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Recently, gas disks have been discovered around main-
sequence stars well beyond the usual protoplanetary disk life-
times (that is, ≳10 Myr), when planets have already formed1–4. 
These gas disks, mainly composed of CO, carbon and oxy-
gen5–7, seem to be ubiquitous3 in systems with planetesimal 
belts (similar to our Kuiper belt), and can last for hundreds 
of millions of years8. Planets orbiting in these gas disks will 
accrete9,10 a large quantity of gas that will transform their pri-
mordial atmospheres into new secondary atmospheres with 
compositions similar to that of the parent gas disk. Here we 
quantify how large a secondary atmosphere can be created for 
a variety of observed gas disks and for a wide range of planet 
types. We find that gas accretion in this late phase is very 
important and an Earth’s atmospheric mass of gas is readily 
accreted on terrestrial planets in very tenuous gas disks. In 
slightly more massive disks, we show that massive CO atmo-
spheres can be accreted, forming planets with up to sub-
Neptune-like pressures. Our results demonstrate that new 
secondary atmospheres with high metallicities and high C/O 
ratios will be created in these late gas disks, resetting their 
primordial compositions inherited from the protoplanetary 
disk phase, and providing a new birth to planets that lost their 
atmosphere to photoevaporation or giant impacts. We there-
fore propose a new paradigm for the formation of atmospheres 
on low-mass planets, which can be tested with future obser-
vations (James Webb Space Telescope (JWST), Extremely 
Large Telescope (ELT), Atmospheric Remote-sensing Infrared 
Exoplanet Large-survey (ARIEL). We also show that this late 
accretion would show a very clear signature in sub-Neptunes 
or cold exo-Jupiters. Finally, we find that accretion creates 
cavities in late gas disks, which could be used as a new planet 
detection method, for low-mass planets a few to a few tens of 
astronomical units from their host stars.

The discovery of large amounts of gas around main-sequence 
stars is recent, with most detections occurring in the past few years3,11. 
These late gas disks are observed in systems that have planetesimal 
belts, which are older than 10 Myr and can last for hundreds of mil-
lions of years8. It is thought that the observed gas is released from 
volatile-rich planetesimals when they collide with each other in the 
system’s belts6,12. The gas then viscously evolves13, spreading inward 
and outwards14,15. Hence the observed gas is likely secondary (rather 
than of primordial origin) and this late disk (main-sequence) phase 
is different from the younger (<10 Myr) protoplanetary disks that 
are much more massive and hydrogen rich, and in which giant plan-
ets form within a few millions of years16.

These late gas disks are nearly ubiquitous around A-type stars; 
gas has been detected around more than 70% of systems with bright 
planetesimal belts3. As for other stellar type stars or lower-mass  

systems, the statistics are still based on too small a sample as these 
gas disks are harder to detect, but gas evolution models6 predict 
that all stars surrounded by planetesimal belts should have gas at 
a certain level that depends on the mass of solids in the system’s 
planetesimal belt. More than 25% of stars have planetesimal belts 
massive enough to be detected through their infrared excess17, and 
it may be that most stars have belts below current detection limits 
(for instance, an exact equivalent of the Kuiper belt around a nearby 
star is not massive enough to be detectable with current facilities). 
These late gas disks might therefore not be the exception but rather 
the rule.

At >10 Myr in these late gas disks, planets have already formed. 
For instance, we now observe massive planets as early as 5 Myr  
(refs. 18–20) and we know that terrestrial planets such as Mars formed 
very early (<10 Myr from cosmochemical evidence21) and the Earth 
took slightly longer (10–30 Myr), but most of its mass was acquired 
within 10 Myr (ref. 22). The planets embedded in these disks will be 
able to accrete the disk gas in a similar way as when planets accrete 
gas in younger protoplanetary disks but for much longer timescales 
because late gas disks can last for tens of millions of years. Here we 
estimate how much gas can be accreted in this late phase onto the 
already-formed planets, and whether this gas can create new sec-
ondary atmospheres (with a composition similar to the source gas 
disk, that is, rich in carbon and oxygen and depleted in hydrogen) 
that would replace their original atmospheres.

To calculate the amount of gas accretion onto terrestrial or 
super-Earth planets in these late disks, we used an accretion 
model first developed for protoplanetary disk environments9,10 
that we adapted to work in the late disk phase studied in this paper 
(Methods). A planet embedded in a gas disk will quickly fill its Hill 
sphere and whether it is able to accrete mass from the Hill sphere 
to its atmosphere depends on how fast the planet can cool (radiate 
away energy), and then contract to eventually accrete some more 
gas into its Hill sphere10 and grow an atmosphere. In the protoplan-
etary disk case, it is predicted that gas accretion should not depend 
strongly on disk density. However, in late gas disks (much more 
tenuous than protoplanetary disks), the mass available can be much 
lower than the mass that can be accreted from cooling/contraction 
and atmospheric growth is therefore limited by the gas disk mass 
(Methods).

