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A B S T R A C T 

We explore the ability of an unmagnetized planet to retain an atmosphere as a function of its radius. We use a particle-in- 
cell hybrid code to simulate the global plasma interaction of unmagnetized terrestrial planets at 1 au under average solar wind 

conditions. We vary the radius of the planet ( R p ) from Mars-sized (3390 km ) to super-Earth-sized (9390 km ). We inject hydrogen 

and oxygen ion outflows from the ionosphere and quantify how the ion escape, recirculation, solar wind deposition, and net 
atmospheric mass flux vary as a function of planetary radius. We find that as the radius and the corresponding ionospheric 
outflow rate are varied, the fraction of outflowing H 

+ that escapes remains at 15 . 5 ± 1 . 0 per cent , while the rest recirculates 
back towards the planet. The fraction of produced O 

+ that escapes from a Mars-sized planet is 27 ± 1 per cent , and decreases to 

7 ± 1 per cent for super-Earth, suggesting that smaller planets are less able to retain heavy ions. We find, ho we ver, that larger 
planets have lower solar wind deposition fractions because their bow shocks are at greater distances from the surface of the 
planet. The ionospheric outflow rate at which mass deposition is equal to mass escape is found to be proportional to R 

2 
p . Lastly, 

we propose that the bulk gyration of the solar wind at the induced magnetosphere can lead to differential escape trajectories of 
light and heavy ions. 

Key words: (Sun:) solar–terrestrial relations – planets and satellites: atmospheres – planets and satellites: magnetic fields. 
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 I N T RO D U C T I O N  

eological evidence on Mars suggests that the red planet once hosted 
 dense atmosphere that supported the existence of surface oceans 
e.g. Carr & Waenke 1992 ; di Achille & Hynek 2010 ). Ho we ver, as
ime has passed, much of the Martian atmosphere appears to have 
scaped to space (e.g. Lillis et al. 2015 ). Some argue that when
he Martian dynamo ended and the global intrinsic magnetic field 
ubsequently disappeared, the planet’s atmosphere became exposed 
o the solar wind and was stripped away (e.g. Jakosky 2022 ). If
he Earth’s geodynamo were to shut off, could it be susceptible to
tmospheric solar wind ablation? This raises the broader question 
f whether planets are able to host habitable atmospheres without 
ntrinsic magnetic fields. These are not simple questions to answer 
ue to the plethora of variables that influence atmospheric escape. In
his study, we analyse the role of one variable, the planetary radius
 R p ), in an attempt to begin constraining the possible answers to
hese questions. 

Atmospheric escape can be broken into two categories: the escape 
f neutral atoms and the escape of ions (e.g. Brain et al. 2016 ). In this
tudy, we focus on the escape of ions, most of which are produced
t or near the sub-solar point of the planet via photoionization and
ubsequent electron impact ionization (Haider, Mahajan & Kallio 
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011 ; Richards & Voglozin 2011 ). As the radius of the planet is
ncreased, the mass ( M p ) also increases (e.g. Valencia, O’Connell &
asselov 2006 ), as does the escape velocity ( v esc ). Numerous previous
tudies have assumed v esc to be a controlling parameter for ion
scape (e.g. Ergun et al. 2006 ; Dubinin et al. 2009 ). A recent study,
hich also analysed ion escape as a function of R p , found that

scape generally decreased as R p increased, and suggested that these 
hanges were potentially caused by increased v esc (Chin, Dong & 

ingam 2024 ). 
Ho we ver, test particle analysis has indicated that non-thermal 

scape is primarily controlled by electromagnetic forces, not by the 
ravitational force (Fang et al. 2008 , 2010 ). A quick comparison
f these forces for demagnetized Earth explains these findings. 
he force of gravity ( F g ) on a proton in the ionosphere of Earth
 R E + 300 km ) has a magnitude of 1 . 5 × 10 −26 N, whereas the solar
ind convection electric field has a typical strength of 1 −3 mV m 

−1 

n Earth’s rest frame (e.g. Slavin & Holzer 1981 ) and global hybrid
odels predict 0 . 1 −1 mV m 

−1 fields in induced magnetospheres 
Wang et al. 2023 ). These yield electric forces ( F E = q E sw ) that
re three to four orders of magnitude stronger than the force of
ravity. 
Spacecraft observations at Mars find that O 

