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• XUV radiation (<912 Å) controls the evolution of the first atmospheres around Earth-like exoplanets.

High-activity 
stars

Low-activity
stars

SLOW-
ROTATING

(LOW-ACTIVITY)

1D HD simulations; 1M⊕ at 1 AU

FAST-ROTATING
(HIGH-ACTIVITY)

Johnstone et al. (2015)

• Stellar winds play also a fundamental role on 
atmospheric evolution, shaping the morphology 
of the remanent atmospheres (detection) and 
driving additional atmospheric losses (survival).
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Figure 7. Same as Fig. 6 but for models S1, S2, S3 and S4 corresonding to aslow-rotating star, represented respectively in columns from left to right.
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Figure 8. Number density distribution in the steady state for an atmosphere in the absence of stellar wind action (left), the hydrodynamic interaction (center),

and the MHD interaction (right) for the stellar wind-planet F3b case.

experiencesasignificant compression, resulting in adensity “bump"

that is dragged outwards by the stellar wind at very low velocities,

particularly in the flanks region, thereby causing an increase in at-

mospheric mass-loss.

To estimate the average atmospheric mass-loss, we integrated the

the mass flux across spheres centered on the planet of varying radii

within the region corresponding to the density bump, as:

§" =

º

dv · 3( (13)

where the integral is performed across spheres of varying radii. We

then compared the obtained values with the mass-loss rates values

inside the atmospheric unaltered region (see Table 3.1).

The atmospheric mass-loss rate is increased by 1% in model F1

(fast-rotating star andexpanded atmosphere). Themass-lossishigher

in models F2 and F3, increasing up to 4%. For model F3b, the mass

loss is lower, being increased by only 1 per cent.

In the low-rotation star regime, similar increases in mass-loss are

observed, witha4%increasefor modelsS1andS2, anda2%increase

for models S3 and S4.

The differences observed in the increased planet mass-loss from
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1) Study the contribution of stellar winds to the evolution of the primordial atmospheres in 
photoevaporation around terrestrial planets (50 – 500 Myr).

2) Evaluate influence of stellar winds from both fast- and slow-rotating stars.

3) Evaluate possible emission in UV tracers (T~104-105 K) from plasma interaction. Detection with future 
infrastructures (HWO).

AIMS OF THIS WORK

2/17



Stellar winds and exo-Earths 4

Stellar wind evolution: fast- and slow-rotating stars
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Modelization
PLUTO MHD ideal module

3D, Spherical coordinates
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Modelization: Photoevaporating atmospheres
1D HD models of the evolution of planetary 
atmospheres under the influence of XUV radiation

Case C in Johnstone et al. (2015, initial fatm = 0.01Mp)
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Modelization: Photoevaporating atmospheres

Stellar wind impact on exo-Earths atmospheres 7

Figure 1. Left panel: Velocity profiles of the planetary outflow in absence of the stellar wind, obtained in the steady state solution of our MHD simulations.

Planetsorbiting afast (slow) rotating star arerepresented by solid (dashed) lines. Thesolid dot represents the location of thesonic surfacefor each model. Right:

Density profiles of the planetary outflow for models F1 (fast rotating, dense atmosphere), F3b (fast rotating, faint atmosphere) and S1 (slow rotating, dense

atmosphere).

of the XUV-irradiated atmosphere. The undisturbed planetary wind

can be identified in Fig. 2 and Fig. 3 as the region where the plan-

etary wind flows radially from the base wind, represented in darker

green. Inall configurations, thisregion issurrounded by ahigher den-

sity region (lighter green), hereafter referred as a density “bump", a

byproduct of thecompression of theatmosphere due to theaction of

stellar winds.

Other remarkablefeatureinthisinteraction istheformationof dou-

ble sonic and alfvénic surfaces, beside the inner sonic surface of the

planet, described in thelast subsection. Thesesurfacesaredefinedas

thelocationswheretheflow velocity equalsthethesound and Alfvén

velocities (yellow and magenta solid lines respectively in Fig. 2 and

Fig. 3). The outer alfvénic surface constitutes the position where

the stellar wind is shocked, travelling from superfast-magnetosonic

(super-alfvénic) velocities to subalfvénic flow velocities, after enter-

ing into the computational domain from the left side of the grid. On

the other hand, the inner sonic boundary represent the region where

theplanetary wind isshocked, transitioning from super- to sub-sonic

velocities. Depending on the considered evolutionary state, these

double surfaces are at different positions from the planet as can be

observed in Fig. 2.