We run the accretion model starting from an Earth-like planet of 
mass 1 M⊕ at 1 au from its host star and assuming that the planet’s 
atmosphere has no, or very little, mass, because of photoevaporation 
(that is, it is in the desiccated part of the radius valley)23 or desic-
cated after a large impact24 (that should happen frequently in the 
late stages of planetary formation25). Figure 1 shows the temporal 
evolution of the gas-to-core ratio (GCR) of the accreting planet for 
different gas crossing rates from the disk _M

I
 at the planet location 
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(a more massive belt provides higher _M
I

; Methods). If the disk is 
at steady state, _M

I
 is the same as the gas release rate in the plan-

etesimal belt14. For the most massive belts, we observe that the CO 
input rate in the belt can reach ~10−1 M⊕ Myr−1 but for less massive 
belts releasing less CO per unit time, we expect values that can go 
below 10−7 M⊕ Myr−1 (ref. 8) and this is why we explore the effect 
of different _M

I
 (10−8, 10−6, 10−4 and 10−2 M⊕ Myr−1) on the total 

atmospheric mass accreted by a planet. We assume that most of 
the accretion happens within 100 Myr (Methods). Mass accretion 
for different accretion times can be straightforwardly extrapolated  
from Fig. 1.

We find that a planet starting with a low atmospheric mass 
will very rapidly accrete gas even at low gas input rates _M

I
. Indeed, 

within 1 Myr, all simulations with _M≥10�6

I
 M⊕ Myr−1 accreted more 

than an Earth’s atmosphere mass. Given enough time, late accre-
tion transforms a terrestrial planet (1 M⊕ at 1 au) with no atmo-
spheres (or even starting with an Earth-like or Venus atmosphere; 
Extended Data Fig. 8) into a planet with a massive atmosphere with 
a GCR up to >10−2 for _M≥10�4

I
 M⊕ Myr−1. We also show that this 

late accretion is very efficient on both larger (for example, 5 M⊕ 
super-Earth) and smaller (for example, Mars-size) planets and for 
both closer (for example, at 0.1 au) and more distant planets (for 
example, at 10 au) in Fig. 2 and in Extended Data Fig. 6. We note 
that in our accretion scenario, there is no risk of runaway because 
the gas the planet can accrete from is limited and creating a Jupiter 
from a terrestrial mass core in these low-mass disks is simply not  
possible (Methods).

In Fig. 2, we show the effect of gas accretion on a planet’s pressure 
and bulk density over time (Methods) and confirm that a variety of 
pressures from Earth-like (1 bar) to sub-Neptune-like (>104 bar) can 
be reached on low-mass planets formed in these disks (Fig. 2, top).  
Even though pressures as high as 105 bar (Neptune-like) can be 
reached on these planets, their densities never reach values as low 
as that of Neptune because CO atmospheres have a much higher 
mean molecular weight compared with hydrogen-dominated  

atmospheres. We note that in the new accretion scenario proposed 
here, CO accretion does not depend much on the core mass (at least 
for planets with RH∕H > 1, where RH is the Hill radius and H is the 
scale height of the gas disk; Methods) so that the density is higher for 
higher-mass cores. We thus predict statistically that rocky planets 
(with RH∕H > 1 and excluding hydrogen-dominated atmospheres) 
with larger cores will have higher densities, which is in contrast with 
current models of planet formation and may be in line with cur-
rent observations not seeing any clear correlation between the core 
mass and GCR but rather a large spread in GCRs26,27. We also note 
that as accretion is very efficient, we expect the outermost planets 
to accrete most disk material before it has time to spread further in, 
leading to decreasing densities for increasing semi-major axes (for 
a given core mass but note that for planets with RH∕H < 1 accre-
tion will be slightly less efficient; Methods). There is a competing 
but less important effect, where closer-in planets have higher tem-
peratures and thus lower densities for a given accreted mass (Fig. 2,  
bottom). For instance, our scenario may explain systems such as 
TRAPPIST-1 with decreasing densities (5.64 ± 0.4, 4.50 ± 0.20, 
4.18 ± 0.19, 3.96 ± 0.6)28 for the four outermost planets (e, f, g and 
h, respectively), where the low densities of TRAPPIST-1f, g and h 
could be explained by massive CO atmospheres of ~105 bar.

Another strong prediction for this type of accretion is that planet 
atmospheres formed with this mechanism should have a high mean 
molecular weight and be mostly made of carbon and oxygen (rather 
than hydrogen) with a C/O ratio close to 1 (as CO is expected to 
be the main volatile released, but see Methods for detail as other 
molecules may also be released). Current Hubble Space Telescope 
(HST) observations of super-Earths revealed flat transit spectra, 
interpreted as the presence of atmospheres with high mean molecu-
lar weights and clouds29–31. JWST and ARIEL will have the power 
(Methods) to take spectra for many more terrestrial planets (for 
example, the temperate TRAPPIST-1 planets32) and super-Earths 
and find out whether it is common for these planets to have such 
high metallicities (and high C/O ratio) to test whether this new 
phase of late accretion really happens widely.

