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Zusammenfassung

M Zwergsterne sind die haufigsten Sterne im Universum und zeigen magnetische
Aktivitat aufgrund eines Dynamomechanismus, der fiir sehr spite Spektraltypen,
die eine vollstindig konvektive innere Struktur haben (["Jbergang ~Ma3.5), noch
nicht verstanden ist. Das Ziel dieser Arbeit ist die Untersuchung der koronalen
Rontgenvariabilitit von M Zwergen, um indirekt den stellaren Dynamo und seine
Abhéngigkeit von stellaren Parametern, wie Masse und Rotation, zu untersuchen.
Zu diesem Zweck habe ich die Aktivitéts - Rotations - Relation analysiert, die aus
zwei verschiedenen Regimen besteht: dem gesittigten Regime fiir schnell rotieren-
de Sterne und dem ungesattigten Regime fiir langsam rotierende Sterne, wobei der
Ubergang zwischen den beiden Bereichen bei einer Periode von ~ 10 Tagen liegt.
Das bimodale Verhalten dieser Beziehung hiangt nicht nur von der Rotation ab,
sondern ist auch mit der Sternmasse und dem Alter des Sterns verbunden. Daher
spielt die Sternentwicklung eine wichtige Rolle, wenn es darum geht, zu verstehen,

wie sich die magnetische Aktivitat wahrend der Lebensdauer eines Sterns dndert.

Die erste Publikation, Magaudda u. a. [39], stellt die Analyse einer Stichprobe
von 14 M Zwergen vor, die mit den Rontgen-Satelliten XMM-Newton und Chandra
beobachtet wurden, und deren Rotationsperioden aus Lichtkurven der Kepler Two-
Wheel (K2) Mission bestimmt wurden. Diese neuen Daten in Kombination mit
aktualisierten und homogenisierten Literaturergebnissen liefern die bisher grofste
einheitliche Stichprobe von M Zwergen (302 Sterne) fiir ROntgenaktivitats- und
Rotationsstudien. Dies ermoglichte eine detaillierte Untersuchung der Aktivitéts -
Masse - Alter - Rotations - Abhangigkeiten. Durch die Analyse der Masseneffekte
konnte ich die Abnahme des Rontgenpegels fiir niedrigere Sternmassen im gesattig-
ten Bereich bestitigen, die zuvor fiir eine Stichprobe von Sternen mit Spektraltypen
von G bis M und mit Massen unter 1.4 M beobachtet wurde. Unter Einbeziehung

der Drehimpulsentwicklungsmodelle und der beobachteten Aktivitits-Rotations-
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Relation (Lyx — P,), die in meiner Arbeit untersucht wurde, habe ich den Abfall
der Roéntgenleuchtkraft mit dem Sternalter vorhergesagt und eine gute Uberein-
stimmung mit der beobachteten L, von teilweise konvektiven Sternen (SpT<M3.5)

mit bekanntem Alter gefunden.

Als Beitrag zur Arbeit von Modirrousta-Galian u. a. [48] beziiglich der Unter-
suchung des M Zwerges GJ 357 habe ich die mit XMM-Newton aufgenommenen
Rontgendaten analysiert, die verwendet wurden, um die die Entwicklung der
Atmosphére des Planeten einzuschranken. Insbesondere fanden wir mithilfe der
in Magaudda u. a. [39] vorhergesagten Ly—Altersabhédngigkeit fiir M Zwerge eine
untere Grenze fiir das Alter von GJ 357. Wir haben die Entwicklung der Atmospha-
re des Planeten untersucht, der GJ 357 umkreist. Unter der Annahme, dass die
vom Zentralstern emittierte Strahlung die Planetenatmosphére zum Verdampfen
bringen kann, fiihrten wir eine Riickwartsrekonstruktion der von GJ 357 emit-
tierten Rontgenstrahlung durch und fanden die Obergrenze der anfinglichen

atmospharischen Masse des Planeten, die sich auf ~ 38 Mg, belauft.

Die beiden Arbeiten, Magaudda u. a. [41, 40], prasentieren die ersten Ergebnis-
se der Analyse neuer Daten, die mit dem ROentgen Survey with an Imaging Telescope
Array (eROSITA) an Bord der russischen Spektrum-Rontgen-Gamma-Mission (SRG)
aufgenommen wurden, kombiniert mit neuen Rotationsperioden, die aus den
Lichtkurven des Transiting Exoplanet Survey Satellite (TESS) extrahiert wurden. Ich
habe nach eROSITA und TESS Daten gesucht und dabei Sterne aus dem SUPERBLINK
Eigenbewegungskatalog der nahen M Zwerge ausgewahlt, die mit Gaia—DR2 Da-
ten erweitert wurden. Um die Zuordnung zu den eROSITA-Quellen sicherzustellen,
habe ich ein sorgfiltiges Cross - Match - Verfahren durchgefiihrt, dessen Ergebnisse
mit einem Bayes’schen statistischen Algorithmus (NWAY) bestatigt wurden, der
von anderen Mitgliedern des eROSITA-Konsortiums entwickelt wurde. Mit dieser
beispiellosen eROSITA-TESS-Datenbank fiir rontgen-emittierende M Zwerge, in
Kombination mit meiner Zusammenstellung zuvor untersuchter Réntgen- und Ro-
tationsdaten, untersuchte ich quantitativ die Massenabhingigkeit des gesattigten

Bereichs der Aktivitéts - Rotations - Beziehung.

Schliel3lich habe ich die technischen Moglichkeit von eROSITA in Bezug auf

M Zwergsterne untersucht. Zunéachst verglich ich die neuen eROSITA - Rontgen-



detektionen mit denen des historischen ROSAT-Satelliten (Beobachtungen aus
dem Jahr 1991). Dies fiihrte zu einer statistischen Untersuchung der langfristigen
Rontgenvariabilitidt der in Magaudda u. a. [41] vorgestellten M Zwerg-Stichprobe,
aus der ich schloss, dass viele leuchtschwache M Zwerge zuvor von ROSAT nur

entdeckt wurden, weil sie sich in einem hohen Aktivitatszustand befanden.

Spater, in Magaudda u. a. [40], untersuchte ich die Rotationsabhéngigkeit
der Rontgenleuchtkraft im geséttigten Bereich und in drei verschiedenen Massen-
bereichen und beobachtete einen Mangel an massearmen Sternen mit mittleren
Rotationsperioden (~ 1 — 10 Tagen), wahrscheinlich verursacht durch eine schnelle
Periodenentwicklung. Durch den Vergleich der von eROSITA entdeckten Sterne
mit denen, fiir die zuverlassige Rotationsperioden aus TESS-Lichtkurven vorliegen,
habe ich herausgefunden, dass eROSITA empfindlicher ist als TESS, d.h. eROSITA
kann auch Rontgenstrahlung von langsam rotierenden M Zwergen entdecken, die
sich im ungeséttigten Bereich mit Perioden befinden, die fiir TESS unzuginglich

sind.

Abstract (English)

M dwarfs are the most common stars in the universe and they show magnetic
activity due to a dynamo mechanism not yet understood for very late spectral types
that appear to have a fully convective internal structure (transition ~M3.5). The
purpose of this work is the study of the coronal X-ray variability of M dwarfs in
order to indirectly investigate the stellar dynamo and how it depends on stellar
parameters, such as mass and rotation. To this end, I analyzed the activity-rotation
relation, that is known to consist of two different regimes: the saturated regime
for fast-rotating stars and the unsaturated regime for slowly rotating stars, with
the transition between the two regimes located at a period of ~ 10d. The bimodal
behavior of this relation not only depends on the rotation but it is also linked
to the stellar mass and age. Thus, stellar evolution plays an important role in

understanding how magnetic activity changes during the stellar lifetime.
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The first paper, Magaudda et al. [39], presents the analysis of a sample of 14
M dwarfs observed with XMM-Newton and Chandra satellites, and with rotation
periods determined from Kepler Two-Wheel (K2) Mission light curves. These new
data combined with updated and homogenized literature results provide the largest
uniform sample of M dwarfs (302 stars) for X-ray activity and rotation studies
to date. This allowed a detailed investigation of the activity-mass-age-rotation
dependence. From the analysis of the mass-effects I confirmed the decrease of
the X-ray level for lower stellar mass in the saturated regime, previously observed
for a sample of stars with spectral types from G to M and with masses lower than
1.4 M. With the joint analysis of angular momentum evolution models and the
observed activity-rotation relation (Ly — P,) studied in my work, I predicted the
decay of the X-ray luminosity with stellar age finding a good agreement with the

observed Ly of partially convective stars (SpT<M3.5) with known age.

As a contribution to the work of Modirrousta-Galian et al. [48] regarding the
study of the M dwarf GJ 357, I analyzed the X-ray data taken with XMM-Newton,
that were used to put constraints on the atmospheric evolution of the star’s planet.
In particular, with help of the Ly—age dependence for M dwarfs I predicted in
Magaudda et al. [39] we placed a lower limit on the age of GJ357. We studied the
evolution of the atmosphere of the planet orbiting around GJ 357 performing a
backwards reconstruction of the X-ray radiation emitted by GJ357. In this way,
we found the upper limit of the initial primordial atmospheric mass of the planet,
amounting to ~ 38 Mg, before evaporating caused by the absorption of the stellar

X-ray emission by the planet.

The other two papers, Magaudda et al. [41, 40], present the first results from
the analysis of new data taken with the ROentgen Survey with an Imaging Telescope
Array (eROSITA) on board the Russian Spektrum-Roentgen-Gamma mission (SRG)
combined with new rotation periods extracted from the Transiting Exoplanet Survey
Satellite (TESS) light curves. I searched for eROSITA and TESS data selecting stars
from the SUPERBLINK proper motion catalog of nearby M dwarfs, enhanced with
Gaia-DR2 data. To ensure the correct association between eROSITA X-ray sources
and the M dwarfs I performed a meticulous cross-match procedure the results of

which were confirmed with a Bayesian statistical algorithm (NWAY) developed by



other members of the eROSITA-DE consortium. With this unprecedented eROSITA-
TESS data base for X-ray emitting M dwarfs, combined with my compilation of
X-ray and rotation data previously studied, I quantitatively investigated the mass
dependence of the saturated regime of the activity-rotation relation.

