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ABSTRACT

Stellar high-energy radiation is a key driver of atmospheric erosion and evolution in exoplanets, directly affecting their long-term
habitability. We present a comprehensive study on stellar high-energy radiation and its impact on exoplanetary atmospheres, leveraging
data from the eROSITA telescope array aboard the Spektrum Rötgen Gamma (SRG) satellite. Our sample consists of 3750 main-
sequence stars identified via cross-matching with Gaia DR3. Utilizing X-ray spectral fits from the eROSITA catalog, we computed
X-ray luminosities (LX) and extreme-ultraviolet (EUV) luminosities (LEUV), derived from scaling relationships, which we used to derive
the soft X-ray flux, i.e., combined X-ray and EUV (XUV) fluxes, at the habitable zone (FXUV,HZ). We find that the majority of stars
in our sample are significantly more XUV-active than the Sun, with habitable zone fluxes ranging from 100 to 105 erg cm−2 s−1. The
ratio LXUV/Lbol is found to be higher for cooler, magnetically active stars, highlighting their potentially hazardous nature for planetary
atmospheres. Applying the energy-limited escape model, we computed atmospheric mass-loss rates for hypothetical Earth-like planets
located at the habitable zone of each star. We also present local maps for distances up to 500 pc of the average XUV flux, revealing
“hazard zones” where stellar radiation could significantly influence planetary atmospheric evolution. This work demonstrates the
power of X-ray surveys in constraining the high-energy environments of exoplanets and underscores the critical role of stellar activity
in planetary habitability.
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1. Introduction
Exoplanets have been discovered in a wide range of orbital con-
figurations, with a notable fraction orbiting close to their host
stars. Such close-in planets, including the first ever detected
main-sequence exoplanet 51 Peg b (Mayor & Queloz 1995),
experience stellar irradiation that can exceed the levels received
by planets in our Solar System by orders of magnitude. This
high-energy irradiation, spanning from the ultraviolet (UV) to
X-rays, can cause significant atmospheric heating and planetary
radius inflation (Fortney & Nettelmann 2010; Baraffe & Chabrier
2010), and can even drive hydrodynamic escape (Watson et al.
1981; Murray-Clay et al. 2009).

Observational evidence of extended planetary atmospheres
and ongoing atmospheric escape has been obtained through tran-
sit spectroscopy across various spectral bands. Notable diagnos-
tic features include the Lyman-α line of hydrogen (Vidal-Madjar
et al. 2003; Lecavelier Des Etangs et al. 2010; Kulow et al. 2014;
Ehrenreich et al. 2015), metastable helium lines in the near-
infrared (Allart et al. 2018; Nortmann et al. 2018; Oklopčić &
Hirata 2018; Spake et al. 2018), near-UV observations (Salz et al.
2019), and soft X-ray measurements (Poppenhaeger et al. 2013).
The primary driver of atmospheric mass loss is thought to be the
XUV flux, i.e., extreme-ultraviolet (EUV) flux combined with
soft X-ray flux (0.024–2.47 keV) emitted by the host star (Yelle
2004; Murray-Clay et al. 2009). While the EUV flux generally
cannot be measured directly due to a lack of operating observa-
tories in this wavelength range, it can be inferred from X-ray and
⋆ Corresponding author: egatuzz@mpe.mpg.de

UV measurements (Sanz-Forcada et al. 2011, 2025; France et al.
2013; Johnstone et al. 2021).

Quantifying stellar high-energy irradiation is essential for
modeling exoplanetary atmospheric escape. However, signif-
icant uncertainties remain regarding the absorption height of
X-rays in planetary atmospheres, the efficiency of mass loss, and
the overall impact of high-energy radiation on planet formation
(Owen & Adams 2014; Cohen et al. 2015; Dong et al. 2017;
Monsch et al. 2019). X-ray observations therefore provide a
critical, directly measurable constraint on one of the most
influential factors driving atmospheric evaporation.

The 2019 launch of the extended Roentgen Survey with
an Imaging Telescope Array (eROSITA) aboard the Spektrum
Rötgen Gamma (SRG) enabled the first comprehensive all-sky
survey in X-rays since the Röntgen Satellite (ROSAT) mission
(Truemper 1982), offering an unprecedented dataset for study-
ing stellar X-ray emissions (Brunner et al. 2022; Magaudda
et al. 2022; Caramazza et al. 2023; Freund et al. 2024). Using
SRG/eROSITA survey data, it is possible to estimate the
combined XUV flux incident on exoplanets by using scaling
relationships. Such measurements allow for the calculation
of exoplanetary evaporation rates and the identification of
highly irradiated systems that are prime targets for follow-up
observations across multiple wavelengths.