We find that our late accretion scenario is much more efficient 
and favourable to accrete volatiles on a terrestrial planet than deliv-
ery from impacts, that is, even if a late heavy bombardment-like 
event happens several hundreds of millions of years after the gas 
disk dissipated, the atmosphere would still be dominated by vola-
tiles accreted by late gas accretion (Supplementary Information). 
The impact and late gas accretion scenarios could be distinguished 
based on the final composition of the observed planets, in par-
ticular looking at their C/O ratio (Supplementary Information). 
We also find that our scenario of late accretion works for a wide 
range of planets going from Mars-like to super-Earths and for 
close-in as well as distant planets from their stars. It also works if 
the planet is not initially devoid of atmosphere and has an Earth-
like or a Venus atmosphere initially as it would replace the bulk of 
these atmospheres with gas coming from late disk accretion, even 
for cases where the disk is not very massive (Methods). Finally, if 
the gas accretion happens for only 10 Myr or for a period longer 
than 100 Myr, we find that the quantity of gas accreted by planets 
always remains considerable, leading to planetary atmospheres with 
masses at least that of the Earth’s atmosphere for disks more massive 
than typical very-low-mass disks such as the Kuiper belt (Methods).

We also show that for existing (initially hydrogen rich) sub-Nep-
tunes or more massive planets, the accretion is also going to affect 
their atmospheres once they mix with this new gas (Supplementary 
Information). In Fig. 3 (top), we show that the metallicity in sub-
Neptunes could reach >1,000 times the solar metallicity, down to 
a factor 1.25 for more massive Jupiter-like planets. There are now 
some direct measurements of atmospheric metallicities in Neptunes 
and sub-Neptunes33,34. Some studies find near-solar metallicities 
(for example, GJ 3470 b)33, while some others find super-solar 
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metallicities (for example, HAT-P-11 b or HAT-P-26 b or K2-18 b)34–37  
and more measurements will be welcome to test our scenario. The 
C/O ratio in these giant planets may also become close to 1 for a 
great variety of atmospheric masses and _M

I
, and even increase by 

10% in a Jupiter-like planet for large values of _M
I

 (Fig. 3, bottom). 
In Supplementary Fig. 2, we plot the metallicity and C/O ratio after 
10 Myr of evolution to show that these effects can occur early in 
the planet’s history. Measurements of C/O ratios are still scarce, but 
first results show super-solar (for example, HR 8799 c)38 as well as 
sub-solar values (for example, β Pictoris b)39 and more measure-
ments, especially for smaller sub-Neptune planets, will help to test  
our scenario.

We also make predictions for detecting ongoing accretion onto 
young Jupiter-like planets or more massive brown dwarfs in direct 
imaging (Supplementary Information). When the gas accretes onto 
the outer envelope of the giant planet, it accumulates and diffuses 
inwards over time40. We show that this accumulation (Supplementary 
Fig. 3) will be detectable on spectra observed with JWST Near Infrared 
Camera or Near Infrared Spectrograph as well as instruments on ELT 
in the M-band around 4.5–5.0 μm (Supplementary Fig. 4) for the cold-
est giant planets or brown dwarfs (<800 K), which would be a clear 
signature of this accretion. Only a few spectra of planets cooler than 
800 K (for example, GJ 504 b41) have been obtained so far in direct 
imaging but none targeted the required CO bands42,43.

With our accretion model, we find that accretion onto planets 
from late gas disks is very efficient, and for most configurations, a 
large fraction of the incoming gas is accreted rather than passed on 
further in (Methods). This means that these gas disks will often be 
very depleted inwards of a planet and one could infer the presence 
of a planet from the gas distribution. As the gas extends in the inner 
region of planetary systems, this new planet detection method could 
allow us to indirectly detect low-mass planets at a few astronomical 
units or farther from their host star. Using the high spatial resolution 
of the Atacama Large Millimeter/submillimeter Array (ALMA), 
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it would be possible to pinpoint the planet location. In Fig. 4,  
we show a synthetic ALMA image of the carbon emission of a late 
gas disk with a terrestrial planet at 10 au from its host star located 
50 pc away from Earth (Methods). The cavity is well resolved and 
the ALMA sensitivity is high enough to detect the signal at the 0.12" 
resolution. The carbon emission does not seem to extend all the way 
to the star for the few carbon gas disks15,44 observed with ALMA so 
far but the resolution needs to be pushed further with ALMA to 
make any strong conclusions.

Methods
Input rate of gas and lifetime of gas disks. The input rate of gas from the disk 
at the planet location is given by _M

I
 in our study. This is the quantity of gas per 

unit time integrated over the whole disk scale height that is transferred radially 
inwards. These late gas disks are expected to viscously evolve14,45 (maybe owing to 
the magnetorotational instability13) and there will be a transfer of most of the gas 
mass inwards (and angular momentum outwards). When steady state is reached, 
_M
I

 becomes equal to the gas mass released in the planetesimal belt, which flows 
constantly inwards over time and accretes onto a planet or the central star. In this 
case, we can relate _M

I
 to the surface density of the gas46 Σ as _M ¼ 3πνΣ

I
,  

where ν = αcsH is the disk viscosity that can be parameterized with an α value47, 
and cs and H = cs∕Ω are the sound speed and disk scale height, respectively, with 
Ω the Keplerian frequency. The value of α has been estimated in a few studies by 
comparing the carbon quantity to what is expected from the measured gas input 
rate at the planetesimal belt location and it can vary from 10−4 to 0.1  
(refs. 14,15,48). Using population synthesis of these gas disks, it seems that all 
observations so far are consistent with α being close to 0.1 (ref. 49). An analytic 
study of the magnetorotational instability in these debris disks13 shows that it could 
be very active owing to the high ionization fraction in these disks (compared with 
protoplanetary disks) and lead to α values close to 0.1, or indeed smaller if non-
ideal effects such as ambipolar diffusion are at play.