Finally, I investigated the eROSITA capability with respect to M dwarfs. First,
I compared the new eROSITA X-ray detections with those from the historical
ROSAT satellite. This resulted in a statistical investigation of the long-term X-ray
variability of the M dwarf sample presented in Magaudda et al. [41], from which
I concluded that many faint M dwarfs were previously detected by ROSAT only
because they happened to be in a higher activity state. Later, in Magaudda et al.
[40], I studied the rotation dependence of the X-ray luminosity in the saturated
regime for three different mass bins and I observed a paucity of low mass stars
with intermediate rotation periods (~ 1 — 10d), probably caused by fast period
evolution. By comparing the eROSITA detections for those stars that have also
reliable rotation periods from TESS light curves, I found that eROSITA is sensitive
for detecting slower rotating M dwarfs that are in the unsaturated regime with

periods inaccessible to TESS.
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Introduction

1.1 Magnetism in late-type stars:

convection & rotation

Main-sequence stars of spectral type (SpT) F—L are known to be magnetically
active and exhibit sudden and powerful atmospheric events that cause variability
in the stellar emission. Multi-wavelength observations allow to study the emitted
radiation along the whole electromagnetic spectrum, tracing the physical behavior
of the different atmospheric layers of the stars. These emissions are associated
with plasma, heated through magnetic processes to temperatures of more than
10K in the outermost and thinnest atmospheric layer, the corona. The temperature
profile varies non-uniformly through the whole stellar atmosphere (see left panel in
Fig. 1.1). Initially, the temperature decreases throughout the photosphere, then an
inversion of the gradient occurs in the chromosphere and the temperature increases
again first slowly then more abruptly in a thin layer called transition region until
it approaches 10° K in corona. The process responsible for this heating is a major
puzzle in solar and stellar physics, in particular two theories are nowadays the most
discussed. One is based on a non-radiative mechanism driven by Alfvén waves that
causes a magnetic shock that propagates throughout the stellar atmosphere and
contributes to the formation of magnetic structures as starspots and active regions
[81].

The other theory was first proposed by Parker [60] and it is based on the
presence of multiple low energy events called “nanoflares”. The rate of occurrence
of these events is not yet well established. Nanoflares are variations of the stellar
brightness linked to a phenomenon that converts the magnetic energy into kinetic
energy and heat. While the energetic flares are powerful and short-term events
that suddenly occur in the whole stellar atmosphere (the formation mechanism
is explained in Sect. 1.3), nanoflares appear to be a continuous heating source of
the quiescent corona [64]. Parker [60] was the first to suggest that a nanoflare is

due to the reconfiguration of the magnetic field lines, i.e. magnetic reconnection,
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during which the energy stored in the magnetic field is converted into motion
of the plasma. In other words, the strong and localized magnetic currents in
the solar corona are produced by the twist of the magnetic field lines whose
photospheric footpoints, i.e. starspots, are moved by the convective motions
[59, 58]. These small length-scale motions are attenuated by turbulences and
viscosity, thus the energy is quickly converted into heat and transferred to the
point where a nanoflare forms by free electrons that move along the magnetic
field lines. From computational models it is known that nanoflares produce a faint
and hot component [~ 10 MK, 28] of the emission measure. This quantity informs
about the amount of coronal material emitted per unit of volume and at a given
temperature [4]. Because of the faint emission provided by nanoflares, it is hard
to conduct a reliable and detailed investigation with the instrumentation currently
available, thus the model proposed by Parker [60] has not yet been confirmed

observationally.

The interior structure of a solar-like star defined here in a broad “sense” as
objects with SpT of F to mid—M consists of a hot radiative core, where hydrogen is
burned into He, surrounded by a convective envelope (see right panel in Fig. 1.1).
Between these two regions a thin layer called tachocline zone is located [5, 12]. To
first approximation, we can consider the inner radiative core as a rigid body, while
the plasma inside the convective envelope is subject to differential rotation, i.e.
plasma at different latitudes rotates at different periods!. The different rotation
rate between the inner radiative core and the convective envelope causes a very
large shear in the tachocline zone, forming large scale magnetic fields [4, 80].
This is the basis of the so called af2—dynamo model (see the scheme in Fig. 1.2)
for which the combination of the differential rotation along the poloidal axis with
the convective motions along the toroidal axis in the outer envelope continuously
powers the magnetic field [29, 80]. Initially, a global dipolar magnetic field (r
and 6 components) is frozen into the stellar plasma particles. Because of the
shear generated between the inner radiative core and the convective envelope the

spherical symmetry of the magnetic field breaks and as the star rotates differentially

IThe rate of surface rotation is observed to be the fastest at the equator and to decrease as the
latitude increases [81].

Chapter 1 Introduction
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Fig. 1.1: Left: Variation of the mean solar temperature as a function of height in
the atmosphere. The photosphere shows a negative temperature gradient,
that inverts in the chromosphere, causing a sudden transition into the
much hotter and thinner outer atmospheric layer that is the corona. Image
adopted by M.B. Larson from Sun, Earth, Sky by Kenneth Lang. Right:
Representation of the solar structure. The inner structure consists of a
radiative core where the heat is transferred by radiation, surrounded by
an outer envelope where heat is transferred by convection. The inner
atmospheric layer is the photosphere where starspots are present, i.e.
darker and cooler regions than the surroundings. These are the footpoints
from where magnetic field lines rise up into the outer atmospheric layers.
Linked to the photospheric starspots, there are the active regions in the
above layer called chromosphere, that are brighter and hotter regions than
starspots. Finally, the outermost layer is the corona. Here several magnetic
structures are shown: eruptive prominence, arch filament formed by the
magnetic reconnection of the magnetic field lines and coronal hole, dark
and cool areas of open magnetic field lines. The detailed explanation of
these features shown in this figure is found i Sect. 1.1,1.2 & 1.3. Credit:
NASA Goddard.

Fig. 1.2: Scheme of the oo — 2 dynamo mechanism. First the magnetic field lines are
wrapped by the differential rotation of the star, i.e. Q—effect. Then, the buoyancy
of rising convective cells induces a helical twist in the poloidal field restoring the
initial toroidal configuration of the magnetic field [80].

1.1 Magnetism in late-type stars:
convection & rotation 3
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the poloidal field lines get wrapped and generate a toroidal field (Q2—effect). This
process defines the first half of a solar activity cycle?. To conclude this cycle the
initial configuration of the magnetic field needs to be restored. To achieve this,
a new symmetry breaking is required and this is provided by the a—effect. The
buoyancy of the convective cells in the stellar convective zone causes a helical twist
on the toroidal magnetic field inducing its conversion into a poloidal configuration
[80]. The buoyant motions are the consequence of density fluctuations and/or
temperature variations and they generate an electromotive force that acts into the
local magnetic field. To summarize, the convective turbulences are responsible for
small-scale variations of the magnetic field, while the rotation with the consequent
shear rules large-scale magnetic field formation and leads to the symmetry breaking

needed to generate the dipole [56, 29, 80].

This continuous enhancement of the magnetic field forms magnetic structures
and sudden increases of the luminosity emitted by the stellar atmosphere visible
along the whole electromagnetic spectrum. Some of these magnetic structures are
displayed in the right panel of Fig. 1.1 and explained in detail in Sect. 1.2 which
deals with the diagnostic of these magnetic phenomena. The dynamo mechanism
that rules the activity in later main-sequence stars (such as late—M) is still under
discussion. From astroseismology measurements these stellar objects appear to be
fully convective, so they lack the tachocline zone where large scale magnetic fields
are formed in the o — 2 dynamo model [11]. One way to assess the activity of
such stars is to study how stellar activity varies with rotation in order to indirectly

observe the effect of the dynamo’s {2—contribution to the magnetic field.

1.2 Diagnostics of magnetic activity

Under the assumption of the solar-stellar analogy it is possible to use the
detailed observations of the Sun to obtain information on stars that have the same
or a similar interior structure as the Sun. As introduced in Sect. 1.1, the atmosphere

of active stars consists of three layers that from the inside out are the photosphere,

2The activity cycle refers to periods of maximum and minimum sunspot counts, and its duration
for the Sun is ~ 11yr [79].

Chapter 1 Introduction



the chromosphere and the corona. The stellar magnetic field influences the whole
atmosphere such that each layer displays activity features (and indicators).

As shown in the right panel of Fig. 1.1, dark spots are found in the photo-
sphere. These regions are called starspots and they are cooler than the surrounding
photosphere. Their lower temperature is due to the high local magnetic pressure
that inhibits convective heat transfer from the interior [87]. The presence of these
dark spots influences the photospheric optical emission, causing a decrease of the
surface-averaged emitted intensity. Time-series photometry reveals the contribu-

tion of dark spots in the stellar light curve (LC). In the left panel of Fig. 1.3 the LC
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Fig. 1.3: The magnetic activity indicators of the photosphere and the chromosphere.
Left: the optical light curve of an M dwarf observed with the K2 mission. The
brightness modulation is due to the presence of starspots in the photosphere,
while the flux spikes manifest flaring events during the whole observational
time (Credit: Prof. Dr. Beate Stelzer). Right: a model reproduction of the
spectroscopic Call K line [36]. The wings in absorption come from the continuum
emission of the photosphere, while the emission of the line core is due to a
second ionization of the Call K because of the magnetic heating occurring in the
chromosphere.

of an M dwarf taken with the K2 mission®, is shown. Since starspots are carried
along the surface while the star rotates, their periodic brightness modulation
provides the rotation period. Together with this modulation, sudden and energetic
increases of the flux, called flares, appear in the LC in Fig. 1.3. These represent the
photospheric contributions to powerful and sudden releases of magnetic energy.
Thus, photometric monitoring data provide comprehensive diagnostics for both

rotation and activity [65].

3The details of the K2 mission and other photometric monitoring instruments are discussed in
Sect. 2.2.1.

1.2 Diagnostics of magnetic activity

5
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Related to photospheric starspots are the hotter and brighter “active regions”
in the chromosphere, see right panel in Fig. 1.1. From these regions the magnetic
field lines rise in the corona where they form magnetic loops. When the magnetic
pressure is high enough to not be sustained by the stellar plasma anymore, the
structure tends to go back to an equilibrium state by releasing the energy in form
of flare events. This release of magnetic energy can be observed in the whole
electromagnetic spectrum, and the photospheric flares in the LC shown in the
left panel of Fig. 1.3 are one of its manifestations. The standard model of solar
flares that explains how energetic events occur in the atmosphere of active stars is

explained in Sect. 1.3 where the coronal X-ray emission is discussed.

The chromospheric activity indicators are observable in the UV and Optical
regions of the electromagnetic spectrum. The heated chromosphere produces
emission in spectral lines such as Ca1l H&K (3933.66 — 3968.47 A) and Ca1 in-
frared triplet (IRT, 8498.02 — 8542.09 — 8662.144A), Mg 1 triplet (5167.32 — 5172.68 —
5183.60 A) and Mg h&k (2795.53 — 2802.71 A), all Balmer lines, and the Nal
doublet (5889.95 — 5895.92 A). The effect of the chromospheric activity is visible
in the spectral line profiles as a decrease of the absorbed flux or as an emission in
the central part, the line core, due to a second ionization that the specific element
experiences as it moves towards the outer layers of the stellar atmosphere (see
the right panel in Fig. 1.3). This spectral profile is typical of the Mg 11 h&k lines in
the UV and the Ca1lt H&K and IRT in the optical. Moreover, the investigation of

chromospheric activity is also traceable with the so-called S-index [35, 78]

H+ K
S = BV (1.1)
were H and K are the full width half maximum of the Cait H and K linesina ~ 1 A
wide window, and B and V represent the continuum emission taken on both sides
of the line and measured in ~ 20 A wide windows centered on 3900 A and 4000 A,

respectively.

