
Mon. Not. R. Astron. Soc.000, 1–5 (2012) Printed 24 February 2012 (MN LATEX style file v2.2)

Deserts and pile-ups in the distribution of exoplanets due to
photoevaporative disc clearing

R.D.Alexander1,⋆ & I.Pascucci2
1 Department of Physics & Astronomy, University of Leicester, Leicester, LE1 7RH, UK
2 Lunar and Planetary Laboratory, The University of Arizona, Tucson, AZ 85721, USA

Accepted 2012 February 24. Received 2012 February 24; in original form 2012 January 9.

ABSTRACT
We present models of giant planet migration in evolving protoplanetary discs. We show that
disc clearing by EUV photoevaporation can have a strong effect on the distribution of giant
planet semi-major axes. During disc clearing planet migration is slowed or accelerated in the
region where photoevaporation opens a gap in the disc, resulting in “deserts” where few gi-
ant planets are found and corresponding “pile-ups” at smaller and larger radii. However, the
precise locations and sizes of these features are strong functions of the efficiency of planetary
accretion, and therefore also strongly dependent on planetmass. We suggest that photoevapo-
rative disc clearing may be responsible for the pile-up of∼Jupiter-mass planets at∼ 1AU seen
in exoplanet surveys, and show that observations of the distribution of exoplanet semi-major
axes can be used to test models of both planet migration and disc clearing.

Key words: accretion, accretion discs – planetary systems – planets and satellites: formation
– protoplanetary discs – planet–disc interactions

1 INTRODUCTION

The study of planets dates back hundreds of years, but research in
this area has accelerated dramatically in the decade and a half since
the discovery of the first extra-solar planets (Mayor & Queloz 1995;
Marcy & Butler 1996). Ground-based surveys have now discovered
over 500 planets around other stars (e.g., Udry & Santos 2007), and
the recent results from theKepler satellite have pushed our census
of exoplanets to over 2000 objects (e.g., Borucki et al. 2011). Many
of the early exoplanets were found to orbit very close to their host
stars, and it was immediately recognised that these “hot Jupiters”
could not have formed at their current locations. Instead itis be-
lieved that planets form far from their hosts, at& 5–10AU, and
migrate inwards due to tidal interactions with the protoplanetary
disc (e.g., Goldreich & Tremaine 1980; Lin & Papaloizou 1986).
The migration of low-mass planets remains controversial, but so-
called Type II migration, which applies to giant planets with masses
& 0.5MJup, is now relatively well understood. Numerical models of
Type II migration show good agreement with the predictions of an-
alytic theory (e.g., Takeuchi et al. 1996), and although theorigin
of hot Jupiters with periods of a few days remains uncertain (e.g.,
Rice et al. 2008; Wu & Lithwick 2011), the observed distribution of
giant planets with∼AU semi-major axes is broadly consistent with
the predictions of migration models (e.g., Armitage 2007; Alexan-
der & Armitage 2009).

How planet migration is stopped, however, remains an open
question. The migration of low-mass planets in turbulent protoplan-
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etary discs is subject to stochastic variations (Nelson & Papaloizou
2004), and can be halted or even reversed in certain circumstances
(Paardekooper & Papaloizou 2009). Type II migration, by contrast,
continues as long as the disc accretes, and away from the inner disc
edge it can only plausibly be halted by dispersal of the disc gas.
Disc clearing at late times is thought to be dominated by photoe-
vaporative winds, driven by ultraviolet and/or X-ray heating by the
central star (e.g., Alexander et al. 2006; Gorti et al. 2009;Owen et
al. 2010). These different winds disperse the gas disc and influence
planet migration in quantitatively distinct ways, but observationally
it is not yet clear which heating mechanism dominates (Pascucci et
al. 2011; Sacco et al. 2012). Moreover, as our census of exoplanets
has grown we have discovered strong features in what were pre-
viously thought to be smooth distributions of exoplanet properties
(e.g., Wright et al. 2009). In thisLetter we use numerical models
of planet migration in evolving protoplanetary discs to investigate
whether disc clearing leaves a characteristic signature onthe ob-
servable properties of exoplanets.