How fast the disk spreads viscously is set by α such that the viscous timescale tv  
equals r2Ω=ðαc2s Þ

I
, with r the location of the planetesimal belt from which gas is 

released46. In Extended Data Fig. 1, we plot tν as a function of α for different radial 
locations r of the belt and gas temperatures T. The viscous timescales are typically 

≳1 Myr (even when using the highest α values), meaning that the spreading is  
often slow but steady state should be reached within the first tens of millions of 
years of evolution.

The release rate of gas in late gas disks is expected to decrease with time 
because planetesimals get destroyed over time and less gas can be released49–51. The 
_M
I

 we use in this study is an average of the real decreasing input rate over 100 Myr. 
We suppose that most of the accretion happens when the system is still young  
(as these belts are mostly observed in systems younger than 100 Myr (ref. 3)) before 
its planetesimal belt loses too much mass52, that is, we do not follow the evolution 
beyond 100 Myr in our model, but it is possible that accretion still happens after 
100 Myr at a lower rate. We can quantify the gas release rate as a function of time 
assuming that gas is released together with dust along the collisional cascade in 
Solar System comet proportions6. It is well known that mass loss rates in collisional 
cascades decrease with time and a simplified model of the evolution of the mass Ms 
and mass loss rate _Ms

I
 of solids with time is given by53,54

MsðtÞ ¼
Minit

1þ t=tcol
ð1Þ

_MsðtÞ ¼
MsðtÞ2
Minittcol

ð2Þ

tcol ¼
1:4 ´ 10�9r13=3 dr

r DcQ
?5=6
D

e5=3M4=3
? Minit

ð3Þ

with tcol is the initial collisional timescale of largest planetesimals, where we 
took typical values52 of largest planetesimal size Dc = 10 km, belt width dr = 0.5r, 
mean eccentricity e = 0.1, planetesimal strength Q?

D ¼ 330
I

 J kg−1 and stellar mass 
M⋆ = 1 M⊙ to compute Extended Data Fig. 2. We let the disk mean radius r and 
the initial mass of solids Minit be free parameters. We choose to vary r from 50 to 
100 au, which is typical of extra-solar Kuiper belt distances55 and the initial total 
mass of solids Minit between a Kuiper belt-like mass of 0.1 and 100 M⊕, which is the 
maximum mass of solids available in protoplanetary progenitors to debris disks, 
inferred from submillimetre surveys56. We then plot the temporal evolution of the 
gas release rate _M

I
 in Extended Data Fig. 2 assuming that the gas release rate is 10% 

of the dust release rate6. We can see that _M
I

 remains approximately constant over 
100 Myr of evolution except for the most massive belts (Minit = 100 M⊕) that are 
closer-in (50 au) and have a much faster collisional evolution. Our approximation 
of taking _M

I
 constant over 100 Myr works in most cases. However, for the most 

massive belts, our value of _M
I

 should be understood as being the mean gas input 
rate integrated over time and one can trace back the _M

I
 value at a given time t using 

Extended Data Fig. 2 or the set of three equations above.

Model. The accretion model we used was first developed to explain the formation 
of super-Earths in protoplanetary disks9. A good understanding of the way 
accretion works was obtained through analytical model fitting to numerical 
simulations10. It is shown that the accretion rate hardly depends on the gas density 
from which it accretes but rather on the planet’s ability to cool (or radiate away its 
energy). The more a planet can cool, the more it contracts, emptying parts of its 
Hill sphere, which get refilled very rapidly and the same process can happen again 
on a Kelvin–Helmholtz time. We also note that this accretion model is valid even 
in low gas density environments where planetary atmospheres are optically thin to 
incident starlight57. Therefore, a good estimate for the accretion timescale is given 
by the cooling timescale equal to

tcool ¼ jEj=Lcool ð4Þ

where E is the atmosphere energy and Lcool its luminosity10. From that timescale, we 
calculate the gas-to-core ratio GCR = Mgas/Mcore as a function of time t

GCRðtÞ ¼ �bt þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2t2 � 4abt

p

2a
ð5Þ

where a ¼ 3f Ek
1þ 1

γ�1

B ð4πÞ13 3� 1
γ�1ð Þρ

1
3 3� 1

γ�1ð Þ
b κrcb

I
 and 

b ¼ �42π2G1þ1=ðγ�1ÞσT3�1=ðγ�1Þ
rcb ðμrcbmHÞ1þ1=ðγ�1Þ∇1þ1=ðγ�1Þ

ad M
2
3

1
γ�1�1ð Þ

core 3
1
3 3� 1

γ�1ð Þ
I

.  