+ escapes in the + E sw 

emisphere in the form of a large heavy ion plume (Dong et al.
015 ). Additionally, test particle analysis finds that the location of
he ion production strongly influences whether it will escape in the
lume or recirculate back to the planet (Fang et al. 2010 ). Kinetic
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ecirculation occurs when planetary ions are accelerated in the solar
ind interaction and directed back towards the ionosphere. Kinetic

ecirculation and the Martian heavy ion plume are well modelled by
arvinen et al. ( 2018 ), who use a particle-in-cell code called RHYBRID

o track the trajectory of macro-ions. 
The plume’s morphology is explained by the oxygen ion’s large

yroradius combined with E × B drift motion (Jarvinen et al. 2010 ;
arvinen, Brain & Luhmann 2016 ). Models that do not include ion-
inetic effects (e.g. Sun et al. 2023 ; Chin et al. 2024 ) will not be
ble to reproduce the heavy ion plume (Egan et al. 2018 ). The
ame physical mechanisms that result in the Martian plume should
ontinue to operate as the planetary radius is increased; this explains
he evidence for an analogous heavy ion plume on Venus (Xu et al.
023 ). In order to include the heavy ion plume and possible kinetic
ecirculation effects at each planet, we have chosen to use RHYBRID

n this study. We report changes in plume morphology as R p is
ncreased. 

We start with a Mars-sized planet ( R p = 3390 km ) at 1 au,
nd use RHYBRID to model the interaction of planetary ionospheric
utflows with the solar wind. This allows us to observe the escape
aths of different ion species and quantify what percentage of the
utflow escapes versus what percentage recirculates back towards
ach planet. We then incrementally increase the radius of the
lanet by 2000 km up to R p = 9390 km . We include a planet with
 p = 6371 km , which is the Earth’s radius. The deposition rate of

olar wind protons on to each planet is calculated. Combining the
eposition rates with the escape rates yields the net mass flux of
ach simulation’s atmosphere. Lastly, we find that the ionospheric
utflow rate at which the atmosphere’s net mass flux is equal to zero
s proportional to R 

2 
p . 

 M E T H O D S  

.1 RHYBRID 

HYBRID is a particle-in-cell code that utilizes ion macroparticles and
reats electrons as a charge-neutralizing fluid (Jarvinen et al. 2018 ).
ons are macroscopic particle clouds (macroparticles) propagated via
he Lorentz force 

 i 

d v i 
d t 

= q i ( E + v i × B ) , (1) 

here i is the ion in question, m is the mass, q is the electric
harge, and v is the velocity. The magnetic field ( B) is propagated
ia Faraday’s law 

∂ B 

∂ t 
= −∇ × E , (2) 

hich leads to self-consistent generation of an induced planetary
agnetosphere. Magnetic and electric fields are stored on a Yee-type

attice (Yee 1966 ). The domain is a rectangular cuboid with side
ength 16 R p and computed in 3D Cartesian space with cube-sized
rid cells of length d x. 
The planet is centred at x = 0, y = 0, and z = 0, but the domain is

 = [ −12 , 4] R p , y = [ −8 , 8] R p , and z = [ −8 , 8] R p . The x -axis is
nti-aligned with the undisturbed stellar wind velocity, the y -axis is
he direction of the undisturbed solar wind’s convection electric field,
nd the z -axis completes the cross-product of x and y . Throughout
his study, + E sw and −E sw refer to the convection electric field with
espect to the undisturbed solar wind, and are synonymous with
 ̂  y and − ˆ y , respectively. The solar wind is injected from the + x 

all of the domain with an initial velocity , temperature, density , and
he interplanetary magnetic field (IMF). Every macroparticle that is
njected into the simulation is given a particle ID, which enables
NRAS 533, 3999–4006 (2024) 
eamless differentiation between solar and planetary particles. The
lanetary obstacle to the magnetized solar wind flow is modelled as
 superconducting sphere, and ions outflowing from the ionosphere
re emitted from the planet at a specified emission radius. 

The upward flux of planetary ions is prescribed by a global
mission rate ( E m 

), also known as the outflow rate, and planetary
ons are produced around the dayside of the planet as a function of
he cosine of the solar zenith angle. On the nightside of the planet,
mission is constant at 10 per cent of the dayside emission. The
utflowing population is different from the escaping population,
s most outflowing ions end up recirculating back to the planet.
ons that do not recirculate back to the planet and that exit the
imulation domain can be safely considered to have escaped. This
scaping population is used to quantify the escape rate Q m 

of each
pecies m in ions per second, while the outflow rate at an altitude
f 300 km is prescribed. The code is open source and can be found
t github.com/ fmihpc/ rhybrid . Additional examples of RHYBRID and
ts algorithm can be found in the following references: Jarvinen
t al. ( 2010 , 2018 , 2020 ), Jarvinen, Kallio & Pulkkinen ( 2022 ), and
allio & Janhunen ( 2003 ). 

