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ABSTRACT
A significant fraction of unstable multiple planet systems are likely to scatter during the
transitional disc phase as gas damping becomes ineffectual. Using a large ensemble of FARGO

hydrodynamic simulations and MERCURY N-body integrations, we directly follow the dynamics
of planet–disc and planet–planet interactions through the clearing phase and through 50 Myr
of planetary system evolution. Disc clearing is assumed to occur as a result of X-ray-driven
photoevaporation. We find that the hydrodynamic evolution of individual scattering systems
is complex, and can involve phases in which massive planets orbit within eccentric gaps, or
accrete directly from the disc without a gap. Comparing the results to a reference gas-free
model, we find that the N-body dynamics and hydrodynamics of scattering into one- and
two-planet final states are almost identical. The eccentricity distributions in these channels
are almost unaltered by the presence of gas. The hydrodynamic simulations, however, also
form a population of low-eccentricity three-planet systems in long-term stable configurations,
which are not found in N-body runs. The admixture of these systems results in modestly lower
eccentricities in hydrodynamic as opposed to gas-free simulations. The precise incidence of
these three-planet systems is likely a function of the initial conditions; different planet set-
ups (number or spacing) may change the quantitative character of this result. We analyse
the properties of surviving multiple planet systems, and show that only a small fraction (a
few per cent) enter mean motion resonances after scattering, while a larger fraction form
stable resonant chains and avoid scattering entirely. Our results remain consistent with the
hypothesis that exoplanet eccentricity results from scattering, though the detailed agreement
between observations and gas-free simulation results is likely coincidental. We discuss the
prospects for further tests of scattering models by observing planets or non-axisymmetric gas
structure in transitional discs.

Key words: hydrodynamics – scattering – planets and satellites: dynamical evolution and
stability – planet–disc interactions – protoplanetary discs – planetary systems.

1 IN T RO D U C T I O N

Prior to gap opening, gravitational interactions between planets and
their surrounding gas discs act to efficiently damp planetary ec-
centricity. This damping implies that the formation of giant planets
via core accretion leads to initially circular orbits, and that post-
formation dynamical effects must be sought to explain the observed
eccentricity distribution of massive extrasolar planets (Butler et al.
2006). Dynamical instability in multiplanet systems, leading to or-
bit crossing and the ejection or merger of some of the planets, is one
way to achieve this (Rasio & Ford 1996; Weidenschilling & Marzari

!E-mail: moeckel@ast.cam.ac.uk

1996; Lin & Ida 1997). Extensive N-body experiments have shown
that with realistic mass functions, the dynamics of unstable two-
planet (Ford & Rasio 2008), three-planet (Chatterjee et al. 2008) or
richer systems (Jurić & Tremaine 2008) can successfully reproduce
the observed eccentricity distribution.

The good agreement between N-body dynamical experiments
and observations is somewhat surprising, as it is hard to envisage
a consistent scattering scenario in which gas disc interactions are
not important. The simplest model is one in which the typical plan-
etary system forms with just two massive planets. In this case, the
only unstable systems have planets that are separated by less than
the threshold for Hill stability (Marchal & Bozis 1982; Gladman
1993), and most of the unstable subset scatter on a time-scale that
is much shorter than the gas disc dispersal time (!105 yr; Wolk
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dynamical origin of eccentricities
Instability in multi-planet systems 
yields ejection, mergers, eccentricity 

Rasio & Ford 1996
Weidenschilling & Marzari 1996
Lin & Ida 1997

extreme final eccentricities occur as the result of scattering of
nearly equal-mass planets. In the limiting case of equal-mass
planet scattering, the average final eccentricity was hef i ! 0:624
and the standard deviationwas !ef ! 0:135. Therefore, the planet-
planet scatteringmodel predicts that eccentricities very rarely ex-
ceed’0.8. Then, we investigate what distribution of planet mass
ratios would be necessary to explain the eccentricity distribution
derived from present observations. Finally, we explore the poten-
tial for correlations between the eccentricity distribution and other
properties to constrain theories for the origin of eccentricities, in-
cluding the planet-planet scattering model.