2 MODEL

Our numerical model is essentially the same as that used in Alexan-
der & Armitage (2009, hereafter AA09); here we summarise only
the salient details. We use a Monte Carlo approach, running large
numbers of planet-disc models with randomly-sampled initial con-
ditions to generate statistical distributions of planet properties. In
each individual model the protoplanetary disc evolves due to vis-
cous transport of angular momentum and photoevaporation bythe
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central star, while a single (giant) planet interacts tidally with the
disc and undergoes Type II migration. The equations governing the
coupled evolution of the disc-planet system are (e.g., Lin &Pa-
paloizou 1986)
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HereΣ(R, t) is the disc surface density,t is time,R is (cylindrical)
radius,ν is the kinematic viscosity, andM∗ is the stellar mass. The
first term on the right-hand side describes the viscous evolution
of the disc, anḋΣw(R, t) is the mass-loss due to photoevaporation.
The second term describes the response of the disc to the planetary
torqueΛ(R, a), which for a planet of massMp = qM∗ at radius
(semi-major axis)a is given by (e.g., Armitage et al. 2002)
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where
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andH is the disc scale-height. The planet migrates at a rate
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We adopt an alpha-prescription for the disc viscosity

ν(R) = αΩH2 , (5)

whereα = 0.01 is the Shakura & Sunyaev (1973) viscosity pa-
rameter andΩ(R) =

√

GM∗/R3. We choose a power-law form for
the disc scale-heightH ∝ R5/4, which gives a linear viscosity law
ν ∝ R. We normalize the power-law by setting the disc aspect ratio
H/R = 0.0333 atR = 1AU.

As in AA09, we assume that photoevaporation is driven by
extreme-ultraviolet (EUV) radiation from the central star, and make
use of standard prescriptions forΣ̇w(R). In our standard model
we adopt an ionizing fluxΦ = 1042photons s−1 (e.g., Pascucci
& Sterzik 2009), which results in an integrated mass-loss rate of
Ṁw ≃ 4× 10−10M⊙yr−1 for M∗ = 1M⊙. When the inner disc is op-
tically thick to ionizing photons (i.e., until a gap has opened in the
disc), the mass-loss is concentrated around the critical radius

Rcrit ≃ 0.2Rg ≃ 1.8

(

M∗
1M⊙

)

AU , (6)

whereRg = GM∗/c2
s is the “gravitational radius” andcs = 10km s−1

is the sound speed of the ionized gas (Hollenbach et al. 1994;Font
et al. 2004).

The initial disc surface density profile is given by

Σ(R) =
Md

2πRsR
exp(−R/Rs) , (7)

whereMd is the initial disc mass and the scale radiusRs = 10AU
effectively sets the viscous time-scale; forα = 0.01, this givestν =
R2

s/3ν(Rs) ≃ 5×104yr. For each modelMd is drawn randomly from
a log-normal distribution, with mean log10(〈Md〉/M⊙) = −1.5 and
a 3-σ spread of 0.5dex. In the absence of a planet the median disc
lifetime is ≃4.5Myr, and AA09 showed that this underlying disc
model is consistent with a wide range of observed propertiesof
protoplanetary discs . Operationally, we solve Equation 1 using a
standard first-order explicit scheme, on aR1/2-spaced grid covering
the range [0.04AU,10000AU] (see AA09 for further details).

We model accretion across the planetary orbit in terms of the
efficiency parameterǫ, which is defined as the accretion rate on to
the planet as a fraction of the disc accretion rateṀdisc(a). Numer-
ical studies (e.g., Lubow et al. 1999; d’Angelo et al. 2002; Lubow
& d’Angelo 2006) have shown thatǫ is a strong function of planet
mass, and we adopt the fitting formula derived by Veras & Ar-
mitage (2004)

ǫ(Mp)
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exp
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)
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The accretion rate on to the planeṫMp = ǫ(Mp)Ṁdisc, and the
accretion rate across the gap on to the inner disc is given by
Ṁinner = Ṁp/(1 + ǫ). Our results are not especially sensitive to
the precise value ofǫmax (we chooseǫmax = 0.5), but do depend
strongly on the form ofǫ(Mp). We therefore also ran models with
constant values ofǫ(Mp), discussed below.