The term fE equals Gð4πρb=3Þ1=3
I

, and ρb is the bulk density of the core, Mcore
I

 is 
the core mass, ∇ad = (γ − 1)∕γ is the adiabatic gradient, Trcb, μrcb and κrcb are the 
temperature, mean molecular weight and atmospheric opacity at the radiative/
convective boundary (rcb). Finally, mH is the proton mass, kB the Boltzmann 
constant, G the gravitational constant and σ the Stefan–Boltzmann constant. This 
new analytic expression given by equation (5) is otherwise general and do not make 
the assumption that GCR ≪ 1 as in previous work10. Unless otherwise stated, we 
fix all values as given in the reference paper10. To be realistic, we use real opacities 
derived for highly metal-enriched (100 times solar abundances) super-Earths58 
and in this case GCR(t) must be obtained numerically (because now opacities 
vary with GCR). We fix γ = 1.4 and the mean molecular weight as being 28, which 
corresponds to an atmosphere accreting a majority of CO as would be the case 
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Fig. 4 | Cavity created by a low-mass planet in a late gas disk. ALMA 
synthesized [C i] image (at 492.16 GHz, band 8) of a late disk whose cavity 
is clearly resolved and carved by a planet at 0.2 arcsec, that is, 10 au at 50 pc 
(with 5 h on source and a beam of 0.12 arcsec).
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in our scenario15. We note that in non-shielded disks (that is, disks not massive 
enough for carbon production to be sufficiently high that neutral carbon shields 
CO from photodissociating15), μ is closer to 14, that is, dominated by carbon and 
oxygen8,14 rather than CO but our final results are not so much affected by the value 
of μ (except for the very high _M

I
 values) as demonstrated further in Extended Data 

Fig. 3. There could also be some other molecules released in small quantities in 
these belts, such as CN, but only CO is detected so far.

We find that GCR(t) can be simplified in the limit where −a∕(bt) ≫ 1 or 
−a∕(bt) ≪ 1. For −a∕(bt) ≫ 1, we find GCR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
�bt=a

p

I
 and when −a∕(bt) ≪ 1, 

GCR = −bt∕a. The latter regime has not been studied so far as it only appears at 
large t and large μ, which is typical of late gas disks but not of protoplanetary disks.

The maximum rate at which a planet can accrete an atmosphere is given by 
_Mgas

I
, which we obtain by deriving Mgas = GCRðtÞMcore

I
. We find

_Mgas ¼
Mcore

2a
´ �bþ 1

2
´ b2t2 � 4abt
� ��1=2 ´ 2b2t � 4ab

� �� �
ð6Þ

where a and b are defined above. In equation (6), we have assumed a constant 
opacity, but in reality the opacity varies with time as the GCR increases. In our 
code, we compute this derivative ( _Mgas

I
) numerically to take this complexity 

into account. We also derive _Mgas

I
 analytically for the case where κ depends on 

time. The opacity can be parameterized58 as κ / κ0ραrcbT
β
rcbZ

δ

I
, where the time 

dependence comes in the density at the rcb ρrcb, which is proportional to GCR10. 
We find that there are also two regimes depending on the value of −a∕(bt). If 
−a∕(bt) ≫ 1 then _Mgas ¼ Mcore=ð2þ 3αÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�b=ðatÞ

p

I
 and when −a∕(bt) ≪ 1 then 

_Mgas ¼ �Mcore=ð1þ αÞðb=aÞ
I

. For the case where −a∕(bt) ≫ 1, we thus find

Mgas / T3�β�ð1þαÞ=ðγ�1Þ
rcb ðμrcb∇adÞ1þð1þαÞ=ðγ�1Þρ�4=3�αþ1=3ð1þαÞ=ðγ�1Þ

b

h

´M2=3ð1þαÞ=ðγ�1Þþ4=3þ2α
core Z�δκ�1

0 t
1=ð2ð1þαÞÞ

_Mgas / T3�β�ð1þαÞ=ðγ�1Þ
rcb ðμrcb∇adÞ1þð1þαÞ=ðγ�1Þρ�4=3�αþ1=3ð1þαÞ=ðγ�1Þ

b

h

´M2=3ð1þαÞ=ðγ�1Þþ4=3þ2α
core Z�δκ�1

0 t�1�2α
1=ð2ð1þαÞÞ

ð7Þ

and for the case −a∕(bt) ≪ 1, we find

Mgas / T3�β�ð1þαÞ=ðγ�1Þ
rcb ðμrcb∇adÞ1þð1þαÞ=ðγ�1Þρ�4=3�αþ1=3ð1þαÞ=ðγ�1Þ

b

h

´M2=3ð1þαÞ=ðγ�1Þþ1=3þα
core Z�δκ�1

0 t
1=ð1þαÞ

_Mgas / T3�β�ð1þαÞ=ðγ�1Þ
rcb ðμrcb∇adÞ1þð1þαÞ=ðγ�1Þρ�4=3�αþ1=3ð1þαÞ=ðγ�1Þ

b

h

´M2=3ð1þαÞ=ðγ�1Þþ1=3þα
core Z�δκ�1

0 t�α
1=ð1þαÞ

ð8Þ

Taking an opacity with α = 0.6, β = 2.2 and δ = 1 valid for dust free atmospheres 
beyond 1 au (ref. 10) and that γ = 1.4 (for CO atmospheres), we find for the case 
−a∕(bt) ≫ 1 that

Mgas / T�1
rcb μ1:6rcb ρ�0:19

b M1:6
core Z

�0:3 κ�0:6
0 t0:3

_Mgas / T�1
rcb μ1:6rcb ρ�0:19

b M1:6
core Z

�0:3 κ�0:6
0 t�0:7

ð9Þ

and for the case −a∕(bt) ≪ 1, we find

Mgas / T�2
rcb μ3:1rcb ρ�0:38

b M2:3
core Z

�0:6 κ�0:6
0 t0:6

_Mgas / T�2
rcb μ3:1rcb ρ�0:38

b M2:3
core Z

�0:6 κ�0:6
0 t�0:4

ð10Þ

In late gas disks, the total gas mass is much smaller than in protoplanetary disks 
and it may happen that the gas available per unit time is smaller than _Mgas

I
.  