4.1. Very High Eccentricity Planets

Of the 86 planets with orbital periods greater than 10 days
and best-fit orbital eccentricities exceeding 0.2, two planets have
eccentricities that are currently estimated to be greater than
0.8, HD 80606b (e ! 0:935 " 0:0023; Naef et al. 2001) and
HD 20782b (e ! 0:925 " 0:03; Jones et al. 2006). Such large
eccentricities are unlikely to be the result of planet-planet scat-

tering (at least in the context of two planets initially on nearly
circular orbits, as explored in x3.2.2). Thus, we search for al-
ternative explanations for these two planets with extremely large
eccentricities. First, we note that the eccentricity determination
of HD 20782b is quite sensitive to a single night’s observations.
If the observations from that night are omitted, then the best-fit
eccentricity would drop to 0.732, a value consistent with the
planet-planet scattering model. Clearly, it would be desirable to
obtain several additional radial velocity measurements around
the time of future periastron passages to confirm the very large
eccentricity.
Another possibility is that a wide stellar binary companion

may have played a role in exciting such large eccentricities. In-
deed, both of these planets orbit one member of a known stellar
binary (Desidera & Barbieri 2007). For the sake of comparison,
we note that only 19 out of the 86 planets in our sample orbit
members of a known binary. In principle, secular perturbations
due to a wide binary companion on an orbit with a large inclination
relative to the planet’s orbit can induce eccentricity oscillations

Fig. 4.—Cumulative distributions for the final eccentricity of the remaining planet after the other planet has been ejected. Each line style corresponds to an ensemble of
systemswith a different power-law index for the mass distribution, as indicated in the legend of panel (a). The solid line corresponds to an initial distribution uniform in the
log of the planet mass. The short-dashed lines correspond to the best estimate for the planet mass distribution based on the analysis of Cumming et al. (2008). The long-
dashed and dot-dashed lines correspond to the limits of the quoted 1 ! uncertainty in the power-law index. The dotted line in each panel corresponds to the observed
eccentricity distribution (excluding planets with orbital periods less than 10 days). The different panels correspond to different choices for the cutoff at low masses. Each
panel assumes a cutoff of "hi ! 10#2, based on findings of radial velocity surveys.
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than the relevant dynamical (orbital, or strong dynamical insta-
bility) timescales (Adams & Laughlin 2006a; see also Murray &
Dermott 2000). Since secular timescales can be orders of mag-
nitude longer than the orbital timescales, onemight obtain results
biased toward the initial part of the oscillations if at least a full
secular period is not sampled properly. Figure 21 shows a dra-
matic example where the eccentricities of both planets and the
relative inclinations between the planetary orbits oscillate secu-
larly with a very long period (!100Myr) compared to the orbital
timescale and the observed eccentricities and inclinations can be

very different fromwhat would be expected right after dynamical
stabilization of the system. Hence, any study of orbital proper-
ties of planets after dynamical interactions should also worry
about the secular evolution of the orbital properties that follows
the orders of magnitude quicker dynamical phase. Nevertheless,
we should point out that in our simulated systems this is not typ-
ical. For most cases the secular time period is typically !105Y
106 yr. For our simulated systems containing two provably stable
planets at the end of our common integration stopping time

Fig. 17.—Same as Fig. 3, but using mass distribution 3. Note that overall the
eccentricities are lowered using the broader mass distribution. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 18.—Same as Fig. 4, but using mass distribution 3. The simulated ec-
centricities match much better with the observed in this case compared to those
using mass distribution 1. [See the electronic edition of the Journal for a color
version of this figure.]

Fig. 19.—Same as Fig. 15, but using mass distribution 3. Mass-dependent
effects on final semimajor axes of the planets are much more prominent in this
case. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 20.—Same as Fig. 14, but using the broader distribution of initial planet
masses (mass distribution 3). There seems to be a weak anticorrelation between
the mass and the eccentricities of the planets. [See the electronic edition of the
Journal for a color version of this figure.]
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high-eccentricity tail of the distribution settles into equilibrium
rapidly, while the equilibrium form for e P 0:3 is establishedmore
slowly. The partially active distributions can also be regarded
approximately as a superposition of the distribution of fully re-
laxed systems,!S(e; 0:3), and the distribution specified by the
initial conditions. For our particular choice of the initial con-
ditions, the former dominates the high eccentricities (e k 0:3),
while the latter dominates for e P 0:3.

In x 5we return to the question of this classification and attempt
to justify it further in a more quantitative manner.

