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The solar system
• Planets and small bodies (asteroids, comets)
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Extrasolar planetary systems
• Extra-solar planets: detected since the early 1990’s 
• Exo-asteroids and exo-comets : detected since the early 1980’s 

• we don’t see them directly 
• but they produce dust that can be detected : debris disks
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The discovery of debris disks
• Dust around main sequence stars has been discovered by accident in 1983 
• At that time, these dust disks were thought to trace the last stages of planet 

formation
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IRAS: 
12, 25, 60 
& 100 µm 

Star: Vega

Star: Beta Pictoris

T ~ 85K



The origin of the dust in debris disks
• Analysis of the dust emission in the mid-1980’s: 

• low-mass dust disks : not enough mass to form new planets 
• density is low : optically thin dust disks. 
• grains are small and short-lived : collisional replenishment  

• Debris disks = populations of extrasolar comets / asteroids
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Planet formation (protoplanetary disks)

Collisional erosion (debris disks)



The incidence of debris disks
• Herschel Space Observatory (ESA):  

• 22% of nearby F, G, K stars have a 
debris disk 

• Stars from a few 10Myr to a few Gyr
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Star: Fomalhaut



Direct  
imaging
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PCAmcADI

1 arcsec

cADI (H band)

Fig. 1. IRDIS-H images of the disc around HR 4796 A, reduced with three different reduction algorithms: cADI, masked cADI and PCA (first 5
eigenmodes removed). North is up, East to the left. The colour scale is identical for all three reductions. The black region along the semi-minor
axis of the mcADI image corresponds to region were the disc is entirely self-subracted therefore no information can be retrieved.

mcADI

1 arcsec

cADI PCA

Fig. 2. IRDIS-H2H3 images of the disc around HR 4796 A, reduced with 3 different reduction algorithms: cADI, masked cADI and PCA (first 5
eigenmodes removed). The colour scale is identical.

noise is higher beyond 1.7′′, e.g. in the ansae of the disc. More-
over, the disc being offset from the star towards the South-West
(SW), the SW ansa spends a larger amount of time outside the
IFS field of view than the North-East (NE) ansa, resulting in an
apparent lower S/N.

2.3. Contrast and planet detection limits

The derivation of the detection limits for the IFS data was done
following the methodology described in Vigan et al. (2015). We
summarize here the main steps. To detect point sources, both an-
gular and spectral differential imaging is used here. The images
are first rescaled spatially so that the speckle pattern matches at
all wavelengths. This leads to a rescaled cube of both spectral
and temporal images, where the signal of a potential compan-
ion would move both with time and wavelength. This cube is
processed using a PCA algorithm that subtracts from 1 to 500

modes by steps of 10. The same process is applied to the orig-
inal cube of images where fake companions have initially been
injected, in order to retrieve the S/N level of each companion
in the reduced image. Fake planets are injected at separations
from 100 mas to 750 mas on a spiral pattern to avoid any spa-
tial or spectral overlap during the speckle subtraction algorithm.
To properly sample the whole field, the analysis is repeated with
the fake planets map injected at 10 distinct orientations. The po-
sition of all injected fake planets is illustrated in Fig. 5 left. The
S/N is defined as the maximum pixel value of the image at the
known location of the planet after convolution with a kernel of
one resolution element size, divided by the rms of statistically
independent pixels in an annulus located at the same separation
as the planet. The penalty term from the small sample statis-
tics described by Mawet et al. (2014) is taken into account. This
process is repeated until a S/N of 5 is reached, the correspond-
ing contrast in magnitude is shown in Figure 5. The fake planets
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Exozodiacal dust. What’s that?

• Cold, outer debris disks  
— extrasolar Kuiper belts 
— discovered in the early 1980’s 
— observed at almost all wavelengths, 
— rather well understood  
     (but still a lot to learn) 

8

Star Fomalhaut : composite HST+ALMA image 
Kalas et al. 2005, Boley et al. 2012



Exozodiacal dust. What’s that?

• Cold, outer debris disks  
— extrasolar Kuiper belts 
— discovered in the early 1980’s 
— observed at almost all wavelengths, 
— rather well understood  
     (but still a lot to learn) 

• Exozodiacal dust (or exozodi)  
— extrasolar zodiacal clouds  
— discovered in the mid-2000’s 
— refers to the hot and warm dust  
    in the inner regions of planetary 
    systems  
— poorly understood 

9

Star Fomalhaut : composite HST+ALMA image 
Kalas et al. 2005, Boley et al. 2012



Exozodis
• Zodiacal dust in the solar 
system: 
• location : within a few AU 

(encompassing the habitable zone) 
• mass : tiny  

(~10-8MEarth, or a medium-sized asteroid) 

• luminosity: high 
(most luminous circumsolar component) 

• Exozodiacal dust: 
• how frequent? 
• basic properties? 
• origin?

10

• The EXOZODI project: 
1. near-IR interferometric surveys 
2. radiative transfer modelling 
3. N-body simulations 
4. New code: LIDT-DD (Kral et al. 2013/15) 

collisions AND dynamics in debris disks



1. Exozodi detection
• How to detect exozodiacal dust? 

• high contrast 
• high spatial resolution

11
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near-IR interferometry

No excess at 22/24 microns



Exozodi 
detection

• Principle of exozodi detection with near-IR 
interferometry

12

• V: Visibility =  
constrast 
of fringes 

• B: Baseline =  
separation between 
2 telescopes

Courtesy: Steve Ertel



Exozodi 
detection

• Principle of exozodi detection

13

Courtesy: Steve Ertel

disk/star flux ratio



Exozodi 
detection

• A real case example: Vega

14

Defrère et al. 2011

• IOTA interferometer 
• H-band



Exozodi 
detection

• Beta Pictoris with PIONIER 
• sampling of the uv plane

15

A&A 546, L9 (2012)

Table 1. Overview of the data obtained with VLTI/PIONIER on β Pic.

