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ABSTRACT14

The habitability of planets around M dwarfs (. 0.5M�) can be affected by the XUV (X rays +15

extreme UV) emission of these stars, with flares occasionally increasing the XUV flux by more than16

2 orders of magnitude above quiescent levels. This wavelength range can warm and ionize terrestrial17

planets’ upper atmospheres, which expands the planetary radius and promotes atmospheric loss. In18

this work, we study the contribution of the XUV flux due to flares on the atmospheric escape of Earth-19

like planets orbiting M dwarfs through numerical simulations. We considered the first Gyr of planets20

with initial surface water abundances between 1 and 10 terrestrial oceans (TO), a small primordial21

hydrogen envelope (≤ 10−3 M⊕), and with host star masses between 0.2 and 0.6 M�. In this parameter22

range, we find that flares can remove up to two TO more than nonflaring stars, which, in some cases,23

translates to a doubling of the total water loss. We also find that flaring can increase atmospheric24

oxygen partial pressures by hundreds of bars in some cases. These results were obtained by adding a25

new module for flares to the VPLanet software package and upgrading its atmospheric escape module26

to account for Roche lobe overflow and radiation/recombination-limited escape.27

Keywords: planet–star interactions, stars: pre-main sequence — flare, planets and satellites: physical28

evolution — atmospheres — oceans29

1. INTRODUCTION30

Given the habitability of the Earth, it is reasonable to assume that potentially habitable planets may similarly31

consist of an iron-silicate interior and a liquid water surface ocean. For the purposes of this work, we will call such32

planets “Earth-like” planets.33

To maintain surface water, the planet must have an atmosphere with greenhouse gases, which provides the pressure34

and temperature profile to maintain liquid water and avoid catastrophic water escape (Watson et al. 1981; Kasting35

1988; Barnes et al. 2013; Wordsworth & Pierrehumbert 2013; Luger & Barnes 2015).36

As water is a solvent for a large number of biochemical reactions that facilitate prebiotic chemistry (Cockell et al.37

2016), any process that can remove it is relevant for the search for life in the universe. Here we consider how XUV (X38

rays + extreme UV, 0.1–100 nm; Ribas et al. 2005) emission from stellar flares can photolyze atmospheric water and39

drive hydrogen escape to assess stellar flares impact on planetary habitability.40

In order for a planet’s surface temperature to be in the range for liquid water, the planet must receive an appropriate41

amount of energy from its star. The range of orbits around a particular star for which this condition is met for Earth-42
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like planets is often called the habitable zone (HZ; Dole 1964; Kasting et al. 1993; Kopparapu 2013). The M stars (0.0743

– 0.6 M�) of the main sequence (also called M dwarfs) are currently the most observationally accessible targets for the44

search and characterization of Earth-like exoplanets (Billings 2011; Shields et al. 2016; Fujii et al. 2018) because most45

stars are M dwarfs (Bochanski et al. 2010), and Earth-like planets are relatively large and massive compared to their46

host star. Moreover, these stars stay on the main sequence (MS) stage for 1011 yr (Laughlin et al. 1997; Baraffe et al.47

1998; Dotter et al. 2008), which is clearly much longer than the time it took for life to emerge on Earth. Preliminary48

reconnaissance of M dwarfs has revealed that 50% host an Earth-like planet (Garrett et al. 2018; Tuomi et al. 2019),49

so the Galaxy may be teeming with Earth-sized planets orbiting in the HZ of these low-mass stars.50

However, the habitability of M-dwarf planets can be severely compromised by certain characteristics of these51

stars. For example, M dwarfs may require billions of years to reach the main sequence (Hayashi 1966; Laughlin et al.52

1997; Baraffe et al. 1998), during which time these stars can follow the Hayashi track for over 1 billion years, with53

luminosities that can be over 1000 times larger than their zero-age main sequence luminosities. This change causes the54

HZ to move inward until the stars’ cores begin to burn hydrogen (Ramirez & Kaltenegger 2014; Luger & Barnes 2015;55

Tian & Ida 2015). Once on the MS, the typical HZ for an M dwarf is at ≤ 0.25 au (Kasting et al. 1993). Luger &56

Barnes (2015) studied the impact of the pre-MS evolution (PMS) of the XUV radiation on M-dwarf planets and found57

that planets in the MS HZ might have experienced millions to billions of years of desiccating conditions, potentially58

rendering them dry and uninhabitable today. Additionally they showed that the desiccation process (water photolysis59

followed by hydrogen escape) could produce thousands of bars of oxygen. On the other hand, Luger et al. (2015)60

demonstrated that water escape can be suppressed if 1% of the planet’s initial mass is in the form of a hydrogen61

atmosphere. In such a “habitable evaporated core” scenario, the hydrogen envelope insulates the water from the XUV62

radiation. Barnes et al. (2016) applied this model to Proxima Centauri b and found that it could lose five times the63

water content of the modern Earth during the pre-main sequence.64

Another feature of M dwarfs is their strong variations in X-ray and extreme ultraviolet wavelengths, e.g. through65

stellar flares. Compared to the Sun, M-dwarf flares are more frequent and energetic (relative to the bolometric lumi-66

nosity). While for the Sun the most energetic flares reach 1032 ergs and occur about once per solar cycle (Youngblood67

et al. 2017), for some M dwarfs, flare events with this same energy (or more) happen every day (Audard et al. 2000;68

Hawley et al. 2014). Tilley et al. (2019) showed that UV radiation and proton fluxes from repeated flaring can deplete69

the ozone layer of an Earth-like planet by 94% over 10 yr, so the oxygen left over from photolysis may be elemen-70

tal. Estrela et al. (2020) analyzed the impact of the UV radiation from flares on the potentially habitable planets71

of TRAPPIST-1 (an M8V star) and found that organisms that are nonresistant to UV could survive only if their72

habitats are deeper than 8 m below an ocean surface, or if the planet has an ozone layer. These studies highlight the73

importance of considering flares when assessing a planet’s habitability.74

The XUV radiation emitted by M dwarfs (by chromospheric sources and flare events) ionizes and heats the75

exosphere of planetary atmospheres, slightly displacing it from hydrostatic equilibrium (Murray-Clay et al. 2009).76

