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Massive cores of the giant planets are thought to have formed in a gas disk by accretion of

pebble-size particles whose accretional cross-section is enhanced by aerodynamic gas drag1, 2.

A commonly held view is that the terrestrial planet system formed later (30–200 Myr after

the dispersal of the gas disk) by giant collisions of tens of lunar- to Mars-size protoplanets3, 4.

Here we propose, instead, that the terrestrial planets of the Solar System formed earlier by

gas-driven convergent migration of protoplanets toward ∼ 1 au. To investigate situations in

which convergent migration occurs and determine the thermal structure of the gas and pebble

disks in the terrestrial planet zone, we developed a radiation-hydrodynamic model with real-

istic opacities5, 6. We find that protoplanets grow in the first 10 Myr by mutual collisions and

pebble accretion, and gain orbital eccentricities by gravitational scattering and the hot-trail

effect7, 8. The orbital structure of the inner Solar System is well reproduced in our simula-

tions, including its tight mass concentration at 0.7–1 au and the small sizes of Mercury and

Mars. The early-stage protosolar disk temperature exceeds 1500 K inside 0.4 au implying
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that Mercury grew in a highly reducing environment, next to the evaporation lines of iron

and silicates, influencing Mercury’s bulk composition9. On contrary, a dissipating gas disk is

cold, and pebbles drifting from larger heliocentric distances would deliver volatile elements.

Computer simulations of late-stage accretion are required to match various constraints10.

Here we focus on the similar semimajor axes of Venus and Earth (only ' 0.3 au radial separa-

tion). Perhaps the planetesimal disk was truncated at ∼ 1 au by Jupiter’s inward and then outward

migration11, 12. The cause behind the suggested inner edge at 0.7 au is less clear, but it might be

induced by an ‘inverted’ gas surface density profile Σ(r) which would initially concentrate plan-

etesimals by gas drag13, or removal of planetesimals by outward-migrating giant planet core14.

Since a narrow annulus of planetesimals tends to spread over time, however, it is still difficult for

those models to reproduce the tight terrestrial planet mass concentration at 0.7–1 au15. Measure-

ments of isotopic anomalies also indicate that the terrestrial planets may have formed faster than in

the standard model, possibly while the gas disk was still around16. We constructed a radiation-

hydrodynamic model of terrestrial protoplanets embedded in gas and pebble disks, because

it may have regulated their early growth17, 18 as well as their migration19. In our model, here-

after named Thorin7, protoplanets migrate due to several gravitational torque terms (Lindblad,

corotation and heating20). Protoplanets can grow in mutual collisions and by accreting pebbles

but not gas. The simulations included Mercury- to Mars-size protoplanets (0.05 to 0.1ME, where

ME = 6 × 1024 kg is the Earth mass), initially located in an annulus 0.4–1.8 au (Figure 1). Our

fiducial gas disk model21 is defined by the radial gas flux Ṁ and kinematic viscosity ν(r), which

is a function of radius r. In particular, Ṁ = 10−8M� yr−1, ν(r) = 1.1 × 1014 cm2 s−1 (r/1 au)s,

where the exponent smoothly changes with r, from s1 = −2 to s2 = +0.5. The resulting gas
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surface density Σ(r) is radially increasing across the inner portion of the terrestrial zone, r . 1 au,

and decreasing further out. Such a Σ(r) inversion is motivated by studies disks with magneto-

rotational instability (MRI)22, active layers21, or disk winds13. Here we focus on viscous disks and

local scales (∼ 1 au), although on a global scale transport could be inviscid (as discussed by ref. 23).

The gas temperature T and disk aspect ratio h = H/r are controlled by the opacity κ(ρ, T )5, where

ρ is the gas density. The pebble disk is defined by the pebble flux Ṁp at the outer boundary. All

these components affect migration of protoplanets. See Methods and Supplementary Informa-

tion (Section A) for a complete model description.