X-ray flares and coronal mass ejections (CME) are the activity indicators of

the outermost atmospheric layer, the corona. Since the investigation of coronal

Chapter 1 Introduction



activity is the main topic of this work, Sect. 1.3 is fully dedicated to the description

of coronal activity and its indicators.

1.3 Coronal X-ray emission

Fig. 1.4 shows an artist’s view of Barnard’s star which was discovered by the
American astronomer E. E. Barnard. It is an M4 dwarf with one of the highest
proper motions known for any star, i.e. it moves away from the Sun by 10.393”
every year due to its very low distance to the Sun [1.828 pc, 23]. The figure
visualizes flares and a prominent CME emitted from the star, that are observable
in the X-ray region of the electromagnetic spectrum. Since the only spatially
resolved active star on the main-sequence available to us is the Sun, the study
of the physical phenomena providing such events is based on the comparison
between the observations of the solar atmosphere with magneto-hydrodynamic
(MHD) models computed accordingly to the parameters of the stellar sample under

investigation.

Flares, including nanoflares explained in Sect. 1.1, are the result of magnetic
reconnection. The standard 2D-model of a solar flare is an approximation that
gives an idea about how the magnetic energy is released in the corona. This
phenomenon takes place in the coronal loops (or eruptive prominences, see right
panel in Fig. 1.1) that are formed by the rise of magnetic flux tubes from the inner
atmosphere due to the buoyancy of the convective cells into which the magnetic
field is frozen. A coronal loop appears with an (2—shape and it begins and ends
in the photosphere with starspots as its footpoints. As explained in Sect. 1.1,
when the flux tubes pass through the outer layers of the atmosphere, they are
increasingly affected by the differential rotation of the star, as seen in the middle
panels in Fig. 1.4 where the field lines are wrapping up because of the rotation,
until they break. While the magnetic field re-configures its lines, energy is released
into accelerating electrons that travel down along the field lines in the coronal
loop [e.g. 49, and see bottom panel in Fig. 1.4]. During their descent along the

field lines into the lower chromosphere the accelerated charged particles emit

1.3 Coronal X-ray emission
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gyrosynchrotron? radiation in the microwave band, non-thermal hard X-rays and
Gamma-ray bremsstrahlung. Bremsstrahlung radiation is emitted by a free—free
interaction process between a free electron and the electric field of an atomic
nucleus, during which it releases a photon. This interaction is called “free-free”
radiation because the initially free electron remains free after the emission of the
photon [81]. When the accelerated particles reach the photosphere the magnetic
loop footpoints get heated and plasma evaporates upward into the corona. This
evaporated thermal plasma fills up coronal magnetic flux tubes, emitting soft
X-rays.

A CME is a more extreme phenomenon that seems to be linked to the stellar
flare process, when a magnetic field line remains unconnected during the magnetic
reconnection and this may violently expand outwards leading to the ejection of
coronal plasma [19]. From the observations of the Sun scientists found that CMEs
are much more common during the solar maximum phase of the sunspot cycle,
when the solar magnetic activity is at its highest intensity and the solar atmosphere
comprises more magnetic structures (sunspots, active regions, etc.). This suggests
that CMEs are more likely to be related to the amount of energy that is stored
by the magnetic field over a long period of time (e.g. half of the magnetic cycle)

rather than to flare formation [26].

1.4 M dwarfs

My PhD work is focused on the study of activity of field M dwarfs, i.e. stars
that are not members of any star cluster. M dwarfs are the smallest and coolest
stars located on the main-sequence (MS) and they are by far the most common
in our Galaxy. These stars are invisible to the naked eye since they have absolute
visual magnitudes fainter than 10, as the Hertzsprung-Russell (HR) diagram in
Fig. 1.5 shows. In fact, they are located in the faintest red area of the MS. Their
temperatures and masses vary from 2300 — 3900K and 0.1 — 0.7 M, respectively,

as it is reported in the table A Modern Mean Dwarf Stellar Color and Effective

Temperature Sequence maintained by E. Mamajek at http://www.pas.rochester.

4Synchrotron radiation is emitted when relativistic charged particles are subject to an acceleration
perpendicular to their velocity. When particles move with a mid relativistic velocity the emission
is called gyrosynchrotron radiation [13].
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Fig. 1.5: Hertzsprung-Russell diagram shows the evolutionary stage of the stars. M dwarfs
are located in the faintest red area of the main-sequence. Credit: Chandra
observatory webpage.

edu/~emamajek/EEM_dwarf UBVIJHK colors_Teff.txt. It is known from stellar
models that this sample of stars switches its internal structure from solar-like (inner
radiative core + convective envelope) into fully convective. This transition occurs
around M, ~ 0.35 M, corresponds to SpT~ M 3.5 [11, 67]. In fully convective
stars, when helium is produced by nuclear hydrogen burning, the internal chemical
composition is constantly remixed throughout the whole star. This does not allow
helium to build up at the core, therefore the period of fusion becomes longer. Thus,
the evolution of low-mass M dwarfs is very slow, and they maintain a constant
luminosity for trillions of years, besides very short term variability due to magnetic
activity. Because of their slow evolution, no M dwarfs have yet been observed at
stages more advanced than the main sequence.

In the last ~ 25 yrs new observations of M dwarfs indicate that many of these
stars are surrounded by planets. In particular, Delfosse et al. [17] and Marcy
et al. [44] were the first to discover giant planets around M dwarfs with Doppler
measurements and precise radial velocity observations. In 2013 Bonfils et al. [8]
with spectroscopy data from ESO/HARPS found “super-Earth" planets orbiting in
what is called the habitable zone of a host M star, the distance within which liquid

water can exist on the surface. Numerous scientists developed computational
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models in order to study the planetary formation around low-mass stars. For
example, Alibert and Benz [3] predicted that Earth-size planets are the most
abundant, with a significant fraction of them having 10 % of the mass made of
water, suggesting that many Earth-size planets orbiting M dwarf stars are covered

with deep oceans.

Interesting is the case of the M8 dwarf TRAPPIST-1 in the constellation Aquar-
ius that was discovered in 2000. In 2015 the host star-planet system of TRAPPIST-1
was studied by the group of Michaél Gillon with observations from the Transiting
Planets and Planetesimals Small Telescope® (TRAPPIST) situated in the Chilean
mountains at ESO’s La Silla Observatory. With the photometric transit method,
i.e. investigating the decrease of the emitted flux due to a planetary transit in
front of the host star, they found 3 exoplanets orbiting around this star. Later, in
2017, NASA announced the discovery of 4 more planets observed with the Kepler
telescope®. Today the complete system counts 7 planets with the masses from
between Mars-sized to slightly larger than Earth, and at least 3 of these planets are

located within the habitable zone and may have liquid water on the surface [90].

Besides the discoveries regarding these planetary systems around M dwarfs,
several factors may make the evolution of life unlikely. First, the habitable zone
locates planets very close to the host-star such that the system planet—host star is
tidally locked and consequently only one side of the planet would be in perpetual
daylight. This could create enormous temperature variations from one side of the
planet to the other, inconvenient for life to evolve [69, 32, 24]. Moreover, the
variability due to the magnetic activity from M dwarf planet hosts may influence
the formation and evolution of the planetary atmosphere as discussed above,
preventing life to be formed. In fact, the atmosphere of our planet works as a
shield against the UV radiation produced by the solar magnetic activity and the
distance at which the Earth is located relative to the Sun contributes in preventing
any destructive events for its atmosphere. As explained so far, stellar magnetic
activity is linked to the parameters of the stars, in particular rotation and age play

an important role in the determination of the emission from stellar coronae. For

Shttp://wuw.trappist.one/
6See Sect. 2.2.1 for the description of the Kepler mission.
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this reason, the activity-rotation-age relation has been studied for decades and is
still one of the most discussed topics related to the evolution of magnetic activity

and exoplanet atmospheres.

1.5 Activity-rotation-age relation

The study of the rotation-age relation is based on “gyro-chronology”, i.e. a
method to estimate the age of low-mass stars from their rotation period. This
approach was first proposed by Skumanich [83], when studying Call emitted by the
Sun and stars part of the Pleiades, Ursa Major, and Hyades, he found that the decay
of the emission varies as the inverse square root of the age. Moreover, he found that
the rotation period follows the same law, therefore it is a deterministic function
of the age and mass of the stars (P.or = Prot[t, M,]). In this way, measuring two of
these variables, e.g. rotation and mass, yields the third. From an observational
point of view measurements of the stellar age are not easy to be taken, especially
for M dwarfs. Age can be measured for stars in open clusters [e.g. Praesepe &

Hyades, 18, 53], but there are no nearby open clusters older than 600 Myr.

As explained in Sect. 1.1, the magnetic activity is powered by rotation when
a convective envelope is present in the stellar structure. Moreover, according to
Parker [57] stellar particles are able to escape the corona with supersonic speed as
the gravity weakens with increasing distance from the star. These particles define
what is called the “stellar wind”, and when they leave the stellar corona they travel
along the magnetic field lines causing the loss of stellar angular momentum, i.e.
“magnetic breaking”. The rotation is braked by this magnetized stellar wind, i.e.
the rotational velocity decreases with age, as well as activity. This represents the
physical scenario of the so called activity-rotation-age relation. As mentioned
above, it is not always easy to observationally know the stellar age, especially for
M dwarfs, therefore an alternative approach to study this relation is separately
calibrating the activity-age and the activity-rotation relation. These two separate
studies lead information on the magnetic braking and observational evidence of

the stellar dynamo, respectively.
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1.5.1 Activity-rotation relation
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Fig. 1.6: The activity-rotation relation for M dwarfs in terms of Ly — Pro, showing the
two regimes: saturated for Py, < 10d and unsaturated for P, = 10d. Left: the
historical results from Pizzolato et al. [62], with v sin 7 measurements of rotation
periods translated into upper limits because of the unknown inclination of the
stellar systems. Right: the results from the collection of literature data [92, 91,
84, 93, 25] that have been updated and homogenized in my work presented in
Magaudda et al. [39] and explained here in Sect. 3.1.

Previous studies of the activity-rotation relation for M dwarf stars have shown
two different regimes: the X-ray activity of fast-rotating stars does not depend
on the rotation (saturated regime), and the X-ray activity of slowly rotating stars
declines with increasing rotational period (unsaturated regime). This relation
is typically expressed in terms of the X-ray luminosity (Ly) as a function of the
rotational period (P,.), or alternatively, in terms of the fractional X-ray luminosity
(Lx/Lpo1) as a function of the Rossby number (Ry). This latter one is a dimension-
less number defined as the ratio between P, and convective turnover time (7conv),
that is the time needed for a convective cell to rise to the surface. The use of R
introduces a model dependence because 7oy is not an observable parameter [92,
93, 39].