This process generates an expansion of the atmosphere, where the exobase increases its radius, facilitating the escape77

because the cross section of the atmosphere increases during periods of high levels of XUV radiation (i.e., when the78

flaring is more frequent or when the star is more active) than in quiet periods (France et al. 2020). Previous works79

have analyzed some of the impacts of XUV radiation from flares in the atmospheric escape of planets. A study by Atri80

& Mogan (2021) showed that XUV from flares (with a constant rate through the time) can drive, over 1 Gyr, escape81

rates of 3.38 × 10−4 M⊕, 3.35 × 10−4 M⊕, 1.46 × 10−4 M⊕ for planets around stars of M4-M10, M0-M4, and FGK82

types, respectively. Similarly, a study by France et al. (2020) analyzed the impact of three flares from Barnard’s star83

in the atmosphere of an (unmagnetized) Earth-like planet and showed that these events can drive off the equivalent84

of ∼ 90 Earth atmospheres in a period of 1 Gyr.85

Despite the impressive research into flaring and atmospheric escape, no study has yet evaluated how XUV emission86

from flares affects water loss and oxygen buildup in the atmospheres of planets orbiting M dwarfs. In this work, we87

present such analysis. To complete this task, we created a new module in the numerical code VPLanet (Barnes et al.88

2020) that simulates the contribution of XUV by flares to the incident flux on an Earth-like planet and the resultant89

water photolysis, hydrogen escape, and oxygen accumulation. We employ a model for flares for stars between 0.2 and90

0.6 M� (Davenport et al. 2019) and have added this module, called FLARE, to the VPLanet codebase1.91

1 VPLanet is publicly available at https://github.com/VirtualPlanetaryLaboratory/VPLanet.
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We divide this paper into the following sections. In section 2, we describe and validate the FLARE module. In92

section 2.5 we explain the simulated physical systems. Section 3 shows the results of the flare’s influence when the93

model was applied to planets with a mass between 0.5 and 5 M⊕ around different M dwarf types and to four real94

planets. In section 4 we discuss the results, and in section 5 we present the conclusions of our work. Note that the95

source code, simulation data, the input files, and the scripts that generate the figures and the figures are available96

online. 2
97

2. MODEL DESCRIPTION98

In this section we present our physical models and numerical methods for simulating flares and atmospheric escape.99

To perform our simulations, we use the VPLanet software package that couples these processes. For this investigation,100

we have developed a new module for stellar flaring called FLARE, so we also present the validation of this model in this101

section.102

Figure 1 illustrates the physical processes in our model, which assumes all relevant planets form with an H envelope.103

The first panel, 1.a, shows the system at the beginning of the simulation. Here, the XUV radiation (purple wiggly104

arrows) is interacting with the upper atmosphere of the planet (light blue). The model assumes the XUV radius RXUV,105

i.e. where the optical depth of the atmosphere to XUV photons is unity, is the same as the planet radius, including106

the atmosphere (see Salz et al. (2016) for discussion on the validity of this assumption). This choice means that XUV107

radiation does not penetrate deep into the atmosphere but follows the planetary radius boundary. This XUV energy108

interacting with the particles in the atmosphere increases its temperature and promotes its expansion, pushing out the109

exobase and increasing escape. Thus, as the radius of the planet decreases, the XUV radius approaches the planetary110

surface (brown), as seen in Figure 1.b.111

a b c d e

Figure 1. Schematic of atmospheric and surface water escape in our model. The darkest blue represents space, and the lighter
blue backgrounds, from top to bottom, represent the H envelope, the troposphere, and the ocean. The brown background (at
the bottom of the figure) represents the planetary surface. The light blue dots are the hydrogen atoms, and the red dots the
oxygen atoms. The purple arrows are the XUV radiation incoming from the planet. The horizontal purple curve is the XUV
radius (where the optical depth of XUV is unity). See description in the text for more details. Plots/Scheme.

After the primordial atmosphere has escaped (Figure 1.c), water in the stratosphere can absorb XUV photons112

and break apart into oxygen and hydrogen (see Fig. 1.d). This process can only occur if water can penetrate the113

tropopause, which we assume always occurs for planets orbiting interior to the HZ. If the hydrogen escape is vigorous114

enough, then oxygen can be dragged along with the hydrogen (Hunten et al. 1987), as shown in Fig. 1.e.115

2.1. VPLanet116

To model the system, we use the software package VPLanet (Barnes et al. 2020), which combines semi-analytical117

models to estimate the time evolution of parameters associated with planetary evolution and habitability. The code118

2 https://github.com/lauraamaral/WaterEscapeFlares and https://github.com/VirtualPlanetaryLaboratory/VPLanet.

https://github.com/lauraamaral/WaterEscapeFlares/tree/main/Plots/Scheme
https://github.com/lauraamaral/WaterEscapeFlares
https://github.com/VirtualPlanetaryLaboratory/VPLanet
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simulates how planetary system properties like stellar characteristics and orbital parameters affect the liquid water on119

the planetary surface. It currently has 12 modules that calculate the contribution of the different planetary system120

properties. In the present work, we use three modules: STELLAR and AtmEsc, which simulate stellar evolution and121

atmospheric escape, respectively, as well as a new module, named FLARE, to simulate stellar flaring. We next discuss122

each of these modules.123

2.2. Atmospheric Escape: AtmEsc124

To simulate atmospheric loss due to high-energy radiation, we use VPLanet’s AtmEsc module that accounts for the125

loss of a primordial hydrogen envelope, as well as water photolysis followed by hydrogen and oxygen escape.126

2.2.1. Envelope Loss127

The initial version of AtmEsc in VPLanet (Barnes et al. 2020) could only treat atmospheric escape as an energy-128

limited process, i.e. the flux of high-energy photons is the bottleneck for escape, not the supply of molecules and129

elements that are available to escape (diffusion-limited). Energy-limited escape generally takes the following form:130

ṀEL =
εHFXUVRXUV

4GMXUVKtidemH
, (1)

where ṀEL is the energy-limited mass-loss rate, FXUV is the XUV energy flux, Mp is the mass of the planet, RXUV131

is the radius where XUV is absorbed and mass is escaping to space (we assume it equals the planet radius Rp), and132

εXUV ≈ 0.1 is the XUV absorption efficiency (Watson et al. 1981). Erkaev et al. (2007) introduced Ktide to approximate133

the decrease in escape velocity at the top of the planet’s envelope due to the host star’s gravity. They showed by134

scaling distances to the ratio of the Roche lobe radius RRoche to the XUV radius RXUV:135

