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The discovery of many low-mass exoplanets, including several planets
within the habitable zone of their host stars, has led to the question of which

kind of atmosphere surrounds them. Recent exoplanet detections have
revealed the existence of alarge population of low-mass planets (<3 M)
with H-dominated atmospheres that must have been accreted from the
protoplanetary disk. As the gas disk usually has an ~10% fraction of helium,
we model the possible enrichment of the primordial He fractionin the
atmosphere of planets with mass between 0.75 Mg and 3.0 M, that orbit
inthe classical habitable zone of Sun-like stars. Depending on the mass
accreted by the planet during the gas disk phase and the stellar high-energy
flux between ~10 and 120 nm, we find that Earth-like planets with masses
between -0.95 Mgy and 1.25 Mg inside the habitable zone of Sun-like stars
canend up with He-dominated primordial atmospheres. This finding has

importantimplications for the evolution of Earth-like habitats, as these thick
helium-enriched primordial atmospheres caninhibit the habitability of these
planets. The upcoming generation of giant telescopes, such as the Extremely

Large Telescope, may enable us to observe and explore these atmospheres.

Observations of protoplanetary disks indicate that there can be several
hundred Earth masses of pebbles embedded in each gas disk'. These
pebbles vanish after a few million years, probably due to radial drift
and planetesimal formation outside gas gaps that are produced by
growing protoplanets’. Mutual collisions between solid matter lead
to growth that results in the formation of planetesimals that are kilo-
metres to hundreds of kilometres insize. Through runaway accretion,
these produce larger planetary embryos with Moon to Mars masses.
Some of them accrete further though collisions to become terrestrial
or larger planets®*. The discovery of many highly irradiated low-mass
planetsindicates that, even for planets close to their host stars, thereis
awidediversity interms of the presence or absence of a primordial H,/
He-dominated atmosphere. It has beensuggested that even planets with
masses as low as <2 Mg can have massive primordial atmospheres®”.
Protoplanetary disks areinitially composed of -99% H, and He gas
and -1% solids by mass®’. Atomic hydrogen is four times lighter than
He, and thus, depending on the planetary mass, orbital location and

stellar extreme ultraviolet (EUV) flux, it escapes more easily, which
can result in He atmospheric enrichment and, eventually, in the pre-
dominance of primordial He. Indeed, studies and observations of
warm (sub-)Neptunesindicate that their atmospheres may be enriched
with He or even dominated by He (refs. 10,11). The non-detection of
He (ref. 12) in the atmospheres of the low-mass planets TRAPPIST-1b
(M,1=1.3 M), TRAPPIST-1e (M, = 0.7 M) and TRAPPIST-1f (M, = 1.3 M,,)
can be explained by the loss of their atmospheres through thermal®
and non-thermal escape processes' induced by the high EUV flux
and dense stellar wind exposure over more than 7 Gyr (ref. 15). Note
that the EUV flux at the orbits of these planets is, at present, up to
about 100 times higher compared to thatat Earth’s orbit today'*"*. H,/
He-dominated atmospheres would still not be stable on Earth-mass
planets in the habitable zone (HZ) of the TRAPPIST-1 system, as our
simulations below show.

In addition, a primordial atmosphere can be retained only when
the accreting protoplanet reaches a certain mass within the lifetime
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Table 1| Examples® of normalized planetary masses M,, (M) and the corresponding initial atmospheric mass fractionf;,

obtained from equation (1) following the boil-off phase

Case 1 2 3 4 5 6 7 8 9 10 n 12 13

% 0.75 0.85 0.9 0.95 0.97 1.0 1.02 1.06 1.25 1.3 1.5 20 3.0
@

T'on 1.22 1.36 1.40 1.46 1.48 172 1.75 1.82 2.02 2.04 2.09 2.66 3.82

fin 0.002 0.0046 0.0061 0.0073 0.01 0.016 0.018 0.02 0.03 0.032 0.035 0.073 017

2Simulations were performed with a smaller grid of planetary masses than displayed in this table.

of the gas disk, as the accreted atmosphere would otherwise not be
stable and would immediately be lost after nebula dissipation through
‘boil-off””. The discovery of low-mass rocky exoplanets within HZs that
still have accreted H,/He-dominated primordial atmospheres would,
therefore, shed some light onthe accretion speed, the formation time-
scales and the stellar EUV flux evolution.