.2 Simulation parameters 

e run five simulations with differently sized
lanets ranging from Mars to super-Earth ( R p =
3390 km , 5390 km , 6371 km , 7390 km , 9390 km ]). Ho we ver,
t is impractical to vary the radius without also changing other
imulation parameters (e.g. planet mass, ion emission height,
imulation domain, and the ratio of grid resolution to planetary
adius). The following describes every variable that is adjusted to
ccommodate a change in radius. 

The domain is constant in units of planetary radii (16 R p ×
6 R p × 16 R p ). The grid resolution is set so that across simula-
ions the cell size is a constant fraction (6 . 45 per cent ) of the
lanetary radius by setting d x = 16 R P / 248. The time-step is set
o d t = d x/ (16 000 km s −1 ) so that the maximum velocity allowed
y the Courant–Friedrichs–Lewy condition (Lewey, Friedrichs &
ourant 1928 ) is well abo v e the speeds reached in the simulation
 v max = 16 000 km s −1 ). v max is set such that it is greater than all wave
peeds in the simulation (e.g. whistler waves and Alfv ́en waves).
his large upper limit enables future studies to introduce an intrinsic
lanetary magnetic field without changing the time-step for a one-
o-one comparison with the unmagnetized case. The resistivity of
he grid, which allows the diffusion of the magnetic field abo v e
 p + 200 km , is ηa = ηc μ0 d x 2 / d t , where μ0 is the vacuum magnetic
ermeability and ηc = U sw d t/ ( R m 

d x). U sw is the solar wind bulk
elocity and the magnetic Reynold’s number is set to 0.25. The only
iffusion implemented in the RHYBRID model is the resistive electric
eld term ( ηa J ) in Faraday’s law (see Jarvinen et al. 2018 ). 
Each planet is given the density of Earth ( ρE = 5515 kg m 

−3 ),
nd the planet’s mass is computed as M p = ρE (4 / 3) πR 

3 
p . The radius

here the electron velocity is forced to v e = 0 and where ions are
lso remo v ed from the simulation is R p + 100 km . The radius of the
uperconducting sphere is set to R p + 200 km , and planetary ions
re emitted from R p + 300 km . 

Measured escape rates are a lower bound for ion outflow rates;
hus, a reference set of ion emission rates is defined for the Earth-
ized planet based on what is analytically computed to be escaping
oday, E ref = [8 × 10 25 H 

+ s −1 , 2 × 10 25 O 

+ s −1 ] (Gunell et al.
018 ). These reference rates are then scaled for each planet so that
 p = E ref ( R p /R E ) 2 , ensuring that the ion emission per unit surface

rea remains constant. 

https://github.com/fmihpc/rhybrid
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The solar wind is initialized with v = −400 km s −1 ˆ x , magnetic 
eld B = −5 nT ˆ z , proton density n = 5 cm 

−3 , temperature T =
00 000 K, and 50 macroparticles per cell (mpc). Planetary O 

+ and 
 

+ ions are injected upwards with velocity vectors normal to the 
lanetary surface, average temperatures of 1200 K, and have 10 and 
 mpc, respectively. As we vary the planet’s radius, the magnitude 
f the convection electric field remains roughly constant across the 
imulations. 

Our previous study computed the net mass flux curve for an Earth-
ized planet as a function of the ion outflow rate (Hinton, Brain &
chnepf 2024 ). In order to compare to these results, we vary the

on outflow rate for the Mars-sized planet and compute its net mass
ux curve as well. We run five additional simulations for the Mars-
ized planet ( E m 

= [0 . 1 E 3390 , 0 . 5 E 3390 , 2 E 3390 , 5 E 3390 , 10 E 3390 ]),
arying its ion outflow rate in the same way as Hinton et al. ( 2024 )
aried demagnetized Earth’s ion outflow rates. 

.3 Rate extraction 

he escape rate is calculated by subtracting the impact rate to the
nner boundary from the injection rate for each planetary ion species. 
his assumes that planetary ions that do not return to the planet go
n to escape the simulation domain. The solar deposition rate is the
mpact rate of solar hydrogen on to the inner boundary. Planetary 
articles are considered recirculated, and solar particles deposited, 
hen they reach the inner boundary of R p + 100 km . This altitude
as selected because it is deep within the collisional atmosphere 
f each planet. Long before an ion reaches this altitude, it should
ave interacted with the planet’s collisional atmosphere and either 
hermalized or back-scattered (Jolitz et al. 2017 ). Thus, the deposition 
ates reported in this study can be used as a direct input for models
hat include collisions and physical chemistry. 