We studied habitable regions around SRG/eROSITA coronal
sources based on X-ray flux measurements obtained by fitting
the X-ray spectra. The structure of this paper is as follows. Sec-
tion 2 explains the creation of the SRG/eROSITA data sample,
and Sect. 3.1 describes the X-ray spectral modeling. Section 3.2
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details the computation of EUV fluxes using the X-ray fluxes.
The habitable zone (HZ) X-ray irradiation computation is pre-
sented in Sect. 3.5, and the mapping of local “hazard zones” is
described in Sect. 3.5. A discussion of the results is presented in
Sect. 4, and the conclusions are summarized in Sect. 5. Through-
out this work, errors are quoted at the 1σ confidence level unless
otherwise stated.

2. Sample

The X-ray data used in this work originate from the first all-sky
survey (eRASS1) conducted by SRG/eROSITA (Predehl et al.
2021). This survey provides the most sensitive all-sky census of
sources in the soft X-ray band (0.2–10 keV), detecting more than
one million objects, the majority of which are active galactic
nuclei (Merloni et al. 2024). Because of the bilateral data rights
agreement within the SRG mission, the German eROSITA con-
sortium has exclusive access to approximately half of the sky,
corresponding to the western Galactic hemisphere (defined by
Galactic longitudes 179.9442◦ < l < 359.9442◦). The present
study uses only sources located within this German footprint.

To identify stellar counterparts of the X-ray sources,
Freund et al. (2024) cross-matched the eRASS1 catalog
with the third data release of the Gaia mission (DR3;
Gaia Collaboration 2021, 2023). Using the HamStar identifi-
cation method (Schneider et al. 2022; Freund et al. 2022), they
compiled a large catalog of stellar X-ray emitters and provided
distances based on the Gaia astrometric measurements. This
catalog contains more than 105 candidate coronal sources with
reliable optical counterparts.

Spectral analysis for a subset of these sources was per-
formed by Gatuzz et al. (2024), who generated X-ray spectra
and response files using the eROSITA Science Analysis Soft-
ware System (eSASS; Brunner et al. 2022). That work produced
spectral products for 8231 eRASS1 stellar sources with sufficient
photon statistics for spectral modeling, using eSASS version
201125 with 010 processing version.

For this work we applied additional filtering of the Gatuzz
et al. (2024) data. We excluded sources flagged for optical load-
ing (FLAG_OPT=True), which can produce spurious detections,
which were identified in the eRASS1 catalog creation (Freund
et al. 2024). For these sources, the X-ray detection is likely
affected by the accumulation of optical/UV photons within a
CCD pixel over the frame integration time. We also excluded
those sources flagged as CORONAL=False, as their X-ray emis-
sion is unlikely to be coronal but rather produced by an accretion
process on a compact object. We note that many late-type stars
appearing above the main sequence in HamStar can be unre-
solved binary systems, which are typically X-ray-bright. As
discussed by Freund et al. (2024), reliably identifying and quan-
tifying the fraction of unresolved binaries in large X-ray-selected
samples is challenging and requires additional observational
constraints. Therefore, a detailed assessment of the binary frac-
tion and its impact on the derived LXUV/Lbol values is beyond the
scope of the present work.

To identify main sequence stars in our sample, we first
derived their absolute magnitudes. We then compared the
derived absolute magnitudes with empirical main-sequence
values at the same color, which were interpolated from the
dwarf sequence compiled by Pecaut et al. (2012) and Pecaut &
Mamajek (2013)1, which also provide the bolometric corrections

1 http://www.pas.rochester.edu/~emamajek/EEM_dwarf_
UBVIJHK_colors_Teff.txt
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Fig. 1. Color-magnitude diagram of the sources, using absolute mag-
nitude (MG) and color (BP − RP) values from Gaia DR3. The color
scales with X-ray luminosity (LX), showing the relationship between
stellar evolutionary status and coronal activity.

required to compute bolometric luminosities. Stars were con-
sidered consistent with the main sequence if they lay within
a chosen tolerance around the interpolated relation. Following
Freund et al. (2024), we adopted a threshold of 1 mag in MG.
From the absolute magnitudes we computed the bolometric
luminosity (Lbol).