Therefore, in our code, at each time step, we compare the gas crossing rate _M
I

 
to _Mgas

I
. For most cases studied in this paper (except the Mars-mass planet case; 

Extended Data Fig. 6), we find that _M
I

 is indeed lower than _Mgas

I
 and the accretion 

is limited by the quantity available rather than by the planet cooling. For the cases 
where _M< _Mgas

I
, the mass that accumulates is lower than the theoretical mass Mgas 

given by equation (5) so that when computing _Mgas

I
 one should take the theoretical 

accretion rate for the mass that actually accumulated rather than the theoretical 
mass, which we do in our code. For the regime where −a∕(bt) ≫ 1 this means that 
at a given time t, one should take the accretion rate at time t0 ¼ tð _Mt=MgasÞ

2þα

I
, 

which gives an accretion rate which is higher by a factor Mgas=ð _MtÞ
I

. We show the 
theoretical _Mgas

I
 in Extended Data Fig. 4, where we plot the temporal evolution of 

_Mgas

I
 (taking into account that the opacity varies with time) for different values of 

planet semi-major axes apl, atmospheric mean molecular weight μ and core mass 
Mcore
I

, corresponding to the typical range of values that we are interested in in  
our study.

We also compare the Hill radius RH (equal to apl½Mpl=ð3M?Þ1=3
I

) of the planet 
(of semi-major axis apl and mass Mpl) with the scale height H of the disk. For very 
small Earth-like planets (Extended Data Fig. 5), it can happen that RH < H and in 
this case, some gas crossing at a rate _M

I
 cannot be accreted by the planet. We then 

recalculate a new _M
I

 that can be accreted by only considering the _M
I

 that crosses the 
planet’s Hill sphere rather than the whole scale height. To calculate the quantity of 
gas that cannot be accreted, we assume a sphere of radius H on top of the sphere of 

radius RH, and take out the parts of the large H sphere with a height greater than RH. 
This gives a new _Mnew

I
 value that is 3=2ðRH=HÞ � 1=2ðRH=HÞ3

I
 of the full _M

I
. Note 

that for cases that reach GCR values approaching 1, RH can become larger and RH∕H 
becomes greater, hence enhancing accretion. Therefore, we find that _Mnew

I
 scales 

roughly with RH∕H rather than its square as would be expected from Bondi accretion 
or dividing the volume of two tori of radii RH and H, respectively. This is because 
the orbital timescale of the planet is much faster than the viscous drift timescale of 
the gas flow and the new _M

I
 will be approximately equal to the ratio of cylindrical 

collisional cross-section of the planet 2πaplRH and the cylindrical flow cross-section 
2πaplH, which equals RH∕H.

Furthermore, we compare our typical accretion rate _M
I

 with a Bondi-like 
accretion that may be relevant in the regime where RH < H. Bondi-like accretion 
happens at a rate _MB ¼ 4πR2

HΣΩ
I

, where Σ is the local secondary disk gas surface 
density (with Σ ¼ _M=ð3πνÞ

I
 at steady state) and Ω is the Keplerian frequency. 

We find that _MB= _M ¼ 4=ð3αÞðRH=HÞ2
I

 or _MB= _Mnew  ð1=αÞðRH=HÞ
I

, with α 
typically between 10−4 and 0.1 as explained earlier13,14. It means that in most cases 
as RH∕H > 0.1, the Bondi accretion rate is higher than the rate at which gas is 
delivered, and one is still limited by _M

I
. For instance, for a 1 M⊕ planet at 1 au (with 

RH∕H ≈ 0.9, as shown in Extended Data Fig. 5), we obtain a new input rate that is 
~0.98 times of the full _M

I
. This value is therefore usually very close to 1 and does 

not make important differences even when taking extreme cases such as a Mars-
mass (0.1 M⊕) planet at Mars distance (1.5 au) or a 0.5 M⊕ planet at 10 au, for which 
we find RH∕H ≈ 0.37 for both cases, and the new input rate _Mnew

I
 is 0.53 of the full 

_M
I

, therefore lowering the final masses accreted by a factor of 2 on such planets. 
We show the results for these two planets in Extended Data Fig. 6. We end up with 
GCR values very similar to the case in Fig. 1 (1 M⊕) for the case 0.5 M⊕ because 
although the final gas mass is divided by two, the core mass is also twice smaller, 
hence the GCR is similar. Owing to the much lower core mass of the Mars-mass 
case, the final GCR is five times higher than in the 1 M⊕ case except for the highest 
input rates where the theoretical cooling accretion rate becomes smaller than _M

I
 

and the accreted mass becomes smaller, explaining the shallower slope of GCR at 
large t. For cases with RH∕H > 1, for example, planets with more massive cores, the 
results are similar to the case shown in Fig. 1 after a correction of the GCR to take 
account of the Mcore value (that is, the GCR goes down by a factor ∝ Mcore) but we 
note that in this case the hydrodynamics of the flow can be complicated owing to 
shock waves developing near the planet/disk interface59.