3.2. Comparison to Observations

We compare the simulations with the distribution of eccen-
tricity of all planets in the Butler et al. (2006) catalog with period
P > 20 days. This catalog reflects strong selection effects, pri-
marily in mass and semimajor axis. Selection effects should not
strongly affect the eccentricity distribution since the eccentricities
of the simulated planets correlatewith neithermass nor semimajor
axis (this is shown in xx 3.5 and 3.6), and since the selection effects
in eccentricity are relatively small, at least in a region (P P 5 yr,
e P 0:6) that contains most of the observed planets (Cumming
2004).

Partial qualitative agreement exists between the eccentricity
distributions of the four active and three partially active ensembles
and the observed extrasolar planet distribution, shown in the
bottom panel of Figure 2. Despite this approximate agreement,
there are obvious differences between the observed eccentricity
distribution and the distribution of active systems: (1) an excess
of observed low-eccentricity planets, and (2) a (small) deficit
of observed planets with high eccentricities. The two are inter-
related, since the distribution functions f (e) are normalized so
that

R 1
0 f (e) de " 1.

The excess of low-eccentricity observed planets for e P 0:2
in the bottom panel of Figure 2 arises because in this region the
observed systems have f (e) ! const while the simulated systems
have f (e) / e. Note that the linear dependence seen in the sim-
ulated systems is a generic consequence of dynamical relaxation:
in a relaxed distribution, there is no reason to expect a singularity
in phase-space density at e " 0 and therefore the dependence
f (e) / e is simply due to the smaller volume of phase space
available near the origin (the radial action Jr / e2 at fixed semi-
major axis so dJr / e de). Thus, the excess of observed planets
at low eccentricities is presumably due to systems that have not
experienced the period of dynamical activity that our active-
ensemble simulations describe.

On the other hand, the simulations are highly successful in
reproducing the mid- and high-eccentricity part of the observed
distribution (e k 0:2). They all successfully reproduce the peak
of the observed distribution near e ! 0:3, as well as the decline
toward e " 1 and the general shape of this decline. They appear
to predict somewhat more high-eccentricity planets than are ob-
served, even when the e < 0:2 excess is taken into account, but
the excess is only marginally statistically significant and also is
consistent with the effects of observational bias. In particular,
Cumming (2004) showed that while the detection efficiency of
radial velocity surveys is roughly constant for planets with e P 0:6,
it drops rapidly beyond e ! 0:6. We have conducted simple tests,
in which we apply a linearly or quadratically decreasing detection
efficiency8 to simulated data at e > 0:6, and find that the correc-
tion works in the direction of improving the agreement with our
simulations. But overall, its effect on the shape of the observed
distribution is negligible for the current data.

We quantify the discussed similarities and differences using
Figure 4 and Tables 3 and 4. Figure 4 compares the final cumula-
tive eccentricity distributions of the active ensembles, the observed
distribution, and the Schwarzschild distribution S(e; !e " 0:3)
that captures the general features of the simulated distributions.
The comparison is made both over the entire range of eccentric-
ities (top panel ) and restricted to the range e > 0:2 to exclude
possible contamination by inactive systems in the observed sample
(bottom panel). Table 3 shows the p-values of the Kolmogorov-
Smirnov9 (K-S) statistic calculated between pairs of all active
ensembles, the observed distribution, and the S(e; !e " 0:3) dis-
tribution. Table 4 shows the same statistic for partially active
ensembles.
At a 5% significance level10 the eccentricity distributions of

three of the four active ensembles (c10s30, c10u80, c10s40) are
pairwise,11 consistent with being drawn from the same eccen-
tricity distribution (Table 3), despite their quite different initial
conditions (Table 1). The smallest p-values are obtained in tests
involving c50s05, which began with 50 planets per system, com-
pared to 10 for the other active ensembles. This difference may

8 Here pdet " 1# x and pdet " 1# x2, where x " (e# 0:6)/0:4.

9 The same tests were repeated using Pearson’s " 2 statistic and led to qual-
itatively similar conclusions. However, for these data sets the " 2 statistic has
less distinguishing power than the K-S statistic (typical p-values were a factor of
2 larger).

10 In this paper we adopt the # " 0:05 significance level as the threshold for
rejecting the null hypothesis that two samples were drawn from the same dis-
tribution. That is, if at least 5% of pairs of samples randomly drawn from a given
distribution would differ by more than the observed amount as measured by their
K-S statistic, we conclude that the hypothesis cannot be rejected.

