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ABSTRACT

While the population of main sequence debris discs is well constrained, little is
known about debris discs around evolved stars. This paper provides a theoretical frame-
work considering the effects of stellar evolution on debris discs, particularly the pro-
duction and loss of dust within them. Here we repeat a steady state model fit to disc
evolution statistics for main sequence A stars, this time using realistic grain optical
properties, then evolve that population to consider its detectability at later epochs.
Our model predicts that debris discs around giant stars are harder to detect than on
the main sequence because radiation pressure is more effective at removing small dust
around higher luminosity stars. Just 12% of first ascent giants within 100pc are pre-
dicted to have discs detectable with Herschel at 160um. However this is subject to the
uncertain effect of sublimation on the disc, which we propose can thus be constrained
with such observations. Our model also finds that the rapid decline in stellar luminos-
ity results in only very young white dwarfs having luminous discs. As such systems
are on average at larger distances they are hard to detect, but we predict that the stel-
lar parameters most likely to yield a disc detection are a white dwarf at 200pc with
cooling age of 0.1Myr, in line with observations of the Helix Nebula. Our model does
not predict close-in (j0.01AU) dust, as observed for some white dwarfs, however we
find that stellar wind drag leaves significant mass (~10~2Mg, ), in bodies up to ~10m
in diameter, inside the disc at the end of the AGB phase which may replenish these

discs.
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1 INTRODUCTION

The first dusty disc around a main sequence star was ob-
served in 1984 around Vega (Aumann et all [1984). Since
then our knowledge of such systems has improved signifi-
cantly, and it is now known that 32% of A stars exhibit
excess emission in the infrared, over and above the stel-
lar photosphere M ) This is thermal emission
from dust particles orbiting the star in a debris disc. De-
bris discs are collisionally dominated in that the smallest
bodies in the system are continuously replenished by colli-
sions between larger objects and are subsequently removed
by radiation pressure. The long term evolution of such
systems can be modelled by steady state collisional models
(Krivov_et_all |2008; Wyatt et _all [200%; | Kenyon €& Bromley
[2004; |[Kennedy & Wyati lZ_QI_d) Disks are depleted due to
collisional erosion and are expected to show a slow decline
in brightness. A decrease in brightness with age is indeed
observed 1i.e M} and can be well fitted with the

models of Wyatt et gl] JZM), allowing such models to char-
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acterize the population of main sequence A stars debris discs
reasonably accurately. These models assume that velocities
in the disc are high enough that collisions are destructive.
This requires that the disc is stirred, for exmple by self-

stirring (e.g. [Kenyon € Bromley ([Z_Q(ZJ)) or planet stirring
(e.g. [Mustill & Wyath (2009).

Dust is also seen around some post-main sequence stars.
In some cases this dust can be a result of the evolution of
the star, for example material emitted in the stellar wind
form spherical shells of dust that are observed around AGB
stars (e.g. [QOlofsson et all (2010)) or even stable discs ob-
served around post-AGB stars, possibly linked to binarity
(e.g. lvan Winckel et al! 2@9)) Infrared excess observed
around giant stars, e.g. lJur (@), and the helix neb-
ula M ), on the other hand, has been inter-
preted as a disc similar to debris discs on the main se-
quence ialthough alternative interpretations do exist see

. [Kim et all . Hot dust is also observed in small
radu (<0.01AU) dlSCS around white dwarfs, e.g.
(IM or von Hippel et al J (IM ), again inferred to origi-
nate from a debris disc. However, in contrast to main se-
quence debris discs, these discs cannot be in steady state
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since material at such small radii has a short lifetime. Rather

models suggest that these discs are formed when an aster-

oid ap%ches close to the star where it is tidally disrupted
).

There are not yet enough observations of discs around
post-main sequence stars to fully understand the population
and it is not clear how the few discs that have been discov-
ered around post-main sequence stars relate to the progeni-
tor population of debris discs on the main sequence. In this
work we take advantage of the fact that the main sequence
debris disc population around A stars is well characterised
and extend the steady state collisional evolution models to
consider the changes to this known population during the
star’s evolution. In particular we consider its detectability
on the post-main sequence and therefore whether the ob-
served post-main sequence discs derive from this population
and what future observations would be best suited to detect
them.

Previous work has looked at specific aspects of the ef-
fects of stellar evolution on asteroids or comets, such as
stellar wind drag MM) and sublimation m
LZM, M} Dong et all ({2@) model the evolution of a
planetesimal belt due to stellar mass loss and suggest that
the captue of km-sized planetesimals into mean motion reso-
nance could explain systems such as the heliz nebula. In this
work a theoretical framework is built that incorporates the
effect of collisions, radiation forces, the stellar wind, subli-
mation and realistic optical properties of dust, during the
star’s evolution from the main sequence to the white dwarf
phase, focussing on the observable properties of the belt. The
dynamical effects of stellar evolution, in particular stellar
mass loss, on planetary systems will be considered in future
work.

This paper begins by discussing the evolution of the star
in §21 In §3] we revisit the initial population of debris discs
around main sequence A stars this time reproducing the
fit to Spitzer observations at 24 and 70um of

) using a model that incorporates the optical properties
of realistic grains rather than a black body approximation.
The steady state collisional models of [Wyatt et all (2007)
are then extended to include post-main sequence stellar evo-
lution. In §l the changes to the properties of an individual
disc, as the star evolves, are described, whilst §5] discusses
the implications for observations of the population of debris
discs around evolved stars, focusing in particular on giant
stars and white dwarfs and 6] summarises the models dis-
cussed.

2 STELLAR EVOLUTION

Knowledge of the evolution of the star is required in order to
model the post-main sequence evolution of the debris disc.
The two crucial parameters that determine the disc’s evolu-
tion and detectability are the stellar luminosity and mass. In
this work stellar evolution models from [Hurley et all (2000)
are used. These models use analytic formulae and are de-
signed for population synthesis. They are accurate to within
5% of more detailed models.

Here we consider stellar evolution models for stars of
mass 1.67 to 3.8 Mg, these correspond to stars of spectral
type A9-B8, according to the models of [Kurucz (IE)7 al-
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Figure 1. The luminosity (L), mass (M), mass loss rate and
temperature (T) evolution of a 2.9M¢, star, Z=0.02, in solar val-
ues. MS: main sequence (0-413Myr), RGB: red giant (415.9-418.7
Myr), HB: horizontal branch (418.7-521.4)Myr, AGB: asymptotic
giant branch (521.4-525.9)Myr, WD: white dwarf (525.9 Myr on-
wards).

though the stellar temperature varies along the main se-
quence and a star of a given mass will be classified differ-
ently depending on the point in its evolution at which it is
observed.

The evolution of A stars can be split up into vari-
ous phases (see Fig. [Il for the evolution of an 2.9M¢ star,
equivalent to spectral type A0). Along the main sequence
(MS) the star is stable and powered by core hydrogen burn-
ing. There is a slight increase in luminosity, as the size of
the hydrogen burning core increases, but mass loss is neg-
ligible. Main sequence luminosities, for the spectral type
stars considered, range from 7.5Ls (1.67Mg) to 180Lg
(3.8M ) and main sequence lifetimes from 200Myr (3.8 M)
to 2000Myr (1.67Mg). Changes in stellar properties along
the main sequence are negligible and therefore are ignored
in [Wyatt et all (2007) and §81 Once hydrogen in the core is
exhausted, hydrogen shell burning commences and the star
swells to become a red giant (RGB). Its luminosity increases
by several orders of magnitude. The RGB phase lasts for
~10Myr, until core temperatures are hot enough that he-
lium burning starts, possibly degenerately in a helium flash
(for M < 2.25Mg), after which its luminosity decreases.
For those stars where helium burning starts degenerately,
the star reaches a higher luminosity on the red giant branch
than for higher mass stars. This means that although the
initial luminosity on the giant branch increases with stellar
mass, the value at the tip of the giant branch has a minimum
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for stars that no longer start helium burning degnerately
(M > 2.25M¢,), increasing up to ~ 10* L for 1.67Mg stars.
The star’s luminosity increases slowly as it moves along the
Horizontal Branch (HB), which lasts for ~100 Myr. Once
Helium in the core is exhausted the star swells to become
an Asymptotic Giant Branch (AGB) star and its luminosity
increases yet further. Luminosities of evolved A stars can
reach up to 2 x 10*Le for a 3.8 M star in this phase.

The majority of mass loss occurs on the AGB. There is
a fair degree of uncertainty in mass loss rates and the exact
mechanism dr1v1ng the mass loss in AGB stars (see review
by- ). The stellar evolution code uses the mass
loss of |Kudn§sz&_Bmm§r_d (1978) on the red giant branch

and horizontal branch:
13 L« R
M.

*

Mgr=2x10" Meyr ™ (1)
where M., R. and L. are the stellar mass, radius and lumi-
nosity in solar values.

On the AGB the formulation of [Vassiliadis & Wood
(1993) is used:

lOg MVW =
P = min (3.3, —2.07 — 0.91og M, + 1.941og R.) (3)

where P is the Mira pulsation period of the star, in days.
The expansion velocity for the stellar wind is given by:

vsw = —13.5 + 0.056P kms ™. (4)

The mass loss rate peaks in a superwind phase, at the

tip of the AGB (Vassiliadis & Wood [1993), with

M =1.36x10""L. Mpyr . (5)

These are empirical mass loss rates, fitted to observations of
RGB and AGB stars. Thermal pulses, with periods ~ 10°yr
dominate the evolution on the AGB as the star switches be-
tween helium and hydrogen shell burning. This may lead to
discrete superwind phases and the multiple shells seen in
many planetary nebulae.

