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ABSTRACT

Excess emission, associated with warm, dust belts, commonly known as exozodis, has been
observed around a third of nearby stars. The high levels of dust required to explain the
observations are not generally consistent with steady-state evolution. A common suggestion
is that the dust results from the aftermath of a dynamical instability, an event akin to the Solar
system’s Late Heavy Bombardment. In this work, we use a data base of N-body simulations to
investigate the aftermath of dynamical instabilities between giant planets in systems with outer
planetesimal belts. We find that, whilst there is a significant increase in the mass of material
scattered into the inner regions of the planetary system following an instability, this is a short-
lived effect. Using the maximum lifetime of this material, we determine that even if every star
has a planetary system that goes unstable, there is a very low probability that we observe more
than a maximum of 1 per cent of sun-like stars in the aftermath of an instability, and that the
fraction of planetary systems currently in the aftermath of an instability is more likely to be
limited to <0.06 per cent. This probability increases marginally for younger or higher mass
stars. We conclude that the production of warm dust in the aftermath of dynamical instabilities
is too short-lived to be the dominant source of the abundantly observed exozodiacal dust.

Key words: methods: numerical —planets and satellites: dynamical evolution and stability —
planets and satellites: general —zodiacal dust—planetary systems.

1 INTRODUCTION

Observations of dusty, debris discs are common in planetary systems
(Wyatt 2008). 70 um excess, consistent with such a dusty, debris
disc, was detected with Spitzer around ~15 percent of sun-like
stars, a figure that falls to ~4 percent at 24 um (Trilling et al.
2008). Although the small dust grains observed in such discs have
a short lifetime against either collisions or radiative forces, they are
continuously replenished by a collisional cascade that grinds down a
reservoir of large parent bodies into small dust grains. Such steady-
state collisional evolution can retain cold, outer debris discs over
billions of years of evolution. Given that collision rates are higher in
denser debris belts, there is a maximum dust level (proportional to
the disc luminosity) that can be retained as a function of time, and
independent of the initial mass of material in the parent reservoir
(Wyatt et al. 2007). Although the exact value of this maximum
is not well constrained (Wyatt et al. 2007; Géspar et al. 2008;
Lohne, Krivov & Rodmann 2008), most cold, outer debris discs
are significantly fainter than this maximum (Wyatt 2008); however,
there are many observations of warm or hot, inner dust belts that
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exceed this maximum level (Wyatt et al. 2007; Smith, Wyatt &
Dent 2008). Such warm dust belts are commonly known as exozodi,
referring to their similarity with the Solar system’s zodiacal cloud.
Although it should be noted that in order to be detectable, an exozodi
must have a fractional luminosity several orders of magnitudes
higher than our Solar system’s zodiacal cloud (Absil et al. 2006,
2008; Millan-Gabet et al. 2011).

Recent observations suggest that exozodiacal dust may be com-
monplace. There are a few detections of systems with extremely
high levels of exozodiacal dust, where it has been possible to obtain
spectra with Spitzer [e.g. n Corvi (Smith, Wyatt & Haniff 2009;
Lisse et al. 2012) and HD 172555 (Lisse et al. 2009)]. Lawler &
Gladman (2012) find that only ~1 per cent of their sample have ex-
cess emission at 8.5—-12 pm with IRS. They were, however, limited
to detections brighter than 1000 times the level of zodiacal dust in
our Solar system. Similarly, using WISE, Kennedy & Wyatt (2012)
find that fewer than 1/1000 stars have 12 um excess more than a
factor of 5 above the stellar photosphere. Near- and mid-infrared
(IR) interferometry is better suited to probing the inner regions of
planetary systems. Millan-Gabet et al. (2011) find a mean level of
exozodiacal dust less than 150 times the level of that in our Solar
system for their sample of 23 low-dust stars in the N band, whilst
detecting exozodiacal dust in two stars already known to host dusty
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material (n Corvi and y Oph). In a survey at shorter wavelengths (K
band 2-2.4 pm) using CHARA/FLUOR, Absil et al. (2013) found
K-band excess for 28f2 per cent of their sample of 40 single stars,
chosen to be spread equally in spectral type and age and half of
which also have cold excess emission. Absil et al. (2013) found
no correlation with age, but a significant difference between their
sample of A stars, SOf}g per cent of which exhibit K-band excess,
compared to only 181'2 per cent of their sample of FGK stars.