ID Date Config. Seeing OBa Calib.b

A 2010/12/04 E0-G0-H0-I1 0.9′′ 2 3, 4, 5
B 2010/12/20 A0-G1-I1-K0 1.0′′ 5 1, 2, 3
C 2011/11/02 D0-G1-H0-I1 0.9′′ 14 2, 3, 4

Notes. (a) An observing block consists in a single observation (see more
details in Le Bouquin et al. 2011). (b) Calibrator stars correspond to
(1) HD 34642 (K1IV); (2) HD 35765 (K1III); (3) HD 39640 (G8III);
(4) HD 46365 (K3III); and (5) HD 223825 (G9III).

Fig. 1. Sampling of the Fourier (u,v) plane obtained for the complete
data set (one colour per spectral channel). The orientation of the outer
disc midplane (i.e., 29.◦5 Boccaletti et al. 2009) is represented by the
black dashed line.

from the catalogue of Mérand et al. (2005). The total u-v plane
covered by the observations is shown in Fig. 1.

Data were reduced and calibrated with the pndrs package
(Le Bouquin et al. 2011). We focus here on the squared visibili-
ties (V2) to measure both the stellar angular diameter and search
for circumstellar material. The final calibrated data set (V2) is
shown in Fig. 2. The search for faint companions by means of
a closure-phase analysis will be presented elsewhere (Lagrange
et al., in prep.).

3. Data analysis

The calibratedV2 were fitted to a range of models consisting of
an oblate limb-darkened photosphere surrounded by a uniform
emission (“disc”) filling the entire field-of-view of PIONIER
on the auxiliary telescopes. Under typical seeing conditions,
this field-of-view can be approximated by a Gaussian profile
with a full width at half maximum of 400 mas (Absil et al.
2011), equivalent to 4 AU in radius at the distance of β Pic.
Our model is based on two free parameters, namely the limb-
darkened angular diameter of the star and the disc/star contrast.
The distortion of the photosphere produced by the rapid rota-
tion (v sin i = 130 km s−1, Royer et al. 2007) was considered to
produce a realistic model of the star. Following the parametric
approach of Absil et al. (2008), the distorted photosphere was
modeled by an ellipse with an oblateness of 1.038 and a rota-
tion axis perpendicular to the outer disc midplane (which has a
position angle of 29.◦5, Boccaletti et al. 2009). TheV2 expected

Fig. 2. Expected squared visibility of the limb darkened photosphere
(blue solid line) as a function of the spatial frequency, along with the
measured squared visibilities and related 1-σ error bars (one colour per
wavelength). The thickness of the blue solid line corresponds to the
3-σ error related to the uncertainty on the stellar diameter. The best-fit
model is represented by the dotted blue line with the residuals of the
fit given in the middle panel. It corresponds to a limb-darkened pho-
tosphere of 0.736 ± 0.015 ± 0.012 mas in diameter surrounded by a
uniform circumstellar emission of 1.37 ± 0.10 ± 0.13% in the H band.
The bottom panel gives the residuals obtained by fitting only the stellar
diameter (no circumstellar emission).

from the limb-darkened photosphere was then estimated accord-
ing to Hanbury Brown et al. (1974) considering a linear limb-
darkening H-band coefficient of 0.24 (Claret et al. 1995).

To search for circumstellar material, we compared the
measurements to the expected V2 of the stellar photosphere.
The circumstellar emission then appears as aV2 deficit at short
baseline lengths as detailed in Absil et al. (2006). In this first
approach, we assume that the disc/star contrast does not de-
pend on the wavelength and fit all measurements simultaneously
with this single parameter. We used the bootstrapping method
to compute the statistical error bars on the stellar angular di-
ameter and the disc/star contrast. Considering correlation be-
tween the baselines, the spectral channels, and the successive
measurements of the same baseline, we found that correlations
mostly occur between all spectral channels of the same mea-
surement. Hence, we performed the bootstrapping by drawing
all spectral channels together, which corresponds to 126 inde-
pendent data sets out of our 6 × 6 × 21 = 726 visibility mea-
surements. We randomly produced 100 data sets from the orig-
inal data and fitted them separately to our model. The standard
deviation on the derived best-fit parameters then gave us reli-
able error bars. Finally, we considered an additional error to take
the chromatic behaviour of the beam combiner and the differ-
ent colours between β Pic (A6V) and its calibrators (G8III to
K4III) into account. Based on the spectral shape of the transfer
function across the H band (maximum variation of 40% over
the entire band), we derived a maximum systematic error on
the V2 of ±0.2% in a single spectral channel (see more details
in Defrère et al. 2011). This value must be considered as very
conservative since all other sources of systematic error are ex-
pected to be much smaller thanks to our optimised observing
strategy, i.e. spectrally-dispersed observations obtained at vari-
ous epochs on various configurations with different calibrators

L9, page 2 of 4

Defrère et al. 2012



Exozodi 
detection

• Beta Pictoris with PIONIER 
• 1.37% excess in the H-band 

within 4 AU (200mas)

16

Defrère et al. 2012

A&A 546, L9 (2012)

Table 1. Overview of the data obtained with VLTI/PIONIER on β Pic.

ID Date Config. Seeing OBa Calib.b

A 2010/12/04 E0-G0-H0-I1 0.9′′ 2 3, 4, 5
B 2010/12/20 A0-G1-I1-K0 1.0′′ 5 1, 2, 3
C 2011/11/02 D0-G1-H0-I1 0.9′′ 14 2, 3, 4

Notes. (a) An observing block consists in a single observation (see more
details in Le Bouquin et al. 2011). (b) Calibrator stars correspond to
(1) HD 34642 (K1IV); (2) HD 35765 (K1III); (3) HD 39640 (G8III);
(4) HD 46365 (K3III); and (5) HD 223825 (G9III).