We “form” giant planets by injecting a single planet of mass
Mp into each disc model at radiusap and timetp. We assume a
constant formation radiusap, and the time of formation is assigned
randomly within the range 0.25Myr< tp < tc (wheretc is the time
at which photoevaporation begins to clear the disc). We makeno at-
tempt to model the interaction between the migrating planetand the
inner disc edge; instead, we simply remove planets which migrate
to a < 0.15AU. As we wish to study how the properties of the sur-
viving planets depend on their mass, we assign initial planet masses
randomly in the range 0.5MJup6 Mp 6 5.0MJup. This choice of a
flat planet mass function serves merely to ensure we model a statis-
tically significant number of massive planets, and is not intended to
be representative of the observed exoplanet mass function (which
declines steeply with increasing planet mass; e.g., Udry & Santos
2007). For each choice of input parameters we ran 1000 randomre-
alisations of the model. Typically around half of the planets migrate
on to the star while the remainder survive, so each set of models re-
sults in a statistical distribution of 400–700 planets.

Our standard model considers aM∗ = 1M⊙ star and assumes
that planets form atap = 5AU. We also ran otherwise identical sets
of models with constantǫ(Mp)/ǫmax = 1.0, 0.3, and a set of models
with formation radiusap = 10AU. Finally, we considered a set of
models withM∗ = 0.5M⊙. We again form planets (arbitrarily) at
ap = 5AU, but in this case we re-scale the disc model by setting the
mean disc mass log10(〈Md〉/M⊙) = −1.8, scale radiusRs = 5AU,
and ionizing fluxΦ = 3 × 1041photon s−1. There is some observa-
tional evidence for a linear scaling of disc mass with stellar mass
(e.g., Klein et al. 2003; Scholz et al. 2006), but how the other model
parameters scale with stellar mass in real systems is not well known
(e.g., Alexander & Armitage 2006; Kennedy & Kenyon 2009). We
have chosen these parameters, somewhat arbitrarily, to give a simi-
lar median disc lifetime (≃ 4.5Myr) to theM∗ = 1M⊙ case.

3 RESULTS

The radial distribution of surviving planets in the standard model
is shown in Fig.1. If we consider the complete sample of plan-
ets we find no strong features in the distribution, and the overall
shape of the distribution reflects the average migration rate (e.g.,
Armitage 2007). For a given planet mass the Type II migrationrate
depends primarily on the disc viscosity and surface density, so the
shape of the distribution in Fig.1 primarily reflects our underlying
disc model (and is consistent with AA09). The radial distribution of
planets with final radiia < 4.5AU in the model withap = 10AU is
statistically indistinguishable from the standard model:this shows
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Deserts and pile-ups in the distribution of exoplanets 3

Figure 1. Cumulative distribution of surviving planets in the standard
model. We plot only the planets ata < 4.5AU, to eliminate artefacts in-
troduced by the (arbitrary) choice of formation radiusap = 5AU. The thick
black line shows the distribution for all planets, while thecoloured lines
denote sub-sets of this sample in different mass bins (as indicated in the
legend). More massive planets show clear “deserts” in theirradial distribu-
tions, where few or no planets are found, close to the critical radius at which
photoevaporation first opens a gap in the disc.

that the distribution of planets in this region is determined primar-
ily by migration, and is not very sensitive to our assumptions about
where and when planets form.

When we split the planets in the standard model into mass
bins, however, several strong features appear. Most prominent are
clear “deserts”, where few or no planets of a given mass are found.
The precise location of the desert is a strong function of planet
mass: almost no planets are found betweena ≃ 1–2AU for the most
massive planets (> 4MJup); betweena ≃ 2–3.5AU for 3–4MJup

planets; and betweena ≃ 3–4AU for 2–3MJup planets. There is
weak evidence of a similar desert at even larger radii in the lowest
mass bin (< 2MJup), but this is not statistically significant (and does
not persist when the formation radiusap is increased). We also see
significant excesses of planets (“pile-ups”) both inside and outside
these deserts, for all planet masses.