11 We use the term ‘‘pairwise’’ to emphasize that these are two-sample tests
and that they do not test whether all ensembles are simultaneously consistent with
being drawn from the same underlying distribution. For example, three ensembles
A, B, and C with two-sample K-S statistic p-values p(AB), p(BC), and p(AC)
above a significance level # may produce p(ABC) < # in a three-sample test.

Fig. 4.—Cumulative distribution functions of eccentricity in the observed
sample (solid line with no symbol) and the four active ensembles (solid lines
with symbols) and the cumulative distribution function of the Schwarzschild dis-
tribution S(e; 0:3) (eq. [2]; dotted line) for all planets (top) and planets with
e > 0:2 (bottom).
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with realistic mass spectrum, excellent agreement to observations
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Fig. 2. Disk surface density distribution after the planet-planet scatter-
ing phase shown in Fig. 1 middle plots. The two planets have developed
eccentric gaps.

However, the resonant trapping is not stable and the growth in
eccentricity leads to planet-crossing orbits, which in turn start
the chaotic phase. In the top plots we show the semi-major axis
and eccentricity evolution of the three planets initially set on
orbits with a1 = 3.0 AU, a2 = 6.7 AU, a3 = 10.5 AU with
!0 = 0.4!MMSN. After repeated mutual encounters, an orbital
exchange occurs in which innermost planet becomes the out-
ermost one. In the middle plots, a case of planet merging is
displayed, where the two surviving planets are left on mildly
eccentric orbits. In this model the initial disk density is !0 =
0.65!MMSN and the planets are started at a1 = 2.0 AU, a2 =
6.5 AU, a3 = 10.0 AU. Very large eccentricities are achieved
during the chaotic phase, but they are partly damped by the disk
after the merging event. It is interesting to note that in this second
case, after the planet-planet scattering, the two planets left on
eccentric orbits are surrounded with eccentric gaps. This is illus-
trated in Fig. 2. The bottom plots refer to a simulation where two
planets merge and are ejected out of the system on a hyperbolic
orbit (!0 = !MMSN, a1 = 3.0 AU, a2 = 5.5 AU, a3 = 10.0 AU).

Di"erent set ups were tested to check the robustness of our
findings. In one series of simulations, the mass of each planet
grows from 0 to the final value on a timescale ranging from 10
to 1000 yrs, the latter being comparable with the rapid gas-infall
timescale typical of the final stage of a giant planet growth. In
another series, planets are first held on fixed circular orbits until
they form gaps, after what they are let to evolve under disk-
planet and planet-planet interactions. Very similar behaviors are
observed in all these cases. The mutual gravitational interactions
within a system of three planets force some eccentricity, which
is not fully damped by the disk. In addition, the wakes excited
by each planet tamper with the gap-cleaning process of the other

planets. The two outermost planets in our simulations do not un-
dergo slow type II migration. They experience strong torques
from their co-orbital region which is not fully cleared. The fast
migration (runaway migration, Masset & Papaloizou 2003) trig-
gered by corotation torques leads the planets close enough to be
trapped into mean-motion resonance. But this is not stable and
planet-planet scattering follows.

4. Discussion and conclusions

Although there two-planet systems in simple mean-motion res-
onances are known, there are also many systems that are either
multiple and non-resonant, or that display evidence for scatter-
ing that would be suppressed if resonant capture was a ubiq-
uitous process. We show that resonant capture is more easily
evaded in a three-planet as opposed to a two-planet system, lead-
ing to a phase of planet-planet scattering. A major implication
of planet-planet scattering in the gas disk is the significant re-
arrangement of planet orbits and eccentricity excitation, which
may a"ect the subsequent evolution of the planets. As a con-
sequence, the final mass distribution of planets as a function of
the semi-major axis cannot be representative of the formation
process. In addition, a closely packed planetary system where
the multiple planets are all locked in mean-motion resonances
is not the preferred outcome of planet migration, as previously
argued. The chaotic phase may lead to di"erent orbital configu-
rations where the planets can be well separated into semi-major
axis and stable even after the gas dissipation. Lower eccentrici-
ties are expected as the final state of the planet evolution because
damping can occur after the dynamically active phase (Moeckel
et al. 2008). However, it may not be the case for corotation reso-
nance saturation. According to Goldreich & Sari (2003); Ogilvie
& Lubow (2003) a planet may experience a net growth of eccen-
tricity via disk-planet interaction if its eccentricity is not small
to begin with. This would be the case for a planet at the end of
the chaotic phase.