The white dwarf core now evolves at constant luminosity
to higher effective temperature. This luminosity is propor-
tional to the white dwarf mass. The hotter radiation from
the white dwarf core ionizes the expelled gas which is seen
as a planetary nebula. Once the white dwarf core reaches a
mazimum effective temperature it starts cooling at constant
radius. The radiative cooling of the white dwarf is modeled
by Mestel theory (Im @)7 with the white dwarf lumi-
nosity, in solar units, given by

635MWD ZO'4
A+ 0.1 (©6)

where Mw p is the mass of the white dwarf (M), Z is the
metallicity, t is the cooling age or time since the WD formed,
in Myr and A is a parameter that is composition dependent.
In the current models solar metallicity, Z=0.02 and A=15
for a CO white dwarf is used. Once the white dwarf has
cooled significantly, crystallization occurs, and the cooling
rate enters a different phase, and hence in these models «
changes from 1.18 to 6.48 at an age of 9Gyr, for all spectral
types. Although prescriptions for white dwarf crystallization
have improved significantly since the groundbreaking work of

@), for example [Metcalfe et all (2004). However

crystalisation only occurs when the white dwarf cools to ~

Lwp =

—11.440.0125 [P—100 max(M.—2.5,0.0)] Meyr '(2)

6000 — 8000 K (Metcalfe et all2004) and therefore
@ ) should provide accurate luminosities for white dwarfs
hotter than this. It is found later in this work that debris
discs are only detectable around very young, hot white dwarfs
(see § i and therefore differences between the cooling
theory of |Mestel ) and more modern prescriptions are
not significant for the current work.

3 STEADY STATE MODELS FOR
POPULATION OF DEBRIS DISCS AROUND
MAIN SEQUENCE A STARS

3.1 Evolution of an individual disc

The evolution of an individual disc, due to collisions, can
be described by a simple steady state model such as that

presented in [Wyatt et all (2007). These models assume that

the size distribution of all particles is the same as for an
infinite collisional cascade:

n(D)dD « D~"/?dD. (7

This size distribution holds from the largest planetesi-
mals of size, D¢, down to the smallest dust grains present
of size, Dmin and assumes that all bodies of all sizes have
the same strength per unit mass. In the steady state models
for main sequence stars Dy, is determined by the largest
grains that are not blown out of the system by radiation
pressure, the blow-out size (Dp1). The blow-out size is an
important property of the system and depends on the stel-
lar parameters. Assuming spherically symmetric black body
grains, of uniform density p in kgm ™3, it is given, in um by

[1979):

Dy = 0.8 (AL/[) <¥) : (8)

where L, and M, are the stellar luminosity and mass in
solar units.

For such a cascade the majority of the cross-sectional
area of the disc is found in the smallest particles, but the
mass of the disc is determined by the largest objects. In these
models the evolution of the mass in the disc (Mot in Mg)
is determined by the collisional lifetime (¢.) of the largest
objects, with diameter, D. in km:

thot _ _Mtot
dt  te(De)’ ©)

The collisional lifetime of particles of diameter D. was

determined in [Wyatt et al] (IM) and is given by:
13 P Tlg/g(d_:)Q?/GDc
MtotM;l/365/3
where 1 is the radius of the disc, in AU, and dr is the
width of the disc, taken to be 7, e is the eccentricity of the
particles, assumed to be equal to their inclination I, Qp is
the dispersal threshold for collisions in Jkg™! and p is the
density of particles, taken to be 2700kgm~*. So long as the

only time dependent variable in Eq.[@lis the mass in the disc,
it can be shown that the mass in the disc evolves as:

Mtot(o)
(1+£)

te=5.20 x 10~ Myr (10)

Mtot(t) - (11)
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For early times, when ¢ << t., the mass in the disc remains
approximately constant at its initial value, only turning over
and falling off as Mot % at times t >> t.. At late times
(t in Myr) the mass in the disc tends to a value M. that
is independent of its initial value,

1527 (E)QE D

Mimao(t) = 5.2 x 10~ Mg (12)

M4/3 5/3¢

These models are, however, a simplification. It is only
considered that collisions between the largest bodies change
the mass in the disc. Only a single value for the dis-
persal threshold, Q7, is used and cratering collisions (e.g
Kobayashi & Tanakd (2010)) are ignored. However this sim-
ple procedure allows us to fit the observations. The calcu-
lated dust luminosities are within an order of magnitude of
more detailed prescriptions in which collisions between all
diameter particles are considered, Qp is a function of di-
ameter and the size distribution is three-phase, for example

2008).
n [Wyatt et all (2007) the emission properties of the

disc were calculated using a black body approximation. For
reasons that are explained in § .21l a black body approx-
imation cannot be used in the current models. The mod-
els of [Wyatt et all (2007) were updated to incorporate re-
alistic emission properties of grains using the method of
Wyatt & Dentl GM) The prescription of

) was used to calculate optical properties for grains
with a composition of 1/3 silicates, 2/3 organic refractory
materials and zero porosity, using Mie theory, Rayleigh-
Gans theory or geometric optics in the appropriate limits.
The temperature in the disc now depends on the particle’s
diameter, D, in addition to its distance from the star, r in

AU:
1/4
T(D,r) = (M) Ty (13)

Qabs>T(D,r)

where (Qabs)7, and (Qabs)7(p,r) are the particle’s absorp-
tion efficiency averaged over the stellar spectrum and the
spectrum of a black body radiating at temperature, T, and
Ty is the equilibrium temperature of the particle if it were
a black body, given by:

L1/4

Ty, = 2783 —2

K,

where L, is the star’s luminosity in solar units. The flux
from the disc, at a wavelength ), is given by:

7 P()\7T)Mt0t Jy
V DminDcpd2 ’

where Mot is the mass in the disc in Mg, Dmin(pum) and
D. (km) are the smallest and largest particles in the disc, p
is the density of particles, in kgm ™3, d is the distance from
the observer to the star, in pc,

Faise(A) = 2.98 x 10~ (14)

P()‘vT) = - Qabs()HD)BV()‘vT(Dvr))a-(D)de (15)

Diin

B, (\, T(D, 7)) is the black body flux, in JySr~* and &(D)dD
is the proportion of the total cross-section of the disc found
in particles with sizes between D and D + dD.

Parameter  Orginal value  New value
Mnia 10.0 7.8 Mg
D, 60.0 1.9km
e 0.05 0.05
Q% 150 Jkg~! 150Jkg =1t
~y 0.8 0.8
Tmin 3AU 6AU
Tmax 120AU 250AU

3.2 Population of discs around A stars

The population of debris discs around main sequence A stars
(spectral type B8 to A0) is relatively well constrained from
observations by Spitzer at 24um and 70um
M; Su et all M) ; ({Mﬁ) searched a sample
of 76 individual A stars, with ages between 0 and 800Myr,
for excess with Spitzer at 24um. This was extended by look-
ing at archival IRAS data to a total of 266 stars.
M) search a sample of 160 stars for excess at both 24 and
70um. Fig.[@ plots the stars that were found to have infrared
excess in both surveys. Fig. [A plots the fraction of stars in
different age bins that are classified to have small, medium
or large levels of excess. The level of excess decreases with
stellar age at both wavelengths, but at a faster rate at 24pm.
The models in [Wyatt et all (2007) were fitted to these
observations, using a population of 10,000 discs, with a
distribution of initial masses, radii, spectral type, distance
and ages. The initial masses formed a log normal distri-
bution centered on My,i4, assuming the same width as for
proto-planetary discs, 1.14dex dAndrﬂML&JMﬂmmd [ZM)
and the initial radii a power law distribution, with the
number of discs with radius between r and dr given by,
N(r)dr o r~7dr, for discs between rmin and rmaz. It was
assumed that the stars are randomly distributed, evenly in
spectral type and age and isotropically in distance. In the
original model the dust properties were assumed to be black-
body like and the 24pum and 70pum statistics were fitted by
adjusting the parameters, Mmia, D¢, €, @D, 7V, Tmin and

Tmaax-

Here we repeated the fit, using the updated formu-
lation that incorporates the optical properties of realistic
grains, to find new values for this parameter set. As dis-
cussed in [Wyatt et all (2007) a degeneracy in the model
means that these parameters are not unlquely constrained.
The fit to the data is good so long as both D Q* 5/6¢=5/3

(Eq. 15 of Wyatt et all (200%)) and Myos miaDe ' (Eq.16
of Wyatt et all

)) remain constant. The former can
be explained by the example of a massive disc composed of
stronger bodies that evolves on the same timescale as a less
massive disc of weaker bodies. Alternatively the later can be
ezplained by the fact that a massive disc that contains more
of its mass in larger bodies (i.e. a larger value for D¢ ) has
the same dust mass and therefore is equivalently bright as
a less massive disc where Do is smaller. Here we chose to
keep Q% and e unchanged at 150Jkg ™! and 0.05 respectively,
without any loss of generality and performed a fit to M4,
Dc,y v, Tmin and Tmaq.