To ensure physically meaningful XUV flux estimates and to
remove spurious or nonstellar entries, we applied several filter-
ing criteria to our sample. First, we isolated main-sequence stars
by comparing the observed Gaia absolute magnitudes (MG) with
the empirical dwarf sequence. Following the methodology of
Freund et al. (2024), we retained only those sources that satisfy

|MG − MG,empirical(BP − RP)| < 1.0 mag, (1)

where MG,empirical is the expected absolute magnitude for a given
BP − RP color taken from Pecaut & Mamajek (2013). This
selection serves as a strict color-magnitude filter, effectively
removing giants, subgiants, and outliers, which results in the
narrow main sequence observed in our analysis. In addition to
this photometric cut, we applied a conservative luminosity fil-
ter to the measured X-ray luminosities. Specifically, we retained
only sources with 1026 erg s−1 ≤ LX ≤ 1032 erg s−1, a range
consistent with observed coronal emission in main-sequence
stars (Freund et al. 2024). The lower bound of 1026 erg s−1 is
approximately an order of magnitude lower than the typical
solar minimum luminosity (i.e., in the solar cycle), ensuring
that our sample includes stars significantly less active than the
present-day Sun. The exclusion of sources below 1026 erg s−1

accounts for only <3% of the initial cross-matched sample, most
of which were characterized by poor spectral fits or high flux
uncertainties. The lower bound excludes values consistent with
non-detections, and numerical artifacts, while the upper bound
removes objects whose reported X-ray/XUV luminosities exceed
plausible coronal emission limits.

The final filtered sample consists of 3750 main-sequence
stars. Table 1 includes all the parameters required to perform
the analysis presented in this work (see Data availability note).
Figure 1 shows a Gaia color-magnitude diagram of our sample,
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Fig. 2. Distribution of HRs for the analyzed sample.

with points color-coded by their X-ray luminosity (LX), which
illustrates the relationship between stellar evolutionary status and
coronal activity. All quoted maps and statistics throughout this
work utilize this filtered sample unless otherwise noted.

3. Analysis and results

3.1. X-ray spectral analysis

The X-ray spectral properties of the eRASS1 sources analyzed in
this work are taken from the catalog presented by Gatuzz et al.
(2024), where X-ray spectra were modeled using a set of simple
phenomenological models commonly applied in X-ray astron-
omy. These models include absorbed power-law, blackbody, and
optically thin thermal plasma components, as well as combina-
tions of thermal plasma models, implemented within the xspec2

spectral fitting package. In all cases, interstellar absorption along
the line of sight was modeled using the tbabs model (Wilms
et al. 2000). The goal of this analysis was to characterize the
general spectral shape of each source and to derive key parame-
ters such as the absorbing hydrogen column density (NH), plasma
temperatures, and intrinsic X-ray fluxes.

For each source, Gatuzz et al. (2024) evaluated several can-
didate models and determined the best-fitting representation
based on statistical criteria. In most cases, spectra of coronal
sources are best described by one or two optically thin ther-
mal plasma components, consistent with the multi-temperature
structure expected from stellar coronae. The catalog provides the
best-fit parameters, associated uncertainties, and both absorbed
and unabsorbed flux estimates for each source. We adopted the
intrinsic (unabsorbed) X-ray fluxes derived from the best-fit
spectral models reported by Gatuzz et al. (2024), after having
corrected for absorption using the values for the column density,
NH, obtained from the spectral fits.

Figure 2 shows the hardness ratio (HR) distribution of the
sources. The HR is defined as HR = (H − S )/(H + S ), where H
is the unabsorbed flux in the hard X-ray band (0.5–1.0 keV) and
S is the unabsorbed flux in the soft X-ray band (0.2–0.5 keV).
The HR provides a proxy for the spectral shape, with higher val-
ues corresponding to harder spectra and lower values to softer

2 https://heasarc.gsfc.nasa.gov/docs/software/xspec/

emission. The distribution shows that the majority of sources lie
in the HR range ∼0–0.5, indicating spectra with significant flux
in both the soft and hard bands, implying that the X-ray emis-
sion of our sample stars is broadly distributed between 0.5 keV
and 1.0 keV, as is typical for coronal X-ray emitters (Güdel 2004;
Johnstone & Güdel 2015; Wang et al. 2020; Gatuzz et al. 2024).
Then, we computed X-ray luminosities for our sample by com-
bining the unabsorbed fluxes (FX) obtained from the spectral fits
with the distances (d) derived from Gaia parallaxes. By using
absorption-corrected fluxes together with distance estimates, this
method accounts for the intrinsic stellar brightness in X-rays by
correcting for line-of-sight absorption, thus providing a uniform
estimate of the coronal emission across the sample.

