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Supplementary Discussion

Analytic scaling relations governing atmospheric mass loss flux
in the MHD regime

We compare the density dependence of empirical scaling relations for atmospheric mass-loss flux, obtained
from different MHD simulations, with a simple fluid-flow model for both magnetized and unmagnetized cases,

which offers some valuable insights into the complex plasma interaction model discussed earlier in this paper.

Escaping mass flux from unmagnetized Earth

Consider a SW flow with velocity v,,, and density and pressure given by p,, and p,,, respectively. This flow is
incident on Earth’s atmosphere, which is also modeled as a fluid. Let the atmospheric outflow velocity, mass
density, and pressure be given by v,,, p.., and p,,, respectively, in the quasi-steady state. Since the momentum
(and energy) of the fluid interaction must be conserved, we can readily relate the flow parameters on the dayside
as follows:

) PV

p(s) + pC Do (1)

The thermal and magnetic pressures exerted by the SW are assumed to be negligible compared to the SW ram
pressure, as they are typically one to two orders of magnitude smaller. At the stagnation point, there is an exact
balance between the SW ram pressure and the atmospheric thermal pressure, and the flow squeezes out from
that point. Thus, the outflow speed is a manifestation of the thermal pressure. This results in the relation

2 2
psw vgw _ p,w VAO

2 2

2)

1
Defining the outflow gas pressure in terms of the sound speed c,, = [yw Dol pm] > on the dayside, we obtain

the expression for the escaping flux
Day. yAO pAo v,w
f;(, UM) = p,m vno = 2 (3)

AO

The atmospheric mass flux escaping from the nightside at the lunar location in the unmagnetized case is given

f, uM = §UM V pAO pSW VSQ‘;‘V (4)

The dimensionless constant ¢,,,, determined from MHD simulations, represents the decrease in planetary flux

by

from near the plasmapause to the Moon and any difference in mass loading fraction between the dayside and

nightside. For unmagnetized Earth, the SW impinges on and ablates the top of the atmosphere. Thus, the above

Evidence of Earth wind implantation on Moon during geodynamo history Page 2 of 17



expression for mass flux can be rewritten as a function of the atmospheric surface density:

1
2 _ Zpep 2
Frovow = Lo | Pouw P Vi, € HUM] (5)

This implies that the flux is proportional to the square root of product of the base density and SW density

(Figure SDS).

Escaping mass flux from magnetized Earth

For the present Earth with an intrinsic dipolar field, the total pressure in magnetized plasma is given as the sum
of the kinetic pressure, the thermal pressure, and the magnetic pressure. Since the SW is dominated by the
dynamic pressure, and the flow-frame pressure away from the current sheet in the magnetotail is dominated by
the magnetic rather than the thermal pressure, the momentum conservation (Equation 1) in the dayside region

is modified to

ps‘w vszw _ p,m V%O + pAO vAzlr,Aa (6)
22 2
1
Herev,, ,, = [Bfr / Mo pm] % is the Alfvén velocity of the outflow. The nightside, where a significant amount

of planetary material escapes, exhibits a low magnetic field strength. The escaping mass flux from magnetized

Earth simplifies to

D=

_r/gp - Rg
Poy € Hu

]
Tgp

Thus, the mass flux again varies as the square root of product of the base density and SW density (Figure SDS5).

Frw =1Ly P V2 (7)

Our semi-analytic scaling relations for the EW mass flux to the Moon depend only on the SW ram pressure,
the terrestrial atmospheric surface density, the scale height, and a numerically determined geometric constant
for both magnetized and unmagnetized Earth cases with different lunar orbits, corresponding to the contem-
porary and primordial Earth-Moon systems. The SW flux at the lunar location, on the other hand, exhibits an
almost linear scaling with its ram pressure. These scaling relations are useful for estimating the SW and EW

mass fluxes without having to extend the range of simulations.

Limitations of the model
Planetary Rotation

We do not include the effect of the planet’s rotation in our simulations. Given the Earth’s relatively low angular

velocity, we find that the axial components of both the centrifugal and Coriolis forces are typically negligible
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compared to the magnetic force in the interaction region (l 2Q%xV | [p, |QxQXF| [p< %) Hence, we

do not benefit much from using a frame of reference co-rotating with the planet.