Additional simulations are done to perform a deeper explo-
ration of the parameter space to identify the initial configurations
of the planets and disk that lead to planet-planet scattering rather
than to a stable resonant trapping.

Acknowledgements. We thank Phil Armitage for his useful comments and sug-
gestions as referee of the paper.

References
Beaugé, C., Michtchenko, T. A., & Ferraz-Mello, S. 2006, A&A, 365, 1160
Chatterjee, S., Ford, E. B., Matsumura, S., & Rasio, F. A. 2008, ApJ, 686, 580
Crida, A., Morbidelli, A., & Masset, F. 2007, A&A, 461, 1173
Goldreich, P., & Sari, R. 2003, ApJ, 585, 1024
Kley, W., Peitz, J., & Bryden, G. A. 2004, A&A, 414, 735
Kley, W., Lee, M. H., Murray, N., & Peale, S. J. 2005, A&A, 437, 727
Lee, A. T., & Peale, S. 2002, ApJ, 567, 596
Lee, A. T., Thommes, E. W., & Rasio, F. A. 2009, ApJ, 691, 1684
Masset, F., & Papaloizou, J. C. B. 2003, ApJ, 588, 494
Masset, F., & Snellgrove, M. 2001, MNRAS, 320, L55
Moeckel, N., Raymond, S. N., & Armitage, P. 2008, ApJ, 688, 1361
Moorhead, A. V., & Adams, F. C. 2005, Icarus, 178, 517
Pierens, A., & Nelson, R. P. 2008, A&A, 482, 333
Ogilvie, G. I., & Lubow, S. H. 2003, ApJ, 587, 398
Rein, H., & Papaloizou, J. C. B. 2009, A&A, 497, 595
Weidenschilling, S. J., & Marzari, F. 1996, Nature, 384, 619

Page 3 of 3

Marzari+ 2010

(Adams et al. 2008), avoidance of trapping and ongoing conver-
gence of the orbits. In the latter case the outer planet continues to
migrate inward on a viscous timescale until the separation of the
planets is driven past the Hill stability criterion, and a scattering
event occurs. The goal of this paper is to answer the question:
What effect does the remnant disk now have on the scattering
planetary system?

2. SIMULATION METHOD AND INITIAL CONDITIONS

Hydrodynamic simulations of the disk over dynamically inter-
esting timescales are computationally difficult. In this preliminary
study we consider only a small number of cases, and set up the
initial conditions so that scattering occurs early in the simulation.
Using purely N-body runs, we first identified a large number of
initial conditions in which two Jupiter-mass planets, orbiting a
solar-mass star on nearly circular orbits separated by 2.5Y3mu-
tual Hill radii, are about to experience a first close encounter. For
realistic migration rates (Armitage 2007) instability is likely to
set in at approximately this separation. The orbital radius of the
inner planet was set to 3 AU. The planets were nearly coplanar,
with small inclinations iP 1!. We chose five initial conditions
from these N-body runs spanning a range in the closest approach
distance attained during the first encounter, summarized in Table 1.

We evolve the initial conditions for 104 yr both as a purely
N-body system, and hydrodynamically including the influence
of an external gas disk. The remnant disk is assumed to extend
from 5 to 10 AU with a surface density profile !(r) " !0 r

#3=2,
normalized so that the gas disk contains 1 Jupiter mass of gas.
This setup is quite similar to the scenario considered byMoorhead
& Adams (2005), in which two-planet systems that had cleared
an inner gap were driven toward instability via type II migration
of the outer planet. These authors include the effect of a remnant
disk on planet-planet scattering via an eccentricity damping pre-
scription. Likewise, Chatterjee et al. (2008) studied the damping
effect of a disk on three-planet scattering by coupling a planet-
disk torque prescription with a one-dimensional disk model. In
most of our models we assume that the inner disk is weak enough
as to be neglected. In the regime we consider considerable deple-
tion of the inner disk is likely, since the angular momentum of
the planets is large enough to significantly retard the inflow of the
outer disk while the inner disk continues to accrete on the normal
viscous timescale. However, full depletion of the inner disk is
only an approximation,5 and recent calculations suggest that some
gas will either survive in the inner region or flow past the planets
from the outer disk to resupply the inner disk (Crida &Morbidelli