χ =
RRoche

RXUV
, (2)

where136

RRoche =
( Mp

3M∗

)1/3

a, (3)

one could expand the gravitational potential to derive a relatively simple expression for the suppression of the local137

planetary gravity due to the nearby star. When mp << M∗, as for the case of mini-Neptunes and main-sequence stars,138

Erkaev et al. (2007) showed that139

Ktide ≈ 1 − 3

2χ
+

1

2χ3
. (4)

For Earth-sized planets in the HZs of M dwarf stars, Ktide is typically between 0.9 and 0.99, so the effect is modest140

(see also Luger et al. 2015), but its inclusion does increase the accuracy of the model.141

For the radius of the planet, we interpolate the grids from the work of Lopez et al. (2012), which are self-consistent142

models of “mini-Neptunes” over a range of masses and instellations. These grids take into account the evolution of143

the radius of the planet as the envelope contracts and entropy grows, independent of atmospheric escape. As mass144

is lost, AtmEsc also interpolates between planetary masses. In all cases, we assume the water content does not affect145

planetary radius as the global ocean mass is always less than 0.2% the planetary mass for all cases we simulate.146

Another study by Turbet et al. (2020) showed that water-rich atmospheres can be an important factor to take into147

account in the mass-radius relation of water-rich rocky planets. In addition to the presence of water considered by148

Turbet et al. (2020), Lopez et al. (2012) also consider hydrogen and helium atmospheres. Thus, we decide to use the149

mass-radius relation from Lopez et al. (2012).150

We have now updated this module to include radiation/recombination-limited (RR) escape (Murray-Clay et al. 2009)151

and Roche lobe overflow, which we will call “Bondi-limited” escape (Owen & Wu 2016). The former occurs when the152

planetary radius is smaller than the Roche limit and the incident XUV flux in the planet is energetic enough to drive153

hydrogen ionization, which lowers the escape rate because some energy that could drive escape goes into ionization.154

In SI units, RR-limited escape rate can be expressed as155

ṀRR = 2.248 × 106
( FEUV

W m−2

)1/2(Rp

R⊕

)3/2

kg s−1, (5)
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where ṀRR is the mass loss rate, and FEUV is the extreme-UV energy flux incident on the planet. EUV observations are156

scarce (e.g. France et al. 2019) and to constrain the flux in this wavelength range, we must rely either on reconstructions157

using X-rays or FUV measurements (Sanz-Forcada, J. et al. 2011; Linsky et al. 2013), stellar models (Fontenla et al.158

2016; Peacock et al. 2020), or use semiempirical methods (Duvvuri et al. 2021). Given the uncertainties associated to159

the calculation of the EUV flux and the large differences among the fluxes obtained by the different approximations160

(see, for example, Fig. B1 in Peacock et al. (2020), or section 7 in Duvvuri et al. (2021)), we used the same flux for161

EUV and XUV. This means that our EUV flux is overestimated, which is consistent with our purpose of studying the162

worse case scenario for atmospheric loss.163

The RR limit occurs when the incident XUV reaches a critical value:164

Fcrit =
(B
A

)2

, (6)

where165

A =
πεHR

3
XUV

GMpKtide
(7)

and166

B = 2.248 × 106
(Rp

R⊕

)3/2

kg
1
2 s

1
2 . (8)

See Luger et al. (2015) for a derivation of these expressions.167

In extreme cases, such as after a planet-planet scattering event (Rasio & Ford 1996; Lin & Ida 1997; Chatterjee et al.168

2008), some planets may be so close to their star that the mass is stripped directly off the atmosphere by the stellar169

gravity. This process is typically called Roche lobe overflow. We model this process by assuming that mass is lost at170

the sound speed and call it “Bondi-limited escape”, following Owen & Wu (2016). If we assume the atmosphere to171

be composed exclusively of molecular hydrogen that behaves as an ideal gas, then the sound speed at the top of the172

atmosphere can be expressed as173

cs =
√
γkbTeff/mH , (9)

where γ is 5/2 for an ideal gas, kb is the Boltzmann constant, and Teff is the effective temperature of the host star.174

Under these assumptions, we can recast Eq. (4) of Owen & Wu (2016) as175

ṀBondi ≈ 1.9 × 1015
( Mp

10M⊕

)( Teff
5800K

)1/2

( a

0.1AU

)1/4(R�

R∗

)1/4

kg s−1,

(10)

where we leave this expression as an approximation due to the assumptions we made, but in practice we set the176

Bondi-limited mass rate to be equal to the right-hand side of this expression.177

For our calculations we employ all three of these models (when applicable) and allow the software to change escape178

regimes as the star and planet evolve based on instantaneous conditions. In Figures 2 and 3 we present an example179

of how the mass loss evolves assuming a solar mass star orbited by a 2M⊕ planet that is half rock/half hydrogen by180

mass. The semi-major axis is 0.1 au, the eccentricity is 0, and εH = 0.1. Figure 2 shows the long-term evolution, while181

Fig. 3 shows a zoom-in of the initial evolution of the envelope to highlight the Roche lobe overflow.182

2.2.2. Water and Oxygen Loss183

After the hydrogen envelope has been removed, the XUV photons can begin to dissociate the water molecules184

and drive more hydrogen escape and, in some cases, oxygen escape. We use the Bolmont et al. (2017) model for185

water escape as a function of FXUV and refer the reader to Barnes et al. (2020) for more details on how this model is186

implemented in VPLanet. We also include two ways in which water behaves when planets reach the HZ: they either187

stop losing water or they do not (see Luger & Barnes 2015; Barnes et al. 2020; Becker et al. 2020).188