Fig. 1. Sampling of the Fourier (u,v) plane obtained for the complete
data set (one colour per spectral channel). The orientation of the outer
disc midplane (i.e., 29.◦5 Boccaletti et al. 2009) is represented by the
black dashed line.

from the catalogue of Mérand et al. (2005). The total u-v plane
covered by the observations is shown in Fig. 1.

Data were reduced and calibrated with the pndrs package
(Le Bouquin et al. 2011). We focus here on the squared visibili-
ties (V2) to measure both the stellar angular diameter and search
for circumstellar material. The final calibrated data set (V2) is
shown in Fig. 2. The search for faint companions by means of
a closure-phase analysis will be presented elsewhere (Lagrange
et al., in prep.).

3. Data analysis

The calibratedV2 were fitted to a range of models consisting of
an oblate limb-darkened photosphere surrounded by a uniform
emission (“disc”) filling the entire field-of-view of PIONIER
on the auxiliary telescopes. Under typical seeing conditions,
this field-of-view can be approximated by a Gaussian profile
with a full width at half maximum of 400 mas (Absil et al.
2011), equivalent to 4 AU in radius at the distance of β Pic.
Our model is based on two free parameters, namely the limb-
darkened angular diameter of the star and the disc/star contrast.
The distortion of the photosphere produced by the rapid rota-
tion (v sin i = 130 km s−1, Royer et al. 2007) was considered to
produce a realistic model of the star. Following the parametric
approach of Absil et al. (2008), the distorted photosphere was
modeled by an ellipse with an oblateness of 1.038 and a rota-
tion axis perpendicular to the outer disc midplane (which has a
position angle of 29.◦5, Boccaletti et al. 2009). TheV2 expected

Fig. 2. Expected squared visibility of the limb darkened photosphere
(blue solid line) as a function of the spatial frequency, along with the
measured squared visibilities and related 1-σ error bars (one colour per
wavelength). The thickness of the blue solid line corresponds to the
3-σ error related to the uncertainty on the stellar diameter. The best-fit
model is represented by the dotted blue line with the residuals of the
fit given in the middle panel. It corresponds to a limb-darkened pho-
tosphere of 0.736 ± 0.015 ± 0.012 mas in diameter surrounded by a
uniform circumstellar emission of 1.37 ± 0.10 ± 0.13% in the H band.
The bottom panel gives the residuals obtained by fitting only the stellar
diameter (no circumstellar emission).

from the limb-darkened photosphere was then estimated accord-
ing to Hanbury Brown et al. (1974) considering a linear limb-
darkening H-band coefficient of 0.24 (Claret et al. 1995).

To search for circumstellar material, we compared the
measurements to the expected V2 of the stellar photosphere.
The circumstellar emission then appears as aV2 deficit at short
baseline lengths as detailed in Absil et al. (2006). In this first
approach, we assume that the disc/star contrast does not de-
pend on the wavelength and fit all measurements simultaneously
with this single parameter. We used the bootstrapping method
to compute the statistical error bars on the stellar angular di-
ameter and the disc/star contrast. Considering correlation be-
tween the baselines, the spectral channels, and the successive
measurements of the same baseline, we found that correlations
mostly occur between all spectral channels of the same mea-
surement. Hence, we performed the bootstrapping by drawing
all spectral channels together, which corresponds to 126 inde-
pendent data sets out of our 6 × 6 × 21 = 726 visibility mea-
surements. We randomly produced 100 data sets from the orig-
inal data and fitted them separately to our model. The standard
deviation on the derived best-fit parameters then gave us reli-
able error bars. Finally, we considered an additional error to take
the chromatic behaviour of the beam combiner and the differ-
ent colours between β Pic (A6V) and its calibrators (G8III to
K4III) into account. Based on the spectral shape of the transfer
function across the H band (maximum variation of 40% over
the entire band), we derived a maximum systematic error on
the V2 of ±0.2% in a single spectral channel (see more details
in Defrère et al. 2011). This value must be considered as very
conservative since all other sources of systematic error are ex-
pected to be much smaller thanks to our optimised observing
strategy, i.e. spectrally-dispersed observations obtained at vari-
ous epochs on various configurations with different calibrators

L9, page 2 of 4
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2. Surveys for exozodiacal disks

• The EXOZODI survey: 
• CHARA/FLUOR 

• started in 2005 
• K-band 
• Northern hemisphere 

(California) 
• VLTI/PIONIER 

• executed in 2012 
• H-band 
• Southern hemisphere 

(Chile)

17



Surveys for 
exozodiacal 
disks

• Exozodi detection frequency (K-band) 
• ~ 30% for A-, F-, and GK-type stars 
• ~ 15-20% for solar type stars
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interferometer 
• K-band 
• 42 stars 
• 8 year survey

Absil et al. 2013



Surveys for 
exozodiacal 
disks

• Excess distribution

19

Ertel et al. 2014

• VLTI/PIONIER  
interferometer 

• H-band 
• 88 stars 
• 1 year survey



Surveys for 
exozodiacal 
disks

• Excess distribution 
• 1 sigma median excess uncertainty: 

0.25% of the stellar flux

20

Ertel et al. 2014

• VLTI/PIONIER  
interferometer 

• H-band 
• 88 stars 
• 1 year survey



Surveys for 
exozodiacal 
disks

•Exozodi detection frequency  
with PIONIER 
• ~ 15% for A, F, and GK stars 
• ~ 12% for solar type stars

21

• VLTI/PIONIER  
interferometer 

• H-band 
• 88 stars 
• 1 year survey

Ertel et al. 2014



Surveys for 
exozodiacal 
disks

• Merging the CHARA/FLUOR 
and VLTI/PIONIER samples

22

• CHARA/FLUOR + 
VLTI/PIONIER  
data 

• 130 stars in total

Ertel et al. 2014



Surveys for 
exozodiacal 
disks

• Hot and cold dust :  
no correlation

23

• CHARA/FLUOR + 
VLTI/PIONIER  
data 

• 130 stars in total

Ertel et al. 2014



Surveys for 
exozodiacal 
disks

• No clear age dependence seen 
• increasing detection rate with increasing age?