Each simulation is run on the University of Colorado’s Alpine 
upercomputer. After initialization, the escape and deposition time 
eries data eventually reach steady-state equilibrium, with some 
scillatory behaviour still present. To capture this, we fit the last
0 per cent of each time series with a normal distribution and report
he mean and standard deviation as our result (e.g. Figs 2 and 3 and
able 1 ). 

 RESULTS  

n Section 3.1 , we discuss the morphological changes in the heavy
on plume as R p is increased. In Section 3.2 , we discuss the escape
nd recirculation of H 

+ and O 

+ as R p is varied. We also analyse 
he rele v ance of escape velocity to these rates. In Section 3.3 , we
nalyse the solar wind deposition. In Section 3.4 , we conduct the net
ass flux analysis. Finally, in Section 3.5 , we propose an end-to-end

ypothesis to explain why heavy ions escape in a plume in the + E sw 

emisphere, whereas light ions escape in a spatially confined flow 

ut of the −E sw hemisphere. 

.1 Heavy ion plume as radius is varied 

pacecraft observations (Dong et al. 2015 ) and hybrid modelling 
Jarvinen et al. 2010 , 2018 ) are conclusive in that singly ionized
xygen atoms escape Mars in the form of a large plume in the
 E sw hemisphere. Our results (shown in bottom row of Fig. 1 ) also

ndicate that O 

+ escapes the induced magnetospheres of differently 
ized terrestrial planets via a similar plume. 

For each planet, most of the planetary ions are produced at the
ub-solar point. Along the ecliptic plane, the induced magnetic field 
oints in the direction of the IMF ( ̂  B ind = −ˆ z ). When an oxygen
on is injected from the sub-solar point, its velocity vector points
way from the planet ( ̂  v ≈ + ̂  x ). It immediately accelerates under
he magnetic force ( F M 

= q v × B ) and gyrates in the + ̂  y direction,
hich is towards the + E sw hemisphere. 
The ion is also accelerated by the convection electric field 

 F E = q E ), thereby further increasing its gyroradius ( r g ) along its
rajectory. An oxygen ion moving at the bulk velocity of the solar
ind of 400 km s −1 has a gyroradius of 11 400 km , or 3 . 5 R Mars .
his gyroradius determines the spatial extent of the ion plume in
 ̂  y direction (2 r g beyond the radius of the planet). The convection

lectric field and induced magnetic field are perpendicular, causing 
he plasma to drift with velocity 

 d = 

E × B 

B 

2 
. (3) 

The ion undergoes E × B drift as it escapes down the magnetotail 
Jarvinen et al. 2010 ; Jarvinen & Kallio 2014 ). This illustrates how,
or a Mars-sized planet, the ion plume can easily e xtend be yond the
lanet. 
Ho we ver, the gyroradius of the planetary ions does not change

ignificantly as the radius is increased. As the R p is increased, the
lanetary radius to gyroradius ratio is also increased, decreasing the 
elative size of the plume with respect to the planet. This effect is
hown in Fig. 1 across the bottom row, which is a visualization of the
HYBRID simulation in the xy plane (the Mars-sized planet shown 

n red). A large portion of the plume that escapes from the Mars-
ized planet is physically intercepted as the planet gets larger. As a
esult, the escape fraction of O 

+ decreases as the radius of the planet
ncreases, as shown in Fig. 2 . 

.2 Planetary ion escape and r ecir culation 

s R p is increased, the absolute number of planetary ions emitted is
lso increased such that the emission per unit surface area is constant.
omputed escape and deposition rates with 1 σ uncertainties, as well 
s fractional rates, are reported in Table 1 . Most injected ions do
ot escape, and instead return to the planet, i.e. recirculation. We
efine the recirculation fraction to be R m 

= 1 − Q m 

/E m 

, which is
he fraction of emitted particles of species m that end up recirculating
ack to the ionosphere. The absolute recirculation rates in units of
articles per second can be found by multiplying R m 

∗ E m 

. Escape
ractions for planetary ions are also plotted in Fig. 2 . 