The first case is a crude approximation of the setting of the conditions that allow the liquid water in the surface189

and avoid the catastrophic loss of water in the upper atmosphere (Wordsworth & Pierrehumbert 2013), and the190

second means planets are experiencing a runaway greenhouse. We use the “optimistic” HZ (Kopparapu et al. 2013)191

to determine when a planet is in the HZ.192
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Figure 2. Examples of the evolution of a planet experiencing different types of envelope loss. In all panels, energy-limited
escape is represented by orange, radiation/recombination-limited by green, Bondi-limited by red, and automatic “AtmEscAuto”
by blue (the escape mechanism is determined by the instantaneous planetary and environmental conditions). Top left: fraction
of the planet’s mass in the H envelope. Top center: time derivative of the envelope mass. Top right: total planet mass. Bottom
left: planet radius. The “No Escape” curve (black) corresponds to a planet whose radius contracts as the planet cools, not due
to atmospheric escape. Bottom center: critical XUV flux between energy-limited and radiation/recombination-limited escape.
Bottom right: the H envelope escape “regime”. All planets start with the same initial conditions as described in the main text.
The blackdashed lines indicate the initial values for the respective quantities. VPLanet/examples/AtmEscRegimes

2.3. Quiescent Stellar Evolution: STELLAR193

The STELLAR module (Barnes et al. 2020) simulates the time evolution of stellar parameters such as the luminosity,194

radius, and effective temperature. This module interpolates the model grids of Baraffe et al. (2015) for stars between195

0.08 and 1.3 M�. However, the Baraffe et al. (2015) grids do not include XUV evolution, which is poorly constrained196

for M-dwarf stars. Thus, we follow previous work and assume the empirical relationship obtained for solar-type stars197

(Ribas et al. 2005) applies to M dwarfs as well (see Luger & Barnes 2015; Fleming et al. 2020; Birky et al. 2021). In this198

model, the initial XUV luminosity remains a constant fraction of the bolometric luminosity for a duration called the199

“saturation time,” and afterwards the XUV fraction decays exponentially. See Barnes et al. (2020) for more details.200

A critical piece of our analysis is the time a planet spends interior to the HZ. If we assume the “optimistic” interior201

HZ limit from Kopparapu et al. (2014) denotes the inner edge of the HZ, then Fig. 4 shows the time a planet spends202

interior to the HZ as a function of host star mass, assuming the planet is on a static, circular orbit. Planets orbiting203

0.2 M� stars remain in the runaway greenhouse phase almost 4 times longer than those orbiting 0.6 M� stars and204

are therefore expected to lose more water and possess more oxygen-rich atmospheres. The smaller variations in the205

boundary are due to structural and temporal variations related to the onset (or not) of convection in the stellar interiors206

(Baraffe & Chabrier 2018). This result is consistent with Luger & Barnes (2015).207

2.4. XUV Flare Evolution: FLARE208

Here we present our new FLARE module for VPLanet. We first describe the mathematics of the model, followed by209

validation.210

2.4.1. Model Description211

https://github.com/VirtualPlanetaryLaboratory/vplanet/tree/main/examples/AtmEscRegimes


Atmospheric escape by flares 7

0.0

0.1

0.2

0.3

0.4

0.5
En

ve
lo

pe
 M

as
s F

ra
ct

io
n

10 1
101
103
105
107
109

1011
1013
1015

M
en

ve
lo

pe
 (k

g/
s)

AtmEscAuto
Bondi-Limited 1.0

1.2

1.4

1.6

1.8

2.0

M
as

s (
M

)

101 102 103 104
Simulation Time (yr)

0
5

10
15
20
25
30
35

Ra
di

us
 (R

)

No escape

101 102 103 104
Simulation Time (yr)

10 2

10 1

100

101

102

Cr
iti

ca
l X

UV
 F

lu
x 

(W
/m

2 )
Incident
XUV Flux

101 102 103 104
Time (yr)

Es
ca

pe
 R

eg
im

e Envelope Lost

RR-Limited
Bondi-Limited

Figure 3. First 10000 yr of atmospheric mass-loss for the Bondi-limited (red) and automatic cases (blue) with the same layout
as Fig. 2. Early on, the planetary radius exceeds the Roche limit and both planets experience immense mass loss of order 0.01
Earth masses per year! After about 300 yr, the radius has contracted to be less than the Roche limit, so the automatic model
transitions from Bondi-limited escape to radiation/recombination-limited escape (the XUV flux is too large for energy-limited
escape.) The Bondi-limited case, however, continues to lose massive amounts of H from its envelope, completely stripping the
envelope within 1000 yr. VPLanet/examples/AtmEscRegimes

While the STELLAR module should capture most of the XUV luminosity of the star, it ignores the contribution from212

flares. Therefore, we have updated VPLanet to include a new module that estimates the time-averaged XUV luminosity213

due to stellar flares based on empirical data. In general, the XUV luminosity contribution by flares (LXUV,f ) is given214

by215

LXUV,f =

∫ Emax

Emin

ν(EXUV,f ) dE, (11)

where EXUV,f is the XUV energy of the flare, and ν is the flare rate per unit energy.216

To solve Eq. (11), we must know the flare rate, which depends on both the age and stellar mass (see, e.g., West217

et al. 2008). We use the canonical relation from Lacy et al. (1976):218

log10(ν) = α log10(EKepler) + β (12)

with coefficients α and β proposed by Davenport et al. (2019) based on flare observations in the Kepler field. The219

Davenport et al. (2019) model applies to active stars with masses between 0.2 and 1.88 M�, and stellar flares with220

energies (in the Kepler bandpass) between 1033 and 1038 ergs. We convert the Kepler bandpass to XUV using the221

conversion factors from Osten & Wolk (2015, Table 2).222

2.4.2. Model Validation223

To validate our model, we present the flare rate evolution as a function of the stellar age for a 0.5 M� star in Fig. 5.224

This figure is indistinguishable from the top panel in Figure 10 from Davenport et al. (2019). Thus, we conclude that225

we have successfully incorporated this flare model into VPLanet.226

https://github.com/VirtualPlanetaryLaboratory/vplanet/tree/main/examples/AtmEscRegimes
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Before moving on, we provide a few characteristics of the FLARE module. First, in Fig. 6 we present two visualizations

of how the flare frequency distribution (FFD) changes with time. The left panel shows the FFD for flares larger than

the great AD Leo flare (Hawley & Pettersen 1991), whose energy in the Kepler bandpass E227

This value was calculated using the information from Hawley & Pettersen (1991, Table 6A), where we take the flux

integrated over the time interval at the UV bandpass (326-394 nm) equal to 198 × 10−8 ergs cm−2, and that divided

https://github.com/lauraamaral/WaterEscapeFlares/tree/main/Plots/RGphase
https://github.com/lauraamaral/WaterEscapeFlares/tree/main/Plots/MDwarfLuminosity/LumEvolFlareFFD