3.2. From X-rays to EUV

We investigated the impact of X-ray emission on the habitabil-
ity of potential planets around these stars, following the work
done by Murray-Clay et al. (2009), Kubyshkina et al. (2020), Han
et al. (2024), and Poppenhaeger et al. (2024). First, we computed
the EUV luminosity (LEUV) in the 0.013–0.1 keV (124–95 nm)
energy range by using the scaling relation from Sanz-Forcada
et al. (2025):

log LEUV = (28.16 ± 0.05) + (0.821 ± 0.041)CX, (2)

where CX = log LX − 27.44. LX is the X-ray luminosity, in
erg s−1 and in the 0.1–2.4 keV energy range, obtained from
the best-fit spectral model in ergs s−1. This scaling relation is
valid only for main-sequence stars (see Sect. 2). However, it
is important to emphasize that such empirical scaling laws are
applied uniformly across the entire sample regardless of individ-
ual stellar age or mass. Furthermore, the atmospheric mass-loss
estimates are implicitly based on a simplified H/He composi-
tion, as commonly assumed in energy-limited escape models.
The combination of applying a single empirical scaling relation
to all stars and assuming a simplified atmospheric composition
introduces a systematic uncertainty, because it enforces a lin-
ear proportionality between X-ray and EUV luminosities. As
a result, the estimates may not capture the full complexity of
coronal physics across different stellar evolutionary stages.

Figures 3–6 provide complementary views of the high-
energy emission of our main-sequence sample. As a reference,
we also included values for the Sun and a young sun proxy
from Shoda et al. (2024, their Table 1). Figure 3 presents a his-
togram of XUV luminosity (LXUV = log LEUV + LX). Figure 4
shows LXUV as a function of Gaia BP − RP color. For com-
parison, we included the Sun and κ1 Ceti as a template for a
Young Sun (Shoda et al. 2024) with an estimated age of ∼ 650
Myr (Airapetian et al. 2021). Figure 5 presents the relationship
between LXUV and absolute magnitude (MG). We note that our
sample does not include stars with LXUV ≲ 1027 erg s−1, despite
our nominal LX threshold extending to 1026 erg s−1. This reflects
a selection bias driven by the sensitivity limits of SRG/eROSITA
and our requirement of sufficient signal for spectral analysis,
which preferentially selects relatively X-ray-bright (i.e., more
active) stars compared to the Sun at cycle minimum. Finally,
Fig. 6 illustrates the dependence of LXUV on stellar mass, sug-
gesting that the increase in XUV luminosity with stellar mass is
most apparent for stars close to solar mass. Stellar masses used in
this study were obtained directly from the Gaia DR3 astrophys-
ical parameters table (Gaia Collaboration 2023). Specifically,
we used the mass_flame parameter, which is derived from
the Flux-Luminosity-Age-Mass Estimator (FLAME) module. The
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Fig. 3. Histogram of the XUV luminosity (LXUV) for the main-sequence
sample.
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Fig. 4. XUV luminosity (LXUV) as a function of Gaia BP − RP color.
Only sources with log(LXUV) between 1027 and 1033 erg s−1 are shown,
to improve visualization.

FLAME pipeline estimates stellar mass by comparing the Gaia
observational data – including absolute luminosity derived from
parallaxes and effective temperature – against standard stellar
evolutionary models (Creevey et al. 2023). By combining pre-
cise Gaia astrometry with model-based evolutionary constraints,
the FLAME-derived masses are therefore consistent with current
stellar evolutionary tracks. These figures collectively link funda-
mental stellar properties with coronal activity, providing a basis
for assessing the potential high-energy environment within the
HZ of different stellar types.

We emphasize that the trends observed in Figs. 4 and 5 are
affected by observational biases related to the eROSITA all-
sky survey (eRASS) sensitivity limit. In particular, the apparent
absence of F-type stars at LXUV ≲ 1030 erg s−1 (Fig. 5) likely
reflects a detection bias rather than an intrinsic physical cutoff,
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Fig. 5. XUV luminosity (LXUV) as a function of Gaia absolute magni-
tude (MG). For comparison, we include the Sun and a young Sun.
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Fig. 6. XUV luminosity (LXUV) as a function of stellar mass. The EUV
component is derived using the Sanz-Forcada et al. (2025) scaling rela-
tion. The spectral type and temperatures are also indicated.

as more luminous stars can only be detected if they exhibit suf-
ficiently strong coronal emission. However, this trend may also
be influenced by intrinsic stellar properties, since early-F stars
do not generally follow the monotonic increase in XUV lumi-
nosity with stellar mass observed at later spectral types. Thus,
the observed distribution likely results from a combination of
observational selection effects and a change in coronal emis-
sion behavior toward earlier spectral types. This selection effect
is less evident in the normalized LXUV/Lbol plane (Fig. 7). To
further assess this effect, we examined the distribution of X-
ray luminosity as a function of distance and found that only 98
sources lie below the nominal eRASS sensitivity limit of fX ∼
2.5 × 10−14 erg cm−2 s−1 (Freund et al. 2024). Furthermore, a
significant fraction of our sample lies above the canonical satura-
tion threshold of LX/Lbol ∼ 10−3, corresponding to LXUV/Lbol ∼

10−2.5 when accounting for the EUV contribution. This sug-
gests that many of the detected sources are in a saturated or
near-saturated regime of coronal activity.
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Fig. 7. Ratio of XUV luminosity to bolometric luminosity, LXUV/Lbol,
as a function of stellar effective temperature, Teff .