It is shown that a consistent fraction of produced H 

+ escapes 
rom the planet (15 . 5 ± 1 . 0 per cent ) as the radius is varied. This
akes sense given that the morphology of the H 

+ ion flow changes
omparatively little as the radius of the planet is nearly tripled (see
op row of Fig. 1 ). In order to sustain a constant escape fraction, the
bsolute escape rate of H 

+ increases with each increase in R p . 
Unlike H 

+ , the absolute escape rate of O 

+ is fairly constant for
ach simulation (see Table 1 ). Therefore, the fraction of produced O 

+ 

hat escapes must decrease with increasing R p because emission rates 
re increasing. Mechanistically, this is in part because a larger planet
resents a more significant obstacle to the heavy ion plume causing
ecirculation to increase as R p increases. Ho we ver, we propose an
dditional mechanism in Section 3.5 that can increase recirculation, 
hich is the creation of radially inward pointing electric field vectors
ear the sub-solar point as R p is increased. The slope and y intercept
or the linear best-fitting function to O 

+ fractional escape are m =
3 . 5 × 10 −5 km 

−1 and y = 0 . 39. 
The consistency of the H 

+ escape fraction shows that v esc is not
 controlling parameter in non-thermal escape. We assume constant 
MNRAS 533, 3999–4006 (2024) 
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M

Figure 1. The five columns show simulations in the xy plane for the five different planetary radii simulated. The top row shows the flux of H 

+ and the bottom 

ro w sho ws the flux of O 

+ . Ax es are in units of planetary radius, and the conv ection electric field in the undisturbed solar wind points in the + y direction. The 
colours of each planet correspond to marker colours used in Fig. 4 . The H 

+ escape morphology has only minor changes in units of planetary radius, whereas 
the O 

+ plume becomes smaller as R p is increased. 

Figure 2. The escape fractions of H 

+ and O 

+ are shown by orange and 
blue circles, respectively, and the solar deposition fraction is shown by green 
circles. Error bars represent 1 σ standard deviations on equilibrated time 
series data. The solid orange line and the dashed orange line are the mean 
and standard deviation of the computed H 

+ escape fractions. The solid blue 
and green lines are linear best fits to computed O 

+ escape fractions and the 
solar deposition fractions, respectively. 
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Table 1. Number of escaping planetary hydrogen ( Q H + ) and oxygen 
( Q O + ) ions, deposition of solar hydrogen ( D H + ), net proton flux ( �N = 

D H + − 16 Q O + − Q H + ), the percentage of produced hydrogen and oxygen 
that escape ( Q m /E m ), and the percentage of solar wind from a planet-sized 
cross-section that deposits into the atmosphere ( D H + /N max ). 

R p Q H + Q O + D H + �N 

( km ) ( ×10 25 s −1 ) ( ×10 25 s −1 ) ( ×10 25 s −1 ) ( ×10 25 protons s −1 ) 

3390 0 . 38 ± 0 . 03 0 . 15 ± 0 . 01 2 . 5 ± 0 . 1 −0 . 3 ± 0 . 2 
5390 0 . 91 ± 0 . 07 0 . 31 ± 0 . 01 5 . 7 ± 0 . 3 −0 . 2 ± 0 . 4 
6371 1 . 2 ± 0 . 1 0 . 29 ± 0 . 02 6 . 7 ± 0 . 4 0 . 9 ± 0 . 5 
7390 1 . 5 ± 0 . 1 0 . 32 ± 0 . 02 6 . 3 ± 0 . 5 −0 . 4 ± 0 . 6 
9390 2 . 7 ± 0 . 2 0 . 29 ± 0 . 04 8 . 3 ± 0 . 7 0 . 8 ± 1 . 0 

R p Q H + /E H + Q O + /E O + D H + /N max 

( km ) (per cent) (per cent) (per cent) 

3390 17 ± 1 27 ± 1 35 ± 2 
5390 16 ± 1 22 ± 1 31 ± 2 
6371 15 ± 1 15 ± 1 26 ± 2 
7390 14 ± 1 12 ± 1 18 ± 1 
9390 16 ± 1 7 ± 1 15 ± 1 
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lanetary density, which yields v esc ∝ R p . Thus, the escape velocity
hanges by a factor of 2.8 from R p = 3390 km to R p = 9390 km ;
et, the H 

+ escape fractions of the two planets are statistically
ndistinguishable. 