Noyes et al. [52] were the first to study the chromospheric activity of a
sample of 13 slowly rotating MS stars, where also the Sun was included. Later,
Pallavicini et al. [55] were the first to study the coronal X-ray emission as a
function of spectroscopic velocity measurements (vsini) for a wide sample of
stellar spectral type (O3-M). Then, Pizzolato et al. [62] studied this relation

for late-type MS stars with X-ray data from the ROSAT satellite and P, values
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calculated from vsini measurements and translated into upper limits because
of the unknown inclination of the stellar systems (see left panel in Fig. 1.6).
About a decade later, many scientists investigated the activity-rotation relations
for M dwarfs with rotational data extracted from photometric LCs that yield the
spot rotation signal and, therefore, directly detect the rotation period without the
ambiguity of inclination that is inherent in spectroscopic rotation measurements
(see Sect. 1.3&1.2). In the right panel of Fig. 1.6 I show the results from Wright et al.
[92], Wright and Drake [91], Stelzer et al. [84], Wright et al. [93], and Gonzalez-
Alvarez et al. [25] after I applied a meticulous updating and homogenizing process
explained in detail in Sect. 3.1. The combination of this recent data allows a
detailed analysis of the relation in the two regimes. In particular, compared to
the historical relation from Pizzolato et al. [62], the unsaturated regime is now
populated by a larger sample of stars leading to a thorough investigation of the

rotation dependence for late-type stars.

1.5.2 Activity-age relation

Stars slow down their rotation throughout the main-sequence phase, during
which they burn hydrogen into helium in the hot inner core. While they slow
down, the dynamo efficiency also decreases over time. Studies of solar analogs
with age in the range of 0.1 — 6.7 Gyr show that the high-energy stellar emission
varies with age with a power law [e.g. 69, 75]. In particular, the slope of the
power law is monotonically steeper with the energy of the radiation, i.e. the stellar
X-ray emission declines faster than the UV. From investigations of optical and UV
activity [e.g. 16] it is known that the decrease of activity with age is linked to the
flaring rate that also decreases with age. This suggests that the heating efficiency in
corona decrease, therefore older MS stars have cooler coronae. Stelzer et al. [85]
investigated the activity in the outer atmospheric layers (chromosphere, transition
region and corona), analyzing the Ho, UV and X-ray emissions of ~ 160 M dwarfs
within 10pc. They found that the coronal X-ray emission of early M dwarfs
(M0—M3) decreases faster than the UV radiation emitted from the chromosphere,
analogous to the case of higher mass solar-type stars discussed above. Direct

observations of the age-decay of activity are hampered for field M dwarfs, in fact
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there are few stars with known age of 1 Gyr or older, as explained is Sect. 1.5.

One way to predict the long-term evolution of stellar X-ray emission is combining
observations with spin-down models [45, 1]. For example, to develop my work
presented in Magaudda et al. [39], I made use of the angular momentum evolution
models computed by Matt et al. [45]. The authors provide a stellar wind torque
model based on the mass- and radius-dependencies of the stellar wind combined
with the convective motions of the internal envelope of the star (see Sect. 1.1 for
details on the stellar internal structure). In particular, they solved the angular
momentum equation to obtain the spin rate of any star as a function of time for

both the saturated and the unsaturated regime:

Q, = Qe /™ (saturated)
0, 7
lima, < <qy, (Q) — <Tm:at> ! (unsaturated)
®

where (), represents the angular velocity of the star, {); is the initial stellar spin
rate, t is the stellar age and 7, and 7,5, are the times needed for a convective
cell to rise into the outer atmosphere, respectively defined for the saturated and
the unsaturated regime. In my work, we used three different initial spin rates
(Pt = 1.54, 5.51 and 8.83d) from which we obtained the tracks for the age
evolution of the rotation period computed in three mass bins (see Fig. 1.7), that I
converted to a prediction of the activity-age relation. More details are found in

Sect. 3.1, where I discuss the results of my work.

The study of stellar activity in terms of coronal X-ray emission and how it varies
with stellar age is also of great importance in the field of planetary astrophysics and
it brings information on how the formation and evolution of planetary atmosphere
are affected by stellar X-rays. For example, how the atmosphere of a close-in planet
is influenced by the radiation emitted by an active star and how the stellar emission
affects its chemical composition is under investigation already for decades [31, 20,
61, 76]. In particular, atmospheric escape from a planet occurs when the molecular
kinetic energy overcomes the gravitational energy, i.e. a molecule is moving faster

than its escape velocity from the planet. There are thermal and non-thermal escape
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mechanisms. For example, Jeans escape [81] is a thermal process that takes into
account the variation of the particle kinetic energies. The average velocity of the
particles in the planet atmosphere depends on the gas temperature, however when
they collide with each other the velocity of the individual particles changes because
of a gain or loss of kinetic energy. The kinetic energy is described by the Maxwell
distribution, according to which particles in the high velocity tail escape more
easily because their velocity is higher than the average one [81]. Another thermal
mechanism is the hydrodynamic escape where the atmospheric particles absorb
the thermal energy caused by the X-ray and extreme ultraviolet (XUV) radiation
(e.g. from the host star) and they get accelerated until they reach the proper
velocity in order to escape from the atmosphere of the planet [2]. To constrain
these thermal mechanisms several aspects have to be taken into account. Heavier
molecules are less likely to escape because at the same temperature they move
slower than lighter molecules. Thus the gas atomic number already informs about

the escape probability of an element, e.g. hydrogen is the element that most easily

16 Chapter 1 Introduction



escapes from an atmosphere. Also, at equal radius a planet with higher mass
tends to have higher gravity, so the escape velocity tends to be greater and fewer
particles will have the required amount of energy needed to escape [81]. In fact,
gas giant planets still retain significant amounts of hydrogen, which on the other
hand escape more readily from the Earth atmosphere. Last but not least, a close-in
planet to the host star is more influenced by the emission of the host-star, therefore
it has a hotter atmosphere with higher velocities and higher probability for the
atmospheric particles to escape [20, 61].

A non-thermal escape mechanism is the photo-evaporation, according to which
a molecule gets heated and accelerated by the interaction with a photon. If
sufficient energy is provided, the molecule may reach the escape velocity of the
planet and “evaporate" into space. Obviously, hydrogen is the most likely element
to photoevaporate because the lower the mass number of the gas, the higher the

velocity obtained by the interaction with a photon [46, 54, 94].

1.5 Activity-rotation-age relation
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X-ray & Optical Satellites

This project is based on the investigation of the X-ray activity-rotation relation
with X-ray data from XMM-Newton, Chandra and SRG-eROSITA telescopes and
photometric rotation periods from K2 and TESS optical light curves. In addition,
parallax and photometric measurements from the second data release of Gaia
satellite (Gaia-DR2) have been adopted for the calculation of distances and stellar
parameters. While the optical data are taken from catalogs or from the results of
analyzes carried out by collaborators who actively contributed to the development
of this work, the X-ray data were extracted and processed by me personally, which
is why in the following sections I dedicate more space to the description of the

X-ray satellites.

2.1 X-ray satellites

X-ray radiation is emitted from astronomical objects consisting of extremely
hot gas at temperatures from about a million to hundreds of millions kelvin. Since
the Earth’s atmosphere absorbs the vast majority of X-rays, space-based telescopes
are required to investigate the nature of X-ray sources. All X-ray satellites generally
use Wolter telescopes consisting of nested cylindrical paraboloid and hyperboloid
surfaces coated with iridium or gold and with incidence optics, i.e. mirrors that
reflect X-rays at very shallow angles [88]. The data used for this project were
obtained with Chandra and XMM-Newton satellites both launched in 1999, and
with the extended ROentgen Survey with an Imaging Telescope Array (eROSITA)

on board the Spectrum-Roentgen-Gamma (SRG) satellite launched in July 2019.

2.1.1 Chandra

The Chandra X-ray Observatory (CXO) is a space telescope launched by NASA
on July 23, 1999 on board the Space Shuttle Columbia. Its orbit is highly elliptical
and it allows to observe continuously for up to 55 hours during one total orbital
period (65 hours) and with an angular resolution of 0.5”. The Science Instrument
Module (SIM) hosts two focal plane instruments (see Fig. 2.1), the Advanced CCD
Imaging Spectrometer (ACIS) and the High Resolution Camera (HRC). When one

19



20

aaaaaa

Aspect Camera
Stray Light Shade

aaaaa

CCD Imaging Low Gain
Spectrometer

Fig. 2.1: Chandra X-ray Observa-

tory carrying two focal
plane spectrometers,
ACIS and HRC, for high
precision X-ray imag-
ing and low resolution
spectroscopy  together
with two high-resolution
transmission gratings,
the HETGS and LETGS.
Credit:

Chandra X-ray
observatory webpage.

of these two instruments is called upon to take measurements the SIM rotates the
requested spectrometer by putting it in front along the direction of the X-ray target.
The incoming X-rays are focused by the mirrors into the focal plane, where the

ACIS or HRC are aligned to capture the sharp images in photon counting mode.

The HRC has a unique imaging capability such that in combination with
Chandra mirrors, it can detect image details as small as 0.5 arcseconds. The
primary components of the HRC are two Micro-Channel Plates (MCP) that consist
of a 10 em? cluster of small lead-oxide glass tubes. The interaction between the
tube coating and the detected X-rays releases electrons that are accelerated by
high voltage throughout the tube. The continuous bouncing of the electrons off
the tube walls generates more and more new particles until a cloud of about thirty
million electrons is formed. A grid of wires detects this cloud of electrons allowing

the determination of the incident X-ray position with great precision.

This instrument has no energy resolution so it does not provide the relevant
measurements needed to carry out this PhD work, therefore data were requested

with the Advanced charge-coupled devices (CCD) Imaging Spectrometer (ACIS).

The ACIS consists of 10 CCDs (Fig. 2.2) and provides low resolution images
and spectra of the observed target. It operates in the photon energy range of
0.2—10keV and is capable of simultaneously capturing X-ray images and measuring
the energy of the incoming signal. This instrument is very suitable for studying
temperature variations in X-ray sources such as large clouds of hot gas in the
intergalactic space, or investigating the chemical variations of supernova remnants.

An example of a detected source with ACIS is presented in the right panel of
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Fig. 2.2: On the left: a schematic representation of the 10 CCDs of ACIS [50]. On the
right: an example of a Chandra/ACIS X-ray detection obtained with the CCD=S3
and with image size = 24" x 35".

Fig. 2.2 where the image shows one of the M dwarfs studied in this PhD project
and detected in January 2016. The size of this image is 24” x 35" and the source is
located at the center of CCD=S3.

In addition to ACIS and HRC two gratings are mounted on Chandra dedicated
to high resolution spectroscopy: the High Energy Transmission Grating Spectrom-
eter (HETGS) and the Low Energy Transmission Grating Spectrometer (LETGS).
The incoming X-rays are diffracted by these gratings changing their direction
depending on the emitted X-ray energy. By measuring the X-ray position with
the HRC or ACIS, exact information on the energy responsible of the variation
of the direction can be determined. The LETG grating is designed to cover an
energy range of 0.08 — 2 keV with a resolution of 40 — 2000, while the HETG grating
observes energies of 0.4 — 10keV and has a spectral resolution of 60 — 1000. Since
the M dwarfs investigated for my PhD project are too faint to be detected by these

instruments, none of the gratings have been used for this work.