3.3. HZ X-ray irradiation

Figure 7 presents the ratio of XUV luminosity to bolometric
luminosity, LXUV/Lbol, as a function of stellar effective tempera-
ture, Teff . This plot reveals the dependence of stellar high-energy
emission on temperature: cooler stars, typically more mag-
netically active, show higher LXUV/Lbol ratios, whereas hotter
stars generally emit a smaller fraction of their total luminos-
ity in the X-ray and EUV bands. Most stars in our sample
exhibit LXUV/Lbol ≪ 1, which indicates that only a small frac-
tion of their total energy is emitted in the high-energy bands, as
expected for main-sequence stars.

To estimate the high-energy irradiation that a hypothetical
planet would receive in the HZ of each star, we first computed
the effective stellar flux defining the HZ following Kopparapu
et al. (2014). The effective flux (S eff) is a function of the stel-
lar effective temperature and can be expressed as a fourth-order
polynomial relative to the solar effective temperature:

S eff = S eff,⊙ + a T⋆ + b T 2
⋆ + c T 3

⋆ + d T 4
⋆, (3)

where T⋆ = Teff − 5780 K and the coefficients S eff,⊙, a, b, c, d
correspond to the inner or outer edges of the HZ depending on
the chosen model. The separation of the HZ is then obtained as

rHZ =

√
Lbol/L⊙

S eff
au, (4)

where L⊙ is the solar bolometric luminosity. Finally, the XUV
flux at the HZ is calculated as

FXUV,HZ =
LXUV

4πr2
HZ

, (5)

where LXUV is XUV luminosity. The parameters used in the
model correspond to the runaway greenhouse described in
Table 1 in Kopparapu et al. (2014) for a 1 Earth-mass planet.

Figure 8 shows the high-energy flux that a planet would
receive at the center of the HZ as a function of stellar mass
(provided by Gaia). The plot illustrates that low-mass stars
(M∗ < 1 M⊙) tend to expose their HZ to higher XUV fluxes
due to their closer-on HZs. Conversely, more massive stars,
despite having higher intrinsic XUV luminosities, have more dis-
tant HZ, which results in lower fluxes at the HZ. The majority
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Fig. 8. X-ray plus EUV flux (FXUV,HZ) received at the HZ of each star
as a function of stellar mass. Only sources with log(FXUV,HZ) between
−1 and 6 are shown, to improve visualization.

of the computed XUV fluxes in the HZ fall between 100 and
105 erg cm−2 s−1, which is significantly larger than the present-
day solar XUV flux at Earth (∼4 erg cm−2 s−1) and indicates
potentially XUV-hazardous environments. The extremes cor-
respond to very low-activity stars or highly luminous XUV
emitters.

3.4. Exoplanet mass-loss rate

For a given planet mass and radius located within the continuous
HZ (rHZ), the photo-evaporative mass loss rate (ṁ) due to high-
energy stellar emission can be computed as (e.g., Owen et al.
2012; Lopez et al. 2012)

ṁ = η
3β3FXUV

4GKρpl
, (6)

where ρpl is the density of the planet, β is the effective XUV
absorption cross section (assumed to be 2.3 as in Poppenhaeger
et al. 2024), G is the gravitational constant and η is the efficiency
of the atmospheric escape. This last parameter is assumed to be
0.15 as the upper limit estimated by Shematovich et al. (2014),
with further discussion by Rukdee et al. (2026).

The factor K accounts for the effect of Roche lobe overflows,
as described by Erkaev et al. (2007) as

K = 1 −
3
2ξ
+

1
2ξ3

(7)

and

ξ =

(
Mpl

3M∗

)1/3 a
Rpl
, (8)

with Mpl the mass of the planet, M∗ the mass of the host star,
a the orbital distance between the star and the planet (taken as
rHZ), and Rpl the radius of the planet.