A short calculation elucidates this result: each planet’s induced
agnetic field has a magnitude of 10 nT near the bow shock, and
NRAS 533, 3999–4006 (2024) 
ncreases in magnitude towards the planet. Therefore, consider 10 nT
o be the lower limit of the induced magnetic field intensity at 300 km
here planetary ions are injected into the induced magnetosphere. In

his scenario, the force of gravity and the magnetic force are balanced
 | F M 

| ≈ | F g | ) when a proton has speeds of 0 . 005 and 0 . 015 km s −1 

or R p = 3390 km and R p = 9390 km , respectively. 
These speeds are much lower than the typical thermal velocity

t that altitude (Bilitza 2001 ): protons injected at 1200 K have
 thermal velocity v th = ( k b T /m ) 1 / 2 of ∼3 km s −1 . This yields
 F M 

| / | F g | of 650 and 211, respectively. As the ions are accelerated
y the convection electric field, the ratio | F M 

| / | F g | quickly becomes
10 3 . In the context of the changing O 

+ escape fraction, these
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Figure 3. The green triangles are computed solar deposition rates ( D). The 
black triangles are the computed total proton escape rates ( Q ). For each of 
the five simulations, the 1 σ error bars of escape and deposition overlap. 

Figure 4. The y -axis is the change in proton number of the upper atmosphere 
of the planet ( �N = D sw − [ Q H + + 16 Q O + ]). The x -axis is the total ion 
outflow rate ( E H + + E O + ). The five main simulations of this study are the 
circled coloured triangles that intersect with the �N = 0 line. The dashed 
grey line with grey triangles is demagnetized Earth’s net mass flux line (blue), 
with x values shifted by R Mars /R Earth for comparison. 
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esults indicate that non-thermal escape is primarily controlled by 
he Lorentz force and the system geometry (e.g. morphology of the 
nduced magnetosphere). 

.3 Solar wind deposition 

he absolute deposition rate of solar hydrogen increases from 

 . 5 × 10 25 to 8 . 3 × 10 25 s −1 for R p = 3390 km and R p = 9390 km ,
especti vely. Ho we ver, the fractional deposition rate decreases from
5 per cent to 15 per cent, respectively. The fractional deposition rate
s computed as the absolute rate D divided by N max , which is the
umber of undisturbed solar wind ions that travel through a planet- 
ized cross-section per second, 

 max = n sw v sw ( πR 

2 
p ) , (4) 

here n sw is the density of the wind (5 cm 

−3 ) and v sw is the speed of
he solar wind (400 km s −1 ). The fractional deposition rate can also 
e thought of as the planet’s solar proton albedo. Some fraction of
ncoming protons are redirected around the planet, while the rest are 
f fecti vely absorbed by the planet. 

The decrease in proton albedo can be explained by solar ions
xperiencing deflection at greater distances from the planet. In each 
imulation, the bow shock of the induced magnetic field forms at 
 bs = (1 . 55 ± 0 . 05) R p . Thus, as R p increases, so do both the bow
hock altitude and the bow shock’s ability to slow and redirect solar
ind ions. The result is a decrease in the fractional deposition rate,
hich also causes the absolute deposition to deviate significantly 

rom a quadratic R 

2 
p dependence. The slope and y intercept for the

inear best-fitting function to the solar proton albedo are m = −3 . 6 ×
0 −5 km 

−1 and y = 0 . 48. These approximations are only valid for
he domain and assumptions used in this study. 

.4 Net mass flux analysis 

n order to compare the escaping mass with the mass that is being
eposited, the escaping ions are quantified in terms of their total 
roton count ( Q proton = Q H + + 16 Q O + ). This enables a one-to-one
omparison as the deposited mass is simply solar wind protons that 
mpact the planet’s collisional atmosphere. We find that for each 
adius tested in this study, the 1 σ error bars of escaping and depositing
ass o v erlap each other, as shown in Fig. 3 . This suggests that the

scaping mass is roughly equal to the deposited mass for the outflow
ates simulated. 

This happens to be a coincidence regarding the set of ion outflow
ates simulated. Hinton et al. ( 2024 ) found that for unmagnetized
lanets in constant solar wind conditions, there exists a critical ion 
mission rate E crit at which the depositing mass perfectly cancels 
ut the escaping mass. The Earth reference set happens to be very
lose to this critical value ( E ref ≈ E crit ). In this study, we scale this
eference set for each of the planetary radii tested and find that the
scape appears to nearly equal the deposition for each primary run. 
hat we have found is that 

 crit ∝ R 

2 
p . (5) 

This relationship is illustrated in Fig. 4 , which shows that the
N of the five primary runs of this study falls on or very near the

orizontal black line. This line represents a net atmospheric mass 
ux of zero. We also plot the Hinton et al. ( 2024 ) result (blue line) to
how the net mass flux of demagnetized Earth ( R p = 6371 km ) as a
unction of the total ion outflow rate. The upper limit on the net mass
ux profile, set by the cross-sectional area of the intercepting planet, 
ill certainly be lower for smaller planets. To investigate whether 

he rest of the net mass flux curve might have a clear dependence
n R 

2 
p , we vary the ion outflow rates of the Mars-sized planet and

ompute its net mass flux curve (depicted in Fig. 4 by the red
ine). 