Cartesian Grid and Diffusion

AstroBEAR currently lacks the capability to conduct simulations in spherical coordinates, resulting in minor,
stair-step-like artifacts within our planetary grid models. These artifacts tend to diminish as the resolution or
mesh refinement level is increased, but the incremental gain in computational precision does not justify the
additional time and resources required.

For simulations involving the present-day geomagnetic field, we observed that certain cells at reconnection
sites became over-saturated with magnetic field values, leading to a reduction in the global time step size and
eventual simulation slowdown. To address this issue, we implemented controlled numerical diffusivity within
the simulation box, which facilitated faster attainment of steady-state convergence and effectively mitigated the

problem.

Evidence for a very early geomagnetic field

Earth’s oldest extant rocks have been affected by ubiquitous metamorphism and are therefore not suitable for
analyses to determine past geomagnetic field strengths'. However, detrital minerals now found in younger,
weakly metamorphosed sedimentary rocks may contain primary magnetic inclusions that preserve this history.
The oldest evidence for the geomagnetic field comes from detrital zircons from the Jack Hills of Western Aus-
tralia’. Since this report, efforts have been made to disprove these results (e.g., Tang et al.’), but subsequent
systematic geochemical, radiometric, and electron microscopy studies have demonstrated the presence of pri-
mary magnetite, replicated paleointensity-age histories, and other associated paleomagnetic tests that support

the original evidence*°.
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Supplementary Data