Atmospheric escape by flares 9

106 107 108 109
Stellar Age (yr)

10-2

10-1

Cu
m

ul
at

iv
e 

Fl
ar

e 
Fr

eq
 (#

/d
ay

)

0.2 M¯

0.4 M¯

0.6 M¯

33.0 33.5 34.0 34.5 35.0 35.5
log EnergyUV (erg)

10-4

10-3

10-2

10-1

100

1 Myr
10 Myr

100 Myr
1 Gyr

33.0 33.5 34.0 34.5 35.0 35.5 36.0
AD Leo Great Flare 

log EnergyKepler = 33.42

log Energykepler (erg)a b

Figure 6. Flare frequency distribution predicted by the FLARE module. Panel (a) shows the FFD for flares with the energy
of the AD Leo great flare (after converting the energy reported from Hawley & Pettersen (1991) to the Kepler bandpass) as a
function of stellar age for three different stellar masses. Panel (b) shows us the FFD for energies between 1033 and 1036 ergs for
four different stellar ages. Plots/FfdMDwarfs.

by the flux integrated over the time interval in the continuum equal to 1139 × 10−8 ergs cm−2. Doing a quickly

calculation, we have that the energy in the UV bandpass E228

The Davenport et al. (2019) model predicts that planets orbiting early M dwarfs are more at risk of experiencing a229

flare of this magnitude than late M dwarfs. The right panel shows that the model predicts that less massive stars have230

a lower flare rate compared to more massive stars. This result seems to be inconsistent with other studies that find231

that flares from lower-mass stars are more powerful than those from larger stars (Hawley et al. 2014) This discrepancy232

may be due to the small number of M dwarfs in the Davenport (2016) catalog (< 3% were M dwarfs) that formed the233

basis for the Davenport et al. (2019) model. Despite this apparent inconsistency, the Davenport et al. (2019) model is234

derived from the largest sample of M dwarfs currently available, so we will use it here but explicitly note that future235

work may need to replace this model with a more robust approximation for M-dwarf flaring.236

Next we consider how flaring and quiescent evolution combine to modify the average XUV luminosity of stars as237

a function of the mass and age. We simulated five M-dwarf stars with masses between 0.2 and 0.6 M� using the238

STELLAR (Barnes et al. 2020) and FLARE modules (this work). As shown in Figure 7, including flares increases the239

XUV luminosity but generally not by more than 10% for any given star at a given time. We can see also that XUV240

luminosity by flares is more relevant to less massive stars after it enters the MS (see panel (e) and (f) of Figure 7).241

Also, panel (f) shows that the ratio between flare XUV and quiescent XUV increases with time. The quiescent XUV242

luminosity model we used comes from observational data of nonactive stars (Ribas et al. 2005), which show that243

quiescent XUV luminosity decreases with time. Hence as stars age, the XUV luminosity from flares becomes more244

important. The remaining panels provide additional depictions of the interplay of STELLAR and FLARE.245

2.5. Simulations246

To estimate the influence of XUV from flares on the time evolution of the atmosphere and water content of Earth-247

like planets, we simulated hypothetical and known planets. We assume the same atmospheric mass, thermosphere248

temperature, and absorption efficiency of XUV by hydrogen for all cases (see Table 1 and 2). We consider flares with249

energies between 1033 and 1036 ergs, star masses between 0.2 and 0.6 M�, surface initial water content between 1 and250

10 terrestrial oceans (TO), planets with a mass between 0.5 and 5 M⊕, and hydrogen envelope masses of 0.001 M⊕.251

For each parameter combination, we perform one simulation for which water loss is halted in the HZ and one for which252

it is not.253

https://github.com/lauraamaral/WaterEscapeFlares/tree/main/Plots/FfdMDwarfs
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The hypothetical set represents a parameter sweep that explores the general trends that can occur over a plausible254

range of initial surface water content, planet mass, and host-star mass. The planet-star distance was selected to ensure255

that the planet would be interior to the HZ during the PMS of its host-star and enter the HZ when the star is 1 Gyr256

old by combining the runaway greenhouse limit (Kopparapu et al. 2014, Eq. 5) with the predicted stellar properties257

at 1 Gyr from STELLAR. Furthermore, this synthetic group consisted of Earth-sized planets with the density of solids258

chosen from the Sotin et al. (2007) mass-radius relationship. The initial conditions for these simulations are presented259

in Table 1. In total, we simulated 25,160 scenarios.260

In the second group, we simulated the known exoplanets Kepler-1229 b, K2-72 e, TOI-700 d, and Kepler-1649 c,261

which have properties that are within the ranges of the hypothetical planets. We varied the water content and envelope262

mass but held fixed the values of the planetary and host-star masses, planetary radius, atmosphere temperature, and263

orbital parameters at their best-fit values. For the known planets, we only permit water loss prior to the planets264

reaching the HZ. For these planets we considered two distances: the reported semi-major axis for each planet (see265

Table 2) and one calculated with the same procedure as for the hypothetical planets. These two sets of simulations266

enable direct comparisons between the results with the hypothetical planets. The parameters for these simulations are267

summarized in Table 2, with values taken from the NASA Exoplanet Archive.268

Table 1. Parameters for the Hypothetical Cases.

Parameter Value

Planet mass (M⊕) [0.5-5, 0.5]

Planet density (g cm−3) 4.85 - 7.54

Envelope mass (M⊕) 1.0E-3

Surface water mass (TO) [1-10,0.25]

XUV water escape efficiency Bolmont et al. (2017)

XUV hydrogen escape efficiency 0.15

Thermosphere temperature (K) 400

Semi-axis majora (AU) [0.07306 - 0.283186]

Stellar mass M�) [0.2-0.6, 0.025]

Saturated XUV luminosity fraction 1.0E-3

XUV saturation time (Myr) 100

Initial stellar age (Myr) 1

Flare energy (ergs) 1.0E33 - 1.0E36

Simulation time (Myr) 1.0E3

Time stepb (yr) ∼ 0.4 - ∼ 1.6E3

VPLanet modules AtmEsc, STELLAR, FLARE

a Calculated using 1.053 × the distance of the inner limit of the HZ for runaway greenhouse from Kopparapu et al. (2014, Eq. 5).
b Dynamically selected during the simulation.