We then scale demagnetized Earth’s net mass flux profile down 
o the Mars-sized planet’s by multiplying each �N value by 
 3390 / 6371 ) 2 . This is shown by the grey dashed line in Fig. 4 . We
nd that only the critical emission rate is well matched, and the rest
MNRAS 533, 3999–4006 (2024) 
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Figure 5. The undisturbed solar wind is shown on the right. On the left, 
the solar wind flow is slowed at the bow shock and deflected to either 
side of the planet due to pressure gradients (Russell 2000 ). As it enters 
the induced magnetosphere, it begins gyromotion, causing the convection 
electric field to point towards the planet. This creates E × B vectors pointing 
in the undisturbed − ˆ E sw direction. H 

+ can gyrate within this region and drift 
to −E sw , while O 

+ typically gyrates out of this region towards the + E sw 

hemisphere. 
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f the net mass flux curve quickly deviates from what is computed
or R 3390 . Likewise, the net mass flux curve for demagnetized Earth
annot simply be shifted in the −x direction to match the Mars-sized
lanet’s net mass flux curve. 

.5 Solar wind kinetics leading to differential ion escape 
rajectories 

n Section 3.1 , we described the formation of the heavy ion plume,
hich primarily escapes out of the + E sw hemisphere. Jarvinen et al.

 2010 ) find that light ions behave as a magnetized fluid and follow
ines in the E × B vector field. They note that E × B streamlines
oncentrate in the H 

+ w ak e in the −E sw hemisphere, and that this is
ue to asymmetric deflections of the solar wind (Saunders & Russell
986 ; Brecht 1990 ; Zhang et al. 2010 ). We agree with this analysis
nd expand on it in light of the present findings. 

There is a subtle morphological trend in the escape flows of this
tudy that can be observed in Fig. 1 . For R p = 3390 km , the vast
ajority of escaping O 

+ exits over the + E sw pole. Ho we ver, for
 p = 9390 km , an appreciable amount of the O 

+ flux passes o v er
he −E sw pole. As the radius is increased, the flow of planetary ions
eginning at the sub-solar point and passing over the + E sw pole
enerally decreases, while the flow o v er the −E sw pole increases.
his effect is also observed in planetary H 

+ ions. 
We hypothesize that this effect is due to gyromotion of the solar

ind. As the solar wind encounters the increased magnetic field
ntensity environment of the induced magnetosphere, it will begin
o bulk gyrate towards the ˆ −E sw hemisphere. As R p increases, the
ltitude of the bow shock also increases. This entails that solar protons
ill spend a greater amount of time in the induced magnetosphere on

he dayside of the planet, which increases the asymmetric deflection
ue to gyromotion. 
As the solar wind turns towards ˆ −E sw (defined with respect to

he undisturbed wind), the local convection electric field structure in
he sub-solar re gion be gins to point radially inwards to reflect this
hange in trajectory. As a result, the local E × B vectors point in the
irection of the travelling solar wind, which remains generally true
cross the simulation domain. 

Ions with a small gyroradius (i.e. H 

+ ) may gyrate within the
egion and follow E × B drift vectors towards the ˆ −E sw hemisphere,
hereas ions with a larger gyroradius (i.e. O 

+ ) exit this localized
egion and separate from the planet where the drift vectors instead
oint along the magnetosheath. As the scale size ( r c ) of the region
f inward pointing E field gets larger, its ability to contain particle
yromotion increases. The important quantity is the ratio between
he size of the region and the gyroradius of outflowing ions ( r c /r g ,i ).
his hypothesis, which can explain the different light and heavy ion

rajectories, is illustrated in Fig. 5 . 
The area of inward pointing electric field vectors in the sub-solar

egion first becomes noticeable at R p = 5390 km and then grows
arger as R p is increased. Fig. A1 shows this region for each of the
ve planetary radii tested. This corresponds to what is seen in Fig.
 , where the flux of planetary H 

+ o v er the + E sw and −E sw poles
s comparable for R p = 3390 km and then gradually shifts to the
E sw pole as the planetary radius is increased. The size of the region
ith inward pointing electric field vectors appears to be ∝R p . This

uggests that as R p is increased, more ions would gyrate within this
egion and drift out of the −E sw hemisphere, as is observed in both
 

+ and O 

+ in Fig. 1 . This effect likely contributes to the increased
ecirculation of O 

+ as R p is increased. 
NRAS 533, 3999–4006 (2024) 
 DI SCUSSI ON  

hese findings suggest that, all else being equal, smaller planets will
ave a more difficult time retaining heavy ions than larger planets.
his may be important for guiding future exoplanet studies (L ́eger
t al. 2011 ), as Earth- and super-Earth-sized planets are more capable
f maintaining their heavy ion supplies. Ho we ver, smaller planets
lso interact more closely with the solar wind, which allows a greater
raction of the solar wind to penetrate inwards and precipitate. 