In order to fit the observations with a new population
calculated using the emission properties of realistic grains,
we want every disc to evolve in the same way as every disc
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Figure 2. Upper and middle panel: The fit to the observations of
[Su_et all = at 24 (upper) and 70pm (middle), comparable to
Fig.2 of (m) The plots show the fraction of stars
with flux ratios in different age bins (<30Myr, 30-190Myr, 190-
400Myr), at 24pum Faisc —1.1.25 (diamond: small excess), 1.25-2

Fy
(square: medium excess), >2 (triangle: large excess) and simi-

larly at 70um F;‘?—’fcz 1-5 (diamond:small excess), 5-20 (square:
medium excess), >20 (triangle: large excess). Observed values are
shown with v/N error bars, whilst model values are joined with
dotted, dash and solid lines, for small, medium and large excess.
Lower: The distribution of planetesimal belt radii. The model
population is shown with a dashed line, whilst the sub-sample of
the model population that is detectable at both 24 and 70um is
shown with a dotted line. The observed distribution of radii are
shown with triangles and v/N error bars.

in the old population, calculated using a black body ap-
proximation. The optical properties of realistic grains mean
that they are hotter and emit less efficiently at longer wave-
lengths. Therefore in order for the flux ratio % to
remain the same, disc radii must increase. In fact a“good
fit is achieved by adjusting the disc radii from the values in
the original model, 12470, to a new value, r = Xoa7o72470,
so long as the other parameters are also adjusted accord-
ingly; thus we keep v at 0.8, whilst ry,in and rm,me. increase
by a factor Xasa70. Then, in order to keep the flux from each
disc constant, its fractional luminosity (f), the ratio of the
luminosity of the disc to the luminosity of the star, should
remain unaltered. Grains are larger than the emission wave-

length of starlight on the main sequence such that they ab-

sorb starlight efficiently and f o T2D£”/’;fgl/2 . Therefore we
need to adjust Mo+ and D¢ keeping \/A%’k constant. The

maximum fractional luminosity that a disc of a given age can
have due to its collisional evolution should also remain con-
stant and thus using Eq. 7'7/3Di/2 is also a constant. To-

gether these mean that D. and M,,;q are altered by X27417%)/3

and X;I%S respectively.

The conversion between r and ros79 was determined for
realistic grains with the prescribed size distribution around
main sequence stars and is shown in Fig. Bl There is a func-
tional dependence of X2470 on r2470 and spectral type that
can be readily understood. For a given spectral type, X2470
has a minimum at intermediate radii but increases at small
and large radii. The latter arises because the cooler tem-
peratures at larger radii mean that the emission at these
wavelengths is on the Wien side of the black body spec-
trum. This means that the small increase in the tempera-
ture of the grains causes a larger increase in the flux ratio at
these wavelengths and hence the radius inferred, ra479. This
is compounded by the fact that the temperature of blow-out
grains falls off more slowly with radius than that of black
body grains (e.g. )). The increase at small
radii arises because the emission efficiency of realistic grains
falls off with wavelength, such that the emitted spectrum ap-
pears steeper (i.e. hotter) than the true grain temperatures.
This effect is more important where the spectrum is steeper,
i.e. where discs are hotter. All of these effects are more pro-
nounced for later spectral type stars because the blow-out
size is smaller (Eq. B) and therefore there is a larger popu-
lation of grains whose properties depart from black body.

Xoa70 was found self-consistently using Fig. [B] to give
an average value of 2.1. The above discussion suggests that
an equally good fit to the statistics could be obtained with
Mmpia = 7.8Mg and D. = 1.9km. Indeed, as is shown in
Fig. @l this is found to be the case, with a total X%4,70,r of

16.0 compared to 9.8 of [Wyatt et all (Il)Qﬂ)

4 MODELS OF DEBRIS DISCS AROUND
POST-MAIN SEQUENCE A STARS

The steady state models for the evolution of the disc due to
collisions described in §3] are extended to include the effects
of the evolution of the star, described in §21 The evolution
of individual discs and changes to their properties, are dis-
cussed. Individual discs follow different evolutionary paths
depending on their properties. The plots presented in this
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Figure 3. The ratio of the radius (r) of a disc calculated using
realistic grains to the radius inferred from the flux at 24pum and
70pm, assuming black body emission (r2470), as a function of
r2470-

section are representative, and look at the evolution of a disc
around a 2.9Mq (equivalent to AQ) star, with solar metal-
licity (Z = 0.02), initial masses in the disc of 1.0, 10.0 and
100.0 Mg and initial radii of 10, 50 and 100 AU, although
the population models discussed in Sec.[5.2luse the evolution
for the appropriate disc and stellar parameters.

4.1 Radius evolution

As the star loses mass, the semi-major axes of orbiting bod-
ies will increase. The star loses the majority of its mass
in 10°yr at the tip of the AGB. For the majority of discs
this mass loss timescale is much longer than the orbital
timescales of particles and therefore the mass loss can be
considered to be adiabatic. Only for the discs at much larger
radii do the orbital timescales start to approach the mass
loss timescales and the assumption of adiabatic mass loss
may break down, inducing eccentric orbits, for example a
body initially in a circular orbit at 100AU will gain an ec-
centricity of 0.1 if mass loss rates reach 10~ *Mgyr—!.
However these effects are small and are ignored in the
current models, where the evolution of the radius (r) due to

adiabatic mass loss is given by Villaver & Livid (2007) :
_ r(0)M.(0)
WO VAT

(16)

Essentially the radius of the disc switches from an initial to
a final value during the ~ 10° yr of extreme mass loss, at
the tip of the AGB, as shown in the upper panel of Fig. [

4.2 Mass in the disc and the collisional lifetime

As discussed in 3] the mass in the disc is dominated by
the largest particles, and hence the timescale on which the
mass is depleted is dependent on the collisional lifetime of
the most massive particles, t. (Eq.[I0). The evolution of t.
is shown in the middle panel of Fig.[d Collisions occur most
frequently (¢ is shorter) in the most massive discs, closest to
the star. The collisional lifetime increases significantly when
the star loses mass, and is given by:

£.(0) Mot (0)M27% (0)
M (£)17/3 Miou (t)

t, = (17)
Once the mass in the star changes as a function of time, the
evolution of the mass in the disc is no longer given simply
by Eq. [0 instead:

AMiow _ —Miot M2, () M(1)

= 1
dt te x 7,13/3 (t) ( 8)

Using the expression for r(t),

d]\]‘gj x /M37/3dt (19)
Therefore
Mo — Mot (0) - (20)
1+ Mot (0)K [ M dt
where
K = [1.4x 10*9(%)6*5/31)6@;5/%(0)13/3]\4* (0)13/3)7L (21)

However the mass in the star is approximately constant
until the AGB, and up until this point Eq. [ is valid. In
fact up to the end of the AGB, the evolution of the mass
in the disc is similar to that on the main sequence in that
Mo remains approximately constant for discs with longer
collisional lifetimes (larger radii) and tends to Mima» (Eq.[I2))
for discs with shorter collisional lifetimes (small radii), as
shown in the bottom panel of Fig. @l Once the star loses
mass on the AGB, the collisional lifetime of larger objects
increases so much that it approaches the Hubble time, even
for close-in discs (see the middle panel of Fig.[]]). Collisional
evolution is mo longer significant for the total disc mass,
which remains constant throughout the white dwarf phase.

4.3 Temperature of the disc

Particles in the disc are heated by stellar radiation. Their
temperature is a balance between absorption and emission
and is a function of particle diameter, as shown in the up-
per panel of Fig. Large grains emit efficiently and act
like black bodies, whilst medium sized grains (~ pm) emit
inefficiently and are therefore hotter than black body. The
smallest (< pm) grains emit and absorb inefficiently and
reach a temperature that is independent of grain size.

To illustrate the evolution of the temperature of par-
ticles in the disc we show in the lower panel of Fig. [l the
change in the temperature of black body particles (appro-
priate for large grains) and the smallest grains in the disc
of size Dmin (as calculated in M) as the star evolves. This
follows the luminosity of the star. Along the main sequence
the temperature of the disc is relatively constant, but it
increases up to several hundred Kelvin (depending on disc
radius)

as the star’s luminosity increases on the RGB and AGB.
The temperature of the disc falls dramatically as the star be-
comes a white dwarf, mostly because the stellar luminosity
drops by several orders of magnitude, but also because the
discs are now further from the star. For this example mass
star, the only epoch when the temperature of any parti-
cle in the disc greatly exceeds the black body temperature
is for white dwarfs, however for later spectral type (lower
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Figure 4. The evolution of the disc radius (upper), collisional
lifetime (middle) and total disc mass (lower), for different initial
disc masses, 1.0Mg (black), 10.0Mg (blue), 100.0Mg (red), and
radii, 100AU (dashed line), (bottom plot only 50AU (dotted line),
10AU (thick line)), around a 2.9M, star.

mass) stars the smaller grains may be hotter than black-
body through all phases of stellar evolution.