3. RESULTS269

3.1. Hypothetical Planets270

Figure 8 shows the amount of water lost from the hypothetical planets for four assumptions: with/without flares271

(right/left columns) and with/without water loss in the HZ (lower/upper panels). The black lines represent the272

percentage of water lost with respect to the initial water content, and the symbols represent the approximate locations273

of the known planets discussed in Section 3.2. The amount of water lost is inversely proportional to the stellar and274

planetary mass in all four cases, but when flares are included, the amount of water lost increases by ∼ 0.6 TO when275

water is lost only in the HZ and by two TO when it is lost without restriction.276

We find that water is only lost from massive planets when flares are included. This outcome is largely due to the277

more massive planets’ ability to hold on to the hydrogen via their larger gravity. Without flares, the XUV flux is278

too low to drive significant mass loss, but flares provide enough XUV to drive additional loss, at least for the initial279

primordial envelope properties we assume here. We also find that the amount of water that escapes is independent of280

the initial water abundance.281



12

T
a
b
le

2
.

P
a
ra

m
eters

u
sed

to
sim

u
la

te
th

e
fi
n
a
l

w
a
ter

co
n
ten

t
in

th
e

sim
u
la

tio
n
s

o
f

k
n
ow

n
p
la

n
ets.

P
a
ra

m
eter

K
ep

ler-1
2
2
9

b
K

2
-7

2
e

T
O

I-7
0
0

d
K

ep
ler-1

6
4
9

c

P
la

n
et

m
a
ss

a
(M

⊕
)

2
.9

3
2
.5

5
1
.6

3
9
8
4

1
.2

3
8
9

P
la

n
et

ra
d
iu

s
(R

⊕
)

1
.3

4
1
.2

9
1
.1

4
4

1
.0

6

P
la

n
et

d
en

sity
(g

cm
−
3)

6
.6

9
6
.5

2
6
.0

1
8

5
.7

1
5

E
n
v
elo

p
e

m
a
ss

(M
⊕

)
1
.0

E
-3

1
.0

E
-3

1
.0

E
-3

1
.0

E
-3

S
u
rfa

ce
w

a
ter

(T
O

)
1
,1

0
1
,1

0
1
,1

0
1
,1

0

X
U

V
w

a
ter

esca
p

e
effi

cien
cy

(B
o
lm

o
n
t

et
a
l.

2
0
1
7
)

(B
o
lm

o
n
t

et
a
l.

2
0
1
7
)

(B
o
lm

o
n
t

et
a
l.

2
0
1
7
)

(B
o
lm

o
n
t

et
a
l.

2
0
1
7
)

X
U

V
h
y
d
ro

g
en

esca
p

e
effi

cien
cy

0
.1

5
0
.1

5
0
.1

5
0
.1

5

T
h
erm

o
sp

h
ere

tem
p

era
tu

re
(K

)
4
0
0

4
0
0

4
0
0

4
0
0

A
ctu

a
l

sem
i-m

a
jo

r
a
x
is

(A
U

)
0
.3

0
0
6

0
.1

0
6

0
.1

6
3
3

0
.0

8
2
7

M
o
d
ifi

ed
sem

i-m
a
jo

r
a
x
is

b
(A

U
)

0
.1

9
6
8
5

0
.1

0
2
4
6
8

0
.1

6
2
4
7

0
.0

7
6
4
3

E
ccen

tricity
0
.1

1
0

0
.1

1
1

0

S
tella

r
m

a
ss

(M
�

)
0
.4

8
0

0
.2

7
1
3
6
5

0
.4

1
5

0
.1

9
7
7

S
a
tu

ra
ted

X
U

V
lu

m
in

o
sity

fra
ctio

n
1
.0

E
-3

1
.0

E
-3

1
.0

E
-3

1
.0

E
-3

X
U

V
sa

tu
ra

tio
n

tim
e

(M
y
r)

1
0
0

1
0
0

1
0
0

1
0
0

In
itia

l
stella

r
a
g
e

(M
y
r)

1
1

1
1

F
la

re
en

erg
y

(erg
s)

1
1
.0

E
3
3

-
1
.0

E
3
6

1
.0

E
3
3

-
1
.0

E
3
6

1
.0

E
3
3

-
1
.0

E
3
6

1
.0

E
3
3

-
1
.0

E
3
6

S
im

u
la

tio
n

tim
e

(M
y
r)

1
.0

E
3

1
.0

E
3

1
.0

E
3

1
.0

E
3

T
im

e
step

c
(y

r)
∼

4
.8

E
-2

-
1
.0

E
4

∼
6
E

-2
-

1
.0

E
4

∼
5
E

-2
-

1
.0

E
4

∼
6
E

-2
-

1
.0

E
4

V
P
L
a
n
e
t

m
o
d
u
les

A
t
m
E
s
c
,
S
T
E
L
L
A
R
,
F
L
A
R
E

A
t
m
E
s
c
,
S
T
E
L
L
A
R
,
F
L
A
R
E

A
t
m
E
s
c
,
S
T
E
L
L
A
R
,
F
L
A
R
E

A
t
m
E
s
c
,
S
T
E
L
L
A
R
,
F
L
A
R
E

S
o
u
rce

(p
la

n
eta

ry
ra

d
iu

s,
stella

r
T

o
rre

s
e
t

a
l.

(2
0
1
7
)

D
re

ssin
g

e
t

a
l.

(2
0
1
7
)

R
o
d
rig

u
e
z

e
t

a
l.

(2
0
2
0
)

V
a
n
d
e
rb

u
rg

e
t

a
l.

(2
0
2
0
)

m
a
ss

a
n
d

sem
i-m

a
jo

r
a
x
is)

a
T
h
e
m
a
sses

a
re

ca
lcu

la
ted

w
ith

th
e
S
o
tin

et
a
l.
(2
0
0
7
)
m
o
d
el

fo
r
terrestria

l
p
la
n
ets.

b
C
a
lcu

la
ted

u
sin

g
1
.0
5
3
×

th
e
d
ista

n
ce

o
f
th

e
in
n
er

lim
it

o
f
th

e
H
Z

fo
r
ru

n
a
w
a
y
g
reen

h
o
u
se

fro
m

K
o
p
p
a
ra
p
u
et

a
l.
(2
0
1
4
,
E
q
u
a
tio

n
(5
)).

c
D
y
n
a
m
ica

lly
selected

d
u
rin

g
th

e
sim

u
la
tio

n
.



