplane are plotted as functions of ra-

dius in Figure 2. The equilibrium gas temperature is obtained by
demanding that the local heating and cooling rates balance. The
resulting temperature profile dictates the grain migration (x 5).
Unlike KvZ01, we ignore heating from grain drifting (see below).

Fig. 1.—Midplane gas and dust densities in our transitional phase disk.
While the gas density (solid line) falls off as a smooth power-law, the dust den-
sity (dotted line) is a Gaussian centered at 70 AU, with a FWHM of 20 AU. The
gas and dust masses areMgas ¼ Mdust ¼ 0:1M' and both components have the
same vertical scale-height of H ¼ 0:05r. We stress that although we use these
densities for our fiducial parameters, the proposed mechanism works over a large
range of gas and dust masses (x 5).

Fig. 2.—Gas heating and cooling rates are plotted as functions of radius for
the transitional disk around an HR 4796A-like star (A0). The gas is assumed to
be at local thermal equilibrium. All cooling rates have been increased by a factor
of 100 to distinguish them from the heating rates. At the peak of the dust en-
hancement (70AU), photoelectric heating andO i cooling are the dominant heating
and cooling processes, respectively. Gas-grain collisions act as a cooling mecha-
nism within the vicinity of the dust enhancement and as a heating rate outside (not
plotted). Cosmic-rays dominate the heating outside the dust belt. H2-related rates
are calculated assuming local chemical equilibrium between atomic and molecular
hydrogen; in the absence of dust, starlight quickly photodissociates all molecular
hydrogen. The asymmetric shapes of the H2-related rates around 70 AU are caused
by H2 self-shielding of the stellar FUV flux.
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Search for gas in the Fomalhaut dust ring

• search for gas emission within the Fomalhaut dust ring:
• C II 158µm and O I 63µm: Herschel PACS

(non-detections)
• CO 867µm: ALMA (non-detection)

• known dust ring structure allows ”forward modelling”
approach

• general strategy:

1 derive upper limits on O I / C II / CO gas luminosity
2 convert into total gas mass using the gas ionisation /

thermal balance code ontario
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PACS observations
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preliminary result for C II

• analysis indicates that PACS data can give stringent upper
limits

• upper limits (95% confidence level):
• solar abundances: . 1.9 · 10−3 M⊕ of gas (⇒ ε & 10)
• C overabundant 300×: . 6.0 · 10−5 M⊕ of gas

(⇒ ε & 300)
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Summary

1 The Fomalhaut system appears as an increasingly complex
planetary system

2 The exact nature of Fomalhaut b is unclear

3 Current constraints on the orbital elements of Fomalhaut b
suggest a different origin of the ring morphology:

• Fomalhaut c
• gas-dust interactions
• (interactions with other stars)

4 We use Herschel PACS and ALMA to search for gas in the
Fomalhaut dust ring to test whether gas-dust interactions
could be at work
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