4.4 Smallest particles in the disc

The size of the smallest particles (Dmin) in the collisional
cascade was determined in the [Wyatt et all (2007) models
and in 3] by radiation pressure (the blow-out size Eq. ).
This is correct for most discs around main sequence stars,
however there are several other forces that can remove small
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Figure 5. Upper: The temperature of particles in the disc as a
function of particle diameter, for a disc initially at 50AU around
a 2.9M¢ star, around a main sequence star (L« = 190Lg ), giant
star (L« = 500L¢)), a horizontal branch star (L« = 150Lg), an
AGB star (Ly = 1.5x10* L) or white dwarf (L« = 7x 1073 Lg).
The solid lines show bound grains that are included in the model,
whereas the dotted lines are unbound grains that are excluded
from the model. Lower: The evolution of the temperature of black
body grains (D.) and the smallest grains in the disc (Dupin ), for
discs initially at 10AU (thick line), 50AU (dotted line), 100AU
(dashed line) around a 2.9M¢ star.

particles from the disc, including Poynting-Robertson drag,
stellar wind pressure, stellar wind drag and sublimation. In
the models presented here, D, is determined by whichever
of these removes the largest diameter objects at a given
epoch. In the following section all five processes are dis-
cussed and compared such that D,,i, can be determined for
every disc during its evolution. The outcome is summarised
in Fig.

4.4.1 Radiation pressure

Radiation pressure is a radial force which acts in the op-
posite direction to the star’s gravity. The ratio of radiation
forces to the gravitational forces is given by:
Frad <Qpr>L*

= — =043-——+"—— 22
o0 = M.D (22)

where (Qpr) is the radiation pressure efficiency for
grains of a given diameter D, in pum, averaged over the stel-
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Figure 6. The limiting diameter below which objects are removed
by either radiation pressure (Dy;), PR-drag (Dpgr), stellar wind
pressure (Dgyy ) or stellar wind drag (Dswpr), calculated using
Eq. B Eq. 25 Eq. and Eq. B0 in a disc initially at 100AU
with a mass of 10Mg ,around an evolving 2.9M¢ star. The lower
panel shows a zoom-in on the AGB. Dgw pr overestimates the
diameter bodies that are removed by stellar wind drag as it does
not take into account the finite AGB lifetime.

lar spectrum. The dependence of .4 on particle diameter,
for realistic grains, is shown in the upper panel of Fig. [1 at
different epochs. The peak in S,44 occurs at a size compa-
rable to the peak wavelength in the stellar spectrum. The
dotted line shows the approximation to [r.q used in this
work for which (Qp:) = 1. It only deviates from the more
realistic calculation at the smallest particle sizes and since
these small particles are generally removed from the disc,
apart from during the white dwarf phase, this is considered
a reasonable approximation.

If Praa > 1 the radiation forces are greater than the
gravitational forces and particles are unbound. However
for small particles produced in collisions radiation pressure
causes their orbits to differ from that of the parent body,
resulting in a hyperbolic orbit if Syaqa > 0.5
M) Radiation pressure also causes bound grains with
0.1 < Praa < 0.5 to have eccentricities greater than their
parents. This causes a perturbation to the size distribution

from that assumed in Eq. [ (e.g. [Strubbe & Chiang (2006);
Thébault & Augeread (2007)), but the resulting disc flux

can be approximated by assuming the eccentricity to be
constant for all particles and ignoring the effect on the size

distribution, which is assumed to be truncated at Dy; cal-
culated using Eq. Bl

The middle panel in Fig. [ shows how the blow-out size
(Dui) changes as the star evolves for stars with different
initial masses. The blow-out size follows the luminosity evo-
lution of the star, increasing both on the RGB and AGB,
up to ~cm in size, before decreasing significantly as the star
becomes a white dwarf. The stellar luminosity of a white
dwarf is so low that once the star has cooled sufficiently
(Lwp < 0.1Lg), Braa is never above 0.5 (as seen in Fig. [1)
and no grains are removed from the system by radiation
pressure. The change in stellar luminosity or (5,44 with time
causes particles to spiral inwards, changing its semi-major
axis by:

a(0)(1 — Brual0))
W)= T B

where a(0) and $rqq4(0) are the semi-major axis and ratio of
the radiation pressure to the stellar gravity at the start of
the white dwarf phase. No particles ever reach the star by
this process, the maximum fractional change in semi-major
axis is (1 — Brqa(0)).

This leaves the question of what, if anything, removes
the smallest particles from collisional cascades in discs
around white dwarfs, a problem which also exists for M-
dwarfs (Plavchan et al! 2009). Tt is possible that magnetic
effects or interactions with the interstellar medium remove
the smallest particles in discs around white dwarfs. In this
work, however, the fate of the smallest particles is left as
an open question. The bottom panel of Fig. [ shows that,
should they exist, particles smaller than D, = 10~ %m
contribute negligibly to the total flux in the wavebands con-
sidered here. This is because, despite the size distribution of
Eq. [ meaning that such grains contain the majority of the
cross-sectional area in the disc, such small grains also have
extremely low emission efficiencies at longer wavelengths.
For example even for the extreme case of a disc at 100AU,
around an evolved 2.9M¢, with a white dwarf cooling age of
1Myr and a size distribution that extends down to 10~ %m,
the contribution of particles less than 10~%m in size to the
24pm disc flux is only 20%. Thus for practical purposes we
set Dmin = 10~ %m.

(23)

4.4.2  Poynting-Robertson Drag

Radiation forces also oppose the velocity of an orbiting dust
particle, reducing its angular momentum and causing it
to spiral inwards, by Poynting-Robertson drag (PR-drag),
changing its radius by order itself on timescales of
_¢ T2pD

tpr = 1.4 x 10 RO Myr. (24)

Poynting-Robertson drag is only relevant for particle
sizes for which the PR-drag timescale is significantly shorter
than the collisional lifetime, since otherwise the particles are
destroyed by collisions before they have had the opportu-
nity to migrate. Assuming that the size distribution extends
down in size indefinitely according to Eq. [7 and that PR-
drag lifetime varies according to Eq. [24] both of which are
valid in the regime where radiation pressure is negligible, it
is possible to derive a condition for the diameter, Dpg, at
which the collisional cascade is truncated by PR-drag, by
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Figure 7. The effect of radiation pressure on the disc. Calcula-
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diational to gravitational forces (8,44) for different diameter par-
ticles in a disc around a main sequence star (L« = 190L¢)), giant
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diation pressure. The maximum value of [3,.,4 is less than 0.5
around a white dwarf, once Ly p falls below ~ 0.15L. Middle:
The change in the blow-out diameter of realistic grains around
1.67, 2.9 and 3.8 Mg or A9, A0 and B8 stars. For both plots
the dotted lines show calculations with (Qpr) = 1, which do not
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Figure 8. The maximum diameter object that can be removed
by stellar wind drag, throughout the disc’s evolution, ignoring
collisions, as a function of disc radius, for a disc around a 1.67M¢
(A9), 2.9M¢ (AO) or 3.8My (BS8) star.

comparing the collisional lifetime of the smallest grains to
their PR-drag lifetime:
L2(40)2,7/3Q*5/3 p,
Dpr =863 x 10~ % ( ’"8) @p pm. (25)
M3 M2 e10/3

In Fig.[6l Dpr is compared to Dy (Eq.B). Dpr is always
smaller than Dy; for the disc initially at 100AU with 10 Mg
shown, such that collisions and radiation pressure dominate
over PR-drag which can therefore be ignored, as was previ-
ously shown in ). A similar analysis for discs of
different mass and radii around different mass stars shows
that PR-drag can always be ignored except for close-in discs
or those low in mass.

PR-drag in discs around white dwarfs is of particular
interest as a possible mechanism to remove the smallest
grains. Of potential importance is the fact that objects larger
than D > 227;(4% can never reach the star due to PR-drag.
This is because the luminosity of the white dwarf decreases,
and thus the rate at which objects spiral in decreases with
time. The critical size is calculated by solving for the rate
of change of semi-major axis, a, due to PR-drag, for a zero
eccentricity particle, given by (m @)

da 3Lwd

<E> ~ 8mpc2Da (26)
where L4 is given by Eq. [6l However since collisions still
occur on faster timescales than PR-drag can act, even for
the smallest particles present (1078111, as is seen in the up-
per panel of Fig. [)), it is not expected that PR-drag has a
significant effect on debris discs around white dwarfs.

4.4.3 Stellar wind pressure

Mass loss is an important feature of stellar evolution along
the giant, horizontal and asymptotic giant branches, how-
ever mass loss rates are low and do not affect the disc sig-
nificantly except towards the end of the AGB. It should be
noted that there is a relatively large degree of uncertainty in
the exact mass loss rates of an evolving star, as discussed in
g2l The effect of the stellar wind on particles in the disc is
very similar to that of stellar radiation in that its pressure
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Figure 9. The change in position of the ice-line and silicate sub-
limation radius due to the change in luminosity of a 2.9M star,
7=0.02, as it evolves. Objects initially outside the ice-line on the
main sequence, e.g. at 100AU, could end up inside of the ice-line
around a giant or AGB star, such that any particles composed
purely of water ice would sublimate.

component causes the smallest particles created in collisions
to have eccentric or unbound orbits and its drag component
causes them to spiral inwards. Assuming a stationary wind
model, with a constant wind velocity vsw, the ratio of the
pressure force due to the stellar wind to the gravitational
forces is given by:

o MvswQsw

= 5.67 x 10*
Bsw X MopD

(27)
where (Qsw) is the efficiency for momentum transfer from
the stellar wind, assumed to be 1, M, the mass loss rate, in
Mg yr~! and vsw the wind velocity, in kms™?.