The lifetimes of inner protoplanetary disks have been measured
byinfrared (about1-8 um) photometry surveys of nearby star-forming
regions, such as with the Spitzer Space Telescope'°. For each clus-
ter, the disk frequency is determined as the number of stars with an
infrared excess divided by the total number of observed stars. When
plotted against cluster age, an exponential dependency is revealed,
which can be fitted by exp(-t,,,/.), where 7, is the disk lifetime and
t, =In(2)1, is the disk half-lifetime. The first study” reported that
t,» < 3 Myr (1, < 4.3 Myr). Later measurements found that 7, = 2.5 Myr,
although slightly longer for low-mass stars and brown dwarfs'. The
biggest uncertainties in these measurements are the cluster ages®,
which are determined from the X-ray properties of their stars in com-
bination with pre-main-star evolutionary tracks?. Disk half-lifetimes
of t,,,=1.3-2 Myr (7,=1.9-2.9 Myr) are derived when non-magnetic
pre-main-star tracks are used, but ¢,,, = 3.5 Myr (7, = 5 Myr) when mag-
netic pre-main-star models are used*. However, the sample selection in
theseinfrared surveys wasrecently criticized, because the more distant
clusters (>200 pc) mustbe intrinsically brighter tobe detected. Hence,
they are, onaverage, younger and denser and have more massive stars,
which all leads to shorter median disk lifetimes'®. Leaving out these
distant clusters results in disk lifetimes of 7, = 5-10 Myr (ref. 23). Using a
different method that measures the frequency of accreting stars among
the clusters, as indicated by an Ha line in emission detected with the
visible multi-objects spectrograph on the Very Large Telescope, then
thefraction of accreting stars decreases from-60%at1.5-2 Myr to~2%
at10 Myr, consistent with 7, = 2.5-3.5 Myr (ref. 24).

Physically, disk dispersal is caused by a combination of (1) accre-
tion onto the star, (2) mass loss in the form of EUV photoevaporation
disk winds*?, (3) thermo-magnetic disk winds” and (4) accretion onto
the forming planets. Both types of disk winds are triggered by the EUV
irradiation from the central star, which ionizes and heats the disk sur-
faceintheinnerregions. In dense clusters, however, the external EUV
irradiation from nearby massive stars is expected to generate further
winds launched from the outer disk regions, resulting in shorter overall
disk lifetimes. Substantially lower lifetimes (-1 Myr instead of ~3 Myr)
have beenreported for massive star-forming regions that host O-stars
(forexample, Fig.13 inref. 28).In addition, low metallicities also seem
to shorten the disk lifetimes®>*’, although the statistical evidence
for this effect is poor, as most of the observable nearby star-forming
region have similar metallicities. If EUV photoevaporation winds are
effective, then they can cause a sudden and complete local dispersal
of the gas in the wind-launching zones of the disks'*%, an effect that
is not covered by the observable overall disk lifetime. Rocky planets
forming in such zones might experience a sudden loss of their gase-
ous environment, which is discussed for the peculiar evolution of the
young, hot Neptune AU Mic b by ref. 30 and is possibly related to the
formation of the hot-Neptune desert™.

The outcome depends on the accreted planetary rocky mass frac-
tionatthe end of the protoplanetary nebulaand ontheincident stellar

EUV flux. For planets in the HZ of solar-like stars, the accumulated
primordial atmospheres are lost within ahundred thousand to several
million years, if the rocky part of the planet remains below ~0.75 M,
(refs.32-34). More massive planets, however, will not lose their accu-
mulated primordial atmosphere. If they do, this process may take
several hundred million years”®.

We consider several different hypothetical planets with accreted
rocky masses M, between 0.75 M and 3.0 M. The photospheric radius
r,, (the atmospheric altitude where the optical depth =1, typically
at an atmospheric pressure P,, =100 mbar**”) of the specific planet
depends onthe mass of the H,/He-dominated primordial atmosphere
ofthe planet and the temperature of the rocky part of the planet, both of
whichare poorly constrained. During disk dissipation, the planet cools
andits photospheric radius shrinks through thermal escape driven by
boil-off***” until the planet becomes compact enough for EUV-driven
hydrodynamic escape to become the dominant atmospheric escape
mechanism®**%%,

Note that compared to EUV radiation, X-rays*® contribute to ther-
mal escape only at very young stellar ages during a very short period
when X-ray and EUV luminosities are comparable in magnitude. How-
ever, X-rays are negligible over evolutionary timescales® *in the HZ,
asstudiedin our cases. Early approaches were very much simplified®®
and did not consider that X-ray photons are more likely to excite an
atom than to ionize it*. Inaddition, X-rays contribute to heating only
invery narrow atmospheric layers" *. Because of this, we applied our
upper-atmosphere multispecies hydrodynamic model only to the
evolving EUV radiation.