These deserts and pile-ups are the result of the interactionbe-
tween the planet and the clearing gas disc, and can be readilyun-
derstood. As photoevaporation overcomes viscous accretion a gap
opens in the disc at approximatelyRcrit (i.e., at≃ 1–2AU). Planets
interior to this gap continue migrating for a short time while the
inner disc drains, and consequently few planets are found just in-
sideRcrit. Planets at larger radii suppress disc accretion, and if this
suppression is strong enough the inner disc (insideRcrit) becomes
optically thin, allowing photoevaporation by direct irradiation to
clear the outer disc. Planets which “trigger” disc clearingin this
manner are subsequently unable to continue migrating, so wealso
see a deficit of planets just outsideRcrit. When integrated over many
disc-planet models this results in a desert in the radial distribution
of planets close toRcrit, and corresponding “pile-ups” at smaller
and larger radii. The final location of any given planet, however, is
a strong function of the rate of accretion across the planetary orbit
(Ṁinner). The photoevaporative wind is only able to open a gap in the
disc once its rate exceeds the local disc accretion rate. If there is ef-
ficient accretion of gas across its orbit (i.e.,Ṁinner ∼ Ṁdisc, high val-
ues ofǫ) the planet has little effect on the gap-opening process, and

Figure 2. As Fig.1, but for models with constantǫ(Mp): ǫ/ǫmax = 1 (top)
andǫ/ǫmax = 0.3 (bottom). When gas is allowed to accrete freely across the
gap (top) there are no deserts in the planet distributions, and no significant
variations as a function of planet mass. By contrast, when accretion across
the gap is suppressed (bottom) we see a clear lack of planets at a ≃ 1–3AU,
and variations in the overall distribution with planet mass(because more
massive planets migrate more slowly).

consequently disc clearing has only a modest effect on migration.
By contrast, low planetary accretion efficiencies severely limit the
disc accretion rate interior to the planet’s orbit (i.e.,Ṁinner≪ Ṁdisc,
small values ofǫ), which accelerates the gap-opening process and
has a much stronger effect on the planet’s migration. We therefore
see significant pile-ups of planets of all masses (though notalways
at the same radius), but find that deserts close toRcrit are more pro-
nounced for more massive planets.

The sets of models with constant values ofǫ(Mp) allow us to
investigate this behaviour in more detail (see Fig.2). Forǫ/ǫmax = 1
(usually consistent withMp ≃ 0.5MJup; see Equation 8) there is co-
pious accretion across the planetary orbit for all planets,and conse-
quently disc clearing by photoevaporation does not leave a strong
imprint on the final radial distribution of planets. Moreover, there
are no significant differences in the radial distributions of planets
of different masses: the distribution in each individual mass bin is
statistically indistinguishable from the complete distribution. For
ǫ/ǫmax = 0.3 (usually consistent withMp ≃ 2.5MJup), however,
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Figure 3. Histogram of extra-solar planet semi-major axes. The shaded his-
tograms show observational data for 131 single-planet systems with reflex
velocitiesK > 20 m s−1 and host star masses in the range 0.75M⊙< M∗ <
1.5M⊙. The dotted histograms show the corresponding predictionsof our
standard model, normalised to match the numbers of planets in the observed
samples. Although the agreement is not perfect, the most prominent feature
– a significant excess of∼Jupiter-mass planets with semi-major axes be-
tween 1–2AU – is clearly seen in both the model and the data.

we see that almost no planets withMp > 2MJup are found between
1.5–3AU, and very few planets withMp < 2MJup are found between
0.6–2AU. There are significant pile-ups of planets inside these gaps
for all planet masses. More significant pile-ups are seen forlarger
planet masses: this is because more massive planets migratemore
slowly (e.g., Syer & Clarke 1995), and are therefore more likely to
survive at small radii (rather than migrating all the way on to the
central star). These models clearly demonstrate that the crucial pa-
rameter in determining the location of gaps in the radial distribution
of planets is the accretion efficiencyǫ, rather than the planet mass;
the mass-dependence seen in the standard model (Fig.1) is infact
determined primarily by the form ofǫ(Mp).