Just like with radiation pressure grains smaller than
Dsw or with Ssw > 0.5 would be removed from the system,

where

4 M* Vsw
pM.

However, as shown in Fig. [@l Dsw is smaller than Dy

throughout the star’s evolution, such that removal of grains
by stellar wind pressure can be ignored.

Dsw = 1.13 x 10~ (28)

4.4.4  Stellar wind drag

The stellar wind causes particles of diameter, D, in um, to
spiral in towards the star on timescales of:

17 DP7’2

tsw = 9.4 x 10~
QSWM*

Myr. (29)

Similarly to for PR-drag these timescales can be com-
pared to those for collisions Eq. to derive a condition for
the diameter below which particles are removed by stellar
wind drag;:

72,.14/3 dr2 ~*5/3
M2rt/3&2Q e D,

Dswpr =194 Mfoth/3610/3

(30)

In Fig. [0l Dswpr is compared to Dy, Dsw and Dpr
throughout the star’s evolution. It shows that stellar wind
drag is only important for the stronger mass loss rates on

the horizontal and asymptotic giant branches, seen in Fig. [l
This is generally true for all disc and star parameters con-
sidered in this study.

The strong mass loss rates, however, only act for a rel-
atively short timescale, shorter than collisional timescales,
such that Dswpr actually overestimates the size objects
that are removed by stellar wind drag. Fig. 8 shows the
maximum diameter particle that can be removed by stellar
wind drag for a disc around a 2.9M star, given the finite
AGRB lifetime. For the smallest radii discs, since planetesi-
mals up to D¢ (1.9km) are present in our model, almost all
the mass in the disc is removed by stellar wind drag during
the AGB phase. However the maximum diameter particle
that can be removed for large radii discs is not much larger
than the blow-out size.

Although the majority of the disc mass at the end of
the AGB still lies within the main belt, our treatment of the
effects of stellar mass loss do not include the fate of smaller
bodies migrating inwards under stellar wind drag. This is
the main difference between our work and numerical simu-
lations such as|Dong et all (2010). [Dong et all (2010) also
include the effect of planets on a planetesimal belt, including
the trapping of planetesimals into mean motion resonances.
Although our models do not include the fluxz from small bod-
ies spiralling in under stellar wind drag in the calculation
of the disc luminoisities, the amount of material distributed
between the inner edge of the belt and the star has been mon-
itored. This will be discussed further in §5.2.3, in terms of
the hot white dwarf discs observed around some stars, for

ezample |Farihi et _all (2009).

4.4.5  Sublimation

As the star evolves to higher luminosities particles heat up
and may sublimate. For some ideal assumptions, the result-
ing rate of change of diameter, D (in m), is independent of

the size (Jura 2008):

ab _ 260 [ To =78 (31)
dt p \ T(t)

where T the temperature, in K, 6o = 1.5 x 10'%kgm~2s~*
and Ty the composition dependent sublimation tempera-
ture. For pure water ice Tp = 5,530 K and for olivine
To = 65, 300K, meaning that water ices sublimate at ~110K,
whereas silicates only sublimate at ~ 1,300K. Here we de-
fine the ice-line and silicate sublimation radius as the radius
inside of which black bodies have temperatures hotter than
this.

The change in the position of the ice-line and silicate
sublimation radius as the star’s luminosity changes is shown
in Fig.[@ It can be seen that the silicate sublimation radius
is always smaller than the discs considered in the current
models, hence the sublimation of silicates can be ignored for
the population of discs considered.

Temperatures hot enough for the sublimation of water
ices, on the other hand, are found in debris discs around
main sequence stars, for example sublimation of water ice
is important for comets in our solar system on orbits that
approach the sun within the ice line of 6 AU. A disc ini-
tially outside of the ice-line on the main sequence, may be
inside of it by either the giant or asymptotic giant branches.
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The sublimation of objects composed entirely of water ice
would therefore be expected, resulting in significant mass
loss from objects of all sizes in the disc. Since sublimation
loss timescales are proportional to diameter, this means that
smaller objects are removed most rapidly which could trun-
cate the collisional cascade size distribution at a size larger
than the blow-out limit.

However, the behaviour of more realistic objects of
mixed composition is more complex. Sublimation may not
proceed at the rate given by Eq. BI] indefinitely as wa-
ter ice below the surface may be protected from sublima-
tion by the surrounding layers of other non-volatile mate-
rial (MM) As observed for solar system comets,
sublimation may also lead to the release of small dust grains
that were originally embedded in the ice, thus increasing the
number of small grains. Such a process was invoked in the
models of [Jura M) Thus, although sublimation may
truncate the size distribution, and so reduce the number of
small grains, it may also lead to the production of an ex-
tra population of small grains. Due to this complexity in
behaviour it is not clear that sublimation cleanly truncates
the size distribution and it is therefore assumed not to domi-
nate over other processes in the current models and its effect
is discussed further in § 211

4.4.6  Summary

The five processes that could potentially remove the smallest
particles from the disc have been discussed. Fig. [l provides a
summary of which processes are relevant as the star evolves.
Radiation pressure removes the largest particles from the
disc throughout most of its evolution, apart from on the
AGB when stellar mass loss rates are high and relatively
large objects are removed from the collisional cascade by
stellar wind drag. PR-drag is only relevant for small radii
discs on the main sequence and giant branch. Uncertainites
in the outcome of sublimation mean that the models pre-
sented in this paper assume that discs are unaffected by this
process; the implications of this assumption are discussedin
§ 6211 The maximum of Dy, Dswpr, Dpr and Dsw, as
shown in Fig. [l was used to determine the cut-off of the
collisional cascade, Dpin, in our models. For epochs where
Diin decreases with time, a time delay would be expected
before the small grains are replenished by collisions. How-
ever in these models we assume that this delay is shorter
than the timescales considered and that the collisional cas-
cade is instantaneously replenished. For example at the start
of the white dwarf phase Dy.in decreases rapidly, however
small grains will be replenished quickly by collisions. The
collisional lifetime for small bodies is short, even though the
collisional lifetime for the largest bodies in the disc is long

§£2

5 OBSERVATIONS

The preceding section discussed the various processes that
affect the disc as the star evolves. Combining these pro-
cesses, together with a knowledge of the change in stellar
properties as the star evolves (Fig. [I), the evolution of a
debris disc and its observable properties on the post-main
sequence can be modelled. The evolution of an individual
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Figure 10. The evolution of the total flux from the disc (top
panel) and the ratio of the flux from the disc to the flux from the
star (middle panel) at 70um, as the star evolves. The thick blue
line in the upper plot is the sensitivity limit of 110uJy, whilst in
the middle plot it shows the calibration limit of Ry, = 0.1, for
Spitzer at 70pum. The star is a 2.9M, star, with solar metallicity
(Z =0.02), at 10pc and the disc has an initial radius of 100AU.

disc is, of course, dependent on its initial conditions, char-
acterized in the current models by its radius, initial mass,
distance from earth and the spectral type of the star. In this
section we first consider the evolution of an individual disc,
with a given set of parameters, and then proceed to discuss
the evolution of the population of debris discs observed on
the main sequence around A stars.

The two quantities of relevance to observations of the
disc are its flux (Fuisc) and the ratio of the flux from the disc
to the flux from the star (R,). In order for a disc to be de-
tected by a given instrument, at a given wavelength, its flux
(Faisc) must be above the sensitivity limit for that instru-
ment (Fiens), and the ratio of the flux from the disc to the
flux from the star (R, ) must be above the calibration limit
(Ru1im). The calibration limit is set by the accuracy that
the stellar flux is known and the quality of the instrumental
calibration. Here it is assumed that all far-IR measurements
have the same calibration limit as Spitzer at 70pum (~0.55),
whilst mid-IR measurements, such as Spitzer at 24pum have
a calibration limit of ~0.1. Although the instrument cali-
bration for Herschel is quoted as 0.1 dPleitggh & Waelkend
), once the uncertainity in the stellar fluz is included
the limit will be similar to that for Spitzer at 70um.
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5.1 Evolution of a 100AU disc around a 2.9Mg,
star at a distance of 10pc

Fig. M shows the evolution of Fuisc and Rroum at 7T0um, for
a disc initially at 100AU, with a mass of 1, 10 or 100Mg,
around a 2.9M star at 10pc. The blue lines show the sen-
sitivity and calibration limits for Spitzer at 70pum, respec-
tively. The disc is detectable if both Fuisc and Rroum are
above these limits. From these plots it can be seen that a
disc of these initial conditions can be detected on the main
sequence, early on the giant branch and early in the white
dwarf phase. The exact values of Fyisc and R7oum, relative to
the calibration and sensitivity limits, vary significantly for
discs of different radius, initial mass, distance from earth
or around different spectral type stars, however the form
of these plots, in terms of when Fyisc and Rroum increase
or decrease relative to the evolutionary phase of the star,
remains relatively unchanged. The discussion begins below
by considering the variation of Fyisc and R7oum during the
evolution of a disc with a given set of initial parameters and
then goes on to consider the changes to this evolution when
these initial parameters of the disc are varied in § [B.I1.1]

§BEI2 and § 5131

Along the main sequence the stellar properties change
only by a small amount and the evolution of the disc is
unchanged from that in [Wyatt et all (2007). The flux from
the disc falls off with time as collisional evolution depletes
the mass in the disc. Observations of discs around nearby
stars with Spitzer at 70um are in general calibration limited,
and the example shown at 100AU is detectable throughout
the main sequence.