24

• CHARA/FLUOR + 
VLTI/PIONIER  
data 

• 130 stars in total

Ertel et al. 2014



Surveys for 
exozodiacal 
disks

• Color of the excess across the H-band 
• flat disk to star contrast: suggests important 
contribution from scattered light 

25

Ertel et al. 2014

• VLTI/PIONIER  
interferometer



Surveys for 
exozodiacal 
disks

• Time series of near-IR excess 
• many excesses persist over timescales of a few years 
• possible variability for some objects

26

Ertel et al. 2016, 
submitted

• VLTI/PIONIER  
interferometer

A&A proofs: manuscript no. exozodi_fu_resub_1

brators can result in repeatable errors, since the same calibrators
(the best ones available) were used for most of the observations
of a given science target. Calibrators with faint companions or
extended circumstellar emission (bad calibrators) would only re-
duce the detected excesses, not cause false detections.

The targets for which excess has been detected and associ-
ated calibrators are not particularly bright or have large diame-
ters compared to our whole survey sample. Global systematics
in estimating the diameters of both science targets and calibra-
tors would result in a global shift in the distribution of χCSE to-
ward positive or negative excesses which is not seen in our sur-
vey statistics. Furthermore, uncertainties on stellar diameters are
minimized by observing at short baselines where both science
targets and calibrators are marginally resolved at most and the
remaining uncertainties are well considered in our excess and
error estimation. Moreover, we find the statistical errors (dom-
inated by piston noise) in measuring the raw squared visibil-
ities in the calibrator and science observations and potentially
apparent noise in the transfer function estimation due to bad cal-
ibrators (Ertel et al., in prep.) to dominate our uncertainties. The
combined effect of uncertain diameters of our science targets and
calibrators only contributes an absolute uncertainty of typically
5×10−4 (0.05%) to our excess measurements while the excesses
detected are typically larger than 5 × 10−3 (0.5%). We thus con-
sider any of the discussed effects to be very unlikely a cause for
false detections in our data.

Although the goal of this paper is to demonstrate the persis-
tence of the excesses, but not to discuss their nature, we note
that it has been demonstrated by Marion et al. (2014) that the
availability of closure phase data from PIONIER observations
enables us to distinguish between the presence of a point-like
companion and extended emission as a cause for the signal.

3.3. Variability in single targets

We have demonstrated that for a significant fraction of our tar-
gets the excess persists over time scales of a few years. However,
our analysis does not allow us to characterize or rule out vari-
ability of single sources. In the following, we present a search
for variability of the detected excesses. We focus on the broad
band excesses where variability is most readily detectable due to
the higher significance of the detections compared to the spec-
trally dispersed data. A more sophisticated search for variabil-
ity including the spectral slope of the emission requires detailed
modeling of the systems and depends on model assumptions.We
defer this analysis together with the production of sensitive up-
per limits on targets without detected variability and a theoretical
interpretation of the results to a forthcoming, dedicated paper.

Our time series of the excess measurements are plotted in
Fig. 2. We check whether the single excess measurements for a
target deviate significantly from their error weighted mean. The
significance ∆CSE of this deviation is computed as

∆CSE,i =
fCSE,i − ⟨ fCSE⟩
√

σ2f ,i + σ
2
⟨ f ⟩

(1)

where fCSE,i andσ f ,i are the flux ratio from a single measurement
and its error, ⟨ fCSE⟩ is the error weighted mean of all measure-
ments of one target, and σ2

⟨ f ⟩ is the standard deviation of this
mean. We again exclude from our analysis the data excluded in
Sect. 3.1. A significant deviation (> 3σ) is found for one target,
HD 7788 (Table 1).

We emphasize that this is a very conservative approach. A
statistical test of the distribution of the excess measurements for

Fig. 2. Time series of the excesses. In gray are measurements with in-
sufficient data quality (see Sect. 2.1), that have been excluded from our
statistical analysis and search for excesses.

a given target differs against a normal distribution would be a
more sensitive tracer of variability, but is not yet possible due
to the limited number of points available for each target. We
note that for HD210302 the measurements from the nights of
2012-07-24 and 2013-08-10 deviate deviate from each other by
3.5 times their respective error bars added in quadrature. The
first measurement shows significant excess (3.3σ) while the lat-
ter one and the one obtained on 2014-10-11 are consistent with
no excess. This may thus be considered as a tentative indica-
tion that the excess has fainted below our sensitivity between
July 2012 and August 2013. For all other targets, the broadband
excess measurements are consistent with constant excess over
the period it was monitored.

We conclude that around HD7788 we have for the first time
detected significant variability of the faint near-infrared excess
around a nearby main sequence star. As can be seen in Fig. 2, the
excess disappears (given our sensitivity) from the first detection
to the second observation about one year later and is re-detected
about another year later.