The amount of the primordial atmosphere remaining after
the boil-off phase and, thus, the post-boil-off photospheric radius
for low-mass planets are roughly independent of the pre-boil-off
conditions®**** and can be characterized by the equilibrium tempera-
ture T, which is related to the orbital location, and by the planetary
mass M,,. Therefore, we started our evolution simulations after the end
oftheboil-off phase and adopted the post-boil-off photospheric radius
as the initial radius r,,;,. As the duration of the boil-off phase is short
(typically less than a million years for low-mass planets***), we also
assumed thatits conclusion coincides with the time of the protoplan-
etary disk dispersal. This age was the starting time of our simulations.

To estimate the values of r,,, ;, for each of the considered M,,, we
performed a series of hydrodynamic simulations®* adopting the stellar
parameters corresponding to the starting time (but not yet consider-
ing the evolution) and different r,;, values between1and 4.5 Earth radii
(withastep of 0.1 Earthradiiand exact range depending on the specific
M,)). We then compared the atmospheric mass-loss rates predicted
by the hydrodynamic model (accounting for both EUV-driven and
boil-off escape mechanisms) to the prediction of the energy-limited
approximations (accounting for EUV-driven escape only) and adopted
the photospheric radius where the two mass-loss rates were equal as
theinitial radius for the evolution simulations r,, ;,.

Afterward, for each pair of considered M, and r,,, ;, values, we
modelled the evolution of the model planet. The evolution of the stellar
EUV luminosity is given by the power laws for G-type stars that are slow,
moderate or fast rotators, as described in Methods. The equilibrium
temperature T,at1auwas assumed to be 250 K for all scenarios studied.
The mass fraction f of the mass of the H,/He-dominated atmosphere
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Fig.1| Atmospheric He fractions, pressures and optical radii. a, Atmospheric
He fraction at the end of the evolution simulations as a function of planetary mass
and considering the solar-like host star as a slow-, moderate- or fast-rotating
young G-type star. Planets in the dotted part of the lines subsequently lose their
remaining primordial atmospheresin a geologically short timescale. Planetsin
the solid parts keep remnants of their thermally stable primordial atmospheres.
The vertical black dashed lines show the critical planetary mass above which
thermally stable atmospheres remain. b, The total and partial pressures for
planets with thermally stable atmospheres. ¢, The final broadband photospheric
radiir,, (in the optical) of the planets with thermally stable atmospheres.

M, to the mass of the rocky part M, depends on the photospheric
radius r,, as**”’
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The mass fraction fevolves with time due to the EUV-driven hydrody-
namic escape of hydrogen and He, which reduces M, along with the

evolving stellar EUV luminosity. Table 1 lists examples of the initial
atmospheric mass fractions f;, obtained following equation (1) for each
considered planetary mass at the beginning of the evolution. Although
the determination of f;, considers the luminosity of the cooling rocky
corewhenestimating the photospheric radius, note that the obtained
atmospheric mass fractions in Table 1 represent average cases. Inreality,
the mass of the accreted atmosphere could deviate fromthe calculated
value due to, for example, differences in the opacity of the accreting
gas***” or giant impacts that may also modify the initial mass of the
captured primordial atmosphere***°, However, if a planet accretes more
atmosphere than calculated with equation (1), any extra atmospheric
mass above the calculated threshold will be almost immediately lost
through boil-off as the extra gas may not be gravitationally stable. If,
on the other hand, a planet accretes less atmosphere than expected
fromequation (1), for example, due to the disk being very gas-poor or
atmospheric erosion through giant impacts, the final planetary mass
needed to obtain aHe-dominated atmosphere could be slightly higher
than obtained from our model. We also remark that for all considered
planets, the atmospheric mass M, was substantially smaller than the
mass of the rocky body, so that its contribution to the total planetary
mass was negligible. For each of our cases, we assumed that the pri-
mordial atmosphere contains an initial abundance ratio of 90% (H,)
to10% (He).