The simulations were used to compute the migration speed and direction of protoplanets as

a function of their mass m and semimajor axis a (Figure 2)24. We found that protoplanets with

a > 1 au migrate inward and protoplanets with a < 1 au migrate outward. The absolute value of

the torque generally scales as Γ0 = (q/h)2Σr4Ω2, where q = m/MS is the planet-to-Sun mass

ratio and Ω the Keplerian angular velocity, but its precise value and sign depend on details how gas

flows in the vicinity of each protoplanet. The Lindblad torque is induced by resonant density waves

which form two spiral arms. It is usually negative and leads to the inward migration, but it may

reduce and reverse if the eccentricity is excited to e > 2h, e.g., during close encounters between

protoplanets. A semi-analytical expression of 24 reveals its dependence on the slopes α, β of Σ, T

profiles, ΓL = Γ0/γeff (−2.5 − 1.7β + 0.1α)(0.4h/bsm)0.71; bsm = rsm/(hr), where rsm denotes

the smoothing length and γeff the effective adiabatic index. The corotation torque is related to gas

moving along horseshoe-like orbits. It becomes positive for certain slopes of Σ, T . If it is kept

unsaturated, e.g., by non-zero viscosity, the corresponding expression24 is Γc = Γ0/γeff [(1.5−α−

2ξ/γeff)(0.4h/bsm)1.26 + 2.2ξ(0.4h/bsm)0.71], where ξ ≡ β− (γ−1)α is the slope of entropy S(r).
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The heating torque20 arises when the gas flow is heated by an accreting protoplanet, which creates

an underdense region behind it and thus a positive torque contribution. Taken together, these

torques form a convergence zone in our fiducial disk model. The convergent migration must lead

to the accumulation of planets near the convergent radius rc ' 1 au. In fact, rc was likely moving in

the course of time, but hereinafter we assume it ended up at 1 au. The characteristic migration rates

computed numerically by our RHD model are da/dt ' ±10−7 to 10−6 au yr−1. The protoplanets

are therefore expected to move near rc well within the lifetime of the protosolar disk (3–10 Myr).

This holds for a range of viscosity parameters, namely for ν ' 0.3 to 3 times the nominal value,

s1 ' −3 to −1, and s2 & 0. Based on this result we suggest that the convergent migration

of protoplanets is the main reason behind the concentration of the terrestrial planet mass at 0.7–

1 au. Planet migration in different disk models (e.g. the Minimum Mass Solar Nebula; MMSN) is

discussed in Supplementary Figure 5.

We performed long-term accretional simulations with a symplectic N-body integrator called

SyMBA25 to examine the effect of convergent migration during the gas disk lifetime on the growth

of planets. The radial migration of protoplanets, including the evolution of eccentricity and inclination7, 8, 19,

was informed from our hydrocode simulations described above and mimicked by additional accel-

eration terms in SyMBA (Methods). Specifically, the migration rate da/dt was set as a function of

planet mass and orbit (from Figure 2 and similar results that we obtained for other disk models;

Supplementary Section G). We found that convergent migration leads to rapid accretion of plan-

ets with properties that often match the real terrestrial planet system (Figure 3). The results vary,

however, due to the stochastic nature of accretion and we thus performed dozens of simulations to

statistically characterize them. We set the initial angles (Ω, ω,M ) randomly to obtain a random ge-
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ometry of subsequent close encounters. We found that: (i) 3 to 6 terrestrial planets typically form

in<10 Myr, (ii) planet mass is concentrated at' 0.7–1 au, (iii) low-mass, Mercury-to-Mars planets

end up on moderately excited orbits at <0.7 au or >1 au, and (iv) collisions between similar-sized

protoplanets are relatively common (see also 26). The system architecture is established by colli-

sions, differential migration and eccentricity damping19, and is quite sensitive to the timing of the

gas disk dispersal. The relative importance of pebble accretion for planet growth depends on the

time-integrated pebble flux. For example, for a constant pebble flux Ṁp = 2 × 10−6ME yr−1,

the growth is roughly equally contributed by pebbles and protoplanet mergers. Significantly larger

pebble fluxes sustained over millions of years would lead to planet overgrowth (i.e., super Earths

formation; see ref. 27) and would weaken radial mass concentration. A more systematic sampling

of model parameters could help to ‘reverse engineer’ the disk conditions and lifetime.

At the heart of our argument, the convergent migration of protoplanets produced just the

right conditions, with a strong mass concentration near 0.7–1 au, for the formation of the terrestrial

planets11. This new model offers a notable advantage over the previously suggested mechanisms of

annulus truncation12, because: (i) convergent migration confines the annulus from both sides, and

(ii) Venus and Earth are kept within the convergence zone, avoiding problems with their repulsion

and weakening of the radial mass concentration15.