4. Summary and conclusions
We have demonstrated that the phenomenon causing the near-
infrared excess around nearby main sequence stars persists over
time scales of a few years for the majority of our detections. We
have also detected for the first time significant variability of the
excess in one star, HD 7788. In this case, the excess disappears
(given our sensitivity limits) within one year, but id re-detected
after another year. We conclude that excess can be expected to be
present aroundmost of our targets during follow-up observations
in the past years and demonstrate that follow-up observations of
detected excesses to characterize the excesses are generally not
hindered by strong variability on short time scales. However, the
detection of variability in HD7788 demonstrates that a single
star cannot be expected to show significant excess at a given ob-
servation. Thus, we conclude that in any case a small sample of

Article number, page 4 of 5



3. Radiative transfer modelling
• Methodology: 

• radiative transfer code GRaTer (Augereau et al. 1999, Lebreton et al. 2012) 
• disk properties around the sublimation distance (Lebreton et al. 2013) 
• grids of models, bayesian analysis

27
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Radiative 
transfer 
modelling

• Fomalhaut

28

– 17 –

Fig. 3.— Left panel: 2007 calibrated excess null depth measurements of Fomalhaut plotted as a

function of wavelength (crosses with error bars). Data were obtained at six different baselines and
grouped into one short equivalent baseline (≃ 61m) and one long (≃ 72m, see text for details).

Right panel: 2008 calibrated excess null depth measurements of Fomalhaut plotted as a function of
wavelength (crosses with error bars). Data were obtained at eight different baselines and grouped

into one short equivalent baseline (≃ 58m) and one long (≃ 76m, see text for details). In both
panels, the expected photospheric null depth has been subtracted from the original KIN data to
construct the ”excess null”, which reveals a possible circumstellar excess. The excess null created by

a 350-zodi exozodiacal disk is shown with triangles and dashed lines for comparison.

154 ABSIL ET AL. Vol. 704

Table 1
Goodness of Fit (χ2

r ) for the Photospheric Model as a Function of Oblateness
and Limb-darkening

ρ uK = 0.0 uK = 0.19a uK = 0.5 uK = 1.0

1.00 2.46 2.46 2.45 2.43
1.021b 2.44 2.43 2.42 2.41
1.05 2.42 2.42 2.41 2.40
1.10 2.46 2.46 2.45 2.44

Notes.
a Expected value of the limb-darkening coefficient, uK , in the K band (Claret
2000).
b Expected value of the photospheric oblateness, ρ, based on our oblate
photosphere model (see Appendix A).

disk is fully resolved at all baselines. It must be noted that in
the present case, due to the very short baselines, this condition
might not be completely fulfilled. The uniform emission model
should nevertheless provide a good estimation of the flux ratio
between the integrated circumstellar emission and the stellar
photosphere. More realistic circumstellar emission models will
be discussed in Section 5.

In Figure 6, we have fitted the whole VINCI data set with
a limb-darkened oblate stellar photosphere surrounded by a
uniform circumstellar emission. The quality of the fit is very
satisfactory, with χ2

r = 0.95 and no obvious trend in the
residuals, which are now nicely spread around 0. The best-fit
mean limb-darkened diameter is θLD = 2.218 ± 0.009 ± 0.042
mas, while the best-fit flux ratio between the circumstellar disk
and the star is 0.88% ± 0.05% ± 0.11%. Assuming that our
model is representative of the actual brightness distribution,
circumstellar emission is thus detected at a 7σ level. Another
representation of our detection is given in Figure 7 and discussed
in Appendix B.

Systematic errors dominate the noise budget in our detection.
This is not surprising as our short- and intermediate-baseline
data are calibrated with a single calibrator star (88 Aqr). The
uncertainty on this calibrator’s diameter is the main contributor
to the systematic error budget. Using a few different calibrators
would have been preferable to reduce systematic errors, but
the archival data were not originally meant to be used for
this particular purpose. We are nonetheless confident in the
robustness of our result for three main reasons. First, 88 Aqr
is a K giant with a slow rotational velocity (3.6 km s−1;
Hekker & Meléndez 2007) that has already been used as an
infrared photometric standard (Bouchet et al. 1991) and as an
interferometric calibrator by various authors without any hint
of unexpectedly high or low visibilities. This includes a recent
study dedicated to interferometric calibrators by Richichi et al.
(2009), where a UD diameter of 3.240 ± 0.057 mas is derived.
Second, we have independently estimated its angular diameter
using surface brightness relationships (Kervella et al. 2004b),
giving a UD diameter of 3.31 ± 0.08 mas in good agreement
with the value used in this study (3.26 ± 0.06 mas). Finally,
we note that an imperfect model for 88 Aqr cannot be at the
origin of the observed visibility deficit for the following reasons.
Artificially decreasing its angular diameter would increase
the calibrated visibilities of Fomalhaut. This would however
not reconcile the Fomalhaut calibrated data set with a simple
photospheric model, as it would have a much larger influence
on the data collected at mid-range baselines (D0–H0) than on
the short baseline data (E0–G0). A change in the limb-darkening
coefficient would not help either. The presence of a circumstellar

Figure 6. Result of the fit of a star–disk model to our full data set. The solid
line represents the best-fit star–disk model, while the dotted line represents the
best-fit result with a single star for comparison, using the same conventions as
in Figure 5.

environment (disk or companion) around the calibrator could
only reduce the measured calibrator visibilities with respect
to their expected values, which would result in an increase of
the calibrated visibilities for the scientific target and thereby
reduce the measured disk/star flux ratio with respect to its actual
value. Therefore, the probability that our detection is based on
a systematic effect related to the calibrator is considered to be
extremely low.

Our revised estimation of the stellar limb-darkened diameter
of Fomalhaut (θLD = 2.218 ± 0.009 ± 0.042 mas) is within
the error bar of the previous estimation by Di Folco et al.
(2004), as it is mainly based on long-baseline data which are
hardly affected by the presence of the circumstellar emission.
The large systematic error is due to the fact that most data (at
short- and mid-baseline lengths) have been calibrated with the
same reference star. A better accuracy on the stellar diameter can
actually be obtained by fixing the disk/star contrast at 0.88% and
by fitting only the long-baseline data, which have been obtained
with five different calibrators. The final result is then θLD =
2.223 ± 0.006 ± 0.021 mas

(
χ2

r = 0.31
)
, which is in very good

agreement with the estimation of Di Folco et al. (2004). The
actual angular diameter ranges between 2.246 ± 0.022 mas and
2.200 ± 0.022 mas (apparent major and minor axes), taking into
account the apparent oblateness of 1.021.

