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ABSTRACT
We present the first characterisation of the 12 µm warm dust (‘exo-Zodi’) luminosity function
around Sun-like stars, focusing on the dustiest systems that can be identified by the WISE
mission. We use the sample of main-sequence stars observed by Hipparcos within 150 pc as an
unbiased sample, and report the detection of six new warm dust candidates. The ages of five of
these new sources are unknown, meaning that they may be sites of terrestrial planet formation
or rare analogues of other old warm dust systems. We show that the dustiest old (>Gyr)
systems such as BD+20 307 are 1 in 10 000 occurrences. Bright warm dust is much more
common around young (<120 Myr) systems, with a ∼1 per cent occurrence rate. We show that
a two component in situ model, where all stars have initially massive warm discs and in which
warm debris is also generated at some random time along the stars’ main-sequence lifetime,
perhaps due to a collision, can explain the observations. However, if all stars have only initially
massive warm discs, then these would not be visible at Gyr ages, and random collisions on
the main sequence are too infrequent to explain the high disc occurrence rate for young stars.
That is, neither of the components can explain the observations on their own. Despite these
conclusions, we cannot rule out an alternative dynamical model in which comets are scattered
in from outer regions because the distribution of systems with the appropriate dynamics is
unknown. Our in situ model predicts that the fraction of stars with exo-Zodi bright enough to
cause problems for future exo-Earth imaging attempts is at least roughly 10 per cent, and is
higher for populations of stars younger than a few Gyr. This prediction of roughly 10 per cent
also applies to old stars because bright systems like BD+20 307 imply a population of fainter
systems that were once bright, but are now decaying through fainter levels. Our prediction
should be strongly tested by the Large Binocular Telescope Interferometer, which will provide
valuable constraints and input for more detailed evolution models. A detection fraction lower
than our prediction could indicate that the hot dust in systems like BD+20 307 has a cometary
origin due to the quirks of the planetary dynamics. Population models of comet delivery need
to be developed to help distinguish between different possible origins of warm dust.

Key words: circumstellar matter – stars: individual: HD 19257 – stars: individual: HD 23586 –
stars: individual: HD 94893 – stars: individual: HD 154593 – stars: individual: HD 194931.

1 IN T RO D U C T I O N

Perhaps the most important long-term goal of humankind is to
find and communicate with aliens, the inhabitants of extra-Solar
systems. This goal is a difficult one, with many challenges to over-
come before it is technically possible to even image an Earth-like
planet around another star. When it is eventually attempted, imaging
detection of these planets could still be thwarted by the presence of

� E-mail: gkennedy@ast.cam.ac.uk

exo-Zodiacal (exo-Zodi) dust located in or near the terrestrial zone,
which with sufficient dust levels can mask the presence of exo-
Earths (e.g. Beichman et al. 2006; Absil et al. 2010; Roberge et al.
2012). Therefore, in preparation for future missions that will target
specific stars, a critical piece of information is whether those stars
harbour dust at a level that precludes the detection of an Earth-like
planet.

While such knowledge will be crucial in specific cases, stars
searched for warm dust may not be targeted in an unbiased way
that yields information on the underlying distribution and its ori-
gins. For example, the most promising targets may be deemed to
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be those without cool Edgeworth–Kuiper belt analogues, or with
other specific properties that may unbeknownst to us correlate with
the presence of faint warm dust. The results cannot therefore be
used to construct the brightness distribution (aka luminosity func-
tion, defined formally at the start of Section 3) of warm dust belts,
or to make predictions for stars that were not observed or about
which no dust was detected. Therefore, an equally important goal
is to characterise the luminosity function, with the overall aim of
understanding warm dust origin and evolution.

Evolution is of key importance here, because the brightest warm
dust sources seen around nearby stars cannot necessarily maintain
the same brightness indefinitely. The observed emission comes from
small particles that are eventually lost from the system, and the very
existence of emission for longer than terrestrial zone orbital time-
scales – a few years – means that mass in small grains is being
lost and replenished, and the small particles necessarily originate
in a finite reservoir of larger objects. The question is whether those
parent bodies are located at the same distance from the star as the
dust (what we call an ‘in situ’ scenario) or at a much more distant
location (what we call a ‘comet delivery’ scenario).

The possibility of such different origins means that the rate at
which warm dust decays is unknown. For example, if the observed
dust has its origins in an outer Edgeworth–Kuiper belt analogue
and is scattered inward by planets (i.e. a comet delivery scenario;
Nesvorný et al. 2010; Bonsor & Wyatt 2012; Bonsor, Augereau
& Thébault 2012), the warm dust could be extremely long lived.
Given the lack of evolution seen for main-sequence exo-Kuiper
belts around Sun-like stars (e.g. Trilling et al. 2008), dust levels
may not appear to decay at all during the stellar main-sequence
lifetime. If, however, the dust originates near where it is observed
(i.e. in situ), it would decay due to a decreasing number of parent
bodies via collisions in a way that is reasonably well understood
(e.g. Dominik & Decin 2003; Wyatt et al. 2007a; Löhne, Krivov &
Rodmann 2008). In this scenario, it also follows that the brightest
warm discs are necessarily the tip of an iceberg of fainter discs;
the decay time-scale depends on the amount of mass that is present
so systems decay as 1/time (e.g. Dominik & Decin 2003), and for
every detection of bright warm dust that was created relatively re-
cently, many more exist that are older and fainter, and are slowly
grinding themselves to oblivion. Another conclusion from this kind
of evolution is that the bright warm dust systems seen around rela-
tively old stars cannot arise from in situ decay that started when the
star was born; projecting the 1/time decay back to early times pre-
dicts implausibly large initial brightnesses, and delaying the onset
of this decay for ∼Gyr time-scales within a steady-state scenario
requires implausibly large or strong planetesimals (Wyatt et al.
2007a).

These two different origins present very different structural and
dynamical pictures of planetary systems, which may manifest dif-
ferently in the warm dust luminosity function. For example, an
observed luminosity function similar to that expected from 1/time
decay would be a smoking gun for in situ origin and evolution. How-
ever, because the luminosity function in the comet delivery scenario
is at least in part set by the (unknown) distribution of systems with
the appropriate structural and dynamical properties, and the source
regions may themselves be decaying as 1/time, the observation of
such a function would not be absolute proof. As a further complica-
tion, it may be that the processes that generated the dust in BD+20
307 and HD 69830 systems (i.e. the dustiest warm systems, whose
host stars are ∼Gyr old) are completely different to those that result
in the faintest systems. It could for example be that BD+20 307-
like systems are the result of late (i.e. ∼Gyr) dynamical instabilities

(Song et al. 2005), while faint Asteroid belt and Zodiacal cloud-like
systems are the decay products of young massive belts that emerged
from the protoplanetary disc phase or arise due to comet delivery.
Therefore, our work here must be complemented by studies that,
for example, aim to discover whether warm dust is correlated with
the presence of cooler dust (e.g. Absil et al. 2013).

Here, we use the stars observed by Hipparcos (van Leeuwen
2007) as an unbiased sample to characterise the bright end of the
warm dust luminosity function using mid-infrared (IR) photometry
from the WISE mission (Wright et al. 2010). A secondary goal is
to discover new bright warm discs, though few discoveries are ex-
pected among these stars due to previous IRAS and AKARI studies
with a similar goal (e.g. Aumann & Probst 1991; Oudmaijer et al.
1992; Song et al. 2005; Fujiwara et al. 2010, 2012a; Melis et al.
2012). The key difference between those studies and ours is that
we count the non-detections, and therefore quantify the rarity of
bright warm dust systems. We first outline our sample (Section 2)
and excess (Section 3) selection, and then cull disc candidates from
these excesses (Section 4). We go on to compare the luminosity
function with a simple in situ evolutionary model and make some
basic predictions within the context of this model for future sur-
veys for faint warm dust (Section 5). Finally, we discuss some of
the issues with our model and comet delivery as an alternative (but
equally plausible) exo-Zodi origin (Section 6).

2 SAMPLE D EFI NI TI ON

Stars are selected from the Hipparcos catalogue (van Leeuwen
2007) using an observational Hertzsprung-Russell (HR) diagram.
Because warm dust and planets have been discovered over a wide
range of spectral types that might be taken as ‘Sun-like’, we use
a fairly broad definition of 0.3 < BT − VT < 1.5, in addition only
keeping stars with BT < 11 to ensure that the Tycho-2 photometric
uncertainties are not too large (Høg et al. 2000), particularly for
faint cool M types and white dwarves that otherwise creep into
the sample. Using the Tycho-2 Spectral Type Catalogue (Wright
et al. 2003), the main-sequence spectral types whose most common
BT − VT colours are 0.3 and 1.5 are A8 and K5, respectively. While
stars have a range of colours at a given spectral type, the bulk of
the spectral types in our sample will lie between these bounds. To
ensure that we do not select heavily reddened or evolved stars that
are wrongly positioned in the HR diagram, we only retain stars
within 150 pc, and restrict the parallax signal to noise ratio (S/N)
of stars to be better than 5. Finally, we exclude stars within 2◦ of
the Galactic plane, as we found that many WISE source extractions,
even for relatively bright stars, are unreliable there. With these cuts
27 333 stars remain.

We exclude evolved stars, which may show excesses due to cir-
cumstellar material associated with mass-loss, by excluding stars
with MHp > 5 when BT − VT > 1.1, and with MHp > 25/3(BT −
VT − 0.5) when BT − VT ≤ 1.1 (3159 stars).1 This cut is based
purely on by-eye inspection of Fig. 1, but as long as it lies in the
Hertzsprung gap the sample size is only weakly sensitive to actual
position because there are few stars there. The line is broken at 1.1
because a single line does not simultaneously exclude most stars
crossing the Hertzsprung gap and include pre-main-sequence stars
such as HD 98800 (the rightmost filled circle at BT − VT = 1.4,

1 Hp is a Hipparcos-specific bandpass, whose response peaks at about
5000 Å with a full width at half-maximum sensitivity of about 2000 Å.
See Bessell (2005) for a comparison with other passbands.
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Figure 1. Top: HR diagram showing stars with 0.3 < BT − VT < 1.5, split
into Sun-like main-sequence stars and evolved stars by the dashed line.
The top axis shows spectral types calculated using synthetic photometry of
PHOENIX stellar atmosphere models (Brott & Hauschildt 2005). Stars with
W1 − W3 greater than 0.1 mag are shown as circles: open for evolved stars
and filled for main-sequence stars. Bottom: fraction of main-sequence stars
with W1 − W3 > 0.1. The dotted bars show all stars with W1 − W3 > 0.1
(i.e. filled dots in the top panel), while the solid bars and numbers show those
with plausible warm dust emission after individual checking (see Section 4).

Hp = 6). Because they are selected solely using optical photometry
and parallax, the 24 174 stars selected by these criteria are unbi-
ased with respect to the presence of warm dust. The Hipparcos HR
diagram for the sample is shown in Fig. 1, which shows all 27 333
stars within the BT − VT range, the cut used to exclude evolved
stars (dashed line), and those found to have 12 µm excesses by the
criteria described below (large dots and circles).

2.1 Age distribution

It will become clear later that knowing the age distribution of our
sample stars is useful. The simplest assumption would be that the
ages are uniformly distributed. However, given the tendency for stars
to have earlier types than the Sun (Fig. 1), this assumption yields
an unrealistically high fraction of ∼10 Gyr old main-sequence stars
(i.e. spectral types later than the Sun). Our sample spans a suffi-
ciently wide range of spectral types that the main-sequence lifetimes
vary significantly. For example, the earliest spectral types are late A-
types, with ∼Gyr main-sequence lifetimes, while the latest spectral
types are late K-types, with main-sequence lifetimes exceeding the
age of the Universe. Stars are therefore assumed to have ages dis-
tributed uniformly between zero and their spectral-type-dependent
main-sequence lifetime, with the overall age distribution derived
using the distribution of BT − VT colours (i.e. the colours are used
as a proxy for the distribution of spectral types, a full description is
given in Appendix B). The final age distribution is shown in Fig. 2,
which we assume throughout. Using a more simplistic assumption
of uniformly distributed ages between 0 and 10 Gyr for all stars
does not alter any of our conclusions.

Figure 2. Spectral type-weighted age distribution adopted for our sam-
ple. The line shows the cumulative fraction (divided by 10). Thus, about
50 per cent of our stars are younger than 2.5 Gyr. The dashed line shows the
constant relative frequency of 0.1035 and the fourth-order polynomial fit
used to generate synthetic age populations (see Appendix B).