We assumed an average disk lifetime of 5 Myr, but our results were
independent of this choice because, at these young ages, the EUV emis-
sion of solar-like stars is in the saturation regime regardless of their
rotation rate®”*°. From 5 Myr onwards, we evolved the atmosphere
of each of the model planets listed in Table 1 using three different
EUV flux evolution power laws. To model the mass-loss evolution of
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Fig. 2| Examples of atmospheric profiles. a,b, Atmospheric number density (a)
and temperature (b) profiles for 1.0 Mg, (solid lines) and 0.97 M, (dotted lines) HZ
planets slowly rotating around and exposed to the EUV flux evolution of a solar-
like young star. The plots show the last time step of our simulation. For 0.97 M,
hydrogen is subsequently completely lost. The yellow lines show the electron
number density in the upper atmosphere.
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the H,/He-dominated primordial atmosphere and the fractionation
of He compared to hydrogen, we applied the multispecies hydrody-
namic upper-atmosphere model of Erkaev et al.”, which is described
inMethods.

At each time step, the model produced snapshots of mass-loss
rates of the escaping primordial atmosphere, the evolving atmospheric
mass fraction and the changing atmospheric H, and He ratio. The
change in the photospheric radius r,, over time was calculated with
equation (1) based on the atmospheric mass fraction fobtained after
eachstep of the evolution. During our calculations, we made sure that
the escaping primordial atmosphere was in the collisional regime. The
simulation stopped when the atmospheric pressure reached <100 mbar
or once hydrogen loss had become negligible because the escape
switched from the EUV-driven hydrodynamic escape regime toJean’s
escape.

Figurelashows the atomic He fractionin the primordial atmos-
phere as a function of planetary mass in the range 0.75-3.0 M, as
obtained at the end of our simulations for solar-like stars that are
slow, moderate or fast rotators. Each planet started with a He frac-
tion of 10% in the atmosphere with the rest being H. If hydrodynamic
escapeisstrong, both particles escape with similar fluxes, so that the
ratio between He and H does not change. If hydrogen is lost faster
than helium, the He also finally escapes, so that the whole primor-
dial atmosphereis lost. The cases where the primordial atmosphere
is eventually lost are shown with dotted lines. However, for certain

planetary masses, the protoplanet becomes so massive that He stops
escaping efficiently, whereas the hydrogen still escapes strongly. The
solid lines correspond to cases where the primordial atmospheres
remain. One can see peaks for 0.95 Mg, 1.0 Mg and 1.25 Mg, planets
that end with ~-100% He atmospheres, after these planets have been
exposed to slow-, moderate- or fast-rotating young G-stars for -1.28,
~2.36 and ~2.37 Gyr, respectively. These peaks shifted to higher plan-
etary masses for stars that are more active. After the peaks, the gravity
of the protoplanets becomes so strong that, at some point during
their atmosphericevolution, neither H nor He can escape efficiently.
For these cases, the fraction of He remains relatively constant in
the atmosphere and the planets will keep substantial hydrogen/
He-dominated atmospheres with almost the same He fraction as
at the start of the simulation. Figure 1b,c shows the corresponding
partial pressures of the remaining hydrogen and He atmospheres
and the final photospheric radii in units of R.. For lower-mass plan-
ets, the entire primordial atmosphere eventually escapes, hydrogen
aswellas He.

Alsonote that, by reproducing the present atmospheric **Ar/**Ar,
20Ne/*Ne, **Ar/*Ne, isotope and bulk K/U ratios, early Earth’s evolution
canbe explainedif proto-Earth had accreted masses between ~-0.53 Mg,
and ~0.58 M, by the time the nebula gas dissipated®*. From the results
shown in Fig. 1 and depending on the initial rotation rate of the Sun,
one canseethatifthe proto-Earth had accreted to its final mass within
the solar nebula, it would not have lost alarge fraction of the accreted
primordial atmosphere, so that the Earth would not have developed
into a planet suitable for life as we know it.

Figure 2a shows the atmospheric density profiles for He and H,
and thedissociation product H as afunction of distance in units of R,
onesimulation step before the hydrogen abundance is mainly lost from
the planet. As mentioned above, we stopped our simulation when the
hydrogen partial pressure <100 mbar. The profiles correspond to a
simulation with a slow-rotating young solar-like G-type star. One can
see that the H, molecules dissociated above -1.6 R, Figure 2b shows
the corresponding temperature profiles and exobase levels.