3.2. Fitting a Binary Star Model to the Complete Data Set

Besides a circumstellar disk, another potential source of
visibility deficit at short baselines would be a faint point-
like object within the interferometric FOV around the target
star. To reproduce the observed visibility drop, the off-axis
object should have a flux ratio of about 0.88% with respect to
Fomalhaut as seen through the interferometer in the K band,
which is equivalent to a magnitude K = 6.1 for a close
companion. Because of the Gaussian shape of the off-axis
coupling efficiency into the single-mode fibers, the companion
must be brighter than K = 6.1 to reproduce the VINCI
near-infrared excess if its angular separation is a significant

VINCI at VLTI Keck Interferomer Nuller

K-band (2.18 um), FOV: 6 AU

Circumstellar excess: 0.88±0.12%

N-band (8 to 13 um), FOV: 4 AU

Circumstellar null excess: 0.35±0.10%



Radiative 
transfer 
modelling

• Fomalhaut 
• a single dust population fails to 

reproduce everything together
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Fig. 4.— Upper 4 panels: KIN calibrated null measurements (purple diamonds) and results of best
fit models (Tab. 5, triangles). ”ALL” wavelengths model (red curve): uses all interferometric and

spectrophotometric data from 2 to 13 µm. ”SHORT” wavelengths model (blue curve): uses 2 to 11
µm data only. ”LONG” wavelengths model (green curve): uses 11 to 13 µm data only . Bottom panel:

solid black line: synthetic photosphere SED model. Purple diamonds: mid-IR spectro-photometric
measurements and K-band VLTI excess. Red, blue and green curves: resulting emission from the
disk, for each of the 3 best fit models (same color codes as for upper panels). Solid thick lines: total

(scattered + thermal light) emission. Dotted lines: thermal light only. A summary of data points
used for each of the 3 models can be found in Tab. 3.
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Fig. 4.— Upper 4 panels: KIN calibrated null measurements (purple diamonds) and results of best
fit models (Tab. 5, triangles). ”ALL” wavelengths model (red curve): uses all interferometric and

spectrophotometric data from 2 to 13 µm. ”SHORT” wavelengths model (blue curve): uses 2 to 11
µm data only. ”LONG” wavelengths model (green curve): uses 11 to 13 µm data only . Bottom panel:

solid black line: synthetic photosphere SED model. Purple diamonds: mid-IR spectro-photometric
measurements and K-band VLTI excess. Red, blue and green curves: resulting emission from the
disk, for each of the 3 best fit models (same color codes as for upper panels). Solid thick lines: total

(scattered + thermal light) emission. Dotted lines: thermal light only. A summary of data points
used for each of the 3 models can be found in Tab. 3.
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Radiative 
transfer 
modelling

• Fomalhaut 
• two dust populations

30
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Radiative 
transfer 
modelling

• Vega: 
• H- and K-band interferometry 
• N-band nulling interferometry (MMT-BLINC) 
• archival near- and mid-IR spectro-
photometry

31
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Radiative 
transfer 
modelling

• General properties: 
• very small grains (sub micron-sized < blow out size) 

• carbon-rich 
• accumulated next to the sublimation distance 
(0.1-0.5 AU) 

• dust mass (Mdust) : ~10
-10

 - 10
-9

 MEarth 
• replenishment rate (dMdust/dt): ~10

-10
 - 10

-9
 MEarth/year
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• Vega:  
• Absil et al. 2006 
• Defrère et al. 2011 

• Tau Ceti:  
• Di Folco et al. 2007 

• Fomalhaut:  
• Absil et al. 2009 
• Mennesson et al. 2013 
• Lebreton et al. 2013
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4. Origin of the exozodiacal dust

• The conundrum:  
replenishment in steady-state by collisions between planetesimals 
does NOT work for exozodiacal debris disks. 
 

• Possible solutions:  
• dynamical instabilities (e.g. LHB): 

unlikely to explain our statistics : <0.1% chance to observe a system 
in the aftermath of a dynamical instability, Bonsor et al. (2013) 

• link with the outer planetary system  

• something else…?

33



Origin of the 
exozodiacal 
dust

• Steady-state scattering by a 
chain of (unseen) planets 
• Solar System’s zodiacal cloud is thought to 

originate from Jupiter Family comets scattered 
inward by planets from the Kuiper Belt

34
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Origin of the 
exozodiacal 
dust

• Steady-state scattering by a 
chain of (unseen) planets 
• mass flux is insufficient to sustain Vega’s 

exozodi for example 

35

Bonsor et al. 2012 
Bonsor et al. 2014

7

Figure 7. The ratio between the number of particles scattered
into the inner planetary system (< 3AU) with (mass) and with-
out (nomass) migration of the outer planet, in the simulations
with an initial disc mass of 10M⊕. Only those planets that mi-
grated are shown, 2 and 5M⊕, with 10M⊕ for comparison. [Add

2M⊕ once the simulation finishes!. On short (< 100Myr)
timescales, the non-migrating planets scatter more material in-
wards, but the migrating planets continue to scatter material in-
wards on Gyr timescales.

Figure 8. The same as Fig. 7, except for an initial disc mass
of 100M⊕, and a bin width of 10Myr. The 50M⊕ migrated for
∼ 30Myr and the 70M⊕ for ∼ 10Myr (see Fig. 6), hence, the plot
only shows the behaviour on these shorter timescales.

ner in which this dust is resupplied is not clear. Collisions
between larger bodies are likely to play an important role,
but the orbits and evolution of these larger bodies remains
unknown.