A gas disk nearing the end of its lifespan is expected to be rarefied by viscous spread-

ing/photoevaporation, and consequently cold28. To study the orbital behavior of the terrestrial

planets just before dispersal of the gas, we evaluated the effect of setting the surface density to

values 10 or 100 times lower than the nominal value, Σ0 = 750 g cm−2 at 1 au. For this set of
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simulations we used power-law profiles Σ(r), with the slope similar as in the MMSN. The terres-

trial planets were assumed to be nearly formed and close to their present orbital radii. A pebble

accretion flux up to Ṁp ' 2 × 10−4ME yr−1 (corresponding to the heating power L ' 1020 W)

was adopted in Thorin. In fact, the flux may have been non-stationary, if pebbles are isolated at

pressure bumps, accumulated and eventually released (e.g., when Σp & Σ). Additional heating can

be provided by planetesimals, mergers, internal differentiation, and radioactivity. Significantly, we

found that the planetary orbits became excited by the hot-trail effect7, 8, which arises due to pebble

accretion on protoplanets, release of their kinetic energy, and radiative heating of neighbour gas

(see Figure 4). It is especially effective for∼10 times lower Σ, when the thermal capacity of gas is

lower but its gravity still substantial. As a result, the orbital eccentricities of planets evolve toward

asymptotic values ' 0.015–0.02 and migrating planets avoid capture in orbital resonances. The

hot-trail effect can explain the current orbital eccentricities of Venus and Earth (proper e = 0.02

and 0.01, respectively), which was never suggested before. Additional changes may have been

inflicted in the terrestrial planet system by gravitational perturbations during migration/instability

of the giant planets29, 30, although it often leads to over-excitation.

A strict version of this work’s main thesis –the terrestrial planets formed early– would imply

that the Moon-forming impact occurred early as well (tMoon < 10 Myr). Lunar Magma Ocean

(LMO) solidification may have occurred much later, because the LMO may have been sustained by

tidal heating for hundreds of million years31. However, for tMoon < 10 Myr, geochemical modeling

of the Hf/W system (ref. 32, 33 and Supplementary Section H) shows that the tungsten anomaly in

the mantle of Earth would be generally higher than the observed value, ε182W = 1.9 ± 0.1. We

therefore prefer our simulations with SyMBA that ended with five (or more) terrestrial protoplanets,
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thus leaving space for a late Moon-forming impact and ε182W decrease through equilibration. A

late impact could have spontaneously occurred in a dynamically unstable terrestrial system or been

triggered by outer planet migration/instability34.

The early formation of the terrestrial planets in a gas disk has several important implications.

For example, the innermost part of a viscously heated disk can reach the evaporation threshold, Tev,

of many minerals. As solids evaporate at the critical radius rev, they cannot contribute to planet’s

growth below that radius. This could help to explain the small mass of Mercury. Temperatures in

a massive, early-stage protosolar disk shown in Figure 4 reach T ' 1500 K and create a highly

reducing environment in which pebbles drift from larger radii18 down to rev ∼ 0.4 au. Evaporation

of pebbles alters the local chemical composition of the gas. This is very different from previous

nebular hypotheses which dealt only with a narrow ring of local material. Together with nebular

metal-silicate fractionation, it could naturally explain the large Fe core of Mercury9 and relax

constraints on the hypothesized impact-related removal of the silicate mantle35. Alternately, in

the impact hypothesis, Mercury cannot re-accrete dispersed silicates, which could be more easily

achieved if the stripping of Mercury’s mantle occurred before dissipation of nebular gas36. As the

temperature decreases in a low-mass, late-stage disk (Figure 4), moderately volatile elements (e.g.,

Na, S, K, Cl) could have been delivered by pebbles to Mercury’s surface, as needed to explain its

non-negligible volatile budget36.

Towards the end of the disk’s lifetime, the gas density and viscous heating decrease, but the

disk midplane is still shadowed, thus allowing the snowline to move down to ∼ 1 au28, 37. This

could create the right conditions for water delivery to the Earth if the flux of icy/hydrated pebbles
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from > 3 au remained sufficiently high for sufficiently long time. Given the D/H ratio of the

ocean water (1.5× 10−4), the best match among existing reservoirs are carbonanceous chon-

drites. However, the importance of this process would diminish if Jupiter and Saturn totally

block the flux of icy pebbles from > 5 au38, and an alternative delivery by planetesimals is

more likely39. For comparison, we calculate that the Earth would accrete 1–1.5% of pebbles

moving past 1 au. To deliver 1 Earth ocean worth of water (2.3 × 10−4ME), we would need that

fṀpδt ∼ 0.02ME, where 0 < f < 1 is the mass fraction of water in pebbles, Ṁp is the pebble

flux at 1 au and δt is the time interval for which the pebble flux is sustained in a cold disk. This

can be achieved, for example, for Ṁp ' 2 × 10−6ME yr−1 and f = 0.1 in mere δt = 105 yr.

The total water content in the Earth, however, is estimated to be equivalent to 2–8 Earth oceans40,

which would imply a proportionally longer timescale.