3 EXCESS SELECTI ON

If warm dust is sufficiently bright relative to the host star, it will
manifest as a detectable mid-IR (i.e. 10–20 µm) excess relative to
the stellar photosphere, which for ∼300 K dust peaks near 12 µm.
The WISE bands are well suited for this task, and because it has about
an order of magnitude better sensitivity to 300 K dust compared to
W4 (see fig. 2 of Kennedy & Wyatt 2012) we use the 12 µm W3
band.2

Our luminosity function is therefore formally the distribution of
12 µm disc-to-star flux density ratios, which we will use in cu-
mulative form. We use the term ‘luminosity function’ largely for
conciseness. The disc luminosity of course not only depends on the
12 µm flux ratio, but also on the disc temperature and stellar proper-
ties. If the ratio of the observed to stellar photospheric flux density
is R12 = F12/F�, and the disc-to-star flux ratio is ξ 12 = R12 − 1,
then the luminosity function is the fraction of stars with ξ 12 above
some level.

To derive the 12 µm luminosity function, we would ideally have
a sample for which the sensitivity to these excesses is the same
for all stars. Then the distribution is simply the cumulative excess
counts divided by the total sample size. Our use of Hipparcos stars
with the above parallax requirement ensures that this ideal is met;
all stars in our overall sample have better than 6 per cent photometry
at 1σ in W3, and 98 per cent have better than 2.5 per cent photom-
etry at 1σ . Given that the calibration uncertainty in this band is
4.5 per cent (Jarrett et al. 2011), the fractional photometric sensi-
tivity for all sample stars is essentially the same at about 5 per cent
1σ . Therefore, the disc sensitivity is ‘calibration limited’ for our
purposes (see Wyatt 2008), with a 5 per cent contribution from the
WISE photometry, and a ∼2 per cent contribution from the stellar
photosphere. That is, we are limited to finding 3σ 12 µm excesses
brighter than about 15 per cent of the photospheric level (flux ratios
of R12 ≥ 1.15). This property means that we can select excesses by
choosing stars with a red 3.4−12 µm (W1 − W3) colour.

2 The WISE bands are known as W1, W2, W3 and W4, with wavelengths of
3.4, 4.6, 12 and 22 µm, respectively (Wright et al. 2010; Jarrett et al. 2011).
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Figure 3. Histograms of W1 − W3 colours for 24 174 main-sequence stars
(i.e. those below the dashed line in Fig. 1). The inset shows a smaller range
of W1 − W3 with a linear count scale. The dark grey bars show all sources
and light grey bars show only sources where the WISE extension flag is not
set (i.e. ext_flg=0). Curves show Gaussian fits to the overall sample. The
dashed line shows the threshold of W1 − W3 = 0.1 mag for stars to become
excess candidates (filled dots in Fig. 1).

Though our excess limit is a uniform 15 per cent due to the sample
stars being bright, this brightness brings other potential problems.
Stars brighter than 8.1, 6.7, 3.8 and −0.4 mag are saturated in W1 −
4, respectively, so nearly all stars are saturated in the W1 band
to some degree, while only about a hundred are saturated in W3.
However, comparison with Two Micron All Sky Survey (2MASS)
photometry shows that the WISE W1 source extraction is reliable
well beyond saturation and shows no biases up to about 4.5 mag,
and only about 400 stars are brighter than this level.3 Therefore,
saturation actually affects a very small fraction of our stars. How-
ever, bright stars are the nearest to Earth and therefore potentially
important for future studies if warm dust can be discovered, so we
need to be sure that we are not biased against true excesses, i.e. that
excesses selected based on W1 − W3 are not systematically missed
due to some problem associated with W3. We did not find any signs
of W3-specific issues, but noted that the S/N of W1 photometry
depends fairly strongly on stellar brightness, with the brightest (i.e.
more saturated) stars having lower S/N (i.e. stars brighter than about
7.25 mag in VT have S/N < 20). The increased W1 − W3 scatter for
these stars means some excesses may be missed for those with W1
that happens to be scattered brighter than the actual brightness. This
issue affects ∼1000 stars, and we show in Section 4.4 that we can
rule out missing excesses for the worst of these cases. Given that
there is no evidence for a problem with using W1 − W3 to identify
excesses, we now proceed and leave possible issues with the WISE
photometry to be identified in the individual source checking stage
below.

The W1 − W3 distribution of the 24 174 stars is shown in Fig. 3.
A Gaussian fit centred on W1 − W3 = −0.041 with dispersion σ =
0.024 is shown, the fit being consistent with the photometric accu-
racy described above. The slightly negative average colour arises
because our stars are later spectral types than the reference A0V
spectrum used for Vega magnitudes. The logarithmic scale (main
plot) shows that systematic effects spread the distribution further for

3 http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec6_3c.html

a relatively small number of sources. We therefore looked for prop-
erties that appear to predict W1 − W3 colours significantly different
to −0.041 as indicators of systematic effects. Stars with companion
sources at separations of 5–16 arcsec in the Hipparcos catalogue
are more likely to have W1 − W3 < 0.3, as are WISE-saturated
sources. We found that the best indicator of negative W1 − W3
was the WISE extension flag (ext_flg), which indicates sources
not well described by the WISE point spread function, or those
near extended sources in the 2MASS Extended Source Catalogue.
Aside from a few very bright sources, there is little brightness de-
pendence on W1 − W3 colour, so it seems that the bulk of sources
with blue WISE colours are due to poor source extractions for con-
fused sources. Five of the warm dust candidates found below have
ext flg = 1, but four are already known to host warm dust. For
this reason, and because we subsequently check them individually
we cull candidates from the full list of 24 174 stars.

The WISE W3 calibration-limited sensitivity of about 5 per cent,
combined with the average W1 − W3 colour of −0.04 means that a
sensible threshold to use for true 12 µm excesses that can be found
to be significant is about 0.1 mag. While we could choose a slightly
lower threshold to include more sources that may turn out to be
robust after more detailed analysis, this threshold is also practical in
that it limits the number of sources to check by hand to a reasonable
number; as we show below the false-positive rate already is fairly
high and we expect this rate to increase strongly as the threshold
moves closer to −0.04 (e.g. decreasing the threshold from 0.15
to 0.1 roughly doubles the number of sources to check, but only
results in 25 per cent more warm dust candidates, and decreasing
the threshold to 0.05 would yield 181 more sources to check). Stars
later than about K0 have slightly redder W1 − W3 than average
(tending to about zero colour for BT − VT = 1.5). This trend has
the potential to add more false positives, but in practise does not
because it only affects a few hundred stars. We therefore identify as
promising 12 µm excess candidates the 96 main-sequence stars with
W1 − W3 above 0.1, which are marked as large filled dots in Fig. 1.
Stars this red may show a 3σ W3 excess based on the photometric
uncertainties of most stars. To study these 96 sources further we use
χ2 minimization to fit PHOENIX stellar photosphere (spectral energy
distribution, SED) models (Brott & Hauschildt 2005) to 2MASS,
Hipparcos (Perryman & ESA 1997), Tycho-2 (Høg et al. 2000),
AKARI (Ishihara et al. 2010) and WISE W1−2 photometry (Wright
et al. 2010) to provide a more accurate prediction of the W3 flux
density to compare with the WISE measurements. The SED fitting
method has previously been validated through work done for the
Herschel DEBRIS survey (e.g. Kennedy et al. 2012a,b)

4 WA R M D U S T C A N D I DAT E S

We now check the 96 stars with candidate excesses for plausibility
by inspecting the SEDs and WISE images for each source. The is-
sues that arise are all due to WISE source extraction, but for several
different reasons. Some are affected by bright nearby sources and
image artefacts, while others are moderately separated binary sys-
tems where the WISE source extraction has only measured a single
source. In some cases, the W1 photometry is shown to be underes-
timated, generally due to saturation. The results of the SED fitting
alone are not sufficient for recognizing spurious excesses and im-
age inspection is generally required. While we inspected all of the
images for the few candidates identified here, there are commonly
indications in the WISE catalogue – primarily apparent variability
– that might be used in a larger study. Notes on individual sources
are given in Appendix A. We find 25 systems with plausible and
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Table 1. Significant 12 µm excess candidates, new excesses are marked with a �. TBB is the blackbody temperature fitted to the warm dust emission (in
K). See Appendix A for notes on all 96 sources considered. Spectral types are from SIMBAD. References: 1: Zuckerman et al. (2008), 2: Weinberger
et al. (2011), 3: Fujiwara et al. (2012b), 4: Fujiwara et al. (2012a), 5: Melis et al. (2010), 6: Sierchio et al. (2010), 7: Mamajek (2005), 8: de Zeeuw et al.
(1999), 9: Chen et al. (2012), 10: Oudmaijer et al. (1992), 11: Zuckerman & Becklin (1993), 12: Yang et al. (2012), 13: Chen et al. (2011), 14: Smith,
Wyatt & Haniff (2012), 15: Rizzuto, Ireland & Robertson (2011), 16: Carpenter et al. (2009), 17: Honda et al. (2004), 18: Gregorio-Hetem et al. (1992),
19: Fajardo-Acosta, Beichman & Cutri (2000), 20: Holmberg, Nordström & Andersen (2009), 21: Rizzuto, Ireland & Zucker (2012) and 22: Tetzlaff,
Neuhäuser & Hohle (2011).

HIP Name R12 TBB Spty Age Group Comments

8920 BD+20 307 27.4 440 G0 ∼1 Gyr Close binary, no cold dust. (1, 2)
11696 HD 15407A 5.4 560 F5 80 Myr No cold dust. (3, 4, 5)

�14479 HD 19257 2.1 250 A5 ?
17091 HD 22680 1.2 200 G 115 Myr Pleiades (6)
17401 HD 23157 1.2 180 A5 115 Myr Pleiades (6)

�17657 HD 23586 1.4 290 F0 ?
�53484 HD 94893 1.2 150 F0 ? LCC? Membership uncertain. (7)
56354 HD 100453 91.6 – A9 17 Myr LCC Herbig Ae. (8, 9, 10)
55505 HD 98800B 7.6 170 K4 8 Myr TWA Close binary in quadruple system. Possible transition disc. (11, 12)
58220 HD 103703 1.4 260 F3 17 Myr LCC (8, 13)
59693 HD 106389 1.3 290 F6 17 Myr LCC (8, 13)
61049 HD 108857 1.4 230 F7 17 Myr LCC (8, 13)
63975 HD 113766A 1.4 300 F4 17 Myr LCC Excess around primary in 160 au binary. (8, 14)
64837 HD 115371 1.2 238 F3 17 Myr LCC Membership probability 50 per cent. (15)
73990 HD 133803 1.2 180 A9 15 Myr UCL (8, 9)
78996 HD 144587 1.4 220 A9 11 Myr US (8, 16)
79288 HD 145263 13.6 240 F0 11 Myr US (8, 9, 17)
79383 HD 145504 1.2 206 F0 17 Myr US (15)
79476 HD 145718 110.0 – A8 17 Myr US Herbig Ae. (8, 18)
81870 HD 150697 1.2 234 F3 3.2 Gyr? ? Near edge of ρ Oph star-forming region so may be younger. (19, 20)

�83877 HD 154593 1.2 285 G6 ?
86853 HD 160959 1.6 210 F0 15 Myr? UCL? Membership probability 50 per cent due to excess (21), may be older (20)

�88692 HD 165439 1.2 200 A2 11 Myr? Age uncertain? (22)
89046 HD 166191 45.9 ? F4 ? Protoplanetary disc? (suggests young age)

�100464 HD 194931 1.2 188 F0 ?

significant 12 µm excesses, of which all but six were previously
known to host significant levels of warm dust. These six should be
considered as promising candidates and require further characteri-
sation, but are considered here to be real. The 25 are listed in Table 1
and detailed SEDs are shown in Appendix C.

The inclusion or exclusion of targets from the list of 25 in the
context of our goal here merits some discussion. Because we wish to
find the warm dust luminosity function for main-sequence stars, our
sample should include any object that plausibly looks like a debris
disc, even if it appears to be an extreme specimen. Though the
most extreme discs, such as BD+20 307 are very rare, this rarity
is unsurprising, at least in an in situ scenario; brighter (i.e. more
massive) discs decay more rapidly due to more frequent collisions,
resulting in a decreased detection probability at the peak of their
activity.

4.1 Protoplanetary discs

We do not include protoplanetary discs in our luminosity function
because they represent a qualitatively different phase of evolution
to the debris disc phase (e.g., models of their decay are not simply
power laws; Clarke, Gendrin & Sotomayor 2001). Including proto-
planetary discs would require that models of the luminosity function
include a prescription for the poorly understood transition from this
phase to the debris disc phase, which would be very uncertain and
limit our interpretation.