In the models withM∗ = 0.5M⊙ we again find large deserts in
the radial distribution of massive planets, though the effect is only
apparent for planets& 3MJup. The inner edges of the deserts are are
at smaller radii than in theM∗ = 1M⊙ case, but we also see that the
deserts are much wider, extending froma ≃ 1.5–4AU for 2–3MJup

planets, and froma ≃ 1–3.5AU for planets> 4MJup. The smaller
desert radii are expected from the linear scaling ofRcrit with stellar
mass (Equation 6), and represent a possible observational diagnos-
tic. However, the wider deserts are primarily due to the lower disc
masses in our model: massive planets open wider gaps in theirpar-
ent gas discs, resulting in correspondingly wider deserts in the fi-
nal distribution of planets. Without detailed knowledge ofhow disc
evolution scales with stellar mass it is therefore difficult to make
quantitative predictions for how the giant planet population varies
around stars of different mass. Moreover, it is unclear whether this
linear scaling with stellar mass can persist to lower-mass,M-type
stars. For stars of massM∗ ∼ 0.1M⊙ the critical radiusRcrit ∼ 0.1–
0.2AU, and is thus comparable to the radius of the inner disc edge.
In this regime the manner in which photoevaporation affects disc
clearing and planet migration is far from obvious.

4 DISCUSSION

Our major result is that protoplanetary disc clearing by photoe-
vaporation can have a strong influence on the distribution ofgiant
planet semi-major axes. The general signature of this process is a
gap or “desert” in the distribution of planets at radii closeto the
gap-opening radiusRcrit ≃ 1–2AU, with corresponding “pile-ups”
of planets immediately inside and outside this region. However, the
precise locations and sizes of these features are strongly dependent
on the efficiency of planetary accretionǫ, and consequently also
on the planet mass. There is also a weak dependence on the un-
derlying disc model, which determines the overall rate of planet
migration. Numerical simulations have established that inthe giant
planet regime more massive planets accrete less efficiently, and our
parametrization ofǫ(Mp) (Equation 8) is based on state-of-the-art
numerical simulations of planetary accretion (Lubow et al.1999;
d’Angelo et al. 2002; Lubow & d’Angelo 2006, see also Fig.1 in
AA09), but it is clear from Fig.2 that the distribution of semi-major
axes is rather sensitive to the exact form ofǫ(Mp). We therefore pre-
dict that the observed distribution of exoplanet semi-major axes can
be used both as a diagnostic of disc dispersal, and as a test ofthe
physics of planetary accretion. In particular, variationsin the distri-
bution as a function of exoplanet mass may be a useful means ofde-
termining how efficiently real planets accrete gas from their parent
protoplanetary discs. We also note that the deserts and pile-ups we
predict are the result of the complicated interaction between photo-
evaporation, migration and accretion during disc clearing, which is
usually neglected in simpler analytic calculations. More traditional
population synthesis models (e.g., Ida & Lin 2008; Mordasini et al.
2009) typically adopt parametrized treatments of both migration
and disc evolution, which necessarily neglect these more subtle ef-
fects. Our results suggest that a more sophisticated approach may
be required if such models are to make accurate predictions of ex-
oplanet properties.