Detailed modelling of individual exozodis finds that the emission
is best reproduced by populations of very small grains, in many cases
smaller than the limiting diameter at which grains are blown out of
the system by radiative forces (e.g. Defrere et al. 2011; Lebreton
et al. 2013). This implies a very short lifetime for the observed dust
and even if it were to be replenished by collisions between larger
parent bodies, the lifetime of the parent bodies remains relatively
short, compared to the age of the systems. There has been much
discussion in the literature as to their origin, in particular, whether
or not such dust discs are a transient or steady-state phenomenon
(e.g. Wyatt et al. 2007; Smith et al. 2008; Fujiwara et al. 2009;
Modr et al. 2009; Bonsor, Augereau & Thébault 2012; Olofsson
et al. 2012). Detailed analysis of the spectral composition of a
couple of targets provides evidence that we are witnessing the recent
aftermath of a high-velocity collision (Lisse et al. 2009, 2012). This
could be a rare event, such as the Earth-Moon forming collision
(Jackson & Wyatt 2012) or an equivalent to the Solar system’s
Late Heavy Bombardment (LHB) (e.g. Wyatt et al. 2007; Lisse
et al. 2012). Booth et al. (2009) use predictions for the levels of
dust production following our Solar system’s LHB, compared with
Spitzer observations at 24 um to constrain the maximum fraction of
sun-like stars that undergo a LHB to be <12 per cent. Alternatively,
it has been suggested that the observed dusty material could be
linked in a more steady-state manner with an outer planetary system
(Absil et al. 2006; Smith et al. 2009; Bonsor et al. 2012) or even that
we are observing the increased collision rates of a highly eccentric
distribution of planetesimals at pericentre (Wyatt et al. 2010).

In this work, we assess the possibility that the stars with exo-
zodiacal dust are planetary systems that have been observed in the
aftermath of a dynamical instability. Dynamical instabilities trig-
ger a phase of planet—planet gravitational scattering that usually
culminates with the ejection of one or more planets, or at least a
large-scale change in the planetary system architecture. The planet—
planet scattering model can naturally explain several features of the
observed giant exoplanets, notably their broad eccentricity distri-
bution (Chatterjee et al. 2008; Juri¢ & Tremaine 2008; Raymond,
Armitage & Gorelick 2010) and their clustering near the Hill stabil-
ity limit (Raymond et al. 2009b). If this model is correct, the planets
we observe represent the survivors of instabilities, which occur in
at least half and up to >90 per cent of all giant planet systems. The
Solar system’s LHB is a very weak example of such an instability,
as it is thought that gravitational scattering did occur between an
ice giant and Jupiter, but not between gas giants (Morbidelli et al.
2010).

Dynamical instabilities among giant planets have drastic conse-
quences for the planetesimal populations in those systems. As the
planets are scattered on to eccentric orbits, they perturb small bodies
both interior and exterior to their starting locations (Raymond et al.
2011, 2012). Planetesimals’ eccentricities are quickly and strongly
excited. On their way to ejection, many planetesimals spend time
on eccentric orbits with close-in pericentre distances, where they
have the potential to produce the emission observed in systems
with exozodi. However, the increased levels of dust, particularly
in the inner regions, will only be sustained for a short time period
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following the instability, limited by the collisional and dynamical
lifetime of the material. We call this time period, for which increased
levels of dust are sustained in the inner system, 7,o4;.

If all exozodis were to be planetary systems observed in the af-
termath of an instability, we can estimate the fraction of stars where
exozodiacal dust is observed, Y, by considering the fraction of sys-
tems that we are observing within #,,q; of an instability. We make the
naive assumption that there is an equal probability for an instability
to occur at any point during the star’s main-sequence lifetime, #ys,
and similarly that there is an equal probability to observe a star at
any point during #ys. This leads us to conclude that the probability
of observing systems within 7,,4; of an instability is given by the ra-
tio %’I—‘i‘ More generally, the distribution of instabilities as a function
of time would need to be considered, alongside the distribution of
values of 1,4; and ;5. For completeness, we also include two factors
that we generally assume to be close to one, the first, f},, indicates
the fraction of stars that have planetary systems, with both giant
planets and a planetesimal belt, and the second, Ny, indicates the
number of ‘exozodi-producing’ instabilities each planetary system
may have. Thus,

Lrodi

Y = fpl Ninst funstable —— (1
Ivs

where any dependence on the architecture of the planetary system
has been integrated over, fuusuble refers to the fraction of plane-
tary system that suffer an instability, and we envisage that all the
parameters are a function of the spectral type of the star.