Figure 9 shows the estimated atmospheric mass-loss rates
for a hypothetical terrestrial planet (Mpl = 5.972 × 1027 g, Rpl =

6.378 × 108 cm) as a function of the HZ separation (rHZ) for
each star in our sample (top panel). For comparison, observed
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Fig. 9. Calculated photo-evaporative mass-loss rates for a theoretical
Earth-like planet orbiting the sample of stars as a function of the HZ
separation (rHZ). Each data point represents a unique star–planet combi-
nation. The color scale indicates the stellar mass of the incident star.

escape rates in highly irradiated close-in exoplanets are typically
in the range of 109–1011 g s−1, which is up to 5% of its total mass
per billion years (e.g., Vidal-Madjar et al. 2003; Lecavelier Des
Etangs et al. 2010; Ehrenreich et al. 2015; Ginzburg et al. 2018;
Spake et al. 2018; Cubillos et al. 2020; Hazra 2025), consistent
with our model predictions for highly irradiated systems.

The color-coding in Fig. 9 represents the stellar mass. We
observe a general decrease in the mass-loss rates as stellar mass
increases. For stars with M∗ > 1.5 M⊙, the HZs are located at
greater orbital separations (Gallet et al. 2017), which signifi-
cantly attenuates the incident XUV flux and results in more
moderate mass-loss rates, typically below 109 g s−1. In contrast,
low-mass stars (M∗ < 1.0 M⊙) exhibit a much broader distribu-
tion of mass-loss rates, spanning over five orders of magnitude.
While some low-mass stars provide relatively benign environ-
ments, a significant subset drives extreme escape rates exceeding
1010 g s−1 due to high XUV irradiation levels (FXUV,HZ), as indi-
cated by the color scale. These results suggest that stars with
M∗ > 1.5 M⊙ are more favorable for the long-term retention of
secondary atmospheres on HZ planets. Conversely, planets orbit-
ing low-mass stars – particularly those in active or young phases
– face a higher risk of total atmospheric erosion, potentially ren-
dering their HZs less hospitable despite the favorable thermal
conditions.

We stress that the mass-loss rates derived here should be
interpreted with caution. In this work, we adopted an Earth-like
density as a reference case to provide an order-of-magnitude esti-
mate of the potential impact of stellar XUV irradiation, rather
than a self-consistent description of atmospheric escape for
rocky planets. An additional limitation is that our estimates are
based on present-day stellar XUV luminosities, whereas atmo-
spheric escape is expected to have been more efficient during
earlier evolutionary phases when stellar activity levels were sig-
nificantly higher. Therefore, our results should be viewed as
indicative of relative trends across the stellar sample and as a
proxy for defining potential hazard zones of high-energy irradia-
tion, rather than as precise predictions of atmospheric evolution
for HZ terrestrial planets.

3.5. Mapping local hazard zones

Figure 10 shows the normalized XUV flux ratio, FXUV,HZ/FHZ,
in the Galactic plane for our sample of stars. This ratio quan-
tifies the fraction of stellar high-energy emission relative to the
total bolometric flux at the HZ. To construct these 2D maps, we
binned the stellar sample in cylindrical coordinates, defined as
(R, ϕ,Z) with

R =
√

X2 + Y2, ϕ = arctan
(Y

X

)
, Z = Z, (9)

where (X,Y,Z) are the Cartesian Galactocentric coordinates. The
spatial distribution of our sample in Galactocentric coordinates
is restricted to the southern Galactic hemisphere (Y ≤ 0). To
construct these 2D maps, we binned the stellar sample in cylin-
drical coordinates (R,Z), where R =

√
X2 + Y2 is the radial

Galactocentric distance. The average XUV flux in each bin was
computed by weighting the logarithmic values by the number of
stars per bin. This approach accounts for the nonuniform stellar
distribution and provides a representative measure of the typical
irradiation environment in each region. The map was constructed
using bins of 30 pc in both the radial and vertical directions.

It is important to note that such maps are located in the
solar neighborhood, within a heliocentric distance range of
4.47−1104.2 pc (R = 8.2−8.8 kpc in Galactocentric coordi-
nates). Figure 11 displays the star counts per bin on a logarithmic
scale to highlight the sampling significance. As expected for a
flux-limited sample, the highest statistical significance is concen-
trated near the Sun (R ≈ 8.5 kpc, Z ≈ 0 kpc), where the sampling
density is highest. Conversely, isolated pixels at larger heliocen-
tric distances (lower Z or extreme R) contain significantly fewer
objects. These outer regions are more susceptible to Malmquist
bias – where only the most X-ray luminous stars are detected at
large distances – and Poissonian noise. The central, high-density
region of the map provides the most robust representation of the
typical irradiation environment.