Our work makes several predictions for the structure and temperature profile of the proto-

solar disk. Assuming that the highlighted processes are not unusual, magnetic fields, disk winds

and reversed surface density profiles should commonly be found in the inner regions of protoplan-

etary disks. Advanced 3-dimensional models can treat turbulence and viscosity in a self-consistent

manner22, but they do not have the ability to study effects on small spatial scales (as needed for

migration of low-mass planets) and long time scales (as needed to understand the disk evolution).

Adaptive-optics imaging instruments (e.g., Extremely Large Telescope) and long-baseline inter-

ferometric observatories (e.g., ALMA) will help to resolve the inner edges of protoplanetary disks

and may eventually determine disk profiles on a sub-au scale. These efforts will be crucial for

understanding the formation of worlds similar to our own, as well as their habitability.
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Methods

Radiation-hydrodynamic model. Our system of 2D radiation hydrodynamic equations includes

the continuity of gas, Navier–Stokes, gas energy, equation of state, continuity of pebbles, mo-

mentum of pebbles, accretion onto protoplanets, and equation of motion for protoplanets, with a

detailed formulation given in Supplementary Section A (or in ref. 7). Our code is a substantial

modification of Fargo41, with 20 source terms, including the viscous heating, stellar irradiation,

vertical cooling, accretion heating, flux-limited diffusion approximation of the radiation transfer,

solved by the successive overrelaxation method (SOR), two-fluid approximation, with a pressure-

less fluid for pebbles, pebble accretion in both the Bondi and Hill regimes, dynamic coupling

between the pebble and gas disks, aerodynamic Epstein drag on pebbles and the corresponding

back-reaction on gas, mutual gravity of the central body, protoplanets and gas disk, and vertical

damping due to density waves19.

Among the code improvements, we incorporated the Zhu opacity law5 to better describe

the radiative disk structure in the terrestrial region. Using Semenov opacities for dust6 would

result in a comparable structure, albeit a bit more complex, with even more evaporation lines.

We corrected a mistake in our torque calculations (a minor shift of the sound speed field), which

was pronounced in the terrestrial zone, and implemented an additional stabilisation of the SOR,

which was needed close to the hot inner edge. Contrary to the disk in the giant-planet zone, where

the pebble size is limited by radial drift, here it is limited by mutual collisions. We included

a simple model for pebble evaporation. For completeness, we also included aerodynamic drag,

which would be relevant mostly for asteroid-sized bodies. Optionally, a viscosity profile ν(r) or a
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temperature-dependent α viscosity can be used. We perform two relaxation procedures prior to the

run: one with an outflow boundary condition and another with a damping. The time span of the

simulations is computationally limited to < 105 yr, even though the algorithm is parallelized (MPI

and OpenMP) and runs on ' 100 CPU cores.

N-body model. Our N-body model used to explore accretion on ∼ 107 yr timescales is based on

SyMBA25. The symplectic algorithm preserves the total energy for a purely gravitational N-body

system, handles close encounters between bodies by adaptively subdividing the time step, and effi-

ciently detects and resolves collisions. A number of additional processes have been included from

our hydrodynamic simulations. Hereinafter, we focus on the effect of migration, parameterized

by its time scale τ(m), 0-torque radius r0(m), and migration rate ȧ(a − r0, τ). These parameters

are functions of protoplanet mass m. We include torque reductions for an increased eccentric-

ity e, or the Lindblad torque reversal which is especially important in disks with low aspect ratios

(h = H/r ' 0.03 in our case). Eccentricity and inclination damping, with the time scales τe

and τi, is supplemented by hot-trail forcing, which sets the minimum values, denoted as ehot and

ihot. In most simulations, we keep all these parameters constant, neglecting a potentially complex

disk evolution. We consider them to either represent time-averaged values, or correspond to a disk

(or a part of it) which was in steady state for a prolonged time. The effects were implemented as

additional transversal, radial or vertical accelerations, and were inserted in the ’kick’ term of the

integrator (Supplementary Section F).
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Initial conditions. There is a significant freedom in the selection of initial conditions, especially

in terms of the surface density Σ. The assumption of minimum-mass solar nebula does not neces-

sarily hold in the terrestrial zone if the terrestrial planets accreted a substantial part of their mass as

pebbles or chondrules18, originating at larger heliocentric distances and drifting inwards. Drifting

pebbles can represent a larger source than solids formed in situ, as the total amount of solid material

in the solar nebula is of the order 130ME
2. A filtering factor of individual terrestrial protoplanets,

in other words, a fraction of inward-drifting solid material which is accreted by the planet, reaches

a few per cent, depending on Σ and m.