In this work, we use N-body simulations to determine the lifetime
of high dust levels following an instability, 7,.4, and in doing so,
we use equation (1) to illustrate that it is not possible for all, if
any, of the systems where exozodiacal dust is detected to be in the
aftermath of an instability. We start by describing our simulations
in Section 2, which we follow by a discussion of the manner in
which we calculate the parameter, #,,4;, illustrated by an example
simulation in Section 3.1. In Section 3.2, we discuss the range of
values of #,,q; obtained in our simulations and in Section 3.3 the
implications of these results regarding the fraction of systems that
we are likely to be observing in the aftermath of an instability.
This is followed by a discussion of the approximations used in
our calculations, as well as the consequences of changing various
parameters in Section 4. We finish with our conclusions in Section 5.

2 THE SIMULATIONS

We make use of a large data base of simulations of planet—planet
scattering in the presence of planetesimal discs, used for previous
work on the planet—planet scattering mechanism and its conse-
quences (Raymond et al. 2008, 2009b, 2010; Raymond, Armitage
& Gorelick 2009a). These simulations provide many examples of
dynamical instabilities and the consequences of such instabilities on
small bodies in the planetary system. Whether or not these simula-
tions are representative of the population of real planetary systems,
they provide a good range of realistic examples of planetary sys-
tems in which instabilities occur, from which it is possible to better
understand the effects of dynamical instabilities on planetary sys-
tems. In this work, we focus particularly on the scattering of small
bodies into the inner regions of the planetary systems, in a manner
that could potentially produce the observed warm dust. These simu-
lations are for solar-type stars, with outer belts at ~10 au, although
we will discuss further in Section 4 some simple scaling relations
that can be used to estimate the behaviour in other systems.
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The simulations in the data base contain three giant planets inte-
rior to a planetesimal disc. The planetesimal disc extends from 10
to 20 au and contains 50 Mg, divided equally among 1000 plan-
etesimals. The planetesimals are considered to be ‘small bodies’,
thus, their gravitational interactions with the giant planets, but not
each other, are taken into account. The planetesimals followed an
r~! surface density profile and were given initial eccentricities ran-
domly chosen in the range of 0—0.02 and inclinations between 0°
and 1°. The outermost giant planet was placed at 2 Hill radii interior
to the inner edge of the disc. Two additional giant planets extended
inward, separated by A mutual Hill radii Ry ,, where A =4-5 and

Rum — (@502 (M1t M) )
Hm — D) 3M>< )

where a refers to the planets’ semimajor axes and M to their masses,
subscripts 1 and 2 to the individual planets and M+ to the stellar mass.

The planets were given initially circular orbits with inclinations
randomly chosen between 0° and 1°. Each simulation was inte-
grated for 100 Myr using the Mercury hybrid symplectic integrator
(Chambers 1999) with a time step of 5-20 d, depending on the sim-
ulation. The positions and velocities of all particles were recorded
every 10° yr, in addition to the time at which a close encounter oc-
curred (to the nearest time step). Collisions were treated as inelastic
mergers conserving linear momentum. Particles were considered to
be ejected if they strayed more than 100 au from the star.

In our simulations, planet masses were randomly selected ac-
cording to the distribution of planet masses observed (Butler et al.
2006):

El§[<x M 3)
dm

We consider two sets of simulations, in the first, that we call low
mass, planet masses were selected between 10 Mgy to 3 M, whilst
in the second, high mass, planet masses were selected between
1 M, and 3 M; (see Raymond et al. 2010 for more details).! Both
sets of simulations contain 1000 individual simulations, although
as we discuss later only 223 and 201 were suitable to use in this
work. These simulations have previously been used to reproduce
the observed eccentricity distribution of extrasolar planets, which
was found to be better reproduced by the high-mass simulations
(Raymond et al. 2010).