Atmospheric escape by flares 13

To quantify the role of flares, we subtract the water loss from simulations that include flares from those that do not.282

Fig. 9 shows the results and includes both relative (contours) and absolute (colors) mass loss amounts. The top panels283

of Figure 9 include water loss in the HZ, while the bottom panels do not. The first feature to note is that flares can284

remove up to two additional TO, a total desiccation of the surface water in some cases. When flares are not included,285

less water escapes from more massive planets orbiting more massive stars. On the other hand, cases with a shorter286

runaway greenhouse phase (bottom panels from Figure 9) or planets equal to or less massive than 2 M⊕ can only lose287

up to 36% more water due to flares.288

The biggest difference occurs for ∼3 M⊕ planets orbiting stars less massive than 0.3 M�, as show in Figure 9. For289

the case with a runaway greenhouse in the HZ, the planets can lose up to an additional 0.6 TO of water than cases290

that not consider flares (a 44% increase). For the cases where planets have a shorter period in the runaway greenhouse,291

i.e. only during PMS, the flares can remove up to two TO, or 100% of the surface water.292

Note that for planets with small initial water content, the inclusion of flares does not affect water-loss rates because293

the quiescent XUV flux is sufficient for desiccation. In other words, these planets lose all their hydrogen and water294

regardless of stellar activity. In general, potentially habitable planets must form with at least four TO of water to be295

habitable after the PMS. With this value, the planets can keep (in a general way) approximately 50% of the amount296

of water they have at the beginning of their evolution.297

Next we turn to the accumulation of the liberated oxygen in the atmosphere due to flares. In Fig. 10 we plot the298

difference in final oxygen abundance between atmospheres that are exposed to flares versus those that are not in an299

analogous manner to Fig. 9. The white regions of this figure are the cases where the oxygen produced by flares is300

equal to the quiescent case; red regions (positive values) show additional oxygen accumulation from flares; blue regions301

(negative values) show reduced oxygen abundance.302

Flares can generate up to 95 and 318 bars of additional oxygen when water photolysis is halted in the HZ and when303

it is not, respectively. The blue regions do not represent cases in which less oxygen was produced, but rather where304

the XUV flux drives a more energetic flow of hydrogen that is able to drag along more oxygen. This effect can be305

seen by noting that the blue region overlaps with the fully desiccated regions of Fig. 9, revealing that similar amounts306

of oxygen are produced but more oxygen escapes, resulting in less oxygen in the atmosphere at the conclusion of the307

simulations.308

Even though we did not consider an oxygen sink in this work, we note that in a real Earth-like planet, the atmospheric309

oxygen can be removed in different ways, like metamorphism, weathering, and volcanism (Catling & Kasting 2017).310

As seen recently in previously works (Schaefer et al. 2016; Wordsworth et al. 2018; ?), a magma ocean can also absorb311

oxygen efficiently. Nonetheless, all these studies still suggest that significant oxygen can accumulate in the atmosphere.312

3.2. Known Planets313

Next we turn to the four real planets we selected in Section 2.4.2. For these simulations we assume that once a planet314

reaches the HZ, the water loss is halted. Figure 11 shows the positions of these planets in the HZ. Figure 12 shows the315

time evolution of primordial envelope mass, surface water content, amount of atmospheric oxygen, optimistic HZ and316

semi-major axis, XUV-to-bolometric luminosity ratio, and incident XUV flux for each planet. In the top panels of both317

figures, this location is an extrapolation, once we did not simulate scenarios with an extended runaway greenhouse318

phase.319
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Figure 8. Percentage (contour lines) and absolute amount (shading) of water lost just by quiescent stellar XUV (AtmEsc +
Stellar modules; left panels) and with the addition of flares (AtmEsc + Stellar + Flare modules; right panels). In the upper
panels, the planet continues to lose water even when in the HZ, while in the lower panels, water photolyzation halts in the HZ.
The circle, square, star, and triangle represent Kepler-1229 b, K2-72 e, TOI-700 d, and Kepler-1649 c, respectively; see Table 2.
Plots/SurfaceWaterEscape/WaterEscapeAbsolute.

https://github.com/lauraamaral/WaterEscapeFlares/tree/main/Plots/SurfaceWaterEscape/WaterEscapeAbsolute
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Figure 11. Position of known planets with respect to the host star. The blue shading represents the conservative HZ, and the
region between the red (dashed) and orange (dotted) lines are the optimistic HZ, as defined by Kopparapu et al. (2014). The
known planets are represented as circles (Kepler-1229 b), squares (K2-72 e), stars (TOI-700 d), and triangles (Kepler-1649 c).
Plots/RealPlanets/RealPlanetsPosition.

The simulations reveal that K2-72 e can lose its entire primordial H/He atmosphere when flares are included,320

regardless of the distance from the star. However, this planet does not lose any water because it enters the HZ just321

before it loses all its primordial H/He atmosphere. About 600 Myr after the scenario with flares, the analog scenario322

with the quiescent XUV only also loses its primordial atmosphere.323

The Kepler-1649 c planet is the only one of these four simulated planets that loses water. Unlike K2-72 e, in Kepler-324

1649 c this process happens when the planet is placed closer to the star, with its known semi-major axis, regardless of325

flaring. The only difference is that, with flares, the primordial atmosphere escapes 30 Myr earlier.326

Planet Kepler-1229 b does not lose its envelope even when flares are included, mostly due to its larger mass that327

helps to retain the hydrogen. TOI-700 d, even with less mass than K2-72 e, does not lose its primordial envelope328

either, and in this case, the larger orbital distance from the star further helps to prevent the atmospheric loss. All329

these results are in agreement with the hypothetical cases (see Fig. 8 , 9, and, 10), and confirm that the impact of330

flaring on envelope loss and desiccation depend strongly on the specific properties of a given planet.331

4. DISCUSSION332

4.1. Dependence of the Stellar and Planetary Mass to the Final Water Reservoir333

After carrying out the simulations with the parameters shown in Table 1, the values of the final amounts of water334

were taken for each simulated planet. With these data, the percentage of the water lost (compared to the initial value)335

was also calculated for each planet.336

The hypothetical planets simulated in this work suggest strong correlations between stellar+planetary parameters337

and final water content. To quantify these relationships, we performed a Pearson’s correlation test on those data. The338