2.1.2 XMM-Newton

XMM-Newton is a mission of the European Space Agency (ESA) defined in the
Horizon 2000 Programme and launched on December 10th, 1999. It consists of
two X-ray spectrometers for low and high resolution measurements and a 30-cm
optical/UV telescope. This allows XMM-Newton to offer simultaneous observations
in two windows of the electromagnetic spectrum. The science instruments on

board XMM-Newton are two types of European Photon Imaging Camera (EPIC/pn

2.1 X-ray satellites
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and EPIC/MOS), two Reflection Grating Spectrometers (RGS) and an Optical
Monitor (OM), see the spacecraft in Fig. 2.3. The three EPIC cameras (EPIC/pn,

Focal Plane Platform

Aperture
Stops

Fig. 2.3: A schematic view of XMM-Newton
satellite: three EPIC cameras and two
RGS spectrometers are located in the
focal plane, while the OM is located
in the mirror support platform. Credit:
XMM-Newton webpage.

Mirror Support Platform

Optical Monitor

X-Ray Mirror Assemblies

EPIC/MOS1 and EPIC/MOS2) and the two RGS spectrometers are located in the
focal plane of the X-ray telescopes, while the OM is mounted on the mirror support
platform alongside the X-ray mirror modules. All six XMM-Newton instruments can
either work independently or simultaneously with the condition that the target
brightness does not exceed the summed sensitivity. Two of the XMM-Newton X-ray
telescopes are equipped with EPIC/MOS (Metal Oxide Semi- conductor) CCD
arrays rotated by 90° with respect to each other, the third carries a PN-CCD camera
called EPIC/PN. The EPIC cameras allow to perform extremely sensitive imaging
observations over a field of view of 30’ in the energy range of 0.2 — 12keV.
Analogous to the instruments on board Chandra, all EPIC CCDs operate in
photon counting mode with a fixed and mode dependent frame readout frequency.
The EPIC/pn has a larger quantum efficiency than the two EPIC/MOS cameras
because its chips are back-illuminated, i.e. the wiring is located behind the photo-
cathode layer so that the light directly strikes the photo-cathode layer without
being influenced by passing through the wiring that causes reflection and reduces
the input signal in front-illuminated chips. This increases the probability that an
input photon is captured to 90 % [21]. Moreover, the EPIC/pn has a faster readout
than the EPIC/MOS because each pixel column has its own readout node. The

EPIC cameras can operate in different modes: (1) full frame, (2) partial window,
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and (3) timing mode. In full frame mode all pixels are read out covering the whole
field of view. Partial window mode is such that in the two EPIC/MOS part of the
CCD chip is read out, 100 x 100 pixels in small window and 300 x 300 pixels in
large window. In the EPIC/pn half of the area in all 12 CCDs is read out when it
works in large window, while only one CCD is read out in small window. Finally,
the timing operating mode for all EPIC cameras offers very high time resolution,
keeping the spatial information only in one dimension.

The RGS design consists of two reflecting grating array units (RGA) and
two focal plane camera units (RFC), located on the same X-ray telescope where
the EPIC/MOS is mounted. Therefore, when an X-ray signal is captured by this
instrument 40 % of the light is intercepted by the RGS and is deflected into a strip
of CCD detectors offset from the telescope focal plane, while 44 % goes directly
into the focal plane intercepted by the EPIC/MOS. The rest of the incoming signal
is absorbed by the support of the instrumental structures. The RFC counts 9 large
back-illuminated MOS CCDs, that register the position and the energy of each
incoming photon. RGS can operate in Spectroscopy mode, where all CCDs are
operating, or in Small Window mode, where only 1/4 CCDs is actively working.

The energy range covered by the RGS is 0.35 — 2.5 keV.

OM effective area

0.004§
0.003 f
¢ Fig. 2.4: The transmission curves of
E 0.002¢ the six Optical Monitor fil-
ters [86].
0.001F
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In addition to the X-ray measurements, XMM-Newton provides also simulta-
neous optical/UV capability with the 30 cm OM co-aligned with the X-ray mirror
modules. Due to the high sensitivity of the detector and the absence of atmospheric
extinction, diffraction and background, the OM is well suited for observations
of faint sources. However, it can easily be damaged by the emitted signal from

optically very bright sources. The incoming light hits a pattern of mirrors, first
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it is reflected by a primary onto a secondary that in turn reflects the light onto a
rotatable 45° flat mirror located behind the primary where the light is focused onto
one of two detector arrays. Along the light path, a filter wheel can be placed with
several optical elements. These elements comprise two grisms and lenticular filters,
i.e. three optical and three UV filters over the wavelength range 180 — 600 nm (see
the transmission curves in Fig. 2.4). The OM observes in Fast mode, where detailed
information about the detected counts over time are provided so that the light
curve of the target can be extracted and/or Image mode that provides more spatial
coverage at the expense of timing information. When the OM observes in Image
mode it produces accumulated images, therefore there is no timing information of

the incoming photons.

2.1.3 SRG-eROSITA

The Spectrum-Roentgen-Gamma (SRG) satellite is a space observatory devel-
oped by the Russian Academy of Science with the participation of Germany and
launched the 13th July 2019. It carries two telescopes on board: the extended
ROentgen Survey with an Imaging Telescope Array (eROSITA) built by Max Planck
Institute for Extraterrestrial Physics (MPE) in Germany and the Astronomical Roent-
gen Telescope X-ray Concentrator (ART-XC) developed by Russia. To accomplish
the scientific goals of this PhD among the telescopes on board SRG only eROSITA
was used, therefore the following text is more focused on the description of this
instrument.

During the first phase of commissioning and calibration (CalPV) eROSITA
observed the sky while it was traveling to its final sky position, the stability point
L2!. As part of the CalPV phase eROSITA provided its first X-ray catalog: the
eROSITA Final Equatorial Depth Survey (eFEDS). Later, eROSITA started to scan
the whole sky collecting data into the all-sky survey (eRASS) that will last for 4
years. The observation strategy consists on covering the whole sky every 6 months

in the energy band of 0.2 — 10 keV. The soft band 0.2 — 2keV is expected to be 25

IThe L2-point lies on the opposite side of the Earth as it is seen from the Sun. The orbital motion
of a spacecraft located here is balanced by the gravitational forces of these two astronomical
objects, and the position behind the Earth prevents the distorted view of the sky that the
spacecraft would have if located in the opposite side while passing in and out of the Earth’s
shadow.
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Fig. 2.5: Top: The first eROSITA all-sky map
released in June 2020. During these
6 months of observation, eROSITA
detected 77% Active Galactic Nuclei,
20% magnetically active stars and 2%
galaxy clusters. The map shows also
Milky Way structures such as the bub-
ble in the bulge and the absorbing
gas in the disk (in blue). Credit: J.
Sanders, H. Brunner & eSASS team
(MPE) / E. Churazov, M. Gilfanov (on
behalf of IKI). Right: Schematic view
of the eROSITA instrument: seven
Wolter type telescopes observing in
the broad energy band 0.2 — 10keV.
Two star tracker and four radiators are
needed to cool down the instrumental
system [63].
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times more sensitive than the previous X-ray all-sky survey carried out with ROSAT
[7] launched in 1990, and up to now eROSITA has already seen the entire sky 4
times. The primary aim of this new X-ray instrument is to study the large-scale
structure of the Universe with the detection of large samples of galaxy clusters
up to red-shifts z > 1. It will also lead to a revolutionary understanding of the
evolution of supermassive black holes. Moreover, data from eROSITA will allow the
investigation of a wide range of astrophysical phenomena such as X-ray binaries,
active stars and diffuse emission within the Galaxy.

eROSITA is formed by a hexapod structure of seven identical Wolter-type
telescope modules (TMs) with 54 nested gold-coated mirrors and a reading capacity
of once per second with an accuracy of 3” [63]. The cameras were built at MPE
and consist of X-ray CCDs manufactured from high-purity silicon. The instrumental
system is constantly cooled to —90° by 4 radiators located at the base of the
telescope (see right panel in Fig. 2.5). The first all-sky survey (eRASS1) was
completed on June 11, 2020 and announced officially by the MPE2. It contains
data from 1.1 million sources among which 77 % are Active Galactic Nuclei, 20 %
are stars with strong magnetically active coronae and 2 % are galaxy clusters. Few
detections concern X-ray binaries, star forming regions, and supernova remnants.
The map shown in Fig. 2.5 presents also some extended structures of the Milky
Way such as the bubble in the bulge of the galaxy and the hot absorbing gas (in
blue) in the disk.

2.2 Optical satellites

Optical observations are used in this PhD project as auxiliary data to pursue the
scientific goals. In particular, light curves from the K2 and TESS missions provided
information about the stellar rotation, and Gaia parallaxes and photometry were

needed to compute stellar distances and parameters.

2.2.1 K2 & TESS: rotation period measurements
The Kepler satellite was launched by NASA in 2009 with the scientific purpose

of finding new transiting exoplanets by monitoring ~ 200.000 stars [9]. In addition,

2https://www.mpe.mpg.de/7461950/ erass1-presskit
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Fig. 2.6: Left: Kepler spacecraft launched by NASA in 2009. The only instrument on board
Kepler is a 0.95 m Schmidt telescope with 105 x 105 deg? of field of view located
right behind the Sun shade. Right: Scheme of TESS satellite launched by NASA
in 2013. The cameras have a 24 x 24 deg? field of view with an aperture size
of 10 cm in diameter each and are located at the front of the spacecraft. Credit:
NASA and TESS webpage.

Kepler light curves can also be used to investigate stellar variability and eclipsing

binaries.

The telescope contains a Schmidt camera with a front lens of 0.95m and a
105 x 105 deg” of field of view. It collects optical photons every 29 minutes or
1 minute, called long and short cadence respectively, observing one region of
the sky in the Cygnus and Lyra constellations. Its photometric precision is 20
part per million (ppm) in observing stars with 8 — 18 Kepler magnitude between
430 — 890 nm. In order to keep the solar panels always pointing to the Sun, the
spacecraft rotated by 90° every 90d, thus Kepler data are divided into 90—day

quarters.

The successor mission, Kepler Two-Wheel (K2), started right after the original
Kepler mission ended (2013), due to the loss of two reaction wheels. In particular,
the second mission was possible because engineers found a new way to stabilize
the spacecraft, i.e. using the pressure of the solar light, allowing to do science
for other three years where ~ 40.000 stars have been observed. During these last
years, the telescope conducted 19 Campaigns of a duration of ~ 80d where the

satellite was kept fixed upon a single boresight position during each campaign.