Figure 3 shows the corresponding total surface pressure of the
primordial atmosphere and the partial surface pressures of hydrogen
and He for a planet of mass 1.0 M, (Fig. 3a) and with 0.97 M, (Fig. 3b)
that is exposed to the EUV flux of a slow-, moderate- or fast-rotating
young solar-like host star. For a fast rotator, the accreted primordial
atmosphere of a planet of mass 1.0 Mg is lost within~220 Myr. Foramod-
eraterotator, -50 bar of He remains after ~1.4 Gyr withan atmospheric
He fraction f,,. = 97%. By contrast, a substantial primordial atmos-
phere remains for a slow rotator with f,,. = 71%. At planetary masses
of ~0.95-0.97 M, ~1.0-1.02 M, and ~1.23-1.25 M, which correspond
to the peaks in the atmospheric He fraction in our simulations, 55,90
and 51 bar of He remain at the planets, respectively, thereby forming
substantial He-dominated primordial atmospheres.

Note that the power laws considered for the EUV flux evolution
of slow and fast rotators represent minimum and maximum pathways
for the EUV flux evolution. It is, therefore, probable that planets in
the HZ of solar-like stars can be found with He-dominated or strongly
He-enriched primordial atmospheres for any planetary mass between
~0.95 Mg and -1.25 M,,, depending on the specific stellar EUV flux evo-
lution scenario. For later stellar spectral types, we expect that atmos-
pheric He enrichment will shift to planets with higher masses, such as
(sub-)Neptunes'®", because lower-mass stars can remain active for
much longer than G-type stars.

Similarly, if one considers planetsin close orbit around their host
stars (<0.1au), one would expect to find planets with He-dominated
atmospheres within the warm to hot (sub-)Neptune population'.
The strong fractionation of He and deuterium was recently studied
and is expected in sub-Neptune atmospheres along the radius valley".
This theoretical predictionis supported by the discovery of extended
and escaping He atmospheres, like those detected for the young
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Fig. 4| Transmission spectra of the He 1 metastable triplet. The transmission
spectraare for an Earth-mass planet with an atmospheric He enrichment of 30%
(black), 50% (red) and 70% (blue) orbiting in the HZ of a Sun-like star.

mini-Neptune TOI 560.01 (ref. 51), the warm Neptune-mass planet
HAT-P-11b (ref. 52) and the hot Saturn-mass planet WASP-69 b (ref. 53).

We sstudied the possible detectability of the metastable He 1 triplet
at1,083 nmin the atmosphere of an HZ Earth-mass planet orbiting at
lauaround aSun-like star considering an atmospheric fraction of 30%,
50% or 70% He. Thus, we used the atmospheric structures obtained
fromthe hydrodynamic simulations as input to radiative transfer mod-
ellingunder non-local thermodynamical equilibrium conducted with
Cloudy*** through the Cloudy for Exoplanets interface®*”’, for which
the predicted metastable He1absorption strength has been validated
against literature values for the hot Jupiter HD 209458 b (ref. 57).

Figure 4 shows the He I triplet transmission spectra computed
for the three considered cases at a spectral resolution of 100,000.
The He 1 absorption strength increased on going from 30% to 50%
enrichment, butitthendecreased at 70% enrichment as aresult of the
higher mean molecular weight and, thus, shorter pressure scale height
(atmospheric size).

Among the three cases, we obtained the strongest absorption
for the 50% He enrichment case, for which the transit radius in the
He 1 metastable triplet could increase by up to a factor of ~3 com-
pared to a He-free atmosphere. However, the transmission signal
is a factor of a few smaller than what can be detected with current
instrumentation®*°°. However, the Extremely Large Telescope could
soon enable us to explore how ubiquitous He enrichment is in the
atmospheres of low-mass planets.

Fromthe results of this study and the before-mentioned observa-
tional evidence of He extended and escaping atmospheres on (sub-)
Neptunesto sub-Jupiters, one could expect the possible existence of a
population of terrestrial HZ planets hosting He-dominated primordial
atmospheres and partial surface pressures from a few bars to hundreds
ofbars. The future discovery of such planets will not only advance our
understanding of the accretion speed of terrestrial exoplanets but will
also open questions related to the habitability of Earth-like planets and
whether such He-dominated atmospheres are dangerous for hypo-
theticallife forms, especially complex aerobic life as we know it. Little is
known about how life forms are affected by large atmospheric He frac-
tions, but the low mixing ratio of oxygen expected for aHe-dominated
primordial atmosphere can hardly sustain aerobic life. For example,
it is known that if He fills the lungs of mammals, it produces a diffu-
sion gradient that washes out the O, stored in the blood, dropping O,
to a lethal level within seconds®’. One can conclude that thoroughly
understanding the complex interplay between the accretion speed
of a planet, the related lifetime of the gas disk, the accumulation of
primordial atmospheres and the EUV flux evolution of the host star is
key to understanding how planets can develop into Earth-like habitats
that could, indeed, evolve N,/O,-dominated secondary atmospheres.