In terms of photometry the main feature that distinguishes proto-
planetary discs from debris discs is the breadth of the disc emission

spectrum. Protoplanetary discs cover a wide range of radii and
extend right down to near the stellar surface, and therefore have
near-, mid- and far-IR excesses. On the other hand, debris discs are
usually well described by blackbodies, sometimes with the addition
of spectral features. In some cases (e.g. η Corvi, HD 113766A;
Sheret, Dent & Wyatt 2004; Wyatt et al. 2005; Morales et al. 2011;
Olofsson et al. 2013), debris discs are poorly fitted by a single
temperature component, suggesting that populations of both warm
and cool dust exist, and may argue for a comet delivery scenario
for the warm dust with the cool component acting as the comet
reservoir (Bonsor & Wyatt 2012). These systems are however eas-
ily distinguished from protoplanetary discs because the cool debris
disc components always have much lower fractional luminosities
than protoplanetary discs (Ldisc/L� � 10−4 compared to ∼10−1; e.g.
Trilling et al. 2008).

A more useful discriminant for our purposes is that debris discs
never have large near-IR excesses. This lack of near-IR emission
is first seen as the protoplanetary disc is dispersed in so-called
transition discs (Skrutskie et al. 1990). We therefore formalize the
protoplanetary–debris disc distinction by considering the presence
of a near-IR (3.4 µm) excess, using the Ks − W1 colour. While all
sources were selected to have a red W1 − W3 colour, the addition of
a sufficiently large W1 excess indicates that the source is probably a
protoplanetary disc. The Ks − W1 colours for the sources in Table 1
are all less than 0.2, with three notable exceptions. The first two are
the Herbig Ae stars HD 100453 and HD 145718 (Ks − W1 ≈ 0.9),
and the third is a new potential warm dust source, HD 166191 (Ks −
W1 = 0.5), which we discuss further below. The SEDs of all three
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are shown in Appendix C, and with both near and far-IR excesses
are clearly different from the other 22. The detection of significant
far-IR excesses by IRAS indicates emission from cold material but
we did not use this as a discriminant because it would not have
been detectable around all sources, even if a protoplanetary disc
was present.

HD 166191 has only recently been noted as a potential warm
dust source (Fujiwara et al. 2013), though was reported as having
an IR excess from both IRAS and MSX (Oudmaijer et al. 1992;
Clarke, Oudmaijer & Lumsden 2005).4 In addition, an excess was
detected with the AKARI Infrared Camera (IRC) at 9 and 18 µm,
but not with the AKARI Far-Infrared Surveyor (FIS) from 65–
160 µm (though the upper limit from AKARI-FIS is about 10 Jy,
so not strongly constraining). An excess was found in the IRAS
60 µm band, suggesting that the excess emission extends into the
far-IR. A large excess over a wide range of IR wavelengths suggests
that the emission is at a wide range of temperatures, and therefore
that HD 166191 in fact harbours a protoplanetary disc. However,
a nearby (1.7 arcmin) red source was detected by WISE, MSX and
AKARI-IRC, opening the possibility that because IRAS had poor
resolution the far-IR emission in fact comes from the nearby source
and not HD 166191. A preliminary conclusion from new Hershel
Photodetector Array Camera and Spectrometer (PACS, Pilbratt et al.
2010; Poglitsch et al. 2010) observations is that the disc spectrum
is more consistent with a protoplanetary disc; given the WISE pho-
tometry, both the 70 µm flux density (≈1.7Jy) and the fractional
luminosity (≈10 per cent) are larger than would be expected for a
warm debris disc. A detailed study of this source will be presented
elsewhere.

Finally, though it is not excluded by its Ks − W1 colour, HD 98800
merits some discussion because whether it is a young debris disc or
in the transition between the protoplanetary and debris disc phases
is unclear. The disc emission spectrum is well modelled by a black-
body, as are most debris discs. The fractional luminosity is very
high at around 10 per cent, meaning that a significant fraction of
the star’s emission is being reprocessed by the disc. However, the
far-IR emission may be decreased compared to that expected from
a protoplanetary disc by truncation by the outer binary (Andrews
et al. 2010). In addition, the detection of H2 emission suggests that
HD 98800 may still harbour some circumstellar gas (Yang et al.
2012), though CO emission has not been detected (Zuckerman,
Forveille & Kastner 1995; Andrews et al. 2010). Based on the age,
blackbody-like emission, and lack of CO detection and near-IR ex-
cess we include HD 98800 in our luminosity function, with the
expectation that it will decay in a deterministic manner and that it
is therefore both a plausible warm dust source and direct progenitor
of fainter warm dust systems.

4.2 Warm debris discs

Having excluded three sources from the original list of 25, we now
consider some properties of the remaining 22. For each source,
after fitting a stellar photosphere model we fit a blackbody disc
model to any significant IR excesses. In general, blackbody models
are a reasonable match to debris disc emission, though the agree-
ment is poorest for warm dust systems, which commonly have
non-continuum silicate features (e.g. Song et al. 2005; Fujiwara
et al. 2010). However, the temperatures derived are representative,

4 None of the other new disc candidates were detected by IRAS, but see
Appendix A notes for HIP 14479.

and more complicated models are unwarranted because we typically
only have 2 to 3 data points to fit.5

The warm dust sources have a range of temperatures, which cor-
respond to a range of radial distances. While we are not explicitly
looking for habitable-zone dust, it is instructive to compare the tem-
peratures to the width of the ‘habitable zone’, which is naively the
radial distance at which the equilibrium temperature is ∼280 K (i.e.
the temperature of a blackbody at 1 au from the Sun). The width of
the habitable zone is of course very uncertain, and is probably at least
a factor of 2 wide in radius (Kasting, Whitmire & Reynolds 1993;
Kopparapu et al. 2013). Therefore, the temperature range allowed
is at least a factor of

√
2 wide, giving a range from approximately

230 to 320 K. In addition, there is considerable uncertainty in the
location of dust belts inferred from SED models for several reasons,
such as the likely presence of non-continuum spectral features [e.g.
all warm dust targets considered transient by Wyatt et al. (2007a)
have silicate features]. In addition, belts may be a factor of ∼2 more
distant than inferred from blackbody models due to grain emission
inefficiencies at long wavelengths (relative to their sizes; e.g. Booth
et al. 2013). However, this factor, which has been derived from
cool Kuiper belt analogues, may not apply to fainter warm dust if
larger grains dominate the emission. Finally, the picture of a ring
of warm dust is probably oversimplified, particularly at faint levels
where Poynting–Robertson drag becomes important. Based on this
discussion, we retain all 12 µm excess sources in what follows. In
any case, removal of the coolest few sources (those below 200 K
say) would make little difference to our analysis. Temperature is
of course worthy of future study, and for example the luminosity
function could (with sufficient detections) be extended to include it
as a third dimension.

It is clear from Table 1 that the 12 µm excess systems are pref-
erentially young, with at least 11 (and possibly 13) being members
of the Scorpius–Centaurus association in Lower Centaurus Crux
(LCC), Upper Centaurus Lupus (UCL) and Upper Scorpius (US)
(i.e. <20 Myr old). In addition, HD 98800 belongs to the 8 Myr
old TW Hydrae association (TWA), HD 165439 was derived to
be 11 Myr based on isochrone models (Tetzlaff et al. 2011), HD
15407A is a member of the AB Doradus moving group (Melis
et al. 2010), and HD 22680 and HD 23157 belong to the 115 Myr
old Pleiades. Of the seven stars that are not known to be young, only
BD+20 307 is known to be older than about 1 Gyr. HD 160959 was
suggested to be a member of UCL with 50 per cent probability (i.e.
15 Myr old; Rizzuto et al. 2012), but also has an isochrone-derived
age of 1.4 Gyr (Holmberg et al. 2009). Based on the likelihood of
stars with excesses to be young, the former age seems more likely
to be correct, but merits further study. Similarly, HD 150697 is sug-
gested to be 3.2 Gyr old based on isochrones (Holmberg et al. 2009),
but with a similar sky location and distance as the ρ Ophiuchi star-
forming region (Fajardo-Acosta et al. 2000) requires further study
to verify the age.

For a typical main-sequence lifetime of 10 Gyr and stars spaced
randomly throughout, there is a 1 per cent chance of a star being
randomly younger than 100 Myr. However, 15 (possibly 18) of the
22 systems are younger than 120 Myr, implying that the warm disc
occurrence rate for stars this young is at least 5 per cent. There-
fore, as with longer wavelengths (i.e. 24 µm; Siegler et al. 2007),

5 We use a ‘modified’ blackbody, where the emission beyond λ0 = 210 µm
is multiplied by λ0/λ (see Wyatt 2008) to account for inefficient emission
from small grains. While this modification is not needed, it ensures that
submillimetre fluxes predicted by the models are more realistic than a pure
blackbody.
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there appears to be a significant decrease in the incidence of 12 µm
emission with time. However, this decay is unlikely to be universal;
BD+20 307 is at least 1 Gyr old, so assuming 1/time (1/t) decay
should have been ∼100 times brighter at 10 Myr (i.e. verging on
physically impossible given that the fraction of the host star’s light
that is captured by the dust is currently 3.2 per cent; Weinberger et al.
2011). Therefore, the more reasonable conclusion is that either the
dust level in this system is not evolving, as might be expected in
a comet delivery scenario, or became very bright some time well
after the protoplanetary disc was dispersed, as might be expected
for a recent collision.

The stars in Table 1 are biased towards earlier spectral types,
though the histogram in Fig. 1 shows that this could be explained
by more early-type stars in the sample distribution. Based on the
histogram there is some evidence that earlier spectral types are more
likely to host 12 µm excesses. The likely explanation is that later
type stars in the sample are biased somewhat against having younger
ages, as it is only the brighter (earlier type) stars in the nearby young
associations that were selected for the Hipparcos sample.

4.3 Variability

Given the possibly transient nature of warm dust, particularly in old
systems such as BD+20 307, we made a basic search for variability
using the WISE data. This search is motivated by the likely orbital
time-scales being of the order of years, and the ability of individual
collisions to affect the overall dust level (Kenyon & Bromley 2005;
Wyatt et al. 2007a; Meng et al. 2012). Indeed, evidence for ∼year
time-scale variability has been seen in several relatively young warm
dust systems (Melis et al. 2012; Meng et al. 2012).

Though stars were only observed over a day or so in a single
WISE pass, another was made six months later for sources that were
in the appropriate RA range.6 Of the 22 warm dust sources, only
BD+20 307 and HD 103703 show evidence for WISE variability.
HD 103703 is marked as variable in W3 in but not W4. While
it may be possible for W3 to vary while W4 stays constant due to
changes in the strength of silicate features or the emission from each
being dominated by emission at different radial dust locations, the
change of ∼0.1 mag (±0.02 mag) in only one band is suggestive but
requires verification. In contrast, BD+20 307 shows a brightening
of 6–8 per cent in both W3 and W4 over a six month period (see also
Meng et al. 2012), and as shown in Fig. 4, these are correlated in
the sense that an increase in W3 brightness is accompanied by an
increase at W4. This increase suggests that while the total mass (i.e.
including parent bodies) must be decreasing (or at least be constant),
effects such as individual collisions, size distribution variations and
mineralogical changes can increase the amount of dust as measured
by the IR excess on ∼year long time-scales.

4.4 Missing warm dust sources?

An apparent omission from our warm dust list is HD 69830. As
one of the nearest few dozen Sun-like stars and host to both planets
and warm dust, it is of key importance (Beichman et al. 2005). The
reason it does not appear here is in fact simple; the excess at 12 µm
is not large enough to be formally detected with WISE. A detailed
SED model that includes all available photometry, including that

6 WISE did not survive an entire year, so the whole sky was not observed
twice (Wright et al. 2010). Here, we have not used the so-called 3-Band
Cryo data release as any variability found would remain in question due to
the change in cooling after the end of the full cryogenic mission.

Figure 4. Evidence for a positive increase in the BD+20 307 mid-IR emis-
sion from 2010 January 19 to July 26. Data are from the WISE single
exposure catalogue and exclude the last image from each period, which
have clear artefacts.

from the Spitzer Infrared Array Camera (Fazio et al. 2004; Werner
et al. 2004), shows that the 12 µm excess is only at the 5 per cent
level, which also agrees with IRAS (see also fig. 2 in Beichman
et al. 2011). Another key warm dust source is the F2V star η Corvi,
which has W1 − W3 of 0.14 and a W3 excess significance of only
2σ . The ‘disappearing disc’ TYC 8241-2652-1 (Melis et al. 2012)
is not included here because it is not in the Hipparcos catalogue.
Similarly, well known A-type warm dust sources such as β Pictoris
and HD 172555 have significant WISE 12 µm excesses, but with
BT − VT colours of around 0.2 were not part of the initial sample.