On the giant branch, the stellar luminosity increases
by several orders of magnitude (see Fig. [l). The increase in
stellar luminosity heats the disc, however the increase in disc
flux is small since all the small grains that would dominate
the emission are removed by radiation pressure (see middle
panel of Fig. IZI) There is a substantial decrease in Rzoum
with time along the giant branch, since the increase in stellar
flux is large, whilst the increase in Fyisc on the giant branch
is relatively small. The difficulty in observing discs around
giant stars is therefore the calibration limit, as can be seen in
Fig. for the example disc for which R7o.m is only greater
than R7oum,im for the first half of the star’s giant branch
evolution.

As the star moves onto the horizontal branch its lu-
minosity decreases from the maximum value on the giant
branch, but remains higher than on the main sequence,
whilst the stellar temperature remains low (see Fig.[Il). The
combination of these means that the stellar flux is high and
Rroum is small, less than R7oum lim, for the 10Mg example
disc. This is true for the majority of discs in our population.

As helium in the core is exhausted, the star swells to
become an asymptotic giant branch star. It ejects a signifi-
cant proportion of its mass in a stellar wind and the smallest
grains are removed by stellar wind drag (Dmin = Dswpr
Eq. B0). The stellar luminosity increases and heats the disc
such that Fyisc remains high, despite the fact that Dmin is
relatively large. This means that R, < R, 1im and discs do
not have an observable excess from a debris disc. However
AGB stars may be surrounded by expanding circumstellar
envelopes of material ejected from the star in a stellar wind

and emission from these dust shells would be significantly
brighter than a debris disc in the infrared or submm.

After mass loss ceases, the white dwarf core evolves
swiftly to higher effective temperature at constant luminos-
ity, before the stellar luminosity starts to fall as the star
cools as a white dwarf. As the stellar luminosity decreases,
R, increases and it becomes possible to detect emission from
this example debris disc. For this short evolutionary epoch
the star is defined as a post-AGB or pre-white dwarf. For
the purposes of these models we have defined the post-AGB
phase as the 0.1Myr before the start of the white dwarf phase.

There is a sharp drop in stellar luminosity as the stellar
envelope is ejected and the stellar core is exposed as a white
dwarf. This means that the ratio of the stellar luminosity
to the disc flux increases significantly and that observations
are no longer calibration limited. However the disc flux falls
rapidly below the sensitivity limit as the white dwarf cools
and it is this limit that determines whether a white dwarf
debris disc is detectable. As discussed in §4.4.1] even though
there is no process to remove small dust created in collisions,
the flux from these small grains is small and does not make a
white dwarf debris disc detectable. As can be seen in Fig. [I0]
Fuisc is only greater than Fiens for very young white dwarfs.

5.1.1 Dependence on disc parameters

Changes in Fyisc and R, with initial disc mass and radius
are interlinked. Simplistically Fyisc, and thus R, , is propor-
tional to disc mass and hence discs that are more massive
are easier to observe. The collisional evolution of material in
the disc, however, means that there is a dependence of disc
mass at later times on disc radius, since the collisional life-
time is shorter for close-in discs than for those further out
(Eq. [I0)). For discs that have reached collisional equilibrium
their mass, at a given age, is independent of their initial
mass but increases with disc radius (Eq.[[2]). Discs at large
radii, on the other hand, will not have reached collisional
equilibrium and so retain their initial mass. This leads to
the behaviour of Fyisc with radius shown in the upper panel
of Fig. [Il For close-in discs the disc mass and thus Fyjse
increases with radius, despite the decrease in disc temper-
ature. For large radii discs, on the other hand, there is a
significant variation in Fgisc with initial disc mass and Fuisc
decreases with radius or disc temperature. This behaviour
is of particular importance in determining which radii discs
are the brightest at a given epoch. As can be seen for a
given individual disc mass, the brightest discs at some later
epoch are those with intermediate radii at which the largest
planestessimals are just reaching collisional equilibrium at
this age.

5.1.2  Dependence on stellar parameters

The simplest scaling relation is the distance to the star.
R, is unchanged, whilst Fyisc scales inversely with distance
squared. At large enough distances observations are always
sensitivity limited.

In the current models stars with mass between 1.67 and
3.8 Mg or spectral type A9-B8 are considered. The differ-
ence between these models that has the greatest effect on
the disc is that in stellar luminosity. More luminous stars
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have brighter discs, although this increase in not as large as
might be expected because the blow-out size also increases
with stellar luminosity. Thus, the ratio of the disc flux to
the stellar flux decreases with stellar luminosity, since the
increase in stellar flux is larger than the increase in disc
flux. In terms of Fig. this means that, for higher lumi-
nosity stars, the upper plot is shifted upwards relative to
the sensitivity limit, whilst the lower plot shifts downwards.
As was discussed in § [2] the stellar luminosity increases the
most on the giant branch for lower mass stars and therefore
Faisc and R, show the greatest variation on the giant and
asymptotic giant branch for these stars.

There is also a dependence in disc mass on main se-
quence lifetime for collisionally evolving discs. Later spec-
tral type stars take much longer to evolve and therefore the
reduction in their disc mass at a given epoch is larger, how-
ever the difference in disc flux due to this is small compared
to the difference due to the change in stellar luminosity.

In terms of detecting discs, this means that where ob-
servations are calibration limited, disc are more detectable
around the least luminous stars. This applies to lower mass
stars on the main sequence, or early on the giant branch. On
the otherhand when observation are sensitivity limited, i.e.
around white dwarfs, discs are more detectable around the
most luminous, or higher mass stars.

5.1.8 Dependence on wavelength of observations

The above discussion has focused on observations with
Spitzer at 7T0um. The form of the upper and middle panel
of Fig. [[d] remain relatively unchanged as observations are
made in different wavelengths however the exact values of
Faise and R, relative to the sensitivity and calibration lim-
its vary significantly. The disc flux peaks at approximately
the peak emission wavelength for a blackbody of the disc
temperature. The ratio of the disc to stellar flux also has a
similar variation with wavelength, however it peaks at longer
wavelengths, since Fj falls off more rapidly with wavelength
than Fyisc. Variations in Fyisc and R, are larger for shorter
wavelengths, where the emission is from the Wien region of
the blackbody spectrum.

All of this behaviour, means that there will be an op-
timum wavelength for detecting discs that depends on disc
temperature, and whether observations are sensitivity or cal-
ibration limited. When observations are sensitivity limited
discs are most detectable for the wavelength at which Fyigsc
is maximum, given by Wien’s displacement law for a disc of
a given temperature, around 100pm for young white dwarfs.
Alternatively when observations are calibration limited, the
most discs are detectable for the wavelengths at which R,
is maximum, for example on the giant branch this varies
between 100 and 800pm.

5.2 Population models

Using our models the evolution of a disc, with a given set of
initial parameters, can be determined. Here we apply these
models, to the population of discs on the main sequence
known from observations of A stars by Spitzer and the mod-

els of Wyatt et all (2007) (see §.[B). These discs are evolved

from the main sequence through to the white dwarf phase

and the population of discs around evolved stars is deter-
mined. The following discussion focuses on giant stars, hori-
zontal branch, post-AGB stars and white dwarfs. AGB stars
are not discussed because debris discs are not detectable dur-
ing this phase, and in any case observations would be com-
plicated by the presence of material emitted in the stellar
wind.

There are many surveys for debris discs with recent and
current instruments, such as Spitzer and Herschel, as well
as up-coming instruments such as Alma. Here we calculate
the percentage of the evolved population that are detectable
with various instruments. Table [Tl shows these percentages
for young white dwarfs, horizontal branch, giant and main
sequence stars.

It is important to note that these percentages only cor-
respond to the population of evolved A stars, not the en-
tire population of giants, horizontal branch stars or white
dwarfs. The number of discs that these percentages corre-
spond to can be calculated from the space density of A stars
from [Phillips et all (2009) of 0.0014 + 0.0001 pc~2 and the
average main sequence lifetime for A stars, 950Myr, to give
a density of 3.5 x 107 °pc~2 for evolved A stars on the gi-
ant branch, 2.5 x 10~ *pc™2 on the horizontal branch and
1.47 x 10~ *pc ™ for white dwarfs with a cooling age of less
than 100Myr. It is not possible to tell from observations of
giant stars whether they are evolved FGK or A stars and it
is therefore hard to compare the populations, however the
majority of white dwarfs currently observed are evolved A
stars and these space densities make a reasonable compari-
son with the 80% complete catalogue of );
the number of white dwarfs within 10pc less than 100 Myr
old is predicted to be 0.6 and less than 1000Myr within
20pc is predicted to be 50, compared to 0 and 30

). This catalogue contains no white dwarfs with cooling
ages of less than 1Myr with 20pc.

5.2.1 Gliant stars

Early on the giant branch a small set of the evolved popula-
tion of debris discs have a detectable excess. The following
discussion defines which discs are detectable, in terms of the
parameter space specified by initial disc radius, initial disc
mass, distance to the star, wavelength for observations and
mass of the star. In order to assess this the disc flux is plot-
ted as a function of radius in the upper panel of Fig. Il As
discussed in §[B.I.T] this peaks at intermediate radii because
collisions have depleted the mass in close-in discs, such that
Flise ¢ Myas oc 77/3 (Eq. @2]), whereas large disc radii re-
tain their initial masses, and the disc flux falls off with the
disc temperature or radius. Only discs with R, > Ry, are
detectable, or those with fluxes above the solid lines in the
upper panel of Fig. [Tl excluding both small and large radii
discs.