3 DO DYNAMICAL INSTABILITIES PRODUCE
THE OBSERVED POPULATION OF EXOZODIS?

3.1 The lifetime of the aftermath of an instability, #,,4;

In the data base, we find a wide range of different instabilities,
some occurring very early in the system’s evolution, others after
millions of years of evolution, some merely leading to changes
in the planet’s orbital parameters, whilst others to the ejection of
one or more planets, etc. We define an instability to be a close
encounter between any pair of planets in our simulations. Fig. 1
shows a histogram of the times after the start of the simulation at
which the instability occurred.

In this work, we are not concerned with the details of the different
instabilities, rather we focus on the aftermath of the instability. In
almost all cases, destabilizing the planet’s orbits means an increase

!'In Raymond et al. (2010) the simulations 1low mass and high mass were
referred to as mixed2 and mixed1.
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Figure 1. A histogram to show the times at which instabilities occurred in
our simulations. The difference in initial conditions between high mass
and low mass is explained in Section 2. It should be noted that these
simulations were designed such that instabilities occur early in the system’s
evolution.

in the scattering of smaller bodies. Many of the scattered bodies are
ejected from the planetary system, but some are scattered into the
inner regions of the planetary system. Thermal emission from small
dust grains produced by the collisional evolution of this scattered
material may be detectable as an ‘exozodi’.

In this work, we consider particles scattered into the inner regions
of the planetary system, as a proxy for an exozodi. The best way
to illustrate this is to consider an example system. In the top panel
of Fig.2, we show a simulation in which three planets of masses
58.3,23.5 and 166 M¢p, started at 9.3, 7.5 and 5.7 au, respectively.
After 2 Myr, the middle planet is kicked into the outer belt, where it
proceeds to clear the belt of material by scattering all planetesimals
that approach it. We track the number of particles that are scattered
into the inner regions of the planetary system as a function of
time. The inner regions are defined by considering particles that are
scattered interior to all three planets, using a limiting radius, rjp,
given by the minimum pericentre of any of the planets throughout
the 100 Myr evolution considered by our simulations. The number
of particles, Ny,, found interior to this radius is shown in the bottom
panel of Fig.2 as a function of time. We count the number of
particles with ¢ < r;y, at each time step for which information
regarding the system is stored, every 10° yr. There is a significant
increase in Ny, following the instability, after which N, falls off
rapidly with time, as the planet clears the outer belt. We fit a simple
straight line dependence to this decrease in the number of particles
in this region (in log-time space):

1 — fins
Nip = A+ alog (T“) for t > tg, 4)

where ¢ is the time since the start of the simulation, #;, the time since
the start of the simulation at which the instability started, defined by
when the planets first had a close encounter and, A and « coefficients
found from the fit to the simulations. For this simulation, we find
A =459 and @ = —70. In order to obtain a good fit, we include
only data points between the maximum in the number of particles
in the inner regions and when the number first falls below three
particles.

We can now calculate the maximum possible lifetime of an exo-
zodi following the instability, #,.q4;, by assuming that this is given by
the maximum time period for which the mass of material (number
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Figure 2. The results of an example simulation with 58.3,23.5 and 166 Mgy
planets, that started at 9.3, 7.5 and 5.7 au, respectively. The top panel shows
the variation of the semimajor axis of all the planets (in red, blue and green)
and planetesimals (black) with time. The pericentre and apocentre of the
planets are also plotted. The bottom panel shows the number of particles
found inside rji,m = 4.7 au as a function of time, counted at snapshots sepa-
rated by 10° yr. The dotted line is the fit to the data calculated using equation
4).

of particles) interior to 7y, is non-zero. Using our straight-line fit,
equation (4),

todi = 107A/0( yr. (5)

For this example simulation, we find a maximum possible life-
time for the exozodi of #,,4; = 3.4 Myr. This is the maximum pos-
sible dynamical lifetime of the scattered material. This ignores the
conversion of the scattered material into the dust population that
is detected and the observational constraints on detecting this dust
population, both of which are discussed in further detail in Section 4.

We note here, that the resolution of our results is limited by the
fact that output information was only stored every 10° yr by our sim-
ulations. Tests for a subsample of simulations, using information
stored for the orbital parameters before and after close encounters,
found that the time at which a scattered particle first enters the in-
ner regions of the planetary system may have been overestimated
by as much as 30-50 per cent, although for most simulations the
overestimation was only of the level of 1-2 per cent. This means
that it is possible that we have marginally overestimated the maxi-
mum possible lifetime of an exozodi following an instability, #,qi.
Overestimation of the maximum only strengthens our argument that
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this is very much a maximum possible lifetime for an exozodi and
that the real lifetime is likely to be significantly shorter.