Fig.3 shows a comparison between the predictions of
our standard model and current exoplanet data (taken from
exoplanets.org; Wright et al. 2011). This compilation is not en-
tirely free of biases, as it includes detections made using various
different methods and selection criteria, but in the region of param-
eter space which is most relevant here (a & 0.1AU; Mp & 0.5MJup)
the overwhelming majority of the data come from radial velocity
surveys. These data are essentially complete for reflex velocities
K > 20 m s−1 and periodsP < 2000 days (Cumming et al. 2008),
which for solar-mass stars roughly corresponds toa < 3AU and
Mp sini > 1.25MJup. The observed exoplanet sample is therefore
not yet ideal for rigorous statistical testing of our models(as it is
incomplete for masses. 1MJup at ∼AU radii), but is appropriate
for qualitative comparisons between models and data. The major
feature seen in the data in Fig.3 is a significant excess of∼Jupiter-
mass planets with semi-major axes between 1–2AU. This pile-up
of planets is statistically significant in single-planet systems (e.g.,
Wright et al. 2009), and is not seen for higher planet masses1. A
similar feature is seen in our standard model: there is a significant
pile-up of planets at 1–2AU, just interior toRcrit, which is only seen
for planets. 3–4MJup (see also Fig.1). Although the agreement be-
tween the data and our models is not perfect it is very encouraging,

1 Strictly we are comparing the observedMp sini values with our true
massesMp. However, the radii of pile-ups and deserts in our models depend
primarily on ǫ rather thanMp, so the differences betweenMp andMp sini
are essentially degenerate with the uncertainties in the form of ǫ(Mp).
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especially when one considers the large number of “un-tuned” free
parameters in the model.

An important simplification is our choice of photoevaporation
model: we assume that the photoevaporative wind is driven byion-
izing extreme-ultraviolet (EUV) photons from the central star, with
constant luminosityΦ. As Rcrit does not depend onΦ the assumed
ionizing luminosity has no significant effect on planet migration,
but some recent models suggest that photoevaporative disc clear-
ing may in fact be primarily driven by X-rays and/or non-ionizing
far-ultraviolet (FUV) radiation (e.g., Gorti et al. 2009; Owen et al.
2010). These models also predict significantly higher photoevapo-
ration rates, up toṀw . 10−8M⊙yr−1. Observationally it is not yet
clear which is the primary heating mechanism, though recentstud-
ies of diagnostic gas emission lines do not favour models where
X-ray heating dominates (Pascucci et al. 2011; Sacco et al. 2012).
Our reason for not including FUV or X-ray heating is simple. In
both cases the photoevaporative flow is somewhat cooler thanin
the EUV case, leading to a larger critical radiusRcrit. X-ray- and
FUV-heated winds therefore tend to be launched from correspond-
ingly larger radii, and their mass-loss profiles typically peak at 2–
10AU or beyond. Unfortunately, this is close to the region where
we believe giant planets form by core accretion (e.g., Pollack et
al. 1996), and consequently the effects of these winds on planet
migration are degenerate with our assumptions about where and
when planets form. The general effect of X-ray and FUV photoe-
vaporation is to create deserts in the distribution of planets between
∼ 2–20AU, but without a fuller understanding of planet formation
we cannot make detailed predictions about this process. We note in
passing, however, that large photoevaporation rates (Ṁw ∼ 10−9–
10−8M⊙yr−1) imply much larger disc surface densities at the point
when disc clearing begins than are found in our EUV-only mod-
els. In this regime planet migration is rarely suppressed, leading to
much faster planet migration and making it much less likely that
planets will survive interior toRcrit. Further work in this area is still
needed, but our models suggest that very few giant planets should
survive at small radii if photoevaporative clearing occursat rates
Ṁw & 10−9M⊙yr−1.

Finally, we note that photoevaporative clearing is not the only
mechanism which can lead to features in the exoplanet distribution.
Various other effects, such as the location of the snow-line, forma-
tion in dead zones, or migration into planet “traps” (e.g., Masset
et al. 2006; Matsumura & Pudritz 2006; Ida & Lin 2008), can also
lead to pile-ups at specific radii. However, these features tend not
to remain in fixed locations over the entire disc lifetime, and it
is also not obvious if these mechanisms can reproduce the mass-
dependence seen in the observations. We predict that protoplane-
tary disc clearing due to photoevaporation results in a pile-up of
∼Jupiter-mass planets at∼ 1–2AU, and we suggest that this mech-
anism may be responsible for the similar pile-up seen in recent
exoplanet surveys. As our sample of exoplanets becomes larger
and more complete, their properties will provide importantobser-
vational tests of the physics of disc clearing, planet migration and
planetary accretion.
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