To verify that the Hill radius is the radius of interest, which sets the length 
scale of accretion as assumed here, we also compute the Bondi radius (equal 
to 2GMpl=c2s

I
) for a large variety of planet masses and planet semi-major axes. 

Extended Data Fig. 7 shows that indeed the Bondi radius is always greater than the 
Hill radius in our study, confirming that the Hill radius should be used in previous 
computations.

To compute the planet’s bulk density given its GCR and core mass, we improve 
on previous work60 and do not assume that the gravity g is constant with pressure 
so that the thickness of the adiabatic convective region of the atmosphere is given 
by (when Rcore>cp=gbatmðTbatm � TatmÞ

I
)

datm ¼ cp
gbatm

Tbatm � Tatmð Þ 1
1� cp=ðRcoregbatmÞðTbatm � TatmÞ ð11Þ

where Patm = 0.1 bar typical of the pressure at which the atmosphere  
transitions from adiabatic to isothermal61, Tbatm ¼ TatmðPbatm=PatmÞκ

I
,  

where κ = 2∕(2 + n), with n the number of degrees of freedom equal 
to 5 for diatomic gases, with Tatm ¼ T?=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R?=ð2aÞ

p

I
 (T⋆ and R⋆ are 

the temperature and radius of the host star), and we calculate Pbatm by 
integrating dm ¼ 4πðRcore þ zÞ2dP=gðPÞ

I
 from Patm up to a value P for 

which the atmosphere mass is Matm = GCRMcore. In the integral, we use that 
gðzÞ ¼ gbatm=ð1þ z=RcoreÞ2
I

 and z ¼ Tatmcp=gbatmððPbatm=PatmÞκ � ðP=PatmÞκÞ=
Ið1� cpTatm=ðRcoregbatmÞððPbatm=PatmÞκ � ðP=PatmÞκÞÞ

I
, where cp is the heat 

capacity, Tatm the atmosphere surface temperature, gbatm and Tbatm the gravity and 
the temperature at the bottom of the atmosphere, respectively. Since z depends 
on Pbatm, we calculate Pbatm by iteration, starting from an initial value equal 
to Matmgbatm=ð4πR2

coreÞ
I

. We then add the isothermal part of the atmospheric 
thickness from 100 to 20 mbar: R?Tatm=ðgð100 mbarÞμÞln ð100=20Þ

I
 (where R⋆ is 

the universal gas constant) assuming that the transit radius is typically observed at 
around 20 mbar (ref. 60).

Accretion onto a pre-existing Earth-like atmosphere. In Extended Data Fig. 8,  
we show what happens when an atmosphere starts growing from a pre-existing 
Earth-mass atmosphere rather than an empty atmosphere as in Figs. 1 and 2. The 
results are the same, with all the lines being just shifted up, starting at the pre-
existing level.

This example shows that the final atmosphere will be dominated by volatiles 
delivered from late gas accretion for all cases with _M>10�8

I
 M⊕ Myr−1, that is, in all 

cases with belts more massive than the Kuiper belt (Extended Data Fig. 2), which 
is the least massive belt we know of so far. One could start with an even more 
massive atmosphere and just shift the lines up by the pre-existing mass or pressure 
to predict the final atmospheric masses and pressures. For instance, starting with a 
Venus-like atmosphere would still end up with an atmosphere being dominated by 
late accretion after 100 Myr for _M>10�6

I
 M⊕ Myr−1.
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Formation of cavities owing to planets. Our accretion models for both Earth-
like and giant planets (Supplementary Information) suggest that accretion onto 
planets is very efficient and in most cases, the rate of gas that can be accreted is 
higher than what is available (that is _M

I
). For this reason, when the gas disk spreads 

inwards and crosses a planet’s orbit, it may not be able to spread further in as all of 
the inflowing gas is accreted onto the planet that is being crossed. However, this 
depends on RH∕H. As shown in Extended Data Fig. 5, for small or distant planets, 
RH can be smaller than the disk scale height H and a certain fraction of the gas will 
flow inwards. We note that for atmospheres with low μ, high γ or accreting for a 
very long time, the theoretical cooling accretion rate may become smaller than _M

I
 

and gas would flow inwards. We also note that the gas model used for low-mass 
planets is one dimensional and thus assumes an axisymmetric gas flow but the gas 
flow geometry around the planet may be more complicated in three dimensions62, 
which may lead to gas flowing inwards anyway63. However, it is still unclear how 
much these complications affect the overall one-dimensional accretion rates64, but 
recent three-dimensional simulations find gas accretion rates that are comparable 
to one-dimensional derivations65. In the end, we expect accretion to be efficient 
and a gap in density should be seen in the gas distribution after crossing a planet, 
which would pinpoint the accreting planet location.

Gas distribution with ALMA to infer the planet position. In Fig. 4, we used 
carbon observations as a good tracer for these cavities instead of CO. This is 
for two main reasons. First, carbon emission in band 8 seems to be a better 
tracer of this gas than CO in either band 6 or 7 according to models6 and to 
the first few observations of neutral carbon in these disks7,15,44. Second, carbon 
is always expected to spread in the inner region, given enough time, while CO 
photodissociates in about 100 yr in unshielded disks and remains colocated with 
the parent belt of planetesimals, implying that the CO cavity observed is then due 
to photodissociation rather than accreting planets. Only in the case of massive 
gas disks can CO be shielded by carbon15 and may have time to viscously spread 
further inwards than the planetesimal belt. For the latter case, for systems where 
CO had time to spread in the inner region where planets are located, then CO 
cavities could also be used to infer planets but carbon is much more general as it is 
not subject to photodissociation.