Moreover, as we considered the planetary atmosphere as a per-

fectly conducting fluid, modeling the interaction of the stellar winds

with the uppermost ionized part of the atmospheres, the interplane-

tary magnetic field carried with the stellar wind is abruptly stopped

when it encounters the conducting atmosphere. This leads to the ac-

cumulation of magnetic field lines above the atmospheric obstacle

(see Fig. 4 and Fig. 5), and the formation of an induced magne-

tosphere. An induced magnetosphere can be defined as the region

inside thestellar wind shock where themagnetic pressure dominates

the rest of pressure contributions (Luhmann et al. 2004; Barabash

et al. 2007; Kallio et al. 2008). This region is limited by two bound-

aries. The outer boundary, or the so called magnetopause, can be

defined as thesurfacewhere themagnetic pressure equals the (dom-

inant) dynamic pressure of the stellar wind. The second boundary,

known as the ionopause, marks the point where the influence of a

conductivemedium, here theplanetary upper atmosphere, surpasses

the pressure contribution of the intensified magnetic field.

In Fig. 6 and Fig. 7 the profiles of density, absolute value of the

X velocity component, magnetic field normalized by the local inter-

planetary field value and pressure contributions along the substellar

line(- < 0, . = 0) arerepresented for fast andslow rotating regimes,

respectively. Profiles for model F4 are not represented here, as the

interaction region is too small for comparison in that case. Similar

profiles are obtained in all configurations, sharing a common inter-

action and structure formation. The stellar wind enters undisturbed

from theleft sideboundary (X = - 60 R?) and isshockedat adistance

ABF , represented by a vertical magenta dashed line, and coincident

with the outer alfvénic surface. The main pressure contribution in

the stellar wind side of the shock is the ram pressure, defined as

?A0< = dE2. Across the shock, density and tangential (oriented in

the Y direction) magnetic field are increased, while the flow veloc-

ity isdecreased. This increase/decrease of the fundamental variables

across theshock, usually referred astheshock strength, isdependent

on thecompression of themagnetosonic wave, measured through the

fast magnetosonic Mach number " 5< of thewind, with lower " 5<

(low-compression) leading to afainter increase (decrease) in density

and magnetic field (velocity). Thestrength of theshock, measured as

the ratio between the upstream (before the shock) and downstream

(after theshock) valuesof density, velocity and magnetic field is1.5

for model F1 (" 5< = 1.4). For model F2 (" 5< = 1.8), the ratio is

increased to 2.2. For models F3 and F3b (" 5< = 3.5), the strength

of the shock is increased to 5.2. For planets orbiting a slow rotating

star, theshock strength isapproximately constant with valuesaround

14, in agreement with nearly constant considered " 5< numbers

(" 5< ⇠5.5).

After thestellar wind shock, the interaction becomes subalfvénic.

For more compressing stellar winds (higher " 5< ), the stellar wind

becomes also subsonic just after the shock. For low " 5< , as con-

sidered in models F1 and F2, the stellar wind becomes subsonic at

further distances from thestellar wind shock (seesecond row in Fig.

6).

Both planetary and stellar wind meet at a distance A- (red dotted

vertical line in Fig. 6 and Fig. 7), where the velocity of the flow ex-

periencesasign reversal (from positiveinflow stellar wind velocities

to negative outflow planetary wind velocities in the X component),

MNRAS 000, 1–15 (2023)

Johnstone et al. (2015, 1D HD models, heating by XUV radiation)
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Results
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Stellar wind impact on exo-Earths atmospheres 11

Figure 6. Profiles along the Y=0 axis of density (first row), absolute value of velocity in the X component (second row), magnetic field normalized by the

stellar wind interplanetary magnetic field (third row), and pressureprofilesaccounting for dynamic (ram, solid line), thermal (dotted line) and magnetic (dashed

line) contributions, for each single model (F1 to F3b, from left to right columns). Vertical magenta and yellow dashed lines represent the location of the stellar

and planetary wind shocks, respectively. Vertical dotted red line represents the point A- where velocity experiences a sign reversal. In the second row, the

flow velocity is represented by a black line, where the solid part of the profiles corresponds to positive velocities (stellar wind contribution) and dashed part

corresponds to negativevelocities (planetary wind contribution). The Alfvén velocity is represented by the solid magenta line. The point where the stellar wind

becomes subsonic is represented by the black dot in second row. The dashed yellow region corresponds to the extent of the indiced magnetosphere.