In the context of our model we consider planetesimals,
with a size distribution that reflects that of the outer belt,
that are scattered inwards and reach the location of the exo-
zodi, that we suppose to be interior to 3AU. We do not con-
sider the complicated question of their further dynamical or
collisional evolution once in the inner regions. Most of these
particles enter the inner regions on highly eccentric orbits, as
opposed to stable orbits. We merely consider the scattering
as a mechanism to transport mass inwards, mass that is re-
quired to sustain the observed exozodi. We characterise the

Figure 9. The rate at which material is scattered interior to 3AU
in the simulations with Mbelt(0) = 10M⊕, calculated by counting
the number (mass) of particles that entered this region in time
bins of width 100Myr. The mass simulations where migration oc-
curred (Mpl = 2, 5M⊕), shown by the blue and black crosses,
should be compared to the simulations without migration, no

mass, shown by the triangles. The rest of the simulations, where
the outer planet’s migration was insignificant, are shown by the
small crosses for comparison. The horizontal lines indicate a scat-
tering rate of 10−9M⊕yr−1 required to sustain Vega’s exozodi,
with an efficiency of f = 100% and f = 10%. ADD 2M⊕

Figure 10. The same as Fig. 9, but only for an outer
planet mass of Mpl = 5M⊕, with Mbelt(0) = 10M⊕, chang-
ing the separation of the inner planets from a2

a1
= 1.3 to

a2
a1

= 1.5 and 1.7, or the masses of the inner pair of planets

to [10M⊕, 5M⊕], [30M⊕, 5M⊕], [100M⊕, 5M⊕], [100M⊕, 30M⊕]
and [30M⊕, 100M⊕].

efficiency at which the mass scattered inwards is converted
to small dust grains (D < 1mm) that can be observed using
the parameter f%. This efficiency is an unknown, which may
vary significantly depending on the orbits of the scattered
particles, their collisional evolution, the structure of the disc
in the inner regions and so forth, varying even during the
lifetime of the same system. If Vega’s exozodi is typical, this
leads to a rough estimate of a mass in planetesimals scat-
tered inwards of ∼ 10−9 f M⊕yr

−1 required to sustain an
exozodi.
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Figure 1. A diagram (not to scale) to illustrate the scattering of planetesimals by an outer planet, that leads to an exchange
of angular momentum and the outerward migration of that planet. Some of the scattered particles are ejected, whilst some are
scattered into the inner planetary system, where they interact with the inner planets. This scattering leads to a flux of material
into the exozodi region.

Planet

Outer planet semi-major axis apl,out 15AU
Planet semi-major axes apl 5,6.6,8.7,11.4,15AU
Planet semi-major axes∗ apl 5,8.7,15AU

Planet masses Mbelt(0) = 10M⊕ Mpl 2, 5, 10, 15, 20, 30M⊕

Planet masses Mbelt(0) = 100M⊕ Mpl 50, 70, 100, 130, 165, 465M⊕

Planet density (Mpl < 0.5M⊕) ρ 3.9gcm−3

Planet density (0.5 < Mpl < 10M⊕) ρ 5.5gcm−3

Planet density (11 < Mpl < 49M⊕) ρ 1.6gcm−3

Planet density (50 < Mpl < 500M⊕) ρ 1.3gcm−3

Ratio between planet periods a2
a1

1.3, 1.5,1.7

Inner pair of planets [10M⊕, 5M⊕], [30M⊕, 5M⊕], [100M⊕, 5M⊕], [100M⊕, 30M⊕], [30M⊕, 100M⊕]

Planetesimal belt

No. of particles N 2,500
Planetesimal mass no mass 0
Planetesimal mass mass Mbelt(0)/N

Total mass Mbelt(0) 10, 100M⊕

Surface density Σdr ∝ r−1dr
Semi-major axes app 15-30AU

Eccentricity epp 0-0.01
Inclinations ipp 0− 0.1′

Longitude of ascending node Ωpp 0− 360◦

Longitude of pericentre Λpp 0− 360◦

Free anomaly fpp 0− 360◦

Other parameters

Stellar Mass M∗ 1M⊙

Ejection radius rout 10000AU
Inner radius rin 3AU

Table 1. Initial conditions of our simulations

∗ For planet masses higher than Mpl = 40M⊕

illustrates a planetary system of this configuration and
the manner in which an exozodi may be produced. Al-
though an exozodi may be produced by a planetary sys-
tem of a different configuration, for the purposes of this
study we limit ourselves to this architecture.

A further complication arises due to the fact that the
observed exozodi results from the emission due to small
dust grains, yet due to the computationally intensive na-
ture of our N-body simulations, we can only follow the
evolution of ‘large’ planetesimals. We consider the ob-
served small dust to be a lower limit on the total mass
of material that must be transported inwards in order to
sustain an exozodi. In our simulations we track the mass
of planetesimals that is scattered inwards. Planetesimals

scattered into the inner regions of the planetary system
evolve due to a variety of processes, including collisional
processing, sublimation and radiative forces, for example
Nesvorný et al. (2010) suggest the spontaneous disrup-
tion of comets, driven by sublimating volatiles, produces
the zodiacal dust in our Solar System. We envisage that
these lead to the conversion of the scattered planetesi-
mals to the observed small dust grains, with some effi-
ciency, but exact modelling of this problem is complex
and not the focus of the current work. Thus, we use the
rate at which planetesimals are scattered interior to 3AU
as a proxy for the maximum rate at which the observed
exozodi could be replenished. This is a reasonable ap-
proximation, as long as the lifetime of the planetesimals
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Origin of the 
exozodiacal 
dust

• Steady-state scattering by a 
chain of (unseen) planets 
• mass flux is insufficient to sustain Vega’s 

exozodi for example 
• With planetesimal driven migration: mass 

flux might be sustained long enough 

36

Bonsor et al. 2012 
Bonsor et al. 2014

7

Figure 7. The ratio between the number of particles scattered
into the inner planetary system (< 3AU) with (mass) and with-
out (nomass) migration of the outer planet, in the simulations
with an initial disc mass of 10M⊕. Only those planets that mi-
grated are shown, 2 and 5M⊕, with 10M⊕ for comparison. [Add

2M⊕ once the simulation finishes!. On short (< 100Myr)
timescales, the non-migrating planets scatter more material in-
wards, but the migrating planets continue to scatter material in-
wards on Gyr timescales.