Figure 10 shows that most values are clustered around
log10(FXUV,HZ/FHZ) = (−2.5,−1.5), while the plotted range is
chosen to enhance visualization. Areas with higher ratios indi-
cate environments where XUV irradiation is proportionally
stronger, suggesting potentially harsher conditions for plane-
tary atmospheres. These maps provide a Galactic-scale view of
hazard zones, identifying regions where high-energy stellar radi-
ation could significantly influence habitability. For reference, the
Sun XUV flux in its HZ is FXUV,HZ,⊙ ∼ 4 erg cm−2 s−1, while the
bolometric flux at 1 AU is FHZ,⊙ ∼ 1.36 × 106 erg cm−2 s−1, giv-
ing a ratio FXUV,HZ/FHZ ∼ 3 × 10−6. As expected, most stars in
our sample are significantly more XUV-active than the Sun.

The observed outliers, particularly those showing enhanced
FXUV,HZ/FHZ ratios, were examined for potential associations
with young moving groups or known stellar clusters. While the
spatial distribution of these high-activity bins is broadly con-
sistent with the direction of young local associations such as
the Orion complex (187.5◦ < l < 218◦, −25◦ < b < −4◦, as
defined by Rezaei Kh. et al. 2018) or various moving groups,
the low occupancy of these bins (typically N < 3 stars) sug-
gests they are highly sensitive to individual high-activity outliers.
Consequently, while these features hint at the presence of age-
dependent hazard zones tied to recent star-formation history, they
likely represent the tail of the X-ray luminosity function rather
than a systematic Galactic trend.

To further investigate the nature of the high-FXUV,HZ/FHZ
outliers forming the apparent high-|Z| tail, we identified the indi-
vidual sources contributing to these bins. In total, 19 stars were
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Fig. 10. Left: map of the normalized XUV flux in the HZ, FXUV,HZ/FHZ, in the Galactic R-Z plane. Right: map of the normalized XUV flux in the
HZ, FXUV,HZ/FHZ, in the Galactic X-Y plane.
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Fig. 11. Stellar density distribution in the Galactic plane for the studied
sample. The map shows the number of stars per 30× 30 pc bin on a log-
arithmic scale. The highest statistical significance is concentrated in the
solar neighborhood (R ≈ 8.5 kpc, Z ≈ 0 kpc). Isolated pixels at larger
heliocentric distances (low Z) represent low-count bins (N < 10).

found in this region. Cross-matching their coordinates with the
Set of Identifications, Measurements and Bibliography for Astro-
nomical Data (SIMBAD) did not support an association with
the Orion complex or any known nearby star-forming region.
Instead, these objects appear to be a heterogeneous popula-
tion, including eclipsing binaries, high proper-motion stars, and
RR Lyrae variables. The lack of association with known star-
forming regions, together with the heterogeneous nature of these
sources, suggests that the enhanced XUV flux ratios observed
in these bins are not linked to a coherent young stellar popula-
tion, but rather arise from intrinsically X-ray-active or variable
sources. Further spectroscopic age-dating of the stars in these
specific bins would be required to confirm whether they belong

to coherent kinematic structures. The combination of the small
number of objects per bin and their heterogeneous classifica-
tions indicates that the “yellow tail” is dominated by statistical
fluctuations and selection effects, rather than tracing a genuine
Galactic-scale structure or recent star-forming event.

4. Discussion

Our study provides an estimation of atmospheric mass-loss rates
for exoplanets, focusing on the energy-limited escape mecha-
nism. Our results are broadly consistent with previous studies,
confirming that the energy-limited approximation is a useful
tool for estimating mass-loss rates in many cases. Ehrenreich &
Désert (2011) estimated mass-loss rates for transiting exoplan-
ets, finding values ranging from 106 to 1013 g s−1 under various
assumptions. Similarly, Krenn et al. (2021) critically assessed
the applicability of this approximation, concluding that it pro-
vides correct order-of-magnitude estimates for approximately
76% of planets. However, for planets with very low or very
high gravitational potentials, or those subject to high equilibrium
temperatures and strong irradiation fluxes, the energy-limited
approximation can deviate from hydrodynamic simulation pre-
dictions by up to three orders of magnitude in individual cases
(e.g., Kubyshkina et al. 2018; Krenn et al. 2021; Caldiroli
et al. 2022). This work further highlights the complex rela-
tionship between the incident X-ray flux on the planet, and its
atmospheric mass-loss rate.