We made a further check for potential warm dust sources within
the Unbiased Nearby Stars (UNS) sample, which includes five sam-
ples, each having the nearest ∼125 main-sequence stars with spec-
tral types of A, F, G, K and M (i.e. 125 A stars, 125 F stars, etc.;
Phillips et al. 2010). UNS stars meeting the criteria outlined above
are a subset of the larger sample in question here, and SEDs for
this sample have been studied in great detail as part of the Herschel
DEBRIS Key Programme (e.g. Kennedy et al. 2012a; Wyatt et al.
2012). With the inclusion of IRAS (Moshir et al. 1993) and AKARI
(Ishihara et al. 2010) mid-IR photometry, and in many cases Spitzer
Infrared Spectrograph (IRS; Houck et al. 2004; Lebouteiller et al.
2011) spectra, this subset therefore provides a good check for the
sources that are subject to the worst saturation effects. We found
no 12 µm excesses in this subset that should have resulted in a
significant detection with WISE.

4.5 The 12 µm luminosity function

Fig. 5 shows the 12 µm luminosity function that results from the 22
unbiased warm dust detections described above. The distribution
is generated simply by assuming that these excesses could have
been detected around all 24 174 stars, and dividing the cumulative
disc-to-star flux ratio distribution by this number. Thus, while the
brightest warm dust systems such as BD+20 307 are known to be
rare, we have quantified this rarity to be of the order of 1 in 10 000.

Fig. 5 also compares the luminosity function with the limit previ-
ously derived for the Kepler field (Kennedy & Wyatt 2012). Stars in
the Kepler field are much fainter than nearby stars, and the number
and distribution of detected excesses is consistent with that expected
from chance alignments with background galaxies. The distribution
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Figure 5. Luminosity function at 12 µm for Sun-like Hipparcos stars (black
line with dots). The black dashed line shows the WISE detection limit of
0.15. Also shown are the limits from the Kepler field (grey line; Kennedy &
Wyatt 2012). The Hipparcos line most likely lies above the Kepler field line
due to small number variation.

derived here lies slightly above the limit from the Kepler field at the
bright end, which most likely arises due to small number variation,
though could also be suggesting that the brightest excesses in the
Kepler field are in fact real but not very robust against background
galaxy confusion.

Given the clear bias towards young stars among our excess can-
didates, the dark lines with added dots in both panels of Fig. 6 show
our luminosity function split by age (the grey lines are models, de-
scribed below). ‘Young’ stars are those younger than 120 Myr and
‘old’ stars are those older than 1 Gyr (our warm dust sample has no
stars between 120 Myr and 1 Gyr, see also Section 5.3). This split
requires us to use the age distribution shown in Fig. 2, for which the
number of young stars is 607, and the number of old stars is 19 114.
The distributions in Fig. 6 therefore divide the detections by these
total number estimates. Stars with unknown ages are added to each
group to illustrate the possible uncertainty in each distribution. The

main point here is that old warm dust systems are extremely rare,
while young ones are not.

5 IN SIT U E VO L U T IO N

One powerful advantage of knowing the distribution of warm ex-
cesses is that it contains information about how discs evolve. For
example, a population of discs whose brightness decays as 1/time,
that is observed at random times would be distributed with a slope
of −1 in Fig. 5. A disc spends 10 times longer in each successive
decade of luminosity than it did in the previous one, so every bright
disc that is discovered is the tip of an iceberg of fainter discs that
are decaying evermore slowly.

Our basic assumption in now making a model to compare to our
derived luminosity function is that warm dust arises from some in
situ process, for example a collision or collisions between parent
bodies that normally reside where the dust is observed. In the al-
ternative comet delivery scenario, where objects are injected from
elsewhere (i.e. larger radial distances), no well-informed popula-
tion evolution model can currently be made because the behaviour
depends on the detailed dynamics of each individual system, how
those dynamics change over time and how systems with the appro-
priate dynamics are distributed. Of course, this difficulty does not
mean that comet delivery is a less viable scenario; we discuss it
further in Section 6.2.

5.1 Model description

Our goal is therefore to use an in situ evolution model and apply it
to the observed 12 µm luminosity function, testing different scenar-
ios and making predictions for surveys that probe fainter dust. The
model described below has been outlined in previous works (Wyatt
et al. 2007a,b; Wyatt 2008). The basic premise is that a size distribu-
tion of objects is created in catastrophic collisions between a reser-
voir of the largest objects. The resulting ‘collisional cascade’ size
distribution remains roughly constant in shape (Dohnanyi 1969), so
the dust level (i.e. the number of smallest objects) is proportional
to the number of the largest objects. To connect the mass with the
observed dust level requires a relation between the total mass Mtot

Figure 6. Monte Carlo evolution simulations. Lines with dots show the observed luminosity function, and the grey lines show 25 realizations of the model in
the young (darker grey, 0–120 Myr) and old (lighter grey, 1–13 Gyr) age bins. Left-hand panel: initially massive scenario, showing that young discs are well
explained but that old discs are not expected at a level visible in this plot. Right-hand panel: random collision scenario, showing that if old discs are explained,
young stars do not have a sufficient number of bright discs to match those observed (i.e. the handful of dark grey lines near Fdisc/F� ∼ 10−2 are well below
the observed line for young stars).
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and the total surface area σ tot, which depends on the maximum and
minimum object sizes Dmin and Dc, and the slope of the size distri-
bution q, where the number of objects between D and D + dD is
n(D) = KD2−3q (Wyatt et al. 2007b)

Mtot = 2.5 × 10−9 3q − 5

6 − 3q
ρσtotDmin

(
109Dc/Dmin

)6−3q
, (1)

where Mtot is in units of M⊕,ρ is the planetesimal density in kg m−3,
σ tot is in au2, Dmin is in µm and Dc in km. With q = 11/6, the
total mass is dominated by the largest objects and the total surface
area by the smallest grains. To now connect the surface area with
the observed dust level, we assume that the dust emits as a pure
blackbody, so

Fν,disc = 2.4 × 10−11Bν(λ, Tdisc)σtotd
−2, (2)

where Bν is the Planck function in Jy sr−1 and d is the distance to
the star in parsec. We approximate the stellar emission as

Fν,� = 1.8Bν(λ, T�)L�T
−4
� d−2, (3)

where the stellar luminosity L� is in units of L
 and the effective
temperature T� is in K. We define ξν as the disc-to-star flux ratio at
some wavelength

ξν ≡ Fν,disc

Fν,�

= 1.3 × 10−11 Bν(λ, Tdisc)

Bν(λ, T�)
σtotT

4
� L−1

� . (4)

With equations (1) and (4) and some assumed planetesimal prop-
erties we are therefore able to link an excess observed at some
wavelength and temperature with the total mass in the disc.

Because the size distribution is such that most of the total mass
Mtot is contained in the largest objects, the dust level decays at
a rate proportional to the large object collision rate, which has a
characteristic time-scale tcoll (in Myr)

tcoll = 1.4 × 10−9r13/3(dr/r)Dc Q�
D

5/6
e−5/3M−4/3

� M−1
tot , (5)

where dr is the width of the belt at r (both in au), Q�
D is the object

strength (J kg−1) and e is the mean planetesimal eccentricity, and
M� is the stellar mass. The disc radius can be expressed in terms of
temperature with

Tdisc = 278.3L1/4
� r−1/2. (6)

The mass-loss rate is dMtot/dt ∝ M2
tot and the mass decays as

(Dominik & Decin 2003)

Mtot = Mtot,0/(1 + t/tcoll,0), (7)

where t is the time since the evolution started and Mtot, 0 was the
mass available for collisions at that time (with a consequent collision
time-scale tcoll, 0). This time may be the age of the host star tage,
but may be smaller, for example if the belt was generated from a
collision event that was the result of a dynamical instability well
after the star and planets were formed. An equivalent equation also
applies to the disc-to-star flux ratio

ξν = ξν,0/(1 + t/tcoll,0). (8)

Though numerical models find that the evolution can be slower
than 1/time (e.g. Löhne et al. 2008; Gáspár, Rieke & Balog 2013),
these results are based on discs at large semimajor axes where
the largest objects are not in collisional equilibrium. For example,
though Löhne et al. (2008) state that their discs decay as t−0.3 to −0.4,
they also note that both the disc and dust masses tend to 1/time
decay at times that are sufficiently late such that the largest objects
have reached collisional equilibrium. Gáspár et al. (2013) find a
much slower t−0.08 mass decay for their reference model. However,

the slow decay appears to be because the largest (1000 km) objects
in their size distribution have not started to collide, even at the
latest times, and hence the total mass (which is dominated by these
objects) is only decaying due to the destruction of smaller objects
(the lack of 1000 km object evolution for their reference model can
be seen in fig. 1 of Gáspár et al. 2012). Because the warm discs
we consider here are very close to their central stars (i.e. a few au)
and the collision rate scales very strongly with radius (equation 5),
collisional equilibrium is reached in only a few Myr (which we also
confirm a posteriori). Therefore, we consider that while our analytic
model is necessarily simplified, a 1/time evolution is justifiably
realistic.

5.2 Model implementation and interpretation

To implement the model, we simply assume some initial disc bright-
ness ξν and that the collision time-scale has the same form as equa-
tion (5)

tcoll,0 = C/ξν,0 (9)

so C has units of time in Myr and is shorter for discs that are initially
more massive, being the collision time for a disc of unity ξν, 0 (and
some equivalent Mtot, 0 that can be calculated using equations 1 and
4). For our model, C is the only variable parameter.

To interpret C in terms of physical parameters we combine equa-
tions (1), (4) and (5), and rewrite the answer in terms of C, giving

C = 7.4 × 10−12 r13/3

ρ

dr

r

(
1

109

Dc

Dmin

)3q−5

× T 4
�

M
4/3
� L�

Bν(λ, Tdisc)

Bν(λ, T�)

6 − 3q

3q − 5
Q�

D
5/6

e−5/3. (10)

Because the collision time-scale depends on the disc mass (or equiv-
alently brightness), C does not depend on the initial disc mass (see
Wyatt et al. 2007a), but on a number of other parameters, most of
which we can estimate values for. We assume a Sun-like host star
with L� = 1 L
, T� = 5800 K and M� = 1 M
. We assume that
the disc lies at 1 au and hence Tdisc = 278.3 K, and that dr = 1. We
assume a size distribution slope of q = 11/6. Finally, we include
the wavelength of observation, λ = 12. With these assumptions
equation (10) reduces to

C = 3.1 × 10−7

√
Dc

Dmin
Q�

D
5/6

e−5/3. (11)

The remaining parameters are therefore the maximum and minimum
planetesimal sizes, their strengths, and their eccentricities. We may
further assume that the minimum grain size is Dmin = 1 µm, the
approximate size at which grains are blown out by radiation pressure
from solar-type stars. The coefficient for this equation does not
change strongly with spectral type, and for example is 5 × 10−7

for an early F-type star, assuming that the dust remains at the same
temperature (i.e. has a larger radius of about 2.5 au) and that the
minimum grain size has increased to 4 µm due to the increased
luminosity.

5.3 Excess evolution

In order to test the expectations for disc evolution, we use the evo-
lution model described above to construct two simple Monte Carlo
models of 12 µm evolution. In the first ‘initially massive’ scenario,
all stars have relatively massive and bright warm discs at early times
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(see Section 6.1 for further discussion of how this scenario could
be interpreted). In this picture, the time since the onset of decay is
simply the stellar age. All stars have discs regardless of age, but
these become progressively fainter for populations of older stars.
In the second ‘random collision’ scenario, stars have a single dust
creation event at some random time. Though we have a range of
spectral types, we set the epoch of this event to be a random time
between 0 and 13 Gyr because it is unlikely to be related to stellar
evolution (the time distribution of these events is however revisited
in Section 6.1). Our age distribution means that many stars will be
observed before such a collision happens (see Section 4.5), though
this detail does not affect the model because it is degenerate in the
sense that multiple (instead of single) collisions could be invoked
and offset by a shorter collision time to yield the same results. Only
those stars that happen to have a collision at a young age and are
observed at a young age will have a detectable excess.

We assume that stars have the age distribution shown in Fig. 2.
The initial distribution of flux ratios for both models is assumed to
be log normal with zero mean and unity dispersion in log (Fdisc/F�),
so covers the bright end of the luminosity function. We found that
the choice of initial distribution does not strongly influence the
results, and for example a power-law distribution weighted towards
fainter levels but with some bright discs yields very similar results.