Pearson correlation assumes linear dependency on pair of parameters. To use this test, we considered that the data339

are linearly correlated. The Pearson’s coefficient varies from -1 (perfectly anticorrelated) to 1 (perfectly correlated).340

A Pearson coefficient equal to zero means that the data sets are uncorrelated. Figure 13 shows the results of this341

analysis with respect to the percentage of surface water, for the four scenarios (water loss in the HZ and the inclusion342

https://github.com/lauraamaral/WaterEscapeFlares/tree/main/Plots/RealPlanets/RealPlanetsPosition
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of flares). Panels (b) and (d) include flares; panels (c) and (d) assume the planets do not lose water in the HZ (the343

runaway greenhouse phase occurs only during the PMS).344

In all cases, the Pearson test confirms that stellar and planetary masses are inversely correlated with the amount345

of water lost, i.e. less massive stars play a major role in water loss. Although more massive stars have larger flare346

rates in our model, their PMS phase is shorter and thus less water is lost. For the scenario where we consider flares347

(panels (b) and (d) of Figure 13), the correlation between atmospheric loss with stellar mass increases compared to348

the cases without flares. When we assumed that the planet remains in a runaway greenhouse phase throughout 1 Gyr349

(panels (a) and (b) of Figure 13), the correlation between final water abundance and stellar mass decreases compared350

to planet mass because water loss is independent of the duration of the PMS.351

More massive planets possess stronger gravity and retain their atmosphere and water more easily than less massive352

planets, especially when the planet stays in the runaway greenhouse phase for 1 Gyr. If just the quiescent XUV of the353

star is considered, the correlation value is -0.58. When we add flares to the stellar evolution, the correlation drops to354

a value of -0.47.355

This stellar mass trend depends on the length of the runaway greenhouse phase. When the runaway greenhouse356

phase is the same for all the stellar masses (panels (a) and (b)), the dependence on the stellar mass is weaker than357

when the runaway greenhouse halts when the planet enters the HZ (panels (c) and (d)). Here the water lost depends358

on planetary mass almost equally (-0.4 and -0.38, respectively), but the stellar mass is more relevant when we consider359

flares (see panel (d)). In this case, the Pearson coefficient is -0.41 (panel (d)), compared to a value of -0.32 when we360

do not consider flares (panel (c)).361

Finally, we note that the flare model from Davenport et al. (2019) contains uncertainties that are not reflected in362

this analysis. In that work, the authors only considered a few M-dwarf stars in their sample, the observed flares have363

high energies (>31.5 ergs), and their analyzed stars are all active. These limitations likely make our results an upper364

limit of the simulated scenarios. Future flare observations of M dwarfs (e.g., achieved with the Transiting Exoplanet365

Survey) will likely require modifications of the FFD as a function of stellar mass and time. When such an effort has366

been completed, the results presented here should be revisited.367

4.2. Impact of Flares on Known Planets368

Our simulations of known planets revealed a wide range of plausible evolutionary trajectories; however, the range is369

likely underestimated. We assumed that the planets orbit active stars, but that is probably not the case for many of370

them. TOI-700 is a slow rotator (period = 54 days; Newton et al. 2017; Gilbert et al. 2020; Rodriguez et al. 2020),371

indicating this star is not currently active. Kepler-1229 has a rotation period of 17.63 days (Torres et al. 2017), so it372

could be active, but like K2-72 and Kepler-1649, it has no activity or flares reported in the literature. However, these373

observations are all for their current conditions and, since stellar activity decreases with time (West et al. 2008), our374

simulations may still be representative of their early evolution. Otherwise, the results presented here can be considered375

an upper limit (worst case) of the environment that these planets are exposed to.376

Cohen et al. (2020) found that TOI-700 d is not in an extreme environment compared to Earth, even considering a377

strong coronal mass ejection (CME) event. Dong et al. (2020) found that the planet’s atmosphere could be stripped378

within 1 Gyr if the planet is unmagnetized. This result is consistent with our study, as shown in Figure 12. If we379

extrapolate the results, TOI-700 d’s envelope mass could be lost just after 1 Gyr. Note, however, that our simulations380

also predict that water can be retained, even when considering flares. Even with flares, the only case that experienced381

significant water lost was Kepler-1649 c, removing 0.16 TO more than quiescent evolution alone. This result is likely382

due to the short orbital distance and small stellar mass, which increase the time the planet is interior to the HZ.383

5. CONCLUSIONS384

We simulated the XUV emission of M-dwarf stars to estimate the atmospheric escape and oxygen buildup on synthetic385

and known Earth-size planets. For the first set of simulations, we modeled a range of parameters, such as the stellar386

mass, planetary mass, and initial water abundance, to estimate the trajectories that permit water on the planetary387

surfaces today, i.e. a habitable planet. We find that many planets, including some that are known, could be habitable388

today. However, we also note that other processes can affect habitability, such as tidal forces, planetary magnetic field,389

CMEs, or proton events. We also did not consider radiative cooling mechanisms, such as from CO2, in the simulated390

atmospheres. These are important features to the atmospheric escape when we are analyzing planetary habitability391

but are beyond the scope of this work and should be explored with future research. Because of all these points, our392

results should be considered preliminary, especially for the known planets.393
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As part of this work, we added the Davenport et al. (2019) flare frequency distribution model to the VPLanet software394

package as a module we call FLARE. We validated this model by reproducing the results in Davenport et al. (2019).395

This module is now part of this open-source project and available for community use.396

We found that flares add about 10% more XUV emission to M dwarfs over the quiescent stellar levels, which can397

remove up to an additional two TO of surface water compared to quiescent stars, at least for Earth-like planets. We398

assumed a primordial hydrogen envelope mass of 0.001 M⊕, so actual water amounts lost will change for different399

envelope assumptions. We also found that flares play their most significant role in water escape for planets between 2400

and 5 M⊕. Furthermore, the final water content depends more strongly on the stellar mass than the planetary mass401

when water loss halts once the planet reaches the HZ. However, if the planets continue losing water inside the HZ, then402

planetary mass is more important. These trends hold for our simulations of known planets. Future space missions403

such as the James Webb Space Telescope and the ground-based Extremely Large Telescope may be able to test the404

predictions presented here, possibly even leading to the discovery of an inhabited exoplanet.405
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