a) Neutral X-point Magnetopause
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Supplementary Data Figure SD1: Description continued on the following page.
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Supplementary Data Figure SD1: Effect of the geodynamo on terrestrial atmospheric ion escape. 7op
[panel (a)]: Schematic representation (not to scale) of the solar wind magnetic field and the intrinsic dipolar
field in the magnetosphere, along with the escaping plasma outflow from the present-day upper terrestrial
ionosphere [modified after Lockwood et al.’]. The bluish-gray color depicts the region where atmospheric
ions are commonly observed, and the Prussian blue lines highlight their escape pathways. Magnetic fields are
represented by the black lines, while the Moon’s orbit is indicated by the dashed gray line. Bottom [panel (b)]:
Ilustration (not to scale) of atmospheric ion escape in an induced magnetosphere during a hypothetical phase
when Earth lacked a core dynamo. The atmosphere acts as a conductive barrier to the supersonic and super-
Alfvénic SW, deflecting it around due to the magnetic pressure generated by induced currents, resulting in the
formation of a plasmapause boundary on the dayside and a magnetotail on the nightside. Black lines represent
SW magnetic fields, while the geraldine lines show the field induced by the interaction of the wind with the
planetary atmosphere.
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Supplementary Data Figure SD2: Orbital variations of species-total number fluxes impinging on the lunar
surface in the unmagnetized Earth case. Angular distributions of (a) planetary atmosphere flux, (b) solar
wind flux, (c) total flux (aggregate flux of the terrestrial atmosphere and solar wind), and (d) fractional contri-
bution of the planetary wind to the total flux over a full lunation. At phase angles —m and 7 rad, the Moon is in
the dayside upstream solar wind along the sub-solar line of Earth. The double-horned solar wind and total flux
profiles result from shocked material located between the magnetosheath and the magnetotail lobe.
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Supplementary Data Figure SD3: Results from our 3D-MHD simulation model for the case in which the
planet lacks an intrinsic dynamo (Case — I). Panel (a): Total number density plot depicting the large-scale
structure of the wind-atmosphere interaction up to the lunar orbit in the quasi-steady state. Panel (b): Polar-cut
view of the topology of the planet’s induced magnetosphere under the influence of the primordial magnetized
solar wind. Quivers represent the induced magnetic field. Panel (c): 2D slice of the normalized solar wind
flux in the lunar orbital plane. The flux drops by ~ 3 orders of magnitude inside the magnetotail compared
to the shocked solar wind region between the bow shock and the plasmapause boundary, where it exhibits a
gradual gradient. Panel (d): Terrestrial atmospheric number flux in the magnetotail region. The quiver arrows
denote the plane-projected bulk velocity component, indicating the escaping pathways. The filled white circle
represents the planet’s core, which is not included in the passive advective tracers.
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Supplementary Data Figure SD4: Description continued on the following page.
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Supplementary Data Figure SD4: Mixing diagrams for Archean Earth without an intrinsic dipole field. 7op
panel (a) [6 N — ¢ D mixing diagram]: A mixing curve between the solar wind component (orange square)
and the Earth wind component (navy square) in the unmagnetized case (Case — I), representing the Eoarchean
eon, is constructed with the estimated parameters. The elemental ratios of the end members are inferred from
fluxes given in Tables SD2 and SD4. The mixing hyperbolae are for different probable hydrodynamic escape
boundary heights for a non-magnetic Earth. The solid line indicates the profile for the primitive Earth’s PHE
at ~ 221 km. Observational data for lunar ilmenite samples from Apollo-17 breccias are plotted with squares
and circles, respectively, along with their corresponding error bars. For solar wind isotope ratios, we used
N/N =2.32x 1072 and D/H = 1.01 x 107>. We used the Archean epoch terrestrial atmospheric isotope
ratios, PN/"N = 3.68 x 1073 and D/H = 1.56 x 107, for the Earth wind composition®. Middle panel (b)
[6 *He — 6 ?°Ne mixing diagram]: Mixing curves were generated for different hydrodynamic escape boundary
altitudes with respective solar and planetary abundances estimated from Tables SD2 and SD4. Data for ilmenite
grains (solid markers) and regolith breccias (open markers) were obtained from lunar samples returned to Earth.
For the solar wind composition (orange square), we used *He/*He = 4.26 x 10™* and ?°Ne/?’Ne = 13.78.
For the Earth wind isotopic ratios (navy square), we used the commonly accepted value of 2°Ne/*’Ne = 9.8
and the primordial terrestrial ratio of He/*He = 1.57 x 10~* following Ozima et al.*~'". Bottom panel (c)
[6 °He — 6 “°Ar mixing diagram]: Six mixing curves are plotted with different elemental abundance ratios but
fixed isotopic ratios assumed for the end-members. We chose the generally accepted values of *He/*He =
4.26 x 107 and “°Ar/3°Ar = 3 x 107* for the solar wind ratio (orange square). For the ancient Earth wind
components (navy square), we used *He/*He = 1.57 x 107* and “°Ar/3*®Ar = 150.0 to construct the mixing
curves®. Colored dots in each subplot illustrate the corresponding increments in %SW.
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Supplementary Data Figure SD5: Correlation of the planetary flux scaling laws (¥, ,, & ¥, ,) with the
terrestrial atmosphere surface density (o.) and solar wind density (n,,) in (a) the absence and (b) the
presence of a geodynamo. Overlaid on the 2-D colormaps of the scaling relations are the planetary flux
values (represented by squares) computed from the 3-D MHD simulations (refer to Table 2). The abscissa
limits for the unmagnetized case are determined by maintaining the total atmospheric mass constant. The
simulation datapoints best follow the analytic expressions in Equations 5 and 7 when their color matches that
of the background.
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Supplementary Data Table SD1: Stellar wind and
planetary atmosphere parameters used in the
simulations for the unmagnetized cases.” The

ambient medium here refers to the region outside the
plasmapause boundary at the start of the simulation,
where we adopt the same values as those of the solar
wind. Across the different simulation cases, most
parameters remain constant, except for those directly
affecting atmospheric escape, which are varied in
order to study their effect.

Stellar Value used Notation Units
parameters
1
Wind density l}szbire t; DOy o
Wind
magnetic field 10.0 B., nT
k
Wind velocity lsrzielz t; Vi -
S
Planetary Value used Notation Unit
parameters
Atmosphere Refer to kg
surface density Table 2 Po, m3
Ambient Value used Notation Unit
parameters
1
Ambient density Sagl:neslistjw Ooams —
cm
Ambient
magnetic field 10.0 B, nT
k
Ambient velocity Sa\rzfoacsitiw Vo i
S

" The physical parameters of the star-planet system,
along with the values used to initialize the winds
during the period when the Earth lacked an intrin-
sic magnetic field, are outlined in this table. The
remaining parameters are set to the same values as
those presented in Table SD1.
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