The Transiting Exoplanet Survey Satellite (TESS) [70, 71] is an optical space
telescope launched on April 18, 2018 by NASA and, similar to Kepler, designed

2.2 Optical satellites
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Fig. 2.7: Top: an example of a TESS light curve of an M dwarf, with a zoom into the flare
detection around the timestamp 1364 min. Middle: the phase-folded light curves
with the rotation periods determined from the three period search methods:
Lomb-Scargle (LS), autocorrelation function (ACF), and sine-fitting. Bottom:
The LS periodogram, the ACF and the original light curve with the superimposed
sine fit [66].

to search for exoplanets using the transit method. It covers a sky area 400 times
larger than that covered by the main Kepler mission. TESS is in a 2 : 1 resonance
with the Moon, meaning that it orbits around the Earth twice during the time in
which the Moon orbits once. The instrument system on board TESS consists on
four identical cameras with a field of view of 24x96 deg” each (see Fig 2.6). The
detectors have a photometric precision amounting to 50 ppm in observing stars
with 9 — 15 TESS magnitude from the blue to the near-IR electromagnetic radiation,

i.e. 600 — 1000 nm.
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TESS observes the sky in sectors of 24 x 96 deg® each of which is monitored for
two orbits around the Earth, i.e. 27 d. During the prime mission, TESS observed
the full sky divided into 26 different sectors of the sky and it delivered ~ 11500 LCs
[66]. An example of a TESS light curve of an M dwarf is shown in the top panel
of Fig. 2.7, with a zoom on the flare detection around ~ 1364 min [66]. TESS’s
capability in observing the all-sky provides a huge amount of data, leading to
a larger number of observed M dwarfs compared to K2. Therefore, this leads
to a through investigation of the optical magnetic activity for variable M dwarfs
through the analysis of the flare profiles in short- and long-cadence, 2 and 29 min

between successive data points, respectively.

For the accomplishment of this PhD project, rotational periods from K2 and
TESS light curves were used. Although their extraction is not part of the tasks
performed during this work, a general picture of what the procedure consists of
is given here. As explained in Sect. 1.1, as a star rotates starspots are carried
along the stellar photosphere and their contribution is visible in the emitted
LC. In particular, their optical modulation is directly related to the rotational
period of the star, so when the spot coverage on the photosphere is such as to
periodically affect the emitted flux, it is possible to extract the rotational period.
The determination of P,,; has been performed with three different methods, i.e.
Lomb-Scargle periodogram?® [LS, 37, 771, autocorrelation function (ACF), and sine-
fit, and the adopted value is the average of the results coming from each procedure.
The middle panels of Fig. 2.7 visualize the phase-folded light curves with the
rotation periods resulting from the three methods, while the bottom panels show
the LS periodogram, the ACF and the original light curve with the superimposed
sine fit. The rotation periods extracted from TESS light curves are shorter than
< 15d because it monitors a given sky field for about a month, and only periods
shorter than about half the duration of a sector light curve are considered reliable

[66].

3The LS is an algorithm for detecting and characterizing periodicity in sampled time-series. This
method provides an estimate of the Fourier-like power relative to the period of oscillation [37,
77].

2.2 Optical satellites
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2.2.2 Gaia mission

Gaia is a space observatory developed by ESA, launched in 2013 and, similar
to the SRG-eROSITA satellite, located in the Sun—-Earth Lagrange point L2 [23].
The spacecraft is designed for astrometry with the aim to construct the largest
and most precise 3D space catalog by collecting stellar parallaxes of astronomical
objects, from which to calculate the distances.

The instrumentation on board Gaia consists of a Radial-Velocity Spectrometer
(RVS), an astrometry instrument (Astro) and a photometry system (BP/RP) [72].
RVS is used to determine the velocity of astronomical objects along the line of
sight through measurements of the Doppler shift affecting the spectral lines of
high-resolution data between 847 — 874 nm. Astro provides information on the
angular position of stars with magnitude higher than 20 between 330 — 1050 nm
from which stellar parallaxes and proper motion are determined. Last but not
least, BP/RP is composed of two low-resolution fused-silica prisms that disperse
all the light incoming in the field of view, covering the blue (330 — 680 nm) and
red (640 — 1050 nm) parts of the electromagnetic spectrum. The two instruments
collect the spectral energy distribution providing information of the temperatures,
gravities, metallicities, and reddenings for the detected targets. This project
adopted distances and magnitudes from the second data release [Gaia-DR2, 22],
however the early third data release (EDR3) was announced in December 2020
and lists almost twice as many astronomical sources as the DR2. The third data

release is planned for the second half of 2022.
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Results & Discussion

3.1 The rotation-activity-age relation of
M dwarfs

In this chapter I summarize the results I obtained in the papers provided in
Appendix [39, 41, 40, 48]. The primary investigation regards the study of the
X-ray activity of M dwarfs and how it depends on the stellar rotation and mass.
To achieve this goal, I constructed the largest and most homogeneous database
of rotation and X-ray activity for field M dwarfs to date. Specifically, the sample
presented in Magaudda et al. [39] consists of new X-ray data from the XMM-
Newton and Chandra satellites requested for this study with P, extracted from
K2 mission LCs. These data have been combined with literature results that have
been properly updated by me in order to homogenize all data sets (see left panel
in Fig. 3.1).

The X-ray luminosities were calculated adopting Gaia-DR2 parallaxes [22] if
reliable according to quality criteria defined by Lindegren et al. [34]. Photometric
distances were adopted when Gaia-DR2 values were not validated, and they
were calculated using photometric magnitudes from the USNO CCD AStrograph
[UCAC4; 95] and the Two Micron All-Sky Survey [2MASS; 82] catalogs. The
photometric magnitudes were applied to the empirical relation from Stelzer et al.
[84] to compute the absolute magnitude in the K's band (M) from V' — J. Finally,
Mys was used to calculate the stellar parameters using the empirical relations from
Mann et al. [43, 42]. To adopt the same energy band as used in the works retrieved
from the literature [e.g. 92, 91, 93], I extracted the X-ray luminosities (L) in the
energy band of the ROSAT satellite (0.1 — 2.4keV). As mentioned in Sect. 2.1.2, the
recommended low-energy cutoff for XMM-Newton is 0.15 keV, however I verified
that including the counts between 0.10 — 0.15 keV would have changed the results
only by ~ 2 %.

Besides the new rotation periods determined from K2 light curves, the sample

presented in Magaudda et al. [39] includes also rotation measurements from
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Fig. 3.1: The X-ray activity-rotation relation studied in my works presented in Magaudda
et al. [39, 41]. Left: the sample includes homogenized and updated literature
results combined with new X-ray data obtained with XMM-Newton and Chandra
satellites and new rotation periods determined from K2 light curves. Right: The
activity rotation relation after including new results from eROSITA and TESS
data analyzed in in my work presented in Magaudda et al. [41]. See Sect. 3.1
for more details.

the literature that were selected from the MEarth Project [91, 93], restricted to
slower rotators in agreement with the choice of the authors to collect data for the
uncorrelated regime, and measurements extracted from the spectroscopic lines of

Call H&K and Ha [25].

By performing a double power-law fit of the activity-rotation relation (Ly —
Pior), I found that the X-ray emission level in the saturated regime (P, < 10d)
is not constant (also seen in the Ly/Ly, — Ro space). This result was previously
observed by Reiners et al. [68], who investigated the L/ Ly, — Ro dependence and
suggested a possible residual mass-dependence of the dynamo in this regime. In
particular, I observed a steeper slope in the saturated regime for low-mass M dwarfs
(M, < 0.4M,) suggesting that the switch of the internal structure from solar-like
to fully convective (see Sects. 1.1 & 1.4) may introduce a mass dependence of the

dynamo.

I then combined the results from the fit of the Ly — P, relation with spin-down
models from Matt et al. [45] in order to quantify the age dependence of activity.
The predicted L,—age relation was then analyzed in three mass ranges adopted
for the study of the activity-rotation relation (see Fig. 3.2), that separates very low

mass M dwarfs (fully convective, M, /M. < 0.4) from mid- (0.4 < M, /M < 0.6)
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Fig. 3.2: Results presented in my work Magaudda et al. [39] where the empirical Ly — Prot
relation with a double power law fit (left) is shown together with the predicted
Ly—age relation (right). As explained in Sect. 3.1, the investigation is done in
three mass bins and the calculated activity-age relation is compared to stars
with known age and X-ray activity level. The yellow “tunnels” in the Ly—age
relation show the vertical Ly—spread computed from the standard deviation of
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and high-mass (M, /M, > 0.6) M dwarfs, both of which are partially convective.
Together with the predicted Ly—age relation shown in Fig. 3.2 I included the
standard deviation of the constructed X-ray luminosities in each mass range shown
as a yellow “tunnel” in the same figure in order to consider the vertical L,—spread
seen in the activity-rotation relation that comes from the mass-dependence of
activity. The constructed relation places open cluster stars of known age [Pleiades
and Hyades, 92] in the saturated regime and older field stars from Veyette and
Muirhead [89] (age from ~ 4 to 9 Gyr) in the uncorrelated region of the relation.
Interesting are the Hyades of the highest mass range that populate the area
where the X-ray activity starts to drop. The presence of the Ly—vertical spread in
comparison to stars with different known age provides an estimate of the onset of
the mass dependent activity decay. Considering the initial rotation periods used
for the computation of the spin-down models from Matt et al. [45] and shown in
Fig. 3.2 with the red, blue and green lines, we concluded that faster initial rotation
periods provide the star to last longer in the saturated regime but once in the
uncorrelated region the X-ray flux drops at higher rate than star with slower initial

Prot-

I contributed to the work presented in Modirrousta-Galian et al. [48] about
the study of the exoplanet GJ 357b orbiting around the extremely inactive M dwarf
GJ357 M dwarf. Here, we compared my predicted Ly—age relation, including
the vertical Ly—spread represented in light blue in Fig. 1 in Modirrousta-Galian
et al. [48], with the empirical scaling relation Ly(t) by Penz and Micela [61]. This
latter one was then used to find a lower limit for the age of GJ357. The scaling
law by Penz and Micela [61] is based on the observed X-ray luminosity functions
of the Pleiades, Hyades and a nearby field star, Proxima Centauri. GJ357 is a
~M2 dwarf with M, = 0.34 M., [38], with a very low X-ray luminosity detected
with XMM-Newton. According to my analysis (see Fig. 1 in Modirrousta-Galian
et al. [48]), the Ly observed with XMM-Newton is comparable with that of the
least active and slowest rotating M dwarfs in the same mass range, however it lies
way below the predicted Ly—age relation from my previous work [39]. This is a
consequence of the overprediction of the X-ray emission for M dwarfs with very

long rotation periods and masses between 0.14 — 0.4 M, caused by the spin-down
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model of Matt et al. [45]. This model returns faster rotation periods than observed,
causing these low-mass stars to stay longer in the saturated regime, contrary to
what is seen from the comparison with stars of known age and X-ray luminosity
(see, for example, the sample of Veyette and Muirhead [89] shown in the last panel
to the right of Fig. 3.2). According to the comparison of the two L4(t) relations
[61, 39] with the observed X-ray luminosity of GJ 357 we found the lower limit of

the age for this M dwarf planet host amounting to ~ 5 Gyr.