Another assumption made in our simulations is that the lifetime of
particles scattered interior to 0.5 au is always less than 10° yr. This
assumption should be relatively robust, given that the collisional
lifetime of material so close to the star is short, even if the dynamical
lifetime may be longer. The time step used in our simulations is not
sufficiently small to resolve interior to 0.5 au.

3.2 Determining ¢,,q; in our simulations

Using the method described in the preceding section, we deter-
mine the value of ,,4; for every simulation in our data base. Any
simulations in which there is significant migration of the planets
following an instability are neglected. This is defined by a change
in semimajor axis of the outer planet of larger than a factor of 1.1
between 10° yr after the instability and the end of the simulations.
Planetesimal driven migration will be investigated in a separate
paper (Bonsor & Raymond, in preparation) and here we prefer to
consider the pure effects of dynamical instabilities. We also neglect
simulations in which too few particles were scattered into the in-
ner regions in order to fit a straight line to the number of particles
found interior to r;, as a function of time. This leaves us with a
sample of 223 and 201 simulations, in low mass and high mass,
respectively.

A histogram of 7,,4; is shown in Fig. 3. The first clear conclusion
to be made from this figure is that there is a steep falloff in the
number of systems with larger values of #,,q;. This plot shows that
whilst for almost every simulation there is an increase in material
in the inner regions of a planetary system following an instability,
the flux of particles into the inner regions falls off steeply with
time after the instability. In fact, this plot shows that for none of our
simulations the value of #,,4; was larger than 50 Myr (11 Myr) for the
high-mass (low-mass) simulations and in the majority of cases
significantly less, with a median value of 2.8 Myr for the low-mass
and 0.7 Myr for the high-mass simulations.
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Figure 3. The percentage of systems for which material continued to be
scattered inwards on time-scales greater than the plotted value or a (reversed)
cumulative histogram showing the fraction of systems for which #,,4; (cal-
culated using equations 4 and 5) is greater than the plotted value. This falls
off sharply with time. There are 223 and 201 simulations, in low mass and
high mass, respectively, once all simulations in which planetesimal driven
migration is have been discarded in order to isolate the effects of instabil-
ities. The maximum #,04; for the high-mass (low-mass) simulations was
11 Myr (47 Myr) and the median value 0.7 Myr (2.8 Myr).
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Figure4. The decrease in the time-scale on which material survives follow-
ing an instability (#,04;) as a function of the total mass of the three planets in
each simulation. The dots refer to individual simulations, whilst the red line
indicates the median #,04;. There is a clear decrease in t,04; With increasing
planet mass.

t,04i 18 inversely proportional to planet mass, as shown in Fig. 4.
The high-mass planets rapidly clear material in their vicinity,
whilst lower mass planets can take significantly longer time-scales
before all nearby particles are scattered. This explains the differ-
ence between the high-mass and low-mass simulations in Fig. 3.
The spread in this plot results from the fact that the total mass of
planets does not always correlate with the mass of the planet that is
responsible for the scattering.

If an instability occurs early in our simulations, before the gi-
ant planets have had sufficient time to clear their chaotic zones of
material, there is additional material that can potentially be scat-
tered into the inner regions of the planetary system. This means that
systems with early instabilities have a higher probability of produc-
ing a brighter exozodi. Analysis of our simulations found that this
changes the mass of material scattered into the inner regions, but
that t,.4; is largely unaffected.

3.3 Fraction of stars with observable exozodi?

As discussed in Section 1, the aim of this work is to determine the
probability of observing a planetary system in the aftermath of an
instability and thus, to determine whether or not the population of
stars observed with exozodiacal dust are likely to be in the aftermath
of an instability. Now that we have determined the value of #,,4i, we
can use equation (1) to assess this. First, we consider the absolute
maximum value that could possibly be obtained for ¥ and show that
even this maximum is significantly below the observed frequency of
exozodi. Then, we use more reasonable assumptions to approximate
the probability of detecting a system in the aftermath of instability.