This dependence leads to the form of the middle panel
of Fig. [[d] the solid area of which shows the discs that can
be detected with various instruments. The upper curve is
the sensitivity limit, whilst the cut-off at low and high radii
are from the calibration limit. This plot varies with mass
and age of the star, as well as mass of the disc and wave-
length for observations. As can be seen for the example disc
shown, around an evolved 1.67Mg star, of initially 10Mg
at the start of the giant branch, only discs with radii of
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Main Sequence  Giant Branch  Horizontal Branch Post-AGB White Dwarf
Instruments Sensitivity d< 100pc d< 100pc d< 50pc d< 200pc d < 10pc
(mJy) L< 100Lg twp-0.1Myr< t < twp twp < 1000Myr

% % % %
TRAS at 60pm® 100¢ 4.6 1.7 0.6 1.8 <0.1
Spitzer at 24pm 0.11 ¢ 51.0 14.0 20.5 <1.0 <0.1
Spitzer at 70pm 14.4¢ 39.0 9.3 <1.0 6.3 <0.1
Spitzer at 160um 40 @ 13.0 4.2 1.0 5.7 <0.1
Herschel PACS at 70pm 4¢ 44.0 9.6 <1.0 9.1 <0.1
Herschel PACS at 160um 4¢ 35.0 12.2 1.0 9.1 1.6
Herschel SPIRE at 250pm 1.8¢ 33.0 12.8 2.5 22.6 1.9
Herschel SPIRE at 350pum 2.2¢ 23.0 10.8 3.0 11.4 1.0
Alma at 450pm 80f 19.0 7.0 3.0 12.6 1.1
Alma at 1.2mm 0.25 10.7 2.2 <0.1 22.6 2.5
Spica at 200pm 0.19 45.0 12.0 1.5 22.6 23.70
No. of stars® 5860° 1050° 130° 5.0 6.6°

@ The calibration limit of Spitzer at 70um.

b Only stars with magnitudes brighter than 4.0 are considered such that the sample can be compared with (@)

¢ http://irsa.ipac.caltech.edu/IRASdocs/iras_mission.html

4 Wyatd (2008)

€ http://herschel.esac.esa.int/science_instruments.shtml

f http://www.eso.org/sci facilities/alma/observing /specifications/

9 [Swinyard & Nakagawd (2009)

P The number of evolved A stars, calculated from the space density of A stars (Phillips et al )

Table 1. Detection of discs around evolved stars

around 100AU, within ~ 200pc of the sun, are detectable
with Spitzer, Herschel or Alma at the wavelengths consid-
ered. As the luminosity of the star increases along the giant
branch, the distance out to which discs can be detected in-
creases, however the range of radii of discs with detectable
excess decreases. This means that the solid (detectable) area
of an equivalent to the middle panel of Fig. [[1lis largest for
the least luminous giants. The dependence of disc flux on
wavelength discussed in § [L.1.3] means that the solid (de-
tectable) area is largest for Herchel PACS at 160um.

A smaller fraction of the population has detectable ex-
cess on the giant branch than the main sequence, as can be
seen in Table[Il The significant increase in stellar luminosity,
compared to the small increase in disc flux means that fewer
discs are detectable over the stellar emission (R, > Riim).
Spitzer at 24um can detect the largest fraction of the popu-
lation, because observations are calibration limited and the
calibration limit in the mid-IR is lower than in the far-IR.
Herschel SPIRE detects the next highest fraction of the pop-
ulation due to the wavelength dependence of R, , peaking in
the sub-mm, as discussed in §[5.1.3l A sample of stars within
100pc were considered in Table. [Il However, if observations
with, for example, Alma were made with the intention of
detecting such discs, a sample that only extended out to
smaller distances would maximise the rate of detection.

Our models suggest that around 10% of evolved A stars
on the giant branch have detectable excess with Spitzer or
Herschel. This is, however, subject to the unclear effect of
sublimation on debris discs. Sublimation could have two pos-
sible effects. Either it removes all small grains, truncating

the collisional cascade, and thus decreasing the number of
discs with detectable excess, or it releases a population of
small silicate grains, increasing the number of giants with
detectable excess. This makes future observations of giant
stars with Herschel, in comparision with our models, very
interesting, as they have the potential to constrain the ef-
fects of sublimation on discs.

Our models, however, compare favourably with the
sample of 44 giants brighter than m, = 4.0 mag mm)
(see Table[I]), none of which display excess at 60um (< 3%)
with TRAS. Infrared excess is, however, found around 300
of the 40,000 G and K giants in the Bright Star Catalogue
and Mitchigan Spectral Catalogue (Zuckerman et al]l&%j),
although the origin of this emission is not clear. 12 of these
sources are modelled in further detail in (Im ML
who suggest that they are more likely to result from spo-
radic dust ejection or emission from nearby interstellar cir-
rus rather than black-body grains in a Kuiper-belt disc. In
order to compare observations of giant stars with our models
it would be necessary to distinguish between these scenarios,
potentially with high resolution imaging.

Another factor that could significantly change the de-
tectability of discs around giant stars is the radius distri-
bution of discs in our population. Our models only included
discs detected with Spitzer at 24pm and 70pm and therefore
there is a bias towards small radii discs. This is particu-
larly relevant, as large radii discs are detectable, particularly
at longer wavelengths (see middle panel of Fig. [[1]). This
could be accounted for by extending our models to include
sub-mm observations of debris discs on the main sequence
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Figure 11. Observations of the disc. Upper: The variation in disc
flux with radius for a 1.67M¢ star on the giant branch (2000Myr)
(black line), horizontal branch (2200Myr) (blue line) and around
a white dwarf (cooling age of 1Gyr) (red line), for discs with an
initial mass of 10Mg. The horizontal lines show the calibration
limits for Spitzer at70um on the giant branch (black), horizontal
branch (blue) and white dwarf phase (red), respectively, whilst
the dotted horizontal line shows the sensitivity limit. Middle: De-
tection limits for discs of initially 10M g, around a star of 1.67M),
at the base of the giant branch (L. = 10.2Ly). Excesses can
be observed for the discs that fall within the solid filled regions
for Herschel PACS at 160um, Herschel Spire at 250pum, Alma at
1mm and Spitzer at 70pum. The dashed filled regions are for discs
with radii larger than 200AU, not included in the current models,
that can be detected. A calibration limit of R, ;;,,, = 0.55 is as-
sumed for all instruments. Lower: same as middle but for a 3.8 Mg
(equivalent to B8) star that has evolved to become a 1Myr old
white dwarf. Note that the disc radii are 3.93 times larger than
on the main sequence.

or incorporating this radius bias into our modelling of the
main sequence population. Including observations of discs
around main sequence FGK stars would also make our mod-
els more directly comparable with a sample of giant stars.
Given these extensions and a technique to distinguish emis-
sion from a debris discs from stars undergoing sporadic dust
ejection or emission from nearby interstellar cirrus, it should
be possible for future observations with Herschel or Alma to
determine the effect of sublimation on debris discs.

5.2.2  Horizontal branch stars

The majority of the discussion in §[5.2.1]also applies to hor-
izontal branch stars. Observations are also calibration lim-
ited, however significantly fewer discs are detectable around
horizontal branch stars than giant stars, since the stellar
flux is on average higher, whilst the disc flux remains ap-
proximately constant. In order to maximise the percentage
of discs with detectable excess observations should focus on
low luminosity horizontal branch stars. In Table [I] the per-
centage of the population of horizontal branch stars within
20pc and with luminosities lower than 100Ls were calcu-
lated. The most discs are detectable with Herschel PACs at
160pm since this is the wavelength at which R, is maximum.

5.2.8  White dwarfs

As can be seen in Fig. [I0l the disc flux falls off rapidly as the
star cools during the white dwarf phase and it is therefore
very hard to detect debris discs around white dwarfs. Obser-
vations of debris discs around white dwarfs in our baseline
model are sensitivity limited and only the most massive discs
around the closest, youngest white dwarfs are detectable. By
the same analysis as in § [B.2.1] the bottom panel of Fig. [II]
shows the distance out to which discs of initially 10Mg can
be detected around an evolved 3.8My (equivalent to B8)
star, with a white dwarf cooling age of 1Myr. Thus for discs
in our baseline model (initial radii less than 200AU) around
white dwarfs that are younger than 1 Myr, the disc flux is
so low that it is only those that are within a couple of par-
secs of the Sun that are detectable with Spitzer, Herschel
or Alma. Even the increased sensitivity of Spica only means
that discs out to tens of parsec are detectable.

Similarly to discs around giant stars, it is the large radii
discs that retain the highest mass at late times, that are
therefore the most detectable. As can be seen in the upper
panel of Fig. [Tl Fuisc peaks at ~200AU for a disc of initially
1Mg around the 1Myr old white dwarf considered. This ra-
dius increases with initial disc mass or white dwarf cooling
age.