We generate discs according to each scenario using two age bins;
those that are ‘young’ (<120 Myr) and those that are ‘old’ (>1 Gyr),
using the same numbers of stars noted in Section 4.5 (607 young
stars and 19 114 old stars). We restrict the old stars to be older
than 1 Gyr because BD+20 307 is ∼1 Gyr old, whereas placing the
cut at >120 Myr results in disc detections in the old group that are
not much older than 120 Myr, so not as old as the stars we wish to
compare the model with. While there are other possible choices of
bin locations, the point is that warm excesses around young stars
are common, and those around old stars are not, which allows us
to distinguish between the models outlined above. In each bin we
generate 25 model realizations to illustrate the scatter due to small
numbers. The only model parameter is C, which sets how rapidly
discs decay, and is varied by hand so that the synthetic distributions
have approximately the same level as those observed.

The results from the two models are shown in Fig. 6. The left-
hand panel shows the initially massive warm belt scenario, while
the right-hand panel shows the random collision scenario. Looking
first at the initially massive panel, while reasonable agreement is
obtained for young stars, no old stars are seen to have large excesses
as the dust has decayed significantly by Gyr ages (these discs have
Fdisc/F� ∼ 10−3, see 1–2 Gyr dotted line for initially massive warm
discs in Fig. 9). This result echoes the conclusions of Wyatt et al.
(2007a), who found that bright debris discs around old stars cannot
arise from the in situ evolution considered in this scenario. The
observed young star distribution is usually flatter than most of the
models, which might be explained by extra physical processes not
included in our model. We note a few of these in Section 6.1.

Turning now to the right-hand panel of Fig. 6, the random col-
lision scenario reasonably reproduces the luminosity function of
warm dust around old stars, but fails to match those seen around
young stars. The chance that at least some of these are young, and
the possibility that HD 150697 is in fact young, means that a some-
what larger value of C (slower evolution) could be used to find
better agreement with BD+20 307 (i.e. shift the model lines up-
ward, thereby making dust from random collisions more common).
This slower evolution would however predict about 10 times more
systems with Fdisc/F� � 0.15 that are not observed. While a few
young systems are seen to have excesses due to random collisions

(about 1 per cent at Fdisc/F� ∼ 0.1), these are too infrequent to match
the relatively high occurrence rate that is observed. The conclusion
is perhaps obvious; if collisions occur randomly over time it is un-
likely that a young star will have a collision that is observed soon
afterwards. The rapid collisional evolution means that even if they
are, the dust levels are unlikely to be extreme.

The only significant model parameter is C, which is set to 1 Myr
for both scenarios and provides reasonable agreement with the ob-
served luminosity function in each case. This parameter need not
be the same, as the scenarios could for example have very differ-
ent sized parent bodies or random velocities. As outlined above
in Section 5.2, for various assumptions C can be interpreted in
terms of physical system parameters. Assuming Dmin = 1, equation
(11) implies that D1/2

c

(
Q�

D

)5/6
e−5/3 = 3.2 × 106. This value can

be compared to previous results for this combination, for example
Wyatt et al. (2007b) found 7.4 × 104 for the evolution of Kuiper
belt analogues around A stars, and Kains, Wyatt & Greaves (2011)
found 1.4 × 106 for Kuiper belt analogues around Sun-like stars (i.e.
both were for discs at much larger radii than those considered here).
The latter authors discuss possible reasons for the large difference,
which could arise due to real differences between planetesimal pop-
ulations around A-type and Sun-like stars, or due to differences in
the observables such as the 24–70 µm colour temperature, which
could change due to different grain blowout sizes for example. The
point here is that the resulting C is sensible compared to previous
results. If it were significantly different the plausibility of the in situ
scenario would be questionable.

To create an in situ picture that explains significant levels of
warm dust around both young and old stars clearly requires some
combination of our two scenarios. We therefore make a simple com-
bined model where systems start with the same initial distribution
of warm excesses and also have a single random collision at some
point during their lifetimes. This model has the same value of C =
1 Myr as before, and is shown in Fig. 7. Given that each respective
scenario dominates the young and old populations with little effect
on the other, the fact that the model is in reasonable agreement
with the observed luminosity function is unsurprising. One or two
random collisions may be present in the young population of discs,
and all old stars have initially massive belts that are now very faint.
This model could be tuned a little more by specifying the frac-
tion of systems that are initially massive and/or those that undergo

Figure 7. Same as Fig. 6, but for a model that combines both initially
massive warm belts and a single collision at a random time during the
main-sequence lifetime.
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collisions. However, the agreement shown in Fig. 7 is good enough
to illustrate that such a picture matches the observed distribution
well. Therefore, we conclude that the Monte Carlo evolution model
could be a realistic (though not uniquely so) description of the ori-
gins of warm dust. This model is of course highly simplified and
largely empirical, and we discuss some issues further in Section 6.1.

Though we have shown that it is sensible, the assumption of
in situ decay made by the above model may not be correct, with
material being delivered to the terrestrial regions from elsewhere,
in which case the apparently sensible value of the parameter C
is coincidental. In a comet delivery scenario, it is likely that the
luminosity function is not the same as expected for 1/t evolution
(though it could be). One test of our model is therefore to extrapolate
to fainter levels, where detections are possible with much more
sensitive observations of relatively few stars.

5.4 Extrapolation to faint exo-Zodi levels

The level of dust around a ‘typical’ Sun-like star is a key unknown
and crucial information needed for the future goal of imaging Earth-
like planets around other stars (e.g. Beichman et al. 2006; Absil et al.
2010; Roberge et al. 2012). There are several avenues for finding
the frequency of warm dust at relatively low levels; either to directly
detect it around an unbiased sample of stars (e.g. Millan-Gabet et al.
2011) or to make predictions based on the expected evolution of
brighter dust. The former approach is clearly preferred as it yields a
direct measure, but finding such faint dust is technically difficult and
is the focus of dedicated mid-IR instruments such as the Bracewell
Infrared Nulling Camera at the Multiple Mirror Telescope (MMT;
Liu et al. 2009), the Keck Interferometer Nuller (KIN; Colavita et al.
2009) and the Large Binocular Telescope Interferometer (LBTI;
Hinz 2009).7 These instruments are more sensitive to warm dust
than photometric methods because their sensitivity is set by their
ability to null the starlight and detect the astrophysical flux that
‘leaks’ through the fringes (e.g. Millan-Gabet et al. 2011). The
typical scale on which these mid-IR instruments are sensitive is
10–100 mas so are well suited to the terrestrial regions around the
nearest stars. The latter approach of extrapolating results from less
sensitive photometric surveys based on evolution models (i.e. the
approach here) is easier in the sense that data for bright warm dust
systems are readily available, but is of course more uncertain due to
the unknown origin and evolution of these systems. A future goal
is to fold the results from interferometry back into the modelling
process.

Fig. 8 shows the 12 µm luminosity function and one realization
of the combined initially massive and random collision model for 0–
13 Gyr old stars over a wider disc–star flux ratio range than Fig. 6,
using our adopted age distribution. The model underpredicts the
number of brightest excesses, as this is the typical outcome (as
shown in Fig. 7), but varies considerably due to the small number
of such discs. Below Fdisc/F� ∼ 0.1 all realizations, and hence the
predictions for fainter discs, are very similar.

The right-hand side of the figure is covered by photometric sur-
veys like the one presented here, whereas fainter discs (left-hand
side) can only be detected with more sophisticated methods, such
as those employed by the KIN and LBTI. We have taken the ap-
proximate Solar system 12 µm dust level as Fdisc/F� = 5 × 10−5,

7 Several near-IR interferometers have also been used to search for exo-Zodi,
though these are more sensitive to dust temperatures of ∼1000 K (e.g. Absil
et al. 2006, 2013; Defrère et al. 2011; Mennesson et al. 2011).

Figure 8. Observed luminosity function (solid line) and a simple prediction
for faint exo-Zodi for stars between 0 and 13 Gyr with a single realization of
the combined initially massive and random collision model shown in Fig. 7
(dashed line). The grey dotted lines show the limits for LBTI and WISE
sensitivity, as well as approximate levels for the Solar system Zodiacal
cloud and for which TPF-like missions will be compromised by exo-Zodi.
The upper limit from the 23 star KIN survey is also shown (see the text).

and the LBTI sensitivity as 20 times this level (Hinz 2009). The pre-
dicted limit for exo-Earth detection by a Terrestrial Planet Finder
(TPF)-like mission is also shown (at 10 times the Solar system
level).8

The limit set by the KIN survey (Millan-Gabet et al. 2011), which
resulted in no significant detections, is shown, but merits further
discussion. Their sample was classified into ‘high’ and ‘low’ dust
systems, meaning those with or without detections of cool Kuiper
belt analogues. Of the 25 systems observed, two were high dust
systems (η Corvi and γ Ophiuchi) and warm dust was confidently
detected around the former. η Crv is already well known to have
distinct warm and cool dust belts (Wyatt et al. 2005; Smith, Wyatt
& Dent 2008), while only cool dust has been detected around γ Oph
(Sadakane & Nishida 1986; Su et al. 2008). We use the other 23 low
dust stars in calculating the KIN limit, with the caveat that if warm
dust levels are positively (or negatively) correlated with cool dust
levels, the limit will be slightly too low (or too high). Given that
only ∼20 per cent of stars are seen to have cool dust (i.e. many low
dust systems could still have relatively high dust levels that could
not be detected) this bias will not be very strong.

For stars drawn randomly from our assumed age distribution, the
predicted disc fraction is about 50 per cent at the LBTI sensitivity.
Future work may however show that our assumption of 1/t evolution
is not exactly correct; the fraction decreases to 10 per cent, if the
decay is instead t−1.5 so the prediction is not extremely sensitive to
the decay rate. A very slow decay, such as that seen in the reference
model of Gáspár et al. (2013) would appear to be ruled out by the
KIN upper limit as it would predict many bright warm discs (such
slow evolution is not expected for warm discs anyway, see the end of
Section 5.1). It is in any case clear that an unbiased LBTI survey of
just a few tens of stars would result in a strong test of our prediction,
and has the potential for detection of a dozen or so discs if the

8 In the sense that integration times become too long for a worthwhile
mission for some reasonable assumptions, not that detection is impossible
(Roberge et al. 2012).
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Figure 9. Similar to Fig. 8, but showing the contribution of initially massive
discs (dotted lines) and random collisions (dashed lines) and the combined
model (solid lines). Stars are shown in different age bins given by bound-
aries of: 0, 120, 500, 1000, 2000, 5000 and 13 000 Myr. The region where
the predicted LBTI sensitivity improves over the KIN is marked with a
grey band. Older systems have lower dust levels from the initially massive
contribution, and the underlying level from random collisions dominates.

evolution predicted by our model is correct. Such a result would be
a great success for the instrument, but less promising for the study
of exo-Earths; another prediction of our model is that roughly only
a few tens of per cent of stars are amenable to exo-Earth detection
if our combined model is correct.

We have already shown that the different scenarios depend
strongly on the age of the stellar population that is observed. This
effect is shown explicitly in Fig. 9, which shows the individual
and combined distributions in a series of age bins. Here, we have
increased the number of stars in each age bin to 107 so that the
curves are smooth. For both dust creation scenarios, the level of
the faintest systems decreases with time as the stars become older.
However, because random collisions can happen at any time, the lu-
minosity function for these events is otherwise independent of time.
The initially massive population dominates the distribution for stars
younger than about 100 Myr, but becomes much less important as
time goes on. For stars that are older than ∼500 Myr the brightest
excesses are already dominated by random collisions if our model
is correct.

The solid lines show the combined model, which generally follow
the fraction set by the model that dominates at a given disc-to-
star flux ratio. At flux ratios where both components contribute to
a similar fraction of systems (i.e. just above the maximum ratio
for initially massive belts), the fraction is somewhat greater than
expected just for random collisions. This increase arises because for
these systems the emission from random collisions is augmented
by dust that was initially bright (but is now much fainter).

This comparison of scenarios shows that for the oldest main-
sequence stars the predicted frequency of dust systems is lower
than shown in Fig. 8. The faintest dust may still come from those
that were initially massive, but the bulk of the population are rem-
nants of random collisions. That is, though the random collisions
are very rare and are only bright for a short period of time, their
decay through lower levels means that they may in fact dominate
the bulk of the warm dust luminosity function for main-sequence
stars.

6 D I SCUSSI ON

6.1 In situ evolution

We have described a simple model of in situ evolution that repro-
duces the observed distribution of 12 µm excesses reasonably well.
This model has two components, an initially massive component
and a random collision component, both of which are needed to
simultaneously explain relatively frequent warm dust around young
stars and extremely rare warm dust around ∼Gyr old stars (Fig. 7).
The predicted luminosity function changes strongly with age due
to the different contribution from each component (Fig. 9). How-
ever, the ∼Gyr old bright warm dust systems imply an underlying
population of fainter warm dust that is present, regardless of age.
Therefore, if our model is correct, the fraction of stars with warm
dust levels sufficient to hinder exo-Earth detection may be a few
tens of per cent, even if only old stars are targeted.