2007; Lubow&D’Angelo 2006).We therefore ran one additional
simulation to ascertain the effect of a small mass of gas interior to
the planets on the results. Using the results of Lubow&D’Angelo
(2006) we estimated that reasonable amounts of material in the
depleted inner disk will likely be of order 10% of the initial disk
profile (Lubow & D’Angelo 2006), so that the inner disk has
!(r) " 0:1!0r

#3=2. If the inner disk extends from 0.75 to 2 AU,
it contains$0:06MJ of material, much less than the outer disk. If
the inner planet scatters into this inner remnant, a small amount
of eccentricity damping and mass loading onto the planet could
occur.
We evolve the system using the GADGET-2 smoothed parti-

cle hydrodynamics (SPH) code (Springel 2005), modified so that
the star and planets behave as sink particles (Bate et al. 1995).
The accretion radius of the planets is set to $50 RJ. The star and
planets interact with each other and the gas particles only via
gravity, which is effectively unsoftened. A further modification
to the codewasmade to ensure that the force between the star and
planets is computed directly, and not with a tree-code approx-
imation. For the runs presented here the disk is represented by
$1:75 ; 105 particles. At this resolution the Hill radius of the
planets is resolved by several SPH smoothing lengths through-
out the disk. We performed a resolution test by placing a single
planet on an eccentric orbit that initially made excursions into the
disk at apastron. The evolution of the planet’s mass, eccentricity,
and semimajor axis showed good agreement between resolutions
of 1.5 and 3:0 ; 105 particles. Figure 1 shows an example of one
of our runs, showing the interaction of the outer planet with the
disk approximately 30 yr after the scattering.

3. RESULTS

Following the scattering event, we evolve the system hydro-
dynamically up to the time when the separation of the planets is
great enough that— in the absence of gas—they would be Hill
stable. This requires a relatively short integration of order 104 yr

5 Unless magnetic effects (Chiang & Murray-Clay 2007) or photoevaporation
(Clarke et al. 2001) operate and clear a true cavity out as far as the radius of the
inner planet.

TABLE 1

Simulation Parameters

Case

dclose
(AU)

mout, f

(MJ)

Lmax
acc

(1032 ergs s#1)

hLacci
(1032 ergs s#1)

!f
(!crit)

A.............. 0.00094 1.48 6.26 1.76 1.027

B.............. 0.0075 1.54 11.37 2.54 1.040

C.............. 0.044 1.40 11.51 2.75 1.005
D.............. 0.11 1.52 18.82 4.68 1.034

E .............. 0.30 1.61 18.36 5.82 1.045

Notes.—The closest approach during the initial scattering is dclose. Subscript
f refers to the quantity at the end of the simulations, 104 yr; Lacch i is the mean
accretion luminosity for the first 500 yr of the simulation.

Fig. 1.—Example snapshot from case C illustrating the interaction between
the outer planet and the disk. Plotted (using the program splash; Price 2007) is
the column density, with the star (dotted circle) at the center and the two planets
( filled circles) in orbit. The outer planet has induced density waves in the disk,
from which it is accreting gas. This snapshot is$30 yr after the close encounter
between the planets.
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Figure 8. Surface density (top) and accretion rate (bottom) radial profiles.
The solid line represents a disc undergoing no photoevaporation and the
dashed line represents the median disc model !0.5 Myr before a gap opens
in the disc due to XPE.

The XPE models of Owen et al. (2010) clearly show that there is
indeed a phase in the disc evolution (before the opening of the gap)
where the effects of this ‘starving’ are apparent in the radial depen-
dence of the accretion rate. In Fig. 8 we compare the accretion rate
and surface density profiles of the median disc model undergoing
XPE, 0.5 Myr before the gap opens, against those of a disc which
is only subject to viscous evolution. Inside 70 au, the accretion rate
drops before it reaches the star compared to the standard case where
the accretion rate tends to a constant throughout the entire disc. This
can be compared to the EUV photoevaporation model: in this case
the mass-loss profile is narrowly peaked between 1 and 10 au (for
solar-type stars) and the total mass-loss rate is considerably less
("10#10 M$ yr#1). This results in a shorter and much less pro-
nounced period of ‘starving’, i.e. the disc is only affected inside
a few au. In contrast, the photoevaporation-starved accretion lasts
for "20–30 per cent of the disc lifetime in the X-ray model, with
significant consequences for global disc evolution: i.e. a flattening
of the surface density profile and a significant drop in the accretion
rate through the disc.