Methods

EUV flux of young G-type stars and the corresponding power
laws

The EUV flux of the host star becomes the driving force of the hydro-
dynamic escape of primordial atmospheres as soon as boil-off stops
(whichis after the disk evaporates). During the early phase of the stellar
evolution (-1 Gyr), the stellar EUV flux correlates with the rotation rate™.
From X-ray observations collected with the ROSAT, XMM-Newton and
Chandrasatellites, we know that Sun-like stars born as slow, moderate
or fast rotators experience an X-ray and EUV saturation phase ¢, that
lasts -5, ~25 or ~225 Myr, respectively®. As input to the multispecies
hydrodynamicupper-atmosphere model, we applied the same power
laws that describe the evolution of the EUV luminosity LSK’""f of slow (s),
moderate (m) and fast (f) rotators within the wavelength range
10-120 nmas givenin (refs. 28,31):

Ly =575x 107 t0B ergs™, £t = SMyr, @
L, =47x 102t ergs, > g, = 25Myr, (3)
Lf,, =12x 1028 ergs™l, >ty = 225Myr. (4)

The EUV surface flux of the slow, moderate and fast rotators for the
planetsin Table 1 canthen be written as

s,m,f
s,m,f _ TEUV

—2c-1
W = I ergcm~*s™1, 5

withthe orbital distance dinsidethe HZ at1au. I, canalso be seenas
the EUVintensity or energy received per unit areain a given time out-

side the atmosphere at the orbit of the planet™.

Multispecies hydrodynamic upper-atmosphere model

The details of the applied hydrodynamic upper-atmosphere model
used for the H-dragging of the He atoms, including the numerical
algorithm and specific parameter values (for example, dissociation
rates, ionization rates and heating efficiency) can be found in Erkaev
etal.”. Here, we describe only the main mathematical framework and
numerical algorithms that we applied to model the evolution of the
hydrogen and He contents of the primordial atmospheres over time
(for example, mass loss and evolutionary change of the H,/He ratio).
We applied the following system of equations for the mass conserva-
tionof H, H*, H,, H," and He:

aaL:' + rlza(ng—th) = =Vl + Qulefys + 20, NNy = 2ppnng,  (6)
a';*:+ rlza(n,é—;l/rz) = Vyhy — ayneny:, @
E% + rlza(”g—zth) = —Vy, My, + yunn?, ®
a’(;;*z* . %w = Vi, — e ©

Onye  10(MueVier”) _

oo 2 ot 0. 10)

Here, Vand V,,. are the velocities of the hydrogen and He particles, n,,,
ny,, My, ny-are the number densities of the hydrogen atoms, molecules
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and ions, respectively, ny is the helium number density, n the total
number density, and n, = (n,+ + n,+) is the electron number density
determined by the condition of quasi-neutrality. y,, is the rate of reac-
tion H+H~> H,, ay, is the recombination rate of atomic hydrogen, a, is
the dissociation rate, and v, and vy, are the ionization rates of atomic
and molecular hydrogen. For these hydrogen constituents, we intro-
duce the total mass density, which is a sum of the partial mass
densities:

op  10(pV?) o

a R an
For He, we apply a similar equation:
Oue , 10(puctier®) _ (12)

ot r ot

We assumed that all species have the same temperature, whichis gov-
erned by the energy conservation equation:

Pa(rzv)

r2or ’

> 6T> _ 13)

9 (, or
r2or Xar

P% = Qeuv — Wiya +
where Eis the thermal energy and y is the thermal conductivity®®. Qgyy
isthe EUV volume heating rate in the upper atmosphere, whichis pro-
portional to the EUV energy flux absorbed in the upper atmosphere,
theratio of the net local heating rate to the rate of the stellar radiative
absorption, and the average EUV photo-absorption cross section of
hydrogen atoms and molecules”. W, is the cooling due to Lyman-«
emission, p is the total mass density of all hydrogen species, Pis the
total pressure of hydrogen and electrons, Tis the temperature and k;
is the Boltzmann constant. The velocities are determined by the Euler
momentum equations:

dv _ myv,
P it +VP—gP+PHem+—mHe(VHe—V), (14)
WVhe | gp. - _MVe oy _y 15)
PHe dr + He—nge_pHemH+mHe( e — V).