Figure 8. The same as Fig. 7, except for an initial disc mass
of 100M⊕, and a bin width of 10Myr. The 50M⊕ migrated for
∼ 30Myr and the 70M⊕ for ∼ 10Myr (see Fig. 6), hence, the plot
only shows the behaviour on these shorter timescales.

ner in which this dust is resupplied is not clear. Collisions
between larger bodies are likely to play an important role,
but the orbits and evolution of these larger bodies remains
unknown.

In the context of our model we consider planetesimals,
with a size distribution that reflects that of the outer belt,
that are scattered inwards and reach the location of the exo-
zodi, that we suppose to be interior to 3AU. We do not con-
sider the complicated question of their further dynamical or
collisional evolution once in the inner regions. Most of these
particles enter the inner regions on highly eccentric orbits, as
opposed to stable orbits. We merely consider the scattering
as a mechanism to transport mass inwards, mass that is re-
quired to sustain the observed exozodi. We characterise the

Figure 9. The rate at which material is scattered interior to 3AU
in the simulations with Mbelt(0) = 10M⊕, calculated by counting
the number (mass) of particles that entered this region in time
bins of width 100Myr. The mass simulations where migration oc-
curred (Mpl = 2, 5M⊕), shown by the blue and black crosses,
should be compared to the simulations without migration, no

mass, shown by the triangles. The rest of the simulations, where
the outer planet’s migration was insignificant, are shown by the
small crosses for comparison. The horizontal lines indicate a scat-
tering rate of 10−9M⊕yr−1 required to sustain Vega’s exozodi,
with an efficiency of f = 100% and f = 10%. ADD 2M⊕

Figure 10. The same as Fig. 9, but only for an outer
planet mass of Mpl = 5M⊕, with Mbelt(0) = 10M⊕, chang-
ing the separation of the inner planets from a2

a1
= 1.3 to

a2
a1

= 1.5 and 1.7, or the masses of the inner pair of planets

to [10M⊕, 5M⊕], [30M⊕, 5M⊕], [100M⊕, 5M⊕], [100M⊕, 30M⊕]
and [30M⊕, 100M⊕].

efficiency at which the mass scattered inwards is converted
to small dust grains (D < 1mm) that can be observed using
the parameter f%. This efficiency is an unknown, which may
vary significantly depending on the orbits of the scattered
particles, their collisional evolution, the structure of the disc
in the inner regions and so forth, varying even during the
lifetime of the same system. If Vega’s exozodi is typical, this
leads to a rough estimate of a mass in planetesimals scat-
tered inwards of ∼ 10−9 f M⊕yr

−1 required to sustain an
exozodi.
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Figure 1. A diagram (not to scale) to illustrate the scattering of planetesimals by an outer planet, that leads to an exchange
of angular momentum and the outerward migration of that planet. Some of the scattered particles are ejected, whilst some are
scattered into the inner planetary system, where they interact with the inner planets. This scattering leads to a flux of material
into the exozodi region.
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Stellar Mass M∗ 1M⊙

Ejection radius rout 10000AU
Inner radius rin 3AU

Table 1. Initial conditions of our simulations

∗ For planet masses higher than Mpl = 40M⊕

illustrates a planetary system of this configuration and
the manner in which an exozodi may be produced. Al-
though an exozodi may be produced by a planetary sys-
tem of a different configuration, for the purposes of this
study we limit ourselves to this architecture.

A further complication arises due to the fact that the
observed exozodi results from the emission due to small
dust grains, yet due to the computationally intensive na-
ture of our N-body simulations, we can only follow the
evolution of ‘large’ planetesimals. We consider the ob-
served small dust to be a lower limit on the total mass
of material that must be transported inwards in order to
sustain an exozodi. In our simulations we track the mass
of planetesimals that is scattered inwards. Planetesimals

scattered into the inner regions of the planetary system
evolve due to a variety of processes, including collisional
processing, sublimation and radiative forces, for example
Nesvorný et al. (2010) suggest the spontaneous disrup-
tion of comets, driven by sublimating volatiles, produces
the zodiacal dust in our Solar System. We envisage that
these lead to the conversion of the scattered planetesi-
mals to the observed small dust grains, with some effi-
ciency, but exact modelling of this problem is complex
and not the focus of the current work. Thus, we use the
rate at which planetesimals are scattered interior to 3AU
as a proxy for the maximum rate at which the observed
exozodi could be replenished. This is a reasonable ap-
proximation, as long as the lifetime of the planetesimals
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Something 
else?

• Magnetic trapping 
• increases the grain lifetime 
• relaxes the replenishment rate
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Concluding 
remarks

• PIONIER + FLUOR : Hot, exozodiacal dust is found 
around 15-20% of solar-type stars. They appear 
randomly (e.g. no correlation with age or presence of 
cold dust) 

• Grains seen in the near-IR are very small, 
carbonaceous, and close to the sublimation distance 

• Spectrally dispersed interferometric data are essential 
in the near-IR to mid-IR 

• Their origin is still quite mysterious. Our preferred 
scenario involves a link with the outer planetary system
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