In Fig. 9 we show the evolution of the surface density for the
median disc model (i.e. the disc with the median X-ray luminosity
of 1.1 % 1030 erg s#1 which corresponds to a photoevaporation rate
of 7.1 % 10#9 M$ yr#1) undergoing the stages of gap-opening and
final clearing. This shows the drop in surface density through the
disc between 1 and 70 au before the gap opens (as shown in Fig. 8).
Moreover, the broad photoevaporation profile also causes the steady
erosion of the disc during the draining of the inner hole, so that the
hole (though opening at "3 au) roughly doubles in size during inner-
hole draining. Once the inner disc has completely drained there is a
rapid clearing of the disc out to 10–20 au, because this region was
previously depleted during the photoevaporation-starved accretion
phase. The fast clearing phase slows down once the inner hole
reaches radii less affected by photoevaporation-starved accretion.
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Figure 9. The evolution of the disc’s surface density during the disc clear-
ing phase. The first line shows the zero time surface density profile, the
next shows the profile at 75 per cent of the discs lifetime ("3.5 Myr) and
the remaining lines show the surface density at 1 per cent steps in disc
lifetime.

This results in a total clearing time of roughly 10–20 per cent of
the disc lifetime, which is consistent with TD statistics. This can be
compared to the EUV models of Alexander et al. (2006b), which
resulted in a transition phase approximately 3 per cent of the disc’s
lifetime, and those of Clarke et al. (2001) which clear the outer disc
on time-scales of the order of the disc lifetime.

The negative Ṁ–LX correlation reported by Drake et al. (2009) is
a simple consequence of the fact that discs with higher X-ray lumi-
nosities produce more vigorous winds causing the disc’s accretion
rates to be lower than those for discs with a less vigorous wind.
Thus, a negative Ṁ–LX correlation is expected for clusters with a
relatively narrow age range. This effect is, however, counteracted
by the fact that discs with lower X-ray luminosities take longer
to evolve, spending more time at lower accretion rates compared
to high-luminosity objects. Therefore, if the X-ray luminosity was
compared to accretion rates for an entire disc population’s lifetime,
in clusters with very large age spreads a positive correlation might
be expected.

In Fig. 10, we show plots of Ṁ–LX for our synthetic ‘cluster’
members selected to give clusters with various narrow age ranges
(upper panels and lower left panel) along with the plot of the total
disc population (bottom-right panel). As expected, the XPE model
predicts a positive Ṁ–LX correlation for clusters with large age
spread and a negative correlation for clusters with a narrow age
spread. As a comparison, the age spread in Orion is roughly 2–
3 Myr (Haisch et al. 2001b), which explains the observation of a
negative correlation by Drake et al. (2009).

The observation of systematically higher X-ray luminosities of
non-accreting TTs (WTTs) compared to accreting TTs (CTTs) can
also be explained by our models in terms of photoevaporation-
starved accretion. Fig. 11 shows the time evolution of the median
X-ray luminosity of the CTTs (solid line) and WTTs (dashed line)
populations for our model compared to the data compiled by Güdel
et al. (2007) for the Taurus cluster (black circles and red squares).
We note the good agreement between the model predictions and
observations. The dotted line represents the critical X-ray luminos-
ity as a function of time which in our model separates CTTs and
WTTs and corresponds to the X-ray luminosity of objects which
have just opened a gap and have begun the clearing phase. The
number of anomalous objects (i.e. CTTs above the line and WTTs
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disc mass evolution
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collision example
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another collision example!0.5 0.0 0.5 1.0 1.5
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instability outcomes
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eccentricity 
distributions

significant 
differences 
when triple 
systems 
included

single and Hill!stable double systems
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scattered and circularized
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scattered and circularized!0.5 0.0 0.5 1.0 1.5
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triple resonance example
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27 out of 100 never 
scattered

6 of these have two 
planets in MMR

12 are in triple 
resonance
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conclusions
modestly lower eccentricities when gas included

ICs that yield good observational agreement with no gas no longer 
work as well.
1 and 2 planet outcomes similar to gas-free case- addition of 
3 planet outcomes is the difference.
however: difference comparable to what you see using different 
mass functions. IC tuning to reach agreement seems likely.

resonance outcomes may be a more sensitive probe
fewer 2 body resonances than in previous work, 
lots of 3 body chains.

uncertainties in resonance disruption need to be resolved
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