To calculate the maximum possible value of Y, we assume that
every star has a planetary system, with a planetesimal belt and three
giant planets (f,; = 1), and that every such planetary system has an
instability, and that this instability has an equal probability to occur
at any point during the star’s main-sequence lifetime (fynsable = 1)-
We then assume that every planetary system can only have one
instability that could produce a detectable exozodi (Nj,s = 1), both
because multiple instabilities are improbable and in most cases, the
first instability would have cleared the planetary system of material
previously. This assumption will be discussed in further detail in

Section 4. We then consider the maximum possible value of 7,.4
found in any of our simulations, which was 50 Myr and a minimum
main-sequence lifetime of 5 Gyr, for sun-like stars (Hurley, Pols
& Tout 2000). This leads to a maximum possible value of Y of
1 per cent. Even such a maximum value is clearly significantly lower
than the 18 percent of FGK stars detected by Absil et al. (2013)
and given the maximal nature of the assumptions made during its
calculation, would even struggle to explain the 1 per cent detection
rate of Lawler & Gladman (2012).

If we then take the median value of t,.q; from our simulations,
we can make a better approximation of the fraction of systems that
we might expect to observe in the aftermath of an instability, Y. We
retain the assumption that every star has a planetary system that
undergoes one instability, with equal probability to occur during
its main-sequence lifetime of 5 Gyr. For the 1low-mass simulations
with their median value of #,,4; of 2.8 Myr, we find Y = 0.06 per cent,
and for the high-mass simulations, that better fit the observed
eccentricity distribution of extrasolar planets, with their median
value of #,,q; of 0.7 Myr, we find Y = 0.01 per cent. In other words,
this implies that we would need to survey thousands of stars in
order to stand a reasonable chance of detecting a single system with
exozodiacal dust in the aftermath of a dynamical instability.

4 DISCUSSION

We have presented arguments that lead us to conclude that the
majority of exozodis are not planetary systems observed in the
aftermath of a dynamical instability. This conclusion is based on our
calculation of the maximum possible fraction of stars that could be
detected in the aftermath of an instability, Y. We determined that the
lifetime of scattered material following an instability, 7,04, is short,
and therefore, Y is significantly less than the fraction of systems
detected with exozodiacal dust. We assumed that every planetary
system can have a maximum of one exozodi-producing dynamical
instability (Njnsbitiy = 1) and our simulations considered sun-like
stars (IM,), with three planets and a planetesimal belt between 10
and 20 au. We now discuss the validity of our conclusions.

4.1 Fate of scattered material

The most fundamental consideration missing from our calculation
regards the collisional evolution of the scattered material and the
manner in which this leads to the population of small dust that could
be detected as an exozodi. Such a calculation is very complicated
and current state of the art codes are just approaching the point
where they can start to couple dynamical and collisional simulations
(Stark & Kuchner 2009; Thébault 2012; Kral, Thebault & Charnoz
2013). Fortunately, the precise manner in which the dusty material
is produced and evolves does not affect our results, as collisions are
likely to destroy the scattered particles on time-scales significantly
shorter than their dynamical lifetime. Thus, the real value of 7.4
is likely to be significantly shorter than those quoted here, adding
weight to our conclusion.

Another possibility that has been suggested in the literature is that
the observed exozodi refers to nano grains trapped in the magnetic
field of the star (Czechowski & Mann 2010; Su et al. 2013). We
acknowledge here that such a possibility could increase the lifetime
of an exozodi significantly beyond the values of 1,.4; calculated from
our simulations, but that such a scenario requires further detailed
investigation.
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4.2 How representative are our simulations?

Our conclusions depend on whether or not our median and max-
imum values for #,,q; are representative of the real population of
planetary systems. In our favour is the fact that our simulations are
able to reproduce many of the observed features of the exoplanet
distribution, including the mass distribution, the eccentricity dis-
tribution and to some extent the orbital distribution, although our
giant planets are more distant than those that have been currently
observed using the radial velocity (RV) technique (Raymond et al.
2010). We have a reasonably good statistical sample (201 + 223
simulations with instabilities) and we see a wide range of differ-
ent types of instabilities, from relatively gentle close encounters to
dramatic scattering events that eject one or more planets.