Here, gis the gravitational acceleration, m,,is the mass of a hydrogen
atom, m,,. is the mass of a helium atom, P, is the partial pressure of
helium and v, is the collision frequency between these two species.
For computational convenience, we use the following normalizations:

XHe = pHe/p’ (16)
D = Ve/Vephs 17)
V=V/Vy, (18)
/
Von = (kTph/mH)1 ?, (19)
p=_F —, 20)
(p ph Vph)

~_ P
=2 21
p o (21)
U= (Vhe — V)’ 2)

Vph

7o %h 23)
= ’;_*: 4)
- rpLh (25)
p= 0o 6)
T'oh
€= Von/ (Vephlpn)» 27)
A= gonron/ (KTyn), 28)
T =Lyl (PpnVonr?, ) - 9)

Here, L, isthelossrate of hydrogen. Subscript ‘ph’is used for parame-
tersatthelowerboundary, which canbe equated with the photospheric
radius r,,, which is the specific planetocentric distance and atmos-
pheric level where the atmosphere is opaque below and transparent
above for the visible part of the spectrum along the radial distance ras
long asthe particlesin the expanding thermosphere experience colli-
sions. Hereafter, we leave out the ‘~” above the normalized quantities
for simplicity. By neglecting the second-order terms involving the
small parameter ¢, one can derive the equation for the relative velocity
u= (V4 — V) toobtain:

PXie Vhe = V) =¢ (30)

(m+1) [oP _0PHe]
vA+Xge) Lor ™ Tor |

Using equation (30) together with the continuity equation (12), one can
derive the equation for the He fraction for a stationary flow:

, (m+1) [oP

pvr? ag(:e + (,%{sr v X | arte %]} =0. (31)
with the partial pressure P, of the helium constituent:
Phe = XuePE/m, (32)
E= 1+ Xy —0.5%)7, (33)
X+ = ny+my/p, (34)
Xy, = 2ny,my/p. (35)

Integrating this equation and assuming pVr* = I'= const, one gets

(36)

I Koo — Xigews) + £ —0F D[P _ap”e]zo,

VI +Xe) [or™M T Tor
where X;,... is the He mass fraction at infinity. By integrating this
equation analytically, we found that the He fraction depends on the
radial distance as
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Xite = Xotas /w " exp -9+ eBy ) 37)
Y= %/lr (1+eB)A-dr, (38)
g AEmr dim=P] o)

ml'v dr

Here, ¢’ and r’ are the variables the equation integrates. Integrating
equations (36)-(39) by parts, one obtains the following expression:

XHe

1

= Xitewo (1+£B)

—3 dB ] . (41)

[1 —(+£B)& [~ (1+¢B) ZAexp(p—¢) dy’

Neglecting the second-order term proportional to € in this equation,
we obtained the analytical formulafor the dragging factor ;. defined
as aratio Xye./Xye ph:

Kye = XHeoo/XHe,ph
1+m) d (42)

= Xitopn (1+£8) = Xuepnfl + T2 £ 1P =]},

where X, ,nis the He mass fraction at the lower boundary, respectively.
The variation over time of the hydrogen and He masses in the atmos-
phere are determined by the mass conservation equations:

dM,,

a (43)

=-Ly,

d (MatXHe,ph) _

dr = _I—HKHeXHe,ph~ (44)

where M, is the mass of the primordial atmosphere. The last
equation can be rearranged into a more convenient form:

d (XHe.ph) _ Ly (1 — Kye)

de M, XHeph: “5)

Thisindicates clearly that the relative mass fraction of He in the evolv-
ing primordial atmosphere is an increasing function of time during
the planetary evolution.

Data availability

The datagenerated by this study and needed to reproduce Figs.1-4 are
free to use under a Creative Commons license CC-BY 4.0 licence and
available viaFigshare at https://doi.org/10.6084/m9.figshare.28533617
(ref. 62). Source data are provided with this paper.

Code availability

The code is not publicly available. Please contact the corresponding
authors to discuss potential collaborations related to the hydrody-
namic atmosphere code used in this study.
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