By using the term ‘initially massive’ for the disc component
that is bright at early times, we have implied that it is a pumped-
up version of our own Asteroid belt. While such an interpretation
may be correct, an alternative possibility is that large amounts of
warm dust are generated in the first ∼100 Myr as a by-product of
terrestrial planet formation (Kenyon & Bromley 2004; Lisse et al.
2008, 2009; Jackson & Wyatt 2012). Such a scenario evolves similar
to an initially massive Asteroid belt analogue, but is different in a
few specific ways; the dust levels may initially increase as large
planetary embryos that stir the planetesimals to destructive collision
velocities form, dust may be visible for longer as mass is released
from embryos in planet forming impacts, and planetesimals and dust
may also be depleted by dynamical interaction with the embryos.
These differences mean that the emission from terrestrial planet
formation may not simply decay as 1/time, providing a potential
way to distinguish it from initially massive Asteroid belt analogues
(e.g. Currie et al. 2008).

One limitation of our model is that processes beyond the basic
collisional evolution will modify the model luminosity functions.
As noted above, dynamical depletion may follow catastrophic colli-
sion events, perhaps with an initially optically thick phase (Jackson
& Wyatt 2012). Significant variability and non-linear decay could
also arise at early stages due to changes in dust mineralogy. For
example, the silicate peak near 12 µm could decrease in strength
after a collision event as the smallest grains are removed by ra-
diation pressure. The overall dust level may also vary following
the initial creation event as the system settles into dynamical and
collisional equilibrium. Such processes might be responsible for
the observed luminosity function being somewhat flatter than the
models (Figs 6–8).

A more basic limitation is our implementation of random colli-
sions. With only a few warm dust sources around ∼Gyr old stars
there is little leverage to constrain models, so this part of our model
is necessarily simple, and not, for example, linked to the mass re-
maining from initially massive belts. The largest simplification is
that the uniform probability of a collision over 0–13 Gyr assumed
here is unlikely to be the case. Wyatt et al. (2007a) showed that
if these collisions are between the largest objects in a continuous
size distribution (i.e. just the largest objects in an Asteroid belt
analogue), then the probability of detecting a collision drops as
1/time2. An alternative possibility is that the collisions are between
individual large objects (e.g. planets or planetary embryos) that
simply did not collide earlier, or were perhaps subject to some
late instability. These objects may have originally been part of
a continuous size distribution, but were ‘stranded’ when only a
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few remained and their chances of destruction became much lower
(see Kennedy & Wyatt 2011). However, in these cases collisions
are more likely to occur at earlier times, though perhaps with a
weaker dependence compared to the large asteroid scenario just
described.

That the ‘old’ stars hosting warm dust, BD+20 307 and pos-
sibly HD 150697 are between 1 and 4 Gyr old can be used to
illustrate that there is a rough constraint on the time dependence
of random collisions. This constraint is uncertain because in our
sample there are five sources of unknown age, and the ages of
some others are poorly constrained. However, a 1/time2 depen-
dence is not favoured because the existence of warm dust around
the ∼Gyr old stars implies that a significant number should ex-
ist around stars with ages from ∼100–1000 Myr, which are not
observed. The argument is similar for 1/time, but given the un-
certainties is harder to rule out. Similarly, for the random collision
model with uniform time dependence a few detections are expected
in the 4–13 Gyr age bin and these are not observed either. There-
fore, if the random collision scenario is correct the time depen-
dence of collisions must decrease with time fairly weakly, if at
all.

6.2 Comet delivery

While we so far have discussed our observational results in the
context of an in situ model of evolution, the observed dust may
originate elsewhere. Specifically, material may be delivered from
more distant regions after interacting with planets, thus replenish-
ing the mass that resides in the warm belt (e.g. Bonsor & Wyatt
2012; Bonsor et al. 2012). With this kind of evolution, the observed
emission need not decay as 1/t, and the luminosity function need
not have the slope of −1 seen in Fig. 8.

Such a scenario may be acting to replenish the Zodiacal cloud
in the Solar system. The Zodiacal dust was first suggested to arise
from particles dragged radially inwards from the Asteroid belt by
Poynting–Robertson drag (Kresak 1980). More recently, however,
Nesvorný et al. (2010) have shown that most of the Zodiacal cloud
as seen by IRAS can be explained by a sufficient level of sponta-
neous disruptions of Jupiter-family comets (though the existence
of dust bands means that Asteroid families still contribute some
dust; Dermott et al. 1984). Because Jupiter-family comets are them-
selves thought to originate in the Edgeworth–Kuiper belt (Levison &
Duncan 1997), the location in which the dust is observed (i.e. near
Earth) is only linked to the source region by comet dynamics, which
are dominated by the Solar system’s four giant planets.

In this kind of scenario, the amount of warm dust is plausibly
linked to the number of comets in the source region; a change
in the number of source objects should be directly reflected in
the number scattered inwards, and therefore be reflected in the
observed dust level. Therefore, if the source region is in collisional
equilibrium at all sizes (i.e. Mtot ∝ 1/t), then the observed dust level
should decay as roughly 1/t, with some additional contribution
from dynamical depletion (that may be strongest at early times).
While the possibility of 1/t decay might appear consistent with
the model of Section 5, a very different value for the decay time-
scale C is expected because collisional evolution is much slower
at larger radial distances (i.e. at least Gyr instead of Myr; Trilling
et al. 2008). Therefore, a naive picture of warm dust occurring
in all systems exclusively due to a uniformly initially bright level
of steady delivery throughout the main sequence does not work
because the brightest systems are not predicted to be rare; their
Gyr decay times mean that they should in fact be ubiquitous. The

problem with this picture is that comet delivery will not always
be initially bright; the level is set by the dynamics of individual
systems. It may be that near constant comet delivery is the dominant
warm dust origin and the luminosity function is set entirely by the
distribution of systems with the appropriate dynamics (Bonsor &
Wyatt 2012).

Though we have argued for the slow decay of reservoirs from
which comets are delivered, it is also possible that a comet delivery
scenario could mimic our initially bright asteroid belt analogues or
terrestrial planet formation due to the planetary system dynamics
in the first ∼100 Myr. A newly formed planetary system will have
small bodies scattered throughout, and in addition to those in young
Asteroid and Kuiper belt analogues, many will also be on unstable
orbits. These unstable objects could contribute to warm dust levels
as they are cleared over the first 100 Myr or so, thus appearing to
decay in the same way as initially massive belts.

Clearly, more work is needed to explore the likelihood of in situ
and cometary origins for warm dust. For example, it could be that
warm dust originates in some cases from an impact on an object
orbiting at ∼1 au by an interloping comet (e.g. Lisse et al. 2012), in
which case the material is terrestrial in origin and evolves as such
(i.e. in situ), but whose probability of occurrence is more closely
related to the comet delivery rate.

6.3 Solar system comparison

A basic prediction of our model is that the level of Zodiacal dust seen
in the Solar system is roughly a factor of 10 fainter than is typical
(Fig. 8). Given the uncertainties discussed above this predicted rarity
is not an issue for our model, but worth some consideration.

If the bulk of our Zodiacal light comes from the Asteroid belt,
the lower than predicted dust level could arise in several ways.
The initial distribution may simply have more faint belts than we
assumed, reflecting the range of outcomes dictated by planetesimal
growth in the protoplanetary disc or other processes such as planet
migration. For example, in the Solar system the Asteroid belt is
thought to have been severely dynamically depleted when Jupiter
formed (Petit, Morbidelli & Chambers 2001), and a more general
inner Solar system depletion may have occurred if Jupiter was at
some point closer to the Sun that it is now (Walsh et al. 2011). This
difference could be accounted for by weighting the initial brightness
distribution towards lower levels, with a slower disc decay rate to
keep the same number of observed warm discs.

If the bulk of our Zodiacal light comes from comet delivery, it
may again be that the true initial distribution is different to that
assumed here, or that the evolution is not continuous as assumed in
our model. For example, it could be that the Solar system’s Zodiacal
cloud evolution was interrupted by a late dynamical instability that
ejected of most of the primordial Kuiper belt (Tsiganis et al. 2005).
Removal of most of the source region mass would cause the warm
dust level to drop in a way not accounted for by our model. While it is
currently unknown if the Kuiper belt has a relatively low mass (e.g.
Greaves & Wyatt 2010), the relative faintness of the Zodiacal cloud
in the comet delivery picture could be explained if such depletion
events are relatively uncommon around stars in general.

Naturally, many of the possible extensions to our model could
involve the effect of planets on the parent planetesimals, whether
they be asteroids or comets. Therefore, in addition to looking for
correlations between warm and cold dust as a signature of scat-
tering by planets (Absil et al. 2013), an important goal is to look
for correlations between warm dust and planets. While a tentative
positive correlation has been seen between low-mass planets and
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cool Kuiper belt analogues (Wyatt et al. 2012), no trends have yet
been seen for warm dust (e.g. Morales et al. 2012).

7 SU M M A RY A N D C O N C L U S I O N S

We have presented an analysis of the bright end of the 12 µm warm
dust luminosity function as seen by WISE around nearby Sun-like
stars. We report the possible detection of six new warm dust candi-
dates, HD 19257, HD 23586, HD 94893, HD 154593, HD 165439
and HD 194931.

There is a clear preference for excess emission around young
stars, with at least 14/22 systems younger than 120 Myr, despite
the ∼10 Gyr stellar lifetime. However, one of the dustiest systems
is ∼1 Gyr old, and another may have a similar age, suggesting that
while youth is an important factor for setting the brightness of warm
dust, it is not the sole factor.

Using a simple in situ evolution model to interpret the observed
luminosity function, we show that neither a picture where all sys-
tems have initially massive discs, nor one where all excesses are due
to randomly timed collisions, can explain the fact that warm dust is
observed around both young and old stars. A simple combination
of these two in situ scenarios reproduces the observed luminosity
function. However, we cannot rule out that warm dust is in fact
dominated by comet delivery. In this scenario, comets are scattered
from a more distant reservoir, and reliable luminosity function pre-
dictions cannot be made because they depend on the distribution of
systems with the appropriate dynamics.

We have made simple predictions for the number of exo-Zodi that
might be detected by an unbiased LBTI survey. For the expected
sensitivity we anticipate a handful of detections and a strong test of
our evolution model. Such tests are a crucial step towards under-
standing the origins and evolution of exo-Zodi, and ultimately the
imaging of Earth-like planets.

AC K N OW L E D G E M E N T S

We would like to thank the LBTI Science and Instrument teams for
fruitful discussions, Fei Dai for preliminary work and Olivier Absil
for a thorough referee report with valuable criticisms and sugges-
tions that improved the manuscript. This work was supported by
the European Union through ERC grant number 279973. This re-
search has made use of the following. The NASA/IPAC Infrared
Science Archive, which is operated by the Jet Propulsion Labora-
tory, California Institute of Technology, under contract with the Na-
tional Aeronautics and Space Administration. Data products from
the Wide-field Infrared Survey Explorer, which is a joint project of
the University of California, Los Angeles and the Jet Propulsion
Laboratory/California Institute of Technology, funded by the Na-
tional Aeronautics and Space Administration. Data products from
the Two Micron All Sky Survey, which is a joint project of the Uni-
versity of Massachusetts and the Infrared Processing and Analysis
Center/California Institute of Technology, funded by the National
Aeronautics and Space Administration and the National Science
Foundation. The SIMBAD data base and VizieR catalogue access
tools, operated at CDS, Strasbourg, France.

R E F E R E N C E S

Absil O. et al., 2006, A&A, 452, 237
Absil O., Eiroa C., Augereau J., Beichman C. A., Danchi W. C., Defrère

D., Fridlund M., Roberge A., 2010, in Coudé Du Foresto V., Gelino D.
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Bonsor A., Augereau J.-C., Thébault P., 2012, A&A, 548, A104
Booth M. et al., 2013, MNRAS, 428, 1263
Brott I., Hauschildt P. H., 2005, in Turon C., O’Flaherty K. S., Perryman M.