At a later stage the disk must have been dissipating, with substantially lower Σ, and this may

potentially produce a very interesting dynamics of the embedded protoplanets. For these reasons,

we deliberately used disks with low Σ values, which are formally much less massive than the

MMSN. On contrary, a more massive disk (as in 2) would produce too much viscous heating and

evaporation lines further out, unless the gas disk was actually less viscous.

Data availability The initial conditions of all simulations as well as selected snapshots of hydrodynamical

simulations and data used to produce the respective figures are available at http://sirrah.troja.

mff.cuni.cz/˜mira/fargo_terrestrial/.

Code availability The code Thorin is publicly available at http://sirrah.troja.mff.cuni.

cz/˜chrenko/ (and its specific version used in this study at the previous URL). The code SyMBA used

in simulations is proprietary, but its specific part implementing additional accelerations is available.
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Figure 1: Radiation-hydrodynamic model of the terrestrial planet zone with Mercury- to Mars-size

protoplanets migrating in a gas disk. Here we adopted an MRI-active disk with the viscosity ν(r)

prescribed as a function of radial distance r. The corresponding values of the α parameter, often

used to describe the viscosity, would be in the range 0.001 to 0.01. To emphasize gas density

perturbations induced by the protoplanets, here we plot (Σ − Σ(r))/Σ(r), where Σ is the local

surface density and Σ(r) is the azimuthally averaged surface density at radius r. This effectively

removes the global radial dependence of Σ and highlights structures at the Lindblad resonances

and corotation regions, which drive planetary migration. The total mass of the protoplanets was

set to 2ME.
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Figure 2: Convergent migration toward∼ 1 au is illustrated for Mercury- to Earth-mass protoplan-

ets. The migration rates, da/dt, were computed from hydrodynamical simulations (see Figure 1),

which include the Lindblad, corotation and heating torques, and from semianalytical formulae24.

Panel (a) shows da/dt as a function of protoplanet’s semimajor axis a and mass m. Colours cor-

respond to the migration rate (orange positive, blue negative). The convergence radius in (a)

slightly increases with mass. The characteristic values of |da/dt| are ∼10−7–10−6 au yr−1, which

implies long-range orbital drift in the disk lifetime. Panel (b) shows extrapolated evolutions a(t)

for Mercury- to Mars-size protoplanets from our hydrodynamical simulations. Circles correspond

to the initial and final positions of protoplanets.

Figure 3: Convergent migration leads to a compact configuration of orbits that matches the orbital

architecture of the terrestrial planet system. Panel (a) shows the final mass m vs. the semima-

jor axis a for a statistical ensemble of 50 individual simulations (gray circles) Each simulation

starts with Mercury- to Mars-size protoplanets. The protoplanetary disk lifetime is assumed to be

107 yr. Three to six terrestrial planets typically form in these simulations with more massive plan-

ets near the convergence radius and less massive planets near borders of the convergence zone (see

Supplementary Section D for an in-depth analysis of the results). One successful simulation

is emphasized (circles filled by colour). The terrestrial planets are shown for reference (green

circles). Panel (b) shows the temporal evolution a(t) for the successful simulation. The symbol

sizes are proportional to planet mass. The horizontal line segments in (a) and grey lines in (b)

express the radial excursions of planets on their orbits (i.e., measure the orbital eccentricity, e).
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Figure 4: Temperature profile of the protoplanetary disk determines the local chemical com-

position of solids, whereas temperature perturbations affect the orbital evolution of protoplanets.

Panel (a) shows the temperature profile T (r) for our nominal disk with Σ0 = 750 g cm−2 (solid

violet line), and for a dissipating disk with Σ0 = 75 g cm−2 (dashed blue line). The evaporation

temperature of metallic iron and Mg-rich silicates, Tev ' 1500 K, is indicated by the horizontal

orange strip, together with the corresponding range of r. The present-day terrestrial planets are

indicated by gray circles at the bottom of panel (a). Panel (b) shows the temperature perturba-

tions δT = T − T (r) in the dissipating disk, which arise due to accretion heating (δT > 50 K

for a Venus-size body). The hot-trail effect (see hot regions behind protoplanets following their

epicyclic motion) can increase the orbital eccentricity up to e ' 0.02. Here we highlight a case

where, in addition to Mercury, Venus and Mars, two planets with M = 0.5ME were placed near

1 au. This represents one of the possible configurations that may have triggered the Moon-forming

impact26.
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