Understanding atmospheric mass loss is crucial for modeling
the long-term evolution of exoplanetary atmospheres. Previous
works (e.g., Sanz-Forcada et al. 2011; Owen et al. 2012; Lopez
& Fortney 2014; Sanz-Forcada et al. 2025) have shown that
XUV-driven mass loss can significantly alter the atmospheric
composition and survival of close-in planets around active stars.
Foster et al. (2022) conducted a comprehensive study utilizing
eROSITA data to estimate X-ray and EUV irradiation fluxes and
corresponding mass-loss rates for 287 known exoplanets. Their
analysis combined stellar X-ray luminosities measured with
eROSITA with empirical scaling relations to estimate the EUV
emission and the resulting XUV flux incident on the planetary
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atmospheres. They found that many close-in exoplanets are
subject to intense high-energy irradiation capable of driving
substantial atmospheric escape. While that study focused on
the irradiation and evaporation rates of known exoplanets, the
present work adopts a complementary approach by analyzing the
XUV radiation environment of a large sample of main-sequence
stars detected with eROSITA. Instead of targeting specific plan-
etary systems, we investigated the high-energy conditions within
the HZs of these stars and estimated atmospheric mass-loss
rates for hypothetical Earth-like planets. This approach allowed
us to characterize the broader stellar XUV environment relevant
for planetary habitability in the solar neighborhood.

Our findings build upon this body of work by providing
updated mass-loss rates for a large sample of main-sequence
stars, using an extensive catalog of coronal sources. We stress
that our sample is flux-limited and thus biased toward the most
X-ray luminous stars, which naturally results in higher average
XUV fluxes compared to a solar-like star. For reference, the
present-day XUV flux at the solar HZ is ∼4 erg cm−2 s−1, while
our sample exhibits values ranging from 100 to 105 erg cm−2 s−1.
It is important to note that coronal activity decreases with stellar
age (Ribas et al. 2005; Tu et al. 2015; Johnstone et al. 2021), and
most of the sources in our sample are likely young, magnetically
active stars. At comparable ages, the young Sun is also believed
to have emitted significantly stronger XUV radiation than today,
by up to two orders of magnitude (Ribas et al. 2005; Claire et al.
2012). This evolutionary context suggests that our high flux lev-
els are consistent with expectations for young stellar populations
and highlight the temporal dependence of atmospheric erosion
processes. The maps we present therefore provide a first-order
view of the local distribution of potentially hazardous radiation
environments, illustrating where exoplanetary atmospheres may
be most strongly affected by stellar XUV irradiation. We find that
the ratio LXUV/Lbol is generally higher for cooler stars, align-
ing with the saturation levels observed in early M dwarfs by
Jackson et al. (2012) and the XUV-scaling laws derived by Sanz-
Forcada et al. (2011). Specifically, our results confirm that stars
in the higher-activity regime (LXUV/Lbol ∼ 10−3) are predomi-
nantly located in low-Z regions of the Galactic plane, suggesting
a younger, more active population similar to the “active” branch
of the local X-ray luminosity function discussed by Schmitt &
Liefke (2004). By mapping these values in 3D, we extended
these local activity-color relations to a Galactic-scale view of
hazard zones. While the Sun occupies a relatively quiescent
position in this distribution, the majority of our sample exhibits
irradiation environments that are significantly more extreme,
highlighting the importance of high-energy stellar evolution in
shaping planetary habitability across the Galaxy.

While the energy-limited model provides a valuable first-
order estimate, it does not account for detailed hydrodynamic
processes, magnetic fields, or core-powered mass-loss mech-
anisms, which can become significant in extreme irradiation
environments (Owen & Wu 2016; Thorngren & Fortney 2018).
Future work should incorporate these effects to improve the
accuracy of mass-loss predictions, particularly for hot Jupiters
and highly irradiated super-Earths. The unprecedented data from
eROSITA provides a critical foundation for these future stud-
ies, offering a robust dataset to constrain stellar XUV fluxes and
refine our understanding of exoplanetary atmospheric escape.

5. Conclusion

In this work, we utilized the extensive all-sky X-ray survey data
from SRG/eROSITA to study stellar high-energy radiation and

its impact on exoplanet habitability. By combining our robust
sample of 3750 main-sequence stars with Gaia astrometry, we
computed XUV luminosities and fluxes at the HZ. Our analysis
reveals that the majority of stars in our sample are significantly
more XUV-active than the Sun, with HZ fluxes ranging from 100

to 105 erg cm−2 s−1. We find that cooler, more active stars exhibit
a higher ratio of XUV to bolometric luminosity (LXUV/Lbol), and
we created Galactic-scale maps that identify hazard zones where
XUV irradiation is highest. We modeled atmospheric mass-loss
ratios for Earth-like planets located in the HZ for each star, which
showed the importance of the incident X-ray flux in the photo-
evaporation process. These results highlight the critical role of
stellar high-energy emission in planetary atmospheric evolution
and emphasize the need for direct XUV observations to fully
understand the long-term habitability of exoplanets.

Data availability

Table 1 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/710/A273
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