As explained in Sect. 1.4, the study of the X-ray emission from an active star
defines habitability conditions for host planets. Numerous works have studied
the evolution of planetary atmospheres to study how the X-ray emission from
the host star affected the planets when they were still young. See Sect. 1.5.2 for
more details of the possible phenomena caused by the interaction between the
emission of the host star with the atmosphere of its planet. These studies are
based on the determination of their atmospheric history by means of a backwards
reconstruction of the XUV luminosities of the host star. In Modirrousta-Galian et al.
[48] we conducted such a study based on the one-dimensional upper-atmosphere
hydrodynamic model developed by Kubyshkina et al. [30]. These model grids are
based on the photo-evaporation escape mechanism and computed for planets with
masses from 1 to 39 Mg and with a distance from the host star of 0.002 — 1.3 au
that has a mass of M, = 0.4 — 1.3M,, and Lx = 10*® — 10*° erg/s. The goal was to
reconstruct the atmospheric evolution of the planet-host GJ357b, providing an
upper bound of its initial atmospheric mass. Considering the derived age of the
system (~ 5 Gyr) and the lower bound of the X-ray luminosity derived from the
scaling law of Penz and Micela [61] a linear extrapolation of the X-ray emission
from the host GJ 357 M dwarf backwards in time. This resulted in an upper limit
for the initial atmosphere mass of the planet-host GJ 357b amounting to ~ 38 Mg,
[48].

With the advent of the eROSITA and TESS missions, new X-ray data and
photometric rotation periods have been added to the previous M dwarf sample for
the study of the activity-rotation relation. In the right panel of Fig. 3.1 I present the
new version of the relation where the contribution of eROSITA-TESS data almost

doubled the statistics of the stellar sample in the saturation regime. In my paper

3.1 The rotation-activity-age relation of M dwarfs
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Fig. 3.3: A schematic view of the cross-match procedure adopted to ensure a solid iden-
tification of the correct eROSITA counterparts for the LG11-Gaia sample. First,
I performed a direct match to search for the eROSITA detections around the
optical coordinates (Gaia-DR2) within 15”. Then, I ensured the association by
performing a reverse match, i.e. looking for Gaia-DR2 sources around eROSITA
coordinates with the same search radius. eROSITA and Gaia catalogs refer to
two different observational epochs (2020 vs mid-2015), therefore I applied a
P.M. correction once more in order to find the best counterpart. This latter
was defined as the closest to an eROSITA source with the condition that the
separation between the optical and the X-ray coordinates be smaller than 3 times
the X-ray positional error.

Magaudda et al. [41] only stars with complete Gaia-DR2 data, i.e. distances and
photometry, are considered and the calculation of stellar parameters is based on
Gaia-DR2 distances and photometry. Therefore, I accordingly updated the data
from my previous work discussed in Magaudda et al. [39] discarding all stars that
do not satisfy this condition. In particular, all stars in this later work presented in
Magaudda et al. [41] have stellar parameters based on My computed with Gaia-
DR2 distances and the VV— band magnitude used in the empirical relations from
Mann et al. [43, 42] is calculated with the conversion provided by Jao et al. [27],
that makes use of Gaia magnitudes in the blue and red parts of the electromagnetic
spectrum (see Sect. 2.2.2).

The search for eROSITA detections is performed through cross-matches be-
tween the SUPERBLINK proper motion catalog of nearby M dwarfs by Lépine and
Gaidos [LG11, 33] with the eROSITA Final Equatorial Depth Survey (eFEDS) and
the first eROSITA all-sky survey (eRASS1). The LG11 catalog was first associated
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with the Gaia-DR2 catalog [22] and, after excluding all stars that do not have

complete Gaia-DR2 data, the resulting LG11-Gaia catalog counts ~ 8500 stars.

To ensure the association of eROSITA counterparts to stars in the LG11-Gaia
sample I carried out a meticulous cross-match. Its scheme is shown in Fig. 3.3.
The first step was to perform a proper motion (hereafter P.M.) correction to the
coordinates of the stars in the LG11-Gaia sample to the average observational
epochs of eROSITA, i.e. the 5th November 2019 for eFEDS and the 10th March
2020 for eRASS1. The stars in this catalog are within 100 pc, thus, as for the case
of Barnard’s star discussed in Sect. 1.3, their proper motion® can reach more than
1” per year. After applying the P.M. correction, I conducted a “direct match” within
15" between the coordinates of the stars in the LG11-Gaia sample with those of
eROSITA sources (see first panel from the left in Fig. 3.3). Then, I verified these
eROSITA counterparts with a “reverse match”, i.e. starting from eROSITA positions
I looked for all possible Gaia-DR2 associations, with the same search radius adopted
for the direct match. While there is one or few eROSITA counterparts around a
LG11-Gaia star within 15” (in the “direct” match), several Gaia sources are located
around a eROSITA source within the same region size (in the “reverse” match),
among which the LG11-Gaia star is included (see middle panel of Fig. 3.3). An
important aspect has to be taken into account: when matching with Gaia catalogs
the output coordinates are refereed to its observational epoch, i.e. mid-2015 for
DR2. Therefore, without further P.M. correction in this second step the comparison
is done between two different observational epochs (Gaia-DR2 vs eROSITA, see
rightmost panel in Fig. 3.3). Another P.M. correction has to be performed in order
to identify the best counterpart, that we defined as the one that is closest to an
eROSITA source and having the separation between Gaia and eROSITA coordinates
less than 3 times the X-ray positional error. With this procedure, I confirmed the
association of 14 LG11 stars with an eROSITA source detected during eFEDS and
673 during eRASS1. Finally, I confirmed my source identification by comparing
my results with those from the NWAY algorithm, based on Bayesian statistics that

assigns the probability of being the correct counterpart to every source within a

!The apparent motion of the star as it is seen from the center of mass of the solar system.

3.1 The rotation-activity-age relation of M dwarfs
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Fig. 3.4: Comparison of the activity-rotation relation obtained with different parametriza-
tions of the convective turnover time (7¢oqy) for the calculation of the Rossby
number [14, 10, 93]. The model from Brun et al. [10] predicts a transition into
the unsaturated regime at higher value of the Rossby number.

certain distance from the X-ray position. This algorithm is developed by other
members of the eROSITA-DE consortium and discussed by Salvato et al. [73, 74].

The advent of eROSITA and TESS data allows to achieve unprecedented
number statistics of fast rotating M dwarfs in the activity-rotation relation and to
carry out an even more detailed analysis of the dependence of the X-ray activity
on stellar mass mainly focused on M stars with rotation periods shorter than the

transition to the uncorrelated regime.

3.2 Evidence of a spin-down evolution for
M dwarfs

The study of the activity-rotation relation in terms of the fractional X-ray
luminosity and Rossby number introduces a model dependence through the com-
putation of 7.ony. In the work presented in Magaudda et al. [39] we studied how
the Ly/Ly, — Ro relation changes by adopting different 7,,,—parametrizations
(see Fig. 3.4). The main result is the shift towards higher Ry values of the transi-
tion into the unsaturated regime when adopting a 7.,y —parametrization compared
to the others. Remarkable is the gap found for intermediate Ly/Ly,—level (~ —4)

also seen later when eROSITA and TESS have been included in the M dwarf sample

Chapter 3 Results & Discussion
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Fig. 3.5: Activity-rotation relation for low mass M dwarfs shown with a mass-color code
together with the result of the power law fit performed for the saturated regime
and presented in my paper Magaudda et al. [40]. The positive slope is a result
of the paucity of low mass M dwarfs with intermediate rotation periods.

in Magaudda et al. [41] (right panel of Fig. 8 in Magaudda et al. [41]). This
behavior requires further investigation, but it seems to suggest a phase of stalled
rotational evolution followed by an episode of rapid spin-down [15, 47]. This
might explain why there are more objects before the transition to the unsaturated

regime, and a gap around the breaking point due to a subsequent rapid spin-down.

With the addition of new data from eROSITA and TESS I studied the saturated
regime in the three mass bins, performing a power law fit in each mass range
and neglecting the uncorrelated regime, where TESS-eROSITA combination does
not enhance the number of stars. Surprisingly, the lowest mass bin of M dwarfs
shows a positive slope (see Fig. 3.5), while a decrease of the X-ray level towards
longer P, is seen in the saturated regime of high- and mid-mass M dwarfs. As
shown in Fig. 3.5, in the saturated regime of the lowest mass bin the number
of stars decreases while approaching the transition point into the uncorrelated
regime. In particular, stars with M, < 0.2 M., have either very short or very long
rotation periods (beyond the saturated regime), leading to a paucity of interme-
diate P,,—values. This mass distribution distorts the fit, leading to an increase
of the X-ray activity level in the saturated regime from short to mid-P,,. TESS
observations are able to cover these intermediate P, measurements, therefore

an observational bias is not responsible of this finding. One explanation is a

3.2 Evidence of a spin-down evolution for M dwarfs
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mass-dependent P, effect, according to which very low mass M dwarfs experience
a rapid loss of angular momentum that makes them skip the intermediate range of

rotation periods and populate directly the unsaturated regime [51, 15, 47].

3.3 eROSITA sensitivity: improvements on

the study of the X-ray emission

The analysis of the new X-ray data taken with eROSITA revealed its capability
in detecting very faint M dwarfs. In fact, the advent of this new X-ray mission
opened a new window for the investigation of the variability of coronal X-ray
emission. Already the first eROSITA all-sky survey has a flux limit that is a factor
2 — 10 fainter [see 6, 63] than the ROSAT 2RXS catalog from which X-ray flux
measurements were used in the work presented in Magaudda et al. [41]. This
provided detections of faint M dwarfs that have been previously detected by ROSAT

only because they were in a higher activity state.

Moreover, the distribution of eRASS1 detections shows a combined effect
of the mass-dependence of the X-ray luminosity already discussed in Sect. 3.2
with the flux limit mentioned above: at a given distance the fraction of eRASS1
detections decreases for decreasing stellar masses. The majority of M dwarf X-ray
detections are found in the unsaturated regime, where eROSITA is sensitive to
detect stars with larger rotation periods that are not accessible to TESS. Last but
not least, I found that early M stars are poorly sampled in the saturated regime,
suggesting that they are already in an evolved phase of their spin-down history

and probably located in the uncorrelated regime of the activity-rotation relation.

An interesting aspect of eROSITA is the all-sky survey measurements every 6
months that allow to investigate long-term variability. Already during the analysis
of this PhD work I compared the two surveys available at that time (eFEDS and
eRASS1) and I conducted a first variability study of the X-ray luminosity emitted by
M dwarfs. Specifically, 2/6 stars that have been detected during both eFEDS and
eRASS1 observational epochs show a variation in the X-ray luminosity between

the two surveys (see Fig. 12 in Magaudda et al. [41]).

Chapter 3 Results & Discussion



3.4 Outlook

Considering the huge number of light curves available from the eROSITA
all-sky surveys a thorough variability investigation is considered as future work.
To put more constraints on X-ray flares and coronal variability experienced by
M dwarfs a monitoring of their X-ray emission detected during the eROSITA surveys
(every 6 months) will provide knowledge of the long-term variability of these stars.
Moreover, a comparison with the numerous optical light curves provided by the
TESS mission and combined with those from the future photometric space missions,
such as PLATO, will enable multi-wavelength investigations that will be useful to
characterize the flare formation at different stellar atmosphere depths. PLATO, the
PLAnetary Transits and Oscillations of stars satellite, is planned to be launched
in 2026 by ESA. It will observe two sky fields of 900 deg” and it will provide new
observations of more than ~ 3500 LG11-Gaia M dwarfs with a very short cadence

amounting to 25s [66].