We are, however, limited in the number of planets that we con-
sider, as well as the initial configurations of the planets and discs.
Planetary systems with more than three planets could potentially
suffer longer lasting instabilities that involve more than two plan-
ets. The separation of the planets by 4—5 Ry is consistent with planet
formation models in which planets become trapped temporarily in
Mean-motion resonances (MMRs) during the gas disc phase (Snell-
grove, Papaloizou & Nelson 2001; Lee & Peale 2002; Thommes
etal. 2008). If planetesimal belts exist at larger radii than our choice
of 10-20 au, then t,,4; could be increased. Trilling et al. (2008) only
find debris discs orbiting sun-like stars with radii less than ~30 au.
Given that scattering time-scales scale approximately with orbital
periods, the maximum increase in z,.4; that this could lead to is given

by approximately a factor of (%)3/2 ~ 5.2, which leads to a me-
dian frequency of 0.3 percent (low mass) or 0.05 percent (high
mass). Similarly, the limited width of our belt could artificially re-
tain 7,,g; at low values. Test simulations found that increasing the
belt width to 20 au using the wide disc simulations from Ray-
mond et al. (2012)? resulted in a median lifetime, #,04;, of 4.7 My,
consistent with our low-mass simulations.

4.3 How valid are our assumptions regarding instabilities?

First, we assume that every planetary system can only have one
instability that leads to a detectable exozodi. Even if some plane-
tary systems were to have two or three instabilities that produced
exozodis this would only increase Y by a factor of 2 or 3 (see
equation 1), and our conclusion would remain unaltered. We found
no simulations in which more than two instabilities occurred.’ In
addition to this, generally insufficient material remained in the outer
belt following the first instability, such that the second instability
could scatter sufficient material to be detectable. Fig. 5 shows that
in less than 45 per cent (12 per cent) of our low-mass (high-mass)
simulations, more than 10 Mgy of material survived in the outer belt,
a time t,,4; after the instability.

Secondly, we assumed that instabilities are linearly distributed in
time, when in reality they are likely to be biased to younger ages
(as was shown in Fig. 1). This could increase the detection rate for
younger stars following instabilities, but does not help explain the
large quantities of dust observed in old (Gyr) planetary systems
such as 7 Ceti (di Folco et al. 2007).

2 As these simulations were designed to investigate terrestrial planet for-
mation, they also contained 9 Mgy in 50 planetary embryos and 500 plan-
etesimals, distributed from 0.5 to 4 au, according to a radial surface density
profile ¥ o< 7!, These should not affect the broad results of our simulations.
3 We define a second instability to be a close encounter(s) between planets
later than a time #,,q; following the first close encounter.
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Figure 5. A histogram to show the mass that remains in the belt at time 7,04;
after an instability for our simulations. We define the belt as particles found
exterior to 10 au on stable orbits with e < 0.99. More than 10 Mgy (1/5 of
the original belt) of material remained in the belt in less than 45 per cent
(12 percent) of the low-mass (high-mass) simulations. This ignores the
collisional evolution of the belt and is dependent on our initial belt mass of
50 Mg and location at 10-20 au.

Thirdly, we assume that every star has a planetary system
(fp1 = 1) that has an instability (fussble = 1). These are clearly
maximal assumptions and whatever the real statistics, they allow us
to clearly rule out the ability of instabilities to produce exozodi.
Observations are currently not sensitive enough to determine
whether or not all stars have planetary systems, but at the very least
5-20 per cent (Marcy et al. 2008; Bowler et al. 2010; Howard et al.
2010; Mayor et al. 2011), potentially up to 62 per cent, considering
microlensing observations that are sensitive to super-Earths (Cassan
etal. 2012), of stars possess planets and 10-33 per cent of stars have
debris discs (Su et al. 2006; Trilling et al. 2008). As regards whether
all of these planetary systems suffer instabilities, the only planetary
system where we have any information is our own Solar system
where we think an instability triggered the LHB (Gomes et al.
2005). The only real clues that we have for exoplanetary systems
come from the broad eccentricity distribution observed. To repro-
duce this distribution using simulations of planet—planet scattering
requires that roughly 75-95 per cent of giant planet systems go un-
stable (Chatterjee et al. 2008; Juri¢ & Tremaine 2008; Raymond
et al. 2010). Nonetheless, a modest fraction of giant planet systems
(up to roughly 25 per cent) may remain stable for long time-scales.