We now explain the details of how we produced the synthetic ALMA image 
shown in Fig. 4. We first created a density profile for a late gas disk at steady 
state that scales as r−1 inwards15. The centre of the belt is at 50 au where the gas 
temperature is 20 K (scaling as r−0.5). An input rate of 10−3 M⊕ Myr−1 of CO has been 
chosen. We put the planet at 10 au and therefore impose that the gas density drops 
to zero within 10 au.

We then used the radiative transfer code RADMC-3D66 to obtain the emission 
of the carbon fine structure line at 492.16 GHz assuming that the inclination is 
30° and the position angle is 45°. We then used the CASA software to simulate an 
ALMA observation at a resolution of 0.12" in band 8 for 5 hours on source (we used 
the C43-5 configuration together with the C43-2 to get more extended emission). 
Finally, we created a moment-0 image of the final cube and obtained Fig. 4. We see 
that the gas disk is well detected and the cavity within 10 au is well resolved.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.

Code availability
The particular scripts used for the analysis are made in python and available on 
reasonable request from the corresponding author.
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Extended Data Fig. 1 | Typical viscous evolution timescales. We plot the viscous timescale tν as a function of the viscous parameter α for different belt 
locations (50, 100 and 150 au) and different gas temperatures (10, 30 and 100 K).

Nature Astronomy | www.nature.com/natureastronomy

http://www.nature.com/natureastronomy


LettersNature Astronomy LettersNature Astronomy

Extended Data Fig. 2 | Evolution of _M
I

 with time. We plot the temporal evolution of _M
I

 for different belt locations (50 and 100 au) and different initial belt 
masses (0.1, 1, 10, and 100 M⊕).
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Extended Data Fig. 3 | GCR for different values of mean molecular weight μ. Temporal evolution of the gas-to-core ratio (GCR) with varying μ. We note 
that the GCR grows more slowly than expected for the cases μ = 7 and 14 when _M ¼ 10�2

I
 M⊕/Myr, which is because the theoretical cooling accretion rate 

becomes smaller than 10−2 M⊕/Myr for lower values of μ (see Extended Data Fig. 4). We also see that for lower values of μ, the accretion is less efficient 
from the start because the gas disk scaleheight is higher and less gas is accreted (see Extended Data Fig. 5).
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Extended Data Fig. 4 | Potential accretion rate on a planet Vs. available accretion rates. We plot the temporal evolution of the potential theoretical 
accretion rate on a planet _Mgas

I
 (numerical derivative with κ varying with time) for different values of planet semi-major axes apl, atmospheric mean 

molecular weight μ and core mass Mcore
I

. The fiducial model is apl = 1 au, μ = 14, and Mcore ¼ 1
I

 M⊕. We overplot horizontal lines with different input rate 
values of our parameter _M

I
, including the case of 10−2 M⊕/Myr over 100 Myr to verify whether in the cases studied in this paper the theoretical accretion 

rate is higher than our _M
I

 parameter (which is always the case for μ = 28, large Mcore
I

 or distant planets). We note that for the μ = 28 case, the green lines 
become less steep at large t. This is because as t increases, one reaches the second regime for which − a∕(bt) ≪ 1, where _Mgas

I
 scales as t−0.4 instead of 

t−0.7 in the other regime (see Eqs 9 and 10). We also note that for the case at 0.1 au (for which T = 1000 K), the opacity varies more slowly with T for high 
enough densities and β becomes smaller10, hence leading to a higher _Mgas

I
.
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Extended Data Fig. 5 | Is a planet accreting all gas flowing through the disk? We plot the Hill sphere radius-to-scaleheight ratio Vs. the distance to host 
star. For the lowest-mass planets, the Hill sphere radius can be smaller than the disk scaleheight and gas can flow inwards rather than being accreted.
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Extended Data Fig. 6 | GCR and pressures for a Mars-mass and a distant planet. Temporal evolution of the gas-to-core ratio (left) and pressure (right) 
for a Mars-mass (0.1 M⊕ at 1.5 au) planet and a distant planet (10 au) with a core mass of 0.5 M⊕ up to a GCR of 0.5. In the pressure plot (right), the thick 
solid line is for the Mars-like planet case and the thinner line is for the core of mass 0.5 M⊕ at 10 au. We note that for the Mars-mass case, GCR grows 
more slowly than expected when _M ¼ 10�2

I
 M⊕/Myr, which is because the theoretical cooling accretion rate becomes smaller than 10−2 M⊕/Myr in this 

case (see Extended Data Fig. 4).
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Extended Data Fig. 7 | Hill Vs. Bondi radii. Hill and Bondi radii Vs. planet mass for different planet semi-major axes.
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Extended Data Fig. 8 | GCR and pressures for a planet starting with an Earth atmospheric mass. Temporal evolution of the gas-to-core ratio (left) and 
pressure (right) starting from a pre-existing atmosphere with an Earth atmospheric mass.
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