For Mars-sized planets, these two effects work to increase their
nventories of light ions and decrease their inventories of heavy ions.
hus, as the planetary radius is increased, the heavy ion to light

on ratio may also increase. This suggests that planets of different
izes may be predisposed to different redox rates (Schaefer & Fe gle y
017 ), which can effect the evolution of life (Koyama et al. 2021 ).
t is important to note that the physics of depositing particles
as been simplified in this study and does not include charge
xchange (Halekas et al. 2015 ), which can lead to penetrating neutral
toms (Barabash et al. 1995 ; Kallio, Luhmann & Barabash 1997 ;
olmstr ̈om, Barabash & Kallio 2002 ). Depositing particles can either

hermalize or back-scatter (Jolitz et al. 2017 ). During thermalization,
t is possible to produce proton aurora (Chaffin et al. 2022 ), which
an also be used as validation for hybrid model results (Kallio &
anhunen 2001 ). 

Chin et al. ( 2024 ) recently conducted a similar study that used
ATSRUS (Powell et al. 1999 ), a non-kinetic magnetohydrodynamic
odel, under Venusian atmospheric assumptions (Moroz 1981 ), to

uantify escape as a function of R p . The study only considered
ea vy ion escape, b ut co v ered a larger range of radii ( R p = 3026−
3 617 km ). They find that the absolute escape of O 

+ generally
ecreases with planetary radius, whereas we find that the absolute
scape of oxygen remains fairly stable as radius is increased. 

Ho we ver, their atmospheric assumptions do not lead to a constant
onospheric outflow per unit surface area as the planetary radius is
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aried; thus, these two results are not directly comparable in this way.
oreo v er, e xospheric ion production was neglected in this study and

ts role, especially at smaller planets, should be analysed in future 
tudies. None the less, applying our results to Chin et al. ( 2024 )
uggests that the trend the y observ e of generally decreasing heavy
on escape with increasing R p would be even more exaggerated if
hey included ion kinetics due to increased recirculation. 

 C O N C L U S I O N S  

he main conclusions of this study are as follows: 

(i) Regarding the ionospheric outflow of H 

+ , we find that the 
raction that escapes as the planetary radius is varied remains roughly 
onstant at 15 . 5 ± 1 . 0 per cent , with most of the ionospheric outflow
ecirculating back towards the planet. 

(ii) As the radius of the planet is increased, more of the heavy ion
lume is intercepted by the planet, causing the escape fraction of O 

+ 

o decrease. 
(iii) Non-thermal escape is primarily controlled by the Lorentz 

orce and the system geometry, not by the kinetic energy of produced
ons. 

(iv) The solar deposition fraction decreases as R p is increased due 
o increase in the bow shock distance. 

(v) The ion emission rate at which escaping and deposited masses 
re in equilibrium ( E crit ) is proportional to R 

2 
p . This means that

arger planets require greater emission rates in order to have net 
ass escape. 

We observe that as R p increases, both ion escape flows are 
mplified in the −E sw hemisphere. We provide a hypothesis to 
xplain this, which is that the solar wind’s kinetic response to the
nduced planetary magnetic field is responsible for the differential 
scape trajectories and has a positive dependence on R p . Testing this
ypothesis is the immediate focus of our future work. 

Lastly, this study shows how the morphology of escaping ion 
lumes changes as the planetary radius is changed. To zeroth order, 
he H 

+ escape morphology, i.e. the spatial dimensions of the plume, 
emains constant in units of planetary radii, whereas the relative size 
f the O 

+ plume decreases. This study suggests that differences in the 
eavy ion plume are attributable to the ratio between the gyroradius 
nd the planetary radius. These findings, combined with the escape 
ate as a function of planetary radius, help contribute to a general
nderstanding of ion escape and can be applied to differently sized 
xoplanets. 
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PPENDI X  A :  ELECTRI C  FIELD  V E C TO R S  
ctric field strength increases from dark to light. The planetary radius in units 
ub-solar point roughly shows where E × B vectors point towards the −E sw 
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