4.4 Observable signatures of instabilities

Another critical argument in support of a short lifetime for the dusty
aftermath of dynamical instabilities regards our limited ability to
detect dust in the inner regions of planetary systems. It is likely
that the level of dust falls below our detection limits, before the
number of particles in the inner regions falls to zero (#,,4i). Thus,
we have probably overestimated the lifetime of the exozodi, #,04i. In
addition to this, if all the stars observed with exozodiacal dust were
to be planetary systems in the aftermath of instabilities, we would
also expect to see certain observable properties of the population,
namely

(i) significant variation in the levels of exozodiacal dust detected.
The wide range of different instabilities and the steep decrease in the
levels of scattered material directly following an instability, leads us
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to predict a wide range of different dust levels in planetary systems.
The exozodi observed so far tend to be detected at the limit of our
capabilities, so it is very hard to tell whether such a spread really
exists.

(ii) Potentially a variation in the levels of exozodiacal dust with
time. Following an instability we expect the levels of exozodiacal
dust to fall off rapidly. Nonetheless, we anticipate that these time-
scales are still long compared to human time-scales, being in some
manner related to 7,,g; and that it is therefore unlikely that we are
able to detect variation in the level of IR excess on year (10 yr)
time-scales. Variations such as those seen by Melis et al. (2012) are
likely to have a different origin.

(iii) A decrease in the fraction of systems where exozodiacal
dust is detected and the level of exozodiacal dust detected with the
age of the system. Instabilities have a higher probability to occur in
planetary systems earlier in their evolution. No such age dependence
was found in the observations of Absil et al. (2013).

(iv) A significant increase in the fraction of systems where exozo-
diacal dust is detected with stellar mass.The shorter main-sequence
lifetime of higher mass A stars increases the probability of catching
a system in the aftermath of an instability. Although such a depen-
dence is observed in Absil et al. (2013), given the absence of the
other predicted signatures, it seems more likely that the spectral
type dependence has another origin, potentially in the more fun-
damental differences in the structure of planetary systems around
stars of different spectral types and the different detection limits for
exozodiacal dust.

(v) A correlation between the high levels of dust observed in
the inner regions of the planetary system (exozodi) with high lev-
els of dust throughout the planetary system. If a planetary sys-
tem is undergoing an instability then material is scattered through-
out the planetary system, not just into the inner regions. Thus,
signatures of the instability should be observable in emission at
longer wavelengths, as suggested by Booth et al. (2009) and used
to limit the incidence of LHB-like events to less than 12 per cent of
sun-like stars. The results of Absil et al. (2013) could be interpreted
to be in favour of such a scenario, given that 33 per cent of their
sample with a cold, outer debris disc were found to have K-band
excess, as opposed to 23 per cent of their sample for which there is
no evidence for a cold, outer disc. Such a simple correlation pro-
vides no information regarding whether the dust is really spread
throughout the planetary system, or in fact limited to a thin inner
belt and a thin outer belt.

5 CONCLUSIONS

We have discussed a potential origin to the high levels of exozodia-
cal dust found in many planetary systems in dynamical instabilities,
akin to the LHB. We have used N-body simulations to show that
whilst material is almost always scattered into the inner regions of
the planetary system following such an instability, this material has
a short lifetime. We characterized the maximum possible lifetime
of this material using the parameter t,,4;, finding a median value
of t,05i = 2.8 Myr (low mass) and f,,g; = 0.7 Myr (high mass),
with a maximum value of #,,qi = 47 Myr. This suggests that an ab-
solute maximum of <1 per cent of sun-like stars, with three planets
and planetesimals belts at 10-20 au, is likely to be observed in the
aftermath of an instability. Given a median detection fraction of
0.06 per cent (0.01 per cent) for our low-mass (high-mass) simu-
lations, we conclude that it is unlikely that we have observed a single
sun-like star in the aftermath of a dynamical instability and we def-
initely cannot explain the 18 per cent of systems detected by Absil

etal. (2013) at 2.2 um and we struggle to even explain the 1 per cent
detection rate in the mid-IR of Lawler & Gladman (2012). Such a
strong conclusion cannot be made for samples of very young stars
or higher mass stars (A stars), with their tendency to have planetary
systems at larger orbital radii. However, we reiterate our conclusion
that there is a very low probability of catching a planetary system
in the observable aftermath of a dynamical instability.
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