A. C., eds, ESA Special Publication, Vol. 576, The Three-Dimensional
Universe with Gaia. ESA, Noordwijk, p. 565

Carmona A., van den Ancker M. E., Audard M., Henning T., Setiawan J.,
Rodmann J., 2010, A&A, 517, A67

Carpenter J. M., Mamajek E. E., Hillenbrand L. A., Meyer M. R., 2009,
ApJ, 705, 1646

Chen C. H., Jura M., Gordon K. D., Blaylock M., 2005, ApJ, 623, 493
Chen C. H., Mamajek E. E., Bitner M. A., Pecaut M., Su K. Y. L., Weinberger

A. J., 2011, ApJ, 738, 122
Chen C. H., Pecaut M., Mamajek E. E., Su K. Y. L., Bitner M., 2012, ApJ,

756, 133
Clarke C. J., Gendrin A., Sotomayor M., 2001, MNRAS, 328, 485
Clarke A. J., Oudmaijer R. D., Lumsden S. L., 2005, MNRAS, 363, 1111
Colavita M. M. et al., 2009, PASP, 121, 1120
Currie T., Kenyon S. J., Balog Z., Rieke G., Bragg A., Bromley B., 2008,

ApJ, 672, 558
de Zeeuw P. T., Hoogerwerf R., de Bruijne J. H. J., Brown A. G. A., Blaauw

A., 1999, AJ, 117, 354
Defrère D. et al., 2011, A&A, 534, A5
Dermott S. F., Nicholson P. D., Burns J. A., Houck J. R., 1984, Nat, 312,

505
Dohnanyi J. S., 1969, J. Geophys. Res., 74, 2531
Dominik C., Decin G., 2003, ApJ, 598, 626
Fajardo-Acosta S. B., Beichman C. A., Cutri R. M., 2000, ApJ, 538, L155
Fazio G. G. et al., 2004, ApJS, 154, 10
Fujiwara H. et al., 2010, ApJ, 714, L152
Fujiwara H., Onaka T., Yamashita T., Ishihara D., Kataza H., Fukagawa M.,

Takeda Y., Murakami H., 2012a, ApJ, 749, L29
Fujiwara H., Onaka T., Takita S., Yamashita T., Fukagawa M., Ishihara D.,

Kataza H., Murakami H., 2012b, ApJ, 759, L18
Fujiwara H. et al., 2013, A&A, 550, A45
Furlan E. et al., 2007, ApJ, 664, 1176
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A P P E N D I X A : N OT E S O N I N D I V I D UA L
S O U R C E S

Notes for the 96 sources identified as having 12 µm excesses based
on the criteria outlined in Sections 2 and 3. The 25 warm dust
systems are shown in bold face. Stars noted as bright and very
bright are those where saturation in W1 becomes an issue, meaning
flux densities greater than ∼1–10 Jy at 3 µm.

(1) HIP 999 (LN Peg). RS CVn. W3 excess not significant.
(2) HIP 3333 (NLTT 2305). Spectacularly aligned with a dust

lane in Andromeda (M 31). Excess very likely not real.
(3) HIP 8920 (BD+20 307). Well-known warm dust source

(Song et al. 2005; Weinberger et al. 2011). Dust temperature is
about 400 K.

(4) HIP 9269 (HD 12051). No excess. W1 underestimated and
WISE catalogue shows significant variability. May be affected by
bright nearby source (BD+32 361).

(5) HIP 11696 (HD 15407A). Known warm dust source from
AKARI (Melis et al. 2010; Fujiwara et al. 2012a,b). Age from
Holmberg et al (2009) is 2.1 Gyr, but Melis et al (2010) show that
Lithium absorption and kinematics argue that HD 15407AB is a
member of the AB Doradus moving group and has an age of about
80 Myr. Dust temperature is about 550 K.

(6) HIP 14479 (HD 19257). Bright star nearby (IRAS
03038+3018), but at 1.6 arcmin is well separated enough for re-
liable WISE extraction. WISE images clean so excess likely robust.
Likely missed by IRAS due to being masked by the bright (0.9 Jy
at 12 µm and 0.4 Jy at 25 µm) nearby source. Dust temperature is
253 K. Spectral type is A5 from SIMBAD, but we find an effective
temperature of 7485 K, closer to a late-A or early F-type.

(7) HIP 15244 (HD 20395). W3 excess not significant.
(8) HIP 17091 (HD 22680). Known 24 µm excess source in the

Pleiades (Sierchio et al. 2010). Dust temperature is 202 K.
(9) HIP 17401 (HD 23157). Pleiades member (Sierchio et al.

2010). Clean detection in WISE images. No nearby sources. Excess
appears robust. Dust temperature is 184 K.

(10) HIP 17657 (HD 23586). Clean detection in WISE images.
No nearby sources. Excess appears robust. Dust temperature is
285 K.

(11) HIP 17827 (HD 23623). W3 excess not significant.
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(12) HIP 20612 (CPD-77 172B): About 10 arcsec from the pri-
mary HIP 20610 (HD 29058). No excess; high W1 − W3 caused by
low W1 measurement (which is also marked as variable in the cat-
alogue). Significant excess at IRAS 12 µm not confirmed by WISE.

(13) HIP 21619 (HD 29364). Binary, excess caused by unreliable
W1 measurement.

(14) HIP 22449 (HD 30652). Very bright, W1 unreliable and
underestimated. No excess.

(15) HIP 22531 (HD 31203). Binary but only single WISE source
extracted. Significant W3 variability. Excess probably not real.

(16) HIP 22563 (HD 31532). W1 underestimated, no excess.
(17) HIP 23835 (HD 32923). Very bright, W1 unreliable and

underestimated. No excess.
(18) HIP 24065 (HD 33269). W1 underestimated, no excess.
(19) HIP 26460 (HD 37495). Very bright, W1 unreliable and

underestimated. No excess.
(20) HIP 26525 (HD 245710). About 1 arcmin from the ex-

tremely bright variable M7 giant GP Tau (HD 37291). In addition,
the WISE W3 photometry is marked as variable. Very likely that the
excess is not real and the result of proximity to GP Tau.

(21) HIP 26756 (HD 37805). WISE images show very high back-
ground because this star lies in the L1630 molecular cloud in Orion
(called MIR-31 by Mookerjea et al. 2009). Despite their conclu-
sion that the emission was photospheric, their Multiband Imaging
Photometer for Spitzer (MIPS) 24 µm photometry has an excess of
R24 ≈ 4−5. However, inspection of the images suggests that the
MIPS excess is for the same reason as the excess seen in W4; the
bright background.

(22) HIP 27284 (HD 38589). Very red bright object nearby in
WISE images. Also detection in IRAS at 60 µm. Excess unlikely to
be related to the star in question.

(23) HIP 28415 (HD 233190). Excess caused by halo from
nearby bright star V442 Aur (HD 39864).

(24) HIP 30399 (HD 44582). WISE images show high back-
ground level, excess probably not real.

(25) HIP 30953 (HD 46273). W3 excess due to saturated W1
and not real. Excess reported in Trilling et al. (2007) at 70 µm, but
this was only 2.7σ significant (i.e. may not be real either). Perhaps
worth follow up observations to check.

(26) HIP 31160 (HD 47149). No excess. W1 underestimated,
perhaps due to nearby source (BD+12 1221).

(27) HIP 32362 (HD 48737). No excess. Poor photospheric pre-
diction due to saturated 2MASS photometry and unusable W1 − 2
photometry.

(28) HIP 35069 (HD 55128). W1 underestimated, no excess.
(29) HIP 35564 (WDS J07204-5219AB). Binary. Two WISE

sources extracted so W1 measurement uncertain, the reason for
a W1 − W3 excess, which the SED fitting shows is unlikely to be
real.

(30) HIP 41319 (HD 71030). W1 underestimated, no excess.
(31) HIP 41389 (HD 71152). No excess. SED fitting shows that

W1 is underestimated.
(32) HIP 42173 (HD 72946). Two WISE sources extracted so W1

measurement uncertain, the reason for a W1 − W3 excess, which
the SED fitting shows is unlikely to be real.

(33) HIP 47605 (HD 83804). W1 underestimated, no excess.
(34) HIP 51459 (HD 90839).Very bright, W1 unreliable and un-

derestimated. No excess.
(35) HIP 53484 (HD 94893). Excess appears real, dust temper-

ature is 151 K. Mamajek (2005) noted this star in looking for new
members of the TWA, but rejected it due to a large distance (97 pc)
and ∼15◦ distance from the association centroid. Possible presence

of an excess suggests that membership of LCC should be consid-
ered.

(36) HIP 54155 (HD 96064). Binary for which only a single
source was extracted. Significant W3 variability indicated by cata-
logue, so excess unlikely to be real.

(37) HIP 54745 (HD 97334). W1 underestimated, no excess.
(38) HIP 55505 (HD 98800). Well-known warm excess source

in TWA (e.g. Walker & Wolstencroft 1988; Zuckerman & Becklin
1993). Age is about 8 Myr. Sometimes classed as a disc in ‘tran-
sition’ between the protoplanetary and debris disc phases (Furlan
et al. 2007), with the argument perhaps strengthened due to the re-
cent detection of H2 (Yang et al. 2012). Dust temperature is 168 K.

(39) HIP 56354 (HD 100453). Well-known isolated Herbig Ae
star (e.g. Meeus et al. 2002).

(40) HIP 56809 (HD 101177). Binary but only single WISE
source extracted. Significant W3 variability. Excess probably not
real.

(41) HIP 58220 (HD 103703). Member of Scorpius–Centaurus
in LCC (de Zeeuw et al. 1999). The age is therefore about 17 Myr.
With no evidence for significant far-IR emission (Chen et al. 2011),
HIP 58220 can be considered a 12 µm excess system with a dust
temperature of 264 K.

(42) HIP 58351 (HD 103941). SIMBAD spectral type is F2III
and listed as a δ Del giant. SED fitting finds Teff = 5900 K but
L� = 6 L
, suggesting that this star is not a true dwarf. We therefore
do not consider it as a warm dust source for our purposes here.

(43) HIP 59431 (HD 105963B). W1 underestimated, no excess.
(44) HIP 59693 (HD 106389). Member of Scorpius–Centaurus

in LCC (de Zeeuw et al. 1999). The age is therefore about 17 Myr.
With no evidence for significant far-IR emission (Chen et al. 2011),
HIP 59693 can be considered a 12 µm excess system with a dust
temperature of 291 K.

(45) HIP 60197 (BD+27 2115). Binary but only single WISE
source extracted. Significant W3 variability. Excess probably not
real.

(46) HIP 61049 (HD 108857). Member of Scorpius–Centaurus
in LCC (de Zeeuw et al. 1999). The age is therefore about 17 Myr.
With no evidence for significant far-IR emission (Chen et al. 2011),
HIP 61049 can be considered a 12 µm excess system with a dust
temperature of 220 K.

(47) HIP 61174 (η Crv, HD 109085). Well-known warm dust
source. However, the WISE excess is not significant and arises here
because of W1 underestimation due to the star being very bright.
Not included in our luminosity function.

(48) HIP 62472 (HD 11261). Binary but only single WISE source
extracted. Significant W3 variability. Excess probably not real.

(49) HIP 63439 (HD 112810). Member of Scorpius–Centaurus
in LCC (de Zeeuw et al. 1999). The age is therefore about 17 Myr.
Chen et al. (2011) find a large 70 µm flux, suggesting that the
12 µm excess is probably the Wien side of cooler (67K) emission.
The detailed SED model finds that the 12 µm excess is only 2.4σ

significant, so this source is not considered as a true warm dust
source.

(50) HIP 63975 (HD 113766A). Well-known warm dust source
in LCC (de Zeeuw et al. 1999; Oudmaijer et al. 1992; Lisse et al.
2008). The age is therefore about 17 Myr. The excess appears around
the primary star in this binary system, the companion is about 160 au
distant so too distant to affect the warm dust unless the eccentricity
is very high (see Smith et al. 2012).

(51) HIP 64184 (HD 114082). Member of Scorpius–Centaurus
in LCC (de Zeeuw et al. 1999). The age is therefore about 17 Myr.
Chen et al. (2011) find a large 70 µm flux, suggesting that the
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12 µm excess is probably the Wien side of cooler (110 K) emission.
The detailed SED model finds that the 12 µm excess is only 2σ

significant, so this source is not considered as a true warm dust
source.

(52) HIP 64241 (HD 114378J). Very bright, W1 unreliable and
underestimated. No excess.

(53) HIP 64532 (HD 115043). No excess. SED fitting shows that
W1 is underestimated. No excess found from Spitzer IRS (Lawler
et al. 2009).

(54) HIP 64837 (HD 115371). Proposed as a member of
Scorpius–Centaurus in LCC by Rizzuto et al. (2011, 2012) with
69 per cent probability. Hence, age is likely 17 Myr. Disc tempera-
ture is 238 K.