4.4 Evolution of escaping atmospheresin the slow-rotating

regime

For an evolving planet orbiting a slowly rotating star, the received

XUV fluxes and stellar winds of these stars are significantly weaker

compared to those described for fast-rotating stars. Furthermore,

both thestellar XUV radiation and stellar windskeep nearly constant

values. TheXUV radiation rangesbetween224and95 ergs−1 cm−2,

leading to nearly constant atmospheric mass-loss rates and density

profiles. Additionally, the winds from these stars gradually weaken

over time, albeit not markedly, with accelerated winds reaching up

to 1000 km/s at 50 Myr, decreasing to 800 km/s at 500 Myr.

Asexpected, escaping atmospheresundergo minimal changesdur-

ing the considered period. At 50 Myr, the planetary atmosphere

extends up to 19.6 planetary radii. In this evolutionary scenario, the

dynamic pressureexerted by thestellar wind is3.4⇥10−7 dyn cm−2,

an order of magnitude lower than wind pressures for a fast rotator at

thesame epoch. The stellar wind and the escaping atmosphere meet

at A- = 25.6 R? from the center of the planet. The stellar wind bow

shock is found at 31.4 R? .

By 150 Myr, the atmosphere extent is slightly increased to 20.7

planetary radii. The dynamic pressure exerted by the stellar wind

merely decreases to 1.3 times the pressure at 50 Myr. Additionally,

the atmospheric density is reduced by 1.1 times; the atmosphere

is then slightly pushed outwards. However, the interaction remains

nearly identical, withsimilar locationsfor thestellar windbow shock,

found at 32.8 R? and the meet point A- found at 27.1 R? .

At 300Myr, theatmosphericextent slightly decreasestoabout 17.5

planetary radii. Similarly, the bow shock also moves slightly closer

to the planet at 29.3 R? . In comparison to the conditions defined at

150 Myr, the stellar wind dynamic pressure has only decreased by

1.5 times, while the atmospheric density has reduced to 1.8 times,

resulting in this reduction in atmospheric extent. Both windsmeet at

A- = 22.9 R? .

At 500 Myr, the atmosphere remains entirely stable compared to

itscharacteristics described at 300 Myr. Theatmospheric extent, the

position of the stellar wind bow shock, and the critical distance A-

remain unchanged.

Theplanetary tail isnot perturbed by theaction of thestellar wind

considering a slow rotating star.

Theextension of theinduced magnetosphere isdrastically reduced

incomparison to thefast rotating regime. In theslow rotating regime,

the extension of this structure remains approximately unchanged,

with an extension of 7 planetary radii in models S1 and S2, and 6

planetary radii in models S3 and S4.

4.5 Atmospheric mass-lossrates

In all addressed models, the interaction between thestellar wind and

theescaping atmosphere occurs beyond theplanet sonic surface, im-

plying that theplanetary mass-loss rate isnot reduced from thewind

base, asdescribed in Christieet al. (2016); Vidotto & Cleary (2020).

Instead, due to the interaction with the stellar wind, the atmosphere

MNRAS 000, 1–15 (2023)
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Figure 7. Same as Fig. 6 but for models S1, S2, S3 and S4 corresonding to a slow-rotating star, represented respectively in columns from left to right.
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Figure 8. Number density distribution in the steady state for an atmosphere in the absence of stellar wind action (left), the hydrodynamic interaction (center),

and the MHD interaction (right) for the stellar wind-planet F3b case.

experiencesasignificant compression, resulting in adensity “bump"

that is dragged outwards by the stellar wind at very low velocities,

particularly in the flanks region, thereby causing an increase in at-

mospheric mass-loss.

To estimate the average atmospheric mass-loss, we integrated the

the mass flux across spheres centered on the planet of varying radii

within the region corresponding to the density bump, as:

§" =

º

dv · 3( (13)

where the integral is performed across spheres of varying radii. We

then compared the obtained values with the mass-loss rates values

inside the atmospheric unaltered region (see Table 3.1).

The atmospheric mass-loss rate is increased by 1% in model F1

(fast-rotating star andexpanded atmosphere). Themass-lossishigher

in models F2 and F3, increasing up to 4%. For model F3b, the mass

loss is lower, being increased by only 1 per cent.

In the low-rotation star regime, similar increases in mass-loss are

observed, witha4%increasefor modelsS1andS2, anda2%increase

for models S3 and S4.

The differences observed in the increased planet mass-loss from

MNRAS 000, 1–15 (2023)
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Results: Stellar wind driven atmospheric mass-loss
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Figure 7. Same as Fig. 6 but for models S1, S2, S3 and S4 corresonding to aslow-rotating star, represented respectively in columns from left to right.
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Figure 8. Number density distribution in the steady state for an atmosphere in the absence of stellar wind action (left), the hydrodynamic interaction (center),

and the MHD interaction (right) for the stellar wind-planet F3b case.

experiencesasignificant compression, resulting in adensity “bump"

that is dragged outwards by the stellar wind at very low velocities,

particularly in the flanks region, thereby causing an increase in at-

mospheric mass-loss.