There is, however, a balance between young white
dwarfs being the most luminous and therefore having the
brightest discs and the low volume density of young white
dwarfs such that they are more likely to be found at greater
distances from the sun. Fig.[I2lshows the maximum distance
out to which discs around white dwarfs can be detected as
a function of cooling age, for discs at 100AU with Spitzer at
70pm, Herschel SPIRE at 250um and Alma at 450pm. This
is compared to the distance within which one white dwarf
of a given cooling age is found, according to the space den-

sities of [Phillips et all (2009). The maximum distance out
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to which discs can be detected is never significantly greater
than the distance within which there is one white dwarf
and it is therefore unlikely that such a system can be ob-
served. There is an optimum cooling age for detecting white
dwarf discs, which varies with wavelength, for Spitzer at
TOpm it is ~1Myr, whilst for Herschel SPIRE at 250pum it
is ~10Myr and Alma at 450pum ~100Myr. As the disc tem-
perature drops, the disc flux decreases, more rapidly at the
shorter wavelengths. This means that for a young popula-
tion of white dwarfs, the best chances of detecting debris
discs are at the shorter wavelengths of Spitzer or Herschel,
whilst for a sample that includes older stars Alma would
be better. However, overall, the best chances of detecting
such a system are with the longer wavelengths of Herschel
or Alma.

Focusing on Spitzer at 70um, if for some reason our
models under-predicted the flux from (or mass in) such discs
by approximately an order of magnitude a disc would be
most likely to be detected around a white dwarf of less than
5Myr old at a distance of around 200pc. The only detec-
tion of excess around a white dwarf that resembles a main
sequence debris disc is the helix nebula (M m% a
young white dwarf with a cooling age significantly less than
5Myr, surrounded by a planetary nebula at 219pc. This fits
nicely with our models, especially given that alternative ex-
planations that increase the disc flux exist, for example the
trapping of bodies in resonances m m)

There are very few young white dwarfs close to the sun,
therefore assuming that our models are correct, the best
chances of detecting a white dwarf debris disc are to observe
nearby white dwarfs with Alma. Table [Tl shows the percent-
age of the population of white dwarfs within 10pc with a
cooling age of less than 1000Myr. According to the space
densities of (Phillips et al] M) there are only 6 white
dwarfs in this distance, and even less from (@),
and therefore the chances of one of these white dwarfs hav-
ing a debris disc within the narrow initial radius and initial
mass range such that it is detectable is slim. Increasing the
distance limit of the sample does not improve matters as
at greater distances the discs flux falls below the sensitiv-
ity limit. Even with the increased sensitivity of Spica the
chances of observing such a disc around a white dwarf are
slim.

These low probabilities for detecting debris discs around
white dwarfs fits with the fact that Spitzer observations of
white dwarfs that have only found one white dwarf with
infrared excess fitted by a disc with a radius of the same
order of magnitude of main sequence debris discs. There are
however ~20 observations of hot, dusty discs around white
dwarfs that are best fitted by discs of radii on the order
the solar radius e.g. [Farihi et all (2009), Reach et all (2003).
Farihi et al) (2009) estimate that 1-3% of white dwarfs with
cooling ages less than 0.5 Gyr possess hot IR excess. The
minimum radius of a disc in our population is ~10AU and
therefore these observations cannot be explained by the discs
in our population. Material in discs with such a small radius
will have a very short lifetime and must, therefore, be re-
plenished. Within the context of the current model we have
identified a potential source of material for such discs. Stel-
lar wind drag was included in the current models in as far
as it truncates the collisional cascade on the AGB. Material
that leaves the disc will spiral in towards the sun, most of it
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Figure 12. The solid line shows the maximum distance out to
which a disc initially at 100AU, with a mass of 10Mg, around
an evolved 3.8M white dwarf, of a given age can be detected
with Spitzer at 70pum, Herschel at 250pm and Alma at 450um,
whilst the dotted line shows the distance within which there is
one white dwarf younger than the given age, calculated using the

space density of A stars from [Phillips et al (@)

being accreted onto the star during the AGB, however some
mass will be left between the inner edge of the belt and the
star, at the end of the AGB. Fig. shows this mass for all
the discs in our population. The masses in Fig. are sig-
nificantly higher than the typical dust masses for these hot
discs e.g 3.3 x 107" Mg of GD166-58 2008),
and there are even a significant proportion of the population
with more mass than the largest such disc, GD362, with a
mass of 0.017Mg (Im ) However a mechanism
is still required to move this material in closer to the star.
This could potentially be scattering by planets inside of the
disc or the dynamical effects of mass loss on the disc. The
effects will be considered in more detail in a future piece of
work.

5.2.4 Post-AGB or pre-WD stars

As discussed earlier in Sec[5 1.3, the stellar fluz from AGB
stars is so high that it is hard to detect emission from a de-
bris disc. However as the stellar luminosity starts to drop
just before the start of the white dwarf phase it is possible to
detect discs around a small proportion of stars (see Table.[d).
The analysis is very similar to that for young white dwarf
stars, discussed in the previous section. The only difference
is that it is possible to observe discs around somewhat more
distant stars, however since the post-AGB phase is shorter
the density of such stars is lower. The chances of detect-
ing such a system are therefore slim. Many post-AGB stars
have IR excess that can be modelled as a stable Keplerian
disc (see lvan Winckel (2003) for a review). However these
discs are orders of magnitude brighter than a debris disc at
this epoch and are most likely to be connected with binarity

(Van_Winckel |2007).
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Figure 13. A histogram showing the amount of mass left inside
of the main belt (between r=0 and r = %Tbelt) at the end of the
AGB for the population of discs in our models.

6 CONCLUSIONS

This work provides a theoretical framework that considers
all of the effects of stellar evolution on debris discs, firstly
considering the evolution of an individual disc, before ex-
tending this to the known population of debris discs around
main sequence A stars. It is found that debris discs are
harder to detect around evolved stars than on the main
sequence. The fraction of discs with detectable excess de-
creases significantly on the giant branch, yet further on the
horizontal branch and discs around white dwarfs are very
hard to detect, although the limitations during this phase
are different to earlier in the star’s evolution.

The population of discs on the main sequence is con-
strained by Spitzer observations of A stars
12005; ISu_et._alll2006) and the steady state collisional models
of Wyatt et all (2007). In this work these models were up-
dated to include realistic grains rather than the black body
approximation used in [Wyatt et all (2007). This was done
relatively simplistically by considering that the difference in
behaviour between realistic and black body grains can be
explained entirely by an altered disc radius, characterised
by the ratio X2470 between the radius calculated using real-
istic grains (r) and the radius calculated using a black body
approximation (rz470), shown in Fig. [l This was used to ad-
just the fit from Wyatt et all (lZLK)_’ﬂ) and thus the population
of discs around main sequence A stars was determined.

In our models debris discs that are observed on the
main sequence survive the star’s evolution, however their
properties are altered. They evolve collisionally in exactly
the same manner as on the main sequence, however the
longer timescales mean that, except for large radii discs,
their masses are significantly reduced. Discs heat up as the
stellar luminosity increases on the giant and asymptotic gi-
ant branches. The increase in disc flux, however, is relatively
small since small grains are removed by radiation pressure
and stellar wind drag (on the AGB only). It is shown that
Poynting-Robertson drag is irrelevant for all discs, includ-
ing discs around white dwarfs, the only exception being for
low mass or close-in discs. Adiabatic stellar mass loss means
that discs around white dwarfs have radii a factor of 2 or 3
greater than on the main sequence.

All of these changes in the properties of the disc can
be put together to determine which discs can be detected.
In terms of observations of discs around post-main sequence
stars, the important quantities are the disc flux Faisc and
its ratio to the stellar flux, R,, which must, respectively, be
above the sensitivity and calibration limits of the instrument
considered. The variation in these are summarised in Fig. [0l

A smaller fraction of the population can be detected on
the giant branch than the main sequence. Observations are
calibration limited. The large increase in stellar flux at the
wavelengths considered, compared to the smaller increase in
disc flux, means that R, decreases significantly and discs
are hard to observe. R, decreases with time on the giant
branch such that only large radii discs around stars early on
the giant branch have a detectable excess. One limitation
of our models is the uncertainty in the effect of sublimation
on the disc, as discussed in §4.45l Future observations of
giant stars with Herschel or Alma, in comparison with our
models, could potentially constrain the effects of sublimation
on debris discs.

Discs around white dwarfs are very faint and thus hard
to observe. Their luminosity decreases as the stellar lumi-
nosity falls off with age and the best chances of observing
a disc are around very young white dwarfs close to the sun,
however there are very few such objects and thus the chances
of observing such a system are small. If for some reason our
models underpredict the flux from such discs, then the opti-
mum age and distance for detecting a white dwarf disc with
Spitzer at 70pum would be at a distance of ~200pc and an age
of less than 5Myr. This fits nicely with the one detected disc
around WD2226-210, the young white dwarf at the centre
of the helix nebula, at a distance of 219pc (Im M)

There are however detections of hot dusty discs around
~20 white dwarfs with radii less than 0.01AU. These are
a different population from the discs in our models which
have a minimum radius of 6AU. Within the context of our
models a potential source of material to replenish such discs
is material that has left the disc due to stellar wind drag, but
not yet been accreted onto the star at the end of the AGB.
However, a mechanism is still required to move this material
in towards the star. This, and the dynamical effects of mass
loss on debris discs will be the subject of future work.
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