(55) HIP 64995 (HD 115600). Member of Scorpius–Centaurus
in LCC (de Zeeuw et al. 1999). The age is therefore about 17 Myr.
Chen et al. (2005) find a large 70 µm flux, suggesting that the
12 µm excess is probably the Wien side of cooler (120 K) emission.
The detailed SED model finds that the 12 µm excess is only 1.4σ

significant, so this source is not considered a true warm dust source.
(56) HIP 65875 (HD 117214). Member of Scorpius–Centaurus

in LCC (de Zeeuw et al. 1999). The age is therefore about 17 Myr.
Chen et al. (2011) find a large 70 µm flux, suggesting that the
12 µm excess is probably the Wien side of cooler (110 K) emission.
The detailed SED model finds that the 12 µm excess is only 2σ

significant, so this source is not considered a true warm dust source.
(57) HIP 67497 (HD 120326). Member of Scorpius–Centaurus

in LCC (de Zeeuw et al. 1999). The age is therefore about 17 Myr.
Chen et al. (2011) find a large 70 µm flux, suggesting that the
12 µm excess is probably the Wien side of cooler (105 K) emission.
The detailed SED model finds that the 12 µm excess is only 1σ

significant, so this source is not considered a true warm dust source.
(58) HIP 67970 (HD 121189). Member of Scorpius–Centaurus

in UCL (de Zeeuw et al. 1999). The age is therefore about 15 Myr.
Excess found at 24 µm by Chen et al. (2011), but no longer wave-
length detection. WISE 12 µm excess is only 2.5σ significant, so
this source is not considered a true warm dust source.

(59) HIP 69953 (HD 125038). WISE images show filamentary
structure, excess unlikely to be real.

(60) HIP 71957 (HD 129502). Very bright nearby star, SED fit
shows excess unlikely to be real due to W1 saturation.

(61) HIP 73241 (HD 131923). No excess. SED fitting shows W1
is underestimated and WISE catalogue shows significant variability.

(62) HIP 73990 (HD 133803). Member of Scorpius–Centaurus
in UCL (de Zeeuw et al. 1999). The age is therefore about 15 Myr.
Excess found at 24 µm by Chen et al. (2012), but no longer wave-
length detection. Dust temperature is 177 K.

(63) HIP 77190 (HD 327427): WISE images suggest moderate
nearby background level, and that W4 excess most likely not real.
W3 excess questionable (and only 3.3σ ) so not considered a true
warm dust source.

(64) HIP 77545 (HD 141441). WISE images show high back-
ground levels so excess most likely not real.

(65) HIP 78996 (HD 144587). Member of Scorpius–Centaurus
in US (de Zeeuw et al. 1999). The age is therefore about 11 Myr.
Excess found at 24 µm by Carpenter et al. (2009), but no longer
wavelength detection. Dust temperature is 223 K.

(66) HIP 79054 (HD 144729). W3 excess not significant.
(67) HIP 79288 (HD 145263). Member of Scorpius–Centaurus in

US (de Zeeuw et al. 1999). The age is therefore about 11 Myr. Excess
found at 24 µm by Chen et al. (2012), but no longer wavelength
detection. Dust temperature is 241 K.

(68) HIP 79383 (HD 145504). Proposed as a member of
Scorpius–Centaurus in US by Rizzuto et al. (2011) with 74 per cent
probability. Hence, age is likely 17 Myr. Disc temperature is 206 K.

(69) HIP 79476 (HD 145718). Member of Scorpius–Centaurus
in US (de Zeeuw et al. 1999). The age is therefore about 11 Myr.
Known Herbig Ae star (Vieira et al. 2003; Carmona et al. 2010).

(70) HIP 79607 (HD 146361). Multiple system. Very bright, W1
underestimated and excess unlikely.

(71) HIP 79977 (HD 146897). Member of Scorpius–Centaurus
in US (de Zeeuw et al. 1999). The age is therefore about 11 Myr.
Chen et al. (2011) find a large 70 µm flux, suggesting that the
12 µm excess is probably the Wien side of cooler (89 K) emission.
The detailed SED model finds that the 12 µm excess is just below
3σ significant, so this source is not considered a true warm dust
source.

(72) HIP 80170 (HD 147547). Very bright, SED fitting shows
that W1 is underestimated and excess unlikely.

(73) HIP 80759 (HD 148371). Excess in SED appears reliable.
WISE images show possible contamination due to filamentary back-
ground at both W3 and W4, though whether the excess is caused
by this is hard to tell. The W3 excess is 3.6σ , so the background
contribution would not need to be large to cause the excess to be
significant. Therefore, we do not include this source as a warm dust
candidate.

(74) HIP 81870 (HD 150697). Noted as a possible warm dust
source from IRAS photometry by Fajardo-Acosta et al. (2000), but
with the caution that the star lies on the edge of the ρ Oph star-
forming region. With a distance of 133 pc, it may in fact be a young
star associated with ρ Oph, but was assigned an age of 3.2 Gyr
by Holmberg et al. (2009). We find that the IRAS 12 µm excess
is 2.98σ significant and that the W3 images appear clean, so the
excess appears reliable. Dust temperature is 234 K.

(75) HIP 83006 (HD 153525). Bright star, W1 underestimated,
no excess.

(76) HIP 83301 (HD 153592). Near edge of region with no W3
coverage, image has major artefacts so excess very unlikely to be
real.

(77) HIP 83877 (HD 154593). WISE images appear reasonably
clean though the source is not very bright. Very bright carbon star to
the North (IRAS 17050−4642) does not appear to affect the images
at the target position. That an excess is seen in both W3 and W4
suggests that it is real, with a dust temperature of 285 K.

(78) HIP 84720 (HD 156274). Very bright, SED fitting shows
that W1 is underestimated and excess unlikely.

(79) HIP 85340 (HD 157792). Bright star, W1 underestimated,
no excess.

(80) HIP 86596 (HD 161157). Bright star, W1 underestimated,
no excess.

(81) HIP 86853 (HD 160959). Excess found by Rizzuto et al.
(2012) and UCL membership assigned 50 per cent probability based
on this excess. Disc temperature is 205 K.

(82) HIP 87368 (HD 162186). Has a 3.8σ W3 excess, but is
very near the Galactic centre (<5◦) so in a high background region
and probably not real. Very bright IRAS 60 and 100 µm detections,
and a ROSAT X-ray detection 33 arcsec to the south-east (1RXS
J175106.2−321836), which is unlikely to be associated given the
10 arcsec position uncertainty. The IRAS excess may be associated
with the X-ray source.

(83) HIP 88683 (HD165269). No excess. SED fitting shows that
W1 is underestimated and WISE catalogue shows significant vari-
ability.
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(84) HIP 88692 (HD 165439). Excess appears reliable. Age of
11 Myr derived by Tetzlaff et al. (2011).

(85) HIP 89046 (HD 166191). Large far-IR excess from AKARI
and IRAS may be associated with nearby red source. Alternatively,
far-IR emission could be associated with HIP 89046 and it harbours
a previously unknown transitional protoplanetary disc. Preliminary
conclusion from Herschel PACS observations favours the proto-
planetary disc interpretation.

(86) HIP 91242 (HD 171452). WISE images appear clean and
significant excess at W4. W3 excess only 2σ significant so not
considered a warm dust source here.

(87) HIP 93940 (HD 178332). No excess. W1 underestimated
and WISE catalogue shows significant variability.

(88) HIP 100217 (HD 193632). Bright star, W1 underestimated,
no excess.

(89) HIP 100464 (HD 194931). Excess appears reliable in WISE
images. Dust temperature is 188 K.

(90) HIP 107556 (HD 207098). Bright star, W1 saturated and W3
excess not real.

(91) HIP 108431 (HD 208450). Bright star, W1 underestimated,
no excess.

(92) HIP 108456 (HD 209942): About 13 arcsec from the RS
CVn secondary V376 Cep (HD 209943). Both stars have very sim-
ilar Ks magnitudes of 5.6, meaning that if the WISEW3 photometry
covers the pair (as suggested by the catalogue) it would show a flux
ratio of about 2. The W3 flux ratio is 2.7 (and 2 for IRAS 12 µm),
but the WISE photometry is also variable in W1 − 3, suggesting that
the excess is spurious.

(93) HIP 110355 (HD 211729). Bright star, W1 underestimated,
no excess.

(94) HIP 110785 (HD 212754). Bright star, W1 underestimated,
no excess.

(95) HIP 111278 (HD 213617). Significant 60 µm excess from
IRAS and 70 µm excess from Spitzer (Moór et al. 2011), WISE
12 µm excess not significant.

(96) HIP 114944 (EZ Peg). W3 excess not significant.

A P P E N D I X B : SA M P L E AG E D I S T R I BU T I O N

While stars of a given spectral type may reasonably be assumed to
have random main-sequence ages, our sample spans a sufficiently
wide range of spectral types that the main-sequence lifetimes τMS

vary significantly. Because our stars are selected based on their
Tycho-2 BT − VT colour, to derive the age distribution we want a
relation between this colour and τMS.

About 10 000 of our 24 174 stars actually have ages derived
by The Geneva–Copenhagen survey of the solar neighbourhood
(Nordström et al. 2004; Holmberg et al. 2009). The ages are derived
using isochrones, and therefore have the weakness that stars not
sufficiently evolved from the zero-age main sequence cannot be as-
signed ages. Indeed, the authors state ‘that the true age distribution
of the full sample cannot be derived directly from the catalogue;
careful simulation of the biases operating on the selection of the
stars and their age determination will be needed to obtain mean-
ingful results in investigations of this type.’ Despite this limitation,
however, the catalogue does provide a distribution of ages as a func-
tion of colour, shown in Fig. B1, which can be used to verify an
empirical relation between τMS and BT − VT.

We first plot absolute luminosities as derived by SED fitting
against colour for main-sequence stars from the UNS sample
(Phillips et al. 2010) in Fig. B2. The correlation in this HR diagram
is reasonably well described as L� ∝ 10−1.5(BT−VT). This relation,

Figure B1. Age versus Tycho-2 colour for 10 593 stars in the Geneva–
Copenhagen catalogue with age estimates. The line shows an empirical
estimate for the main-sequence lifetime of τMS = 0.4 × 10(BT−VT)/0.5Gyr,
where ages are also restricted to be less than 13 Gyr.

Figure B2. HR diagram for stars from the UNS sample, where stellar
luminosities have been derived from SED fitting. The solid line is L� =
15 × 10−1.5(BT−VT), and the dashed lines show the BT − VT colour range of
our sample.

combined with τMS ∝ M�/L� (i.e. assuming all mass is turned into
energy) and L� ∝ M3.5

� yields τMS ∝ 10BT−VT . This dependence is
only approximate however. Using it as a starting point, with some
experimentation we found that

τMS = 0.4 × 10(BT−VT)/0.5 Gyr (B1)

provides a reasonable match to the maximum ages for early-types
in Fig. B1, while giving an age of 9 Gyr at BT − VT = 0.68,
corresponding approximately to the Sun. We add a further restriction
that ages must be less than 13 Gyr.

To derive the age distribution of our sample now requires con-
verting the known distribution of colours. This conversion is done
by setting up a series of colour bins, and selecting ages randomly
between zero and τMS for the stars in each bin. This process results
in the age distribution for our sample shown in Fig. 2.

To generate this distribution numerically we make use of a
fourth-order polynomial fit to the histogram, with coefficients
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of 0.171 124, −0.052 8395, 0.006 862 27, −0.000 410 586 and
9.293 93e-06. We generate a random age in the desired range, and
another random number between 0 and 0.1035. If the second ran-
dom number is lower than the polynomial function evaluated for
that age, or if the polynomial is greater than 0.1035, we keep the
age. This process is repeated until the desired number of ages is
acquired.

Our analysis has been done with both a naive uniform distribu-
tion of ages between 0 and 10 Gyr and the more detailed distribution
derived above, and our conclusions are the same for either distribu-
tion.

A P P E N D I X C : SE D S FO R 2 5 WA R M D U S T
CANDI DATES/ SYSTEMS

Figure C1. SED modelling for the 25 candidate warm dust systems from Table 1 (i.e. including the three that are excluded from the final list of 22). Each
panel shows PHOENIX stellar (blue), blackbody disc (red) and star+disc spectra (black). Photometry is shown as filled dots and photospheric model fluxes at
these wavelengths as open circles. Star-subtracted (i.e. disc) fluxes are shown as grey filled dots. Upper limits are shown as downward pointing triangles. The
legend for each panel shows the parameters of the stellar and disc models. Modified blackbody parameters of λ0 = 210 µm and β = 1 have been assumed
(Wyatt 2008).
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Figure C2. 25 warm dust systems continued from Fig. C1.
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Figure C3. 25 warm dust systems continued from Fig. C2.
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Figure C4. 25 warm dust systems continued from Fig. C3.
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Figure C5. 25 warm dust systems continued from Fig. C4.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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