To estimate the average atmospheric mass-loss, we integrated the

the mass flux across spheres centered on the planet of varying radii

within the region corresponding to the density bump, as:

§" =

º

dv · 3( (13)

where the integral is performed across spheres of varying radii. We

then compared the obtained values with the mass-loss rates values

inside the atmospheric unaltered region (see Table 3.1).

The atmospheric mass-loss rate is increased by 1% in model F1

(fast-rotating star andexpanded atmosphere). Themass-lossishigher

in models F2 and F3, increasing up to 4%. For model F3b, the mass

loss is lower, being increased by only 1 per cent.

In the low-rotation star regime, similar increases in mass-loss are

observed, witha4%increasefor modelsS1andS2, anda2%increase

for models S3 and S4.

The differences observed in the increased planet mass-loss from
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Fast-rotating stars: 1% (50 Myr), 4% (150,300 Myr), 1% (F3b, 30 Myr)
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Increase of the atmospheric mass-loss rate
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Figure 7. Same as Fig. 6 but for models S1, S2, S3 and S4 corresonding to aslow-rotating star, represented respectively in columns from left to right.
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Figure 8. Number density distribution in the steady state for an atmosphere in the absence of stellar wind action (left), the hydrodynamic interaction (center),

and the MHD interaction (right) for the stellar wind-planet F3b case.

experiencesasignificant compression, resulting in adensity “bump"

that is dragged outwards by the stellar wind at very low velocities,

particularly in the flanks region, thereby causing an increase in at-

mospheric mass-loss.

To estimate the average atmospheric mass-loss, we integrated the

the mass flux across spheres centered on the planet of varying radii

within the region corresponding to the density bump, as:

§" =

º

dv · 3( (13)

where the integral is performed across spheres of varying radii. We

then compared the obtained values with the mass-loss rates values

inside the atmospheric unaltered region (see Table 3.1).

The atmospheric mass-loss rate is increased by 1% in model F1

(fast-rotating star andexpanded atmosphere). Themass-lossishigher

in models F2 and F3, increasing up to 4%. For model F3b, the mass

loss is lower, being increased by only 1 per cent.

In the low-rotation star regime, similar increases in mass-loss are

observed, witha4%increasefor modelsS1andS2, anda2%increase

for models S3 and S4.

The differences observed in the increased planet mass-loss from
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Results: the interplanetary magnetic field
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Emissivity calculation from PLUTO 3D maps

Atomic Database for Spectroscopic Diagnostics of Astrophysical 
Plasmas CHIANTI (Dere et al. 1997; Landi et al. 2013). 

UV tracers:  C III (117.57 nm), Si III (120.65 nm), Ly-alpha (121.56 
nm), NV(123.88 nm), C II (133.45 nm), Si IV (139.38 nm), C IV (154.82 
nm), He II (164.05 nm), Si III] (189.2 nm), C III] (190.87 nm), C II] 
(232.61 nm), Mg II (279.64 nm) 

Possible double-shock emission 
Work in progress
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Ly-alpha emission
Planet in photoevaporation around a young (50 Myr), active star1.Introduction
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Stellar winds and exo-Earths: A study of their mutual interaction

fast

slow

42/53

First study of the impact of stellar winds on the primordial atmospheres accreted by terrestrial planets:
Fast and slow rotators.

Fast-rotating stars: Significant decrease (10 Rp) in extension at early ages (50 Myr), with an increase up to 
300 Myr (25 Rp), and decrease in parallel to atmospheric loss (300 Myr). Additional mass loss: 1% - 4%
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Slow-rotating stars: No significant changes in the evolution of atmospheres in the period between 50-500 
Myr due to the action of stellar winds. Stable atmospheres with extension of ~20 Rp. Additional mass loss : 
2% - 4% 
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Conclusions
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• Importance in detectability: Decrease in excess absorption during the transit of the planet 
in the case of small atmospheres (fast-rotating stars).

• Atmospheric mass-loss: Small contribution compared to the atmospheric loss driven by 
the stellar XUV radiation.

• Numerical simulations, including magnetic fields, are fundamental to predict 
atmospheric footprints around Earth-like planets

• Hot plasma accumulation in front of the planet may result in significant emission in UV 
tracers!! 
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