3.4 Outlook
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ABSTRACT

The relation of activity to rotation in M dwarfs is of high astrophysical interest because it provides observational evidence of the stellar
dynamo, which is poorly understood for low-mass stars, especially in the fully convective regime. Previous studies have shown that the
relation of X-ray activity to rotation consists of two different regimes: the saturated regime for fast-rotating stars and the unsaturated
regime for slowly rotating stars. The transition between the two regimes lies at a rotation period of ~10d. We present here a sample of
14 M dwarf stars observed with XMM-Newton and Chandra, for which we also computed rotational periods from Kepler Two-Wheel
(K2) Mission light curves. We compiled X-ray and rotation data from the literature and homogenized all data sets to provide the
largest uniform sample of M dwarfs (302 stars) for X-ray activity and rotation studies to date. We then fit the relation between Ly— P
using three different mass bins to separate partially and fully convective stars. We found a steeper slope in the unsaturated regime
for fully convective stars and a nonconstant Ly level in the saturated regime for all masses. In the Ly /Ly, —Ro space we discovered a
remarkable double gap that might be related to a discontinuous period evolution. Then we combined the evolution of P, predicted by
angular momentum evolution models with our new results on the empirical Ly— P,y relation to provide an estimate for the age decay
of X-ray luminosity. We compare predictions of this relationship with the actual X-ray luminosities of M stars with known ages from
100 Myr to a few billion years. We find remarkably good agreement between the predicted L, and the observed values for partially
convective stars. However, for fully convective stars at ages of a few billion years, the constructed Ly-age relation overpredicts the
X-ray luminosity because the angular momentum evolution model underpredicts the rotation period of these stars. Finally, we examine
the effect of different parameterizations for the Rossby number (Rp) on the shape of the activity-rotation relation in Ly /Ly, —Ro space,
and we find that the slope in the unsaturated regime and the location of the break point of the dual power-law depend sensitively on

the choice of Ro.

Key words. stars: low-mass — stars: activity — stars: rotation — stars: magnetic field — X-rays: stars

1. Introduction

Late-type stars emit X-rays from their outermost atmospheric
layer. This is called the corona. The layer consists of a magnet-
ically confined plasma with temperatures of up to several mil-
lion Kelvin. The stellar corona was first observed in the Sun
and is thought to be heated by the release of magnetic energy
through a dynamo mechanism. For G-type stars, convection in
the outer envelope together with differential rotation generates
magnetic activity through an @Q-dynamo mechanism (Parker
1955). The amount of magnetic energy that is released in the
corona decreases over the stellar lifetime. This is a result of rota-
tional spin-down that leads to decreased dynamo efficiency. The
spin-down is driven by mass loss that interacts with the mag-
netic field. Stellar rotation and magnetism thus form a complex
feedback system.

From the observations of the Sun, it is known that activity
has distinct observable manifestations in each atmospheric layer.

* The collection of all updated data from the literature is
listed in Table B.1 available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/638/A20

Article published by EDP Sciences

The photosphere on a magnetically active star contains regions
that are cooler and darker than their surroundings, called star
spots. In these regions the magnetic pressure is so high that it
overcomes the gas pressure and consequently inhibits the heat
transport by convection. As an observable consequence, the light
curve displays a periodic brightness modulation caused by the
rotation of the dark spots (Eaton & Hall 1979; Bopp & Evans
1973). With space-based missions such as Kepler and its suc-
cessor K2, we can therefore measure the stellar rotation period
(Prot) and detect the photometric variations because the magnet-
ically active regions continuously cross the visible hemisphere
as the star rotates. The outer two atmospheric layers, the chro-
mosphere and the corona, can be analyzed with optical, UV, and
X-ray observations (Giidel 2004; Durney et al. 1993).

Main-sequence stars with M, < 0.35 M, (Chabrier & Kiiker
2006), corresponding roughly to spectral types equal to or later
than M3.5, have fully convective interiors. They therefore lack
the tachocline observed in solar-type stars, which invalidates
the @Q-dynamo mechanism. Possible alternative magnetic pro-
cesses are an >-dynamo or a turbulent dynamo mechanism, for
which the dependence on rotation has not yet been settled.

An observational way to indirectly examine the underlying
stellar dynamo that causes the magnetic activity in solar- and
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later-type stars is to study the relation of coronal activity to rota-
tion. This relation is typically expressed in terms of the X-ray
luminosity (Ly) as a function of the rotational period (Pyo), Or
alternatively, in terms of the ratio between the stellar X-ray and
bolometric luminosities ( LLonl) as a function of the Rossby num-
ber (Rp). This variable is a dimensionless number defined as the
ratio between P, and the convective turnover time (T¢ony), the
time needed for a convective cell to rise to the surface. Because
Teonv 1S NOt an observable parameter, the use of R introduces a
model dependence or requires an ad hoc description.

Previous studies of the activity-rotation relation have shown
two different regimes. In particular, for fast-rotating stars, the
X-ray activity does not depend on the rotation (saturated
regime), while on the other hand, the X-ray activity of slowly
rotating stars declines with increasing rotational period (unsatu-
rated regime). Pallavicini et al. (1981) were the first to study the
coronal X-ray emission as a function of vsini for a sample of
stellar spectral type (O3-M). Later, Pizzolato et al. (2003) stud-
ied the coronal X-ray emission and stellar rotation in late-type
main-sequence stars with X-ray data from the ROSAT satel-
lite and calculated P,y from vsini measurements. All vsini
values have been translated into P, upper limits because
of the unknown inclination of the stellar systems, and only
two M dwarf stars were located in the unsaturated regime.
Therefore the relation remained poorly constrained. Since then,
Wright et al. (2011, 2018), Wright & Drake (2016), Stelzer et al.
(2016) and Gonzailez-Alvarez et al. (2019) have studied the
X-ray activity-rotation relation of M dwarfs based on photomet-
ric Py, collecting much more information about the empirical
connection between rotation and X-ray emission.

Because stellar rotation slows down throughout the main-
sequence life of a star, the dynamo efficiency also decreases
over time. This entails a decrease in X-ray luminosity. The joint
evolution of rotation and activity is encoded in the empirical
rotation-activity relation. Direct observations of the age decay
of rotation and X-ray emission are hampered for M dwarfs
by the lack of stars with known age. Direct observations of
the age decay of rotation and X-ray emission are difficult to
obtain for M dwarfs with known ages of 1 Gyr or older. The
availability of precise light curves from the Kepler/K2 mis-
sion, coupled with targeted or serendipitous X-ray observations,
has enabled detailed studies of the relation of age, rotation,
and activity in several ~600 Myr benchmark open clusters (i.e.,
Praesepe & Hyades, Douglas et al. 2014, Nuiiez et al. 2015;
M37, Nufiez et al. 2017), but the rotation periods and activity
measures required to calibrate models of angular momentum
evolution are only now becoming available for M dwarfs in clus-
ters older than 1 Gyr (i.e., NGC752; Agiieros et al. 2018). For
this reason, angular momentum evolution models for M dwarfs
(Matt et al. 2015) have not been calibrated for stars beyond the
ages of the Hyades (~600 Myr). Spin-down models can be used
combined with the empirical rotation-activity relation to predict
the long-term evolution of stellar X-ray emission, however.

In this work, we present an updated relation of X-ray activ-
ity to rotation in M dwarf stars and predict their Lx-age relation.
In Sect. 2 we introduce the sample of M dwarfs that we stud-
ied, which includes new X-ray observations from Chandra and
XMM-Newton, and new rotation periods from the K2 mission as
well as a collection of the samples studied in the previous liter-
ature. In Sect. 3 we describe how we derived the stellar param-
eters and how we updated the literature sample to provide the
largest and most homogeneous database to date for studies of
M-dwarf rotation and coronal activity. In Sect. 4 we describe our
analysis of the new XMM-Newton and Chandra observations,
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and in Sect. 5 we present our selection and study of the rotation
periods derived for the stars with new X-ray data. Section 6 con-
tains the results of the observed relation of rotation to activity in
terms of Ly — Py and Ly /Ly — Ro, and our construction of the
Ly-age relation with help of the spin-down models. A summary
and discussion of our results is presented in Sect. 7, followed
by our conclusions and the outlook for further development in
Sect. 8.

2. Sample selection

We observed 14 M-dwarf stars with XMM-Newton or Chandra.
The sample was extracted from the stars of the Superblink proper
motion catalog by Lépine & Gaidos (2011, henceforth LG11)
that have K2 rotation period measurements. The LG11 catalog
is an all-sky list of 8889 M dwarfs (SpT =K7 to M6) brighter
than J = 10 mag and within 100 pc. Rotation periods have been
determined for the LG11 stars in the K2 fields of campaigns
CO0—C4 by Stelzer et al. (2016), and the periods of the LG11 stars
located in successive K2 campaigns were measured by us using
the same methods (Raetz et al. 2019). For the X-ray observations
obtained for the present study, we predominantly selected stars
with long rotation periods (Pro; > 10d). Our new XMM-Newton
and Chandra sample covers periods of 0.6-79 d.

Together with the 14 new stars, we here present the whole
sample from the previous literature on the X-ray activity-rotation
relation of M dwarfs based on photometric periods, that is,
Wright et al. (2011, 2018), Wright & Drake (2016), Stelzer et al.
(2016), and Gonzalez-Alvarez et al. (2019). The total sample we
consider consists of 302 M dwarfs. To obtain a homogeneous
sample, we applied some updates to the parameters of the stars
from the literature. In the next section we describe our updating
procedure together with the determination of the stellar parame-
ters for our new sample of 14 stars with K2 rotation periods and
deep X-ray observations.

3. Sample properties

In this section we explain the method we used to compute dis-
tances and stellar parameters for the 14 new X-ray observa-
tions (henceforth “our sample”) and for all literature samples
we list in Sect. 2. Throughout the paper we refer to the “full
sample” when we consider the 14 new observations together
with the 288 stars from the literature. First, we evaluated Gaia-
DR?2 parallaxes to obtain updated distances (henceforth dgi,).
Gaia-DR2 contains spurious astrometric solutions (Arenou et al.
2018), therefore it is important to consider quality flags. To
do so, we examined the available Gaia parallaxes for all sam-
ples using the filters provided by Lindegren et al. (2018) in their
Appendix C. For the stars without Gaia parallax or stars that
are not validated by the quality flags, we calculated photometric
distances (henceforth dpno). To this end, we made use of photo-
metric magnitudes from the USNO CCD Astrograph (UCAC4)'
and the Two Micron All-Sky Survey (2MASS) catalogs and
applied the empirical relation from Stelzer et al. (2016) to cal-
culate the absolute magnitude in the K band (Mk,) from V to J.
We then used Mk, together with the observed apparent magni-
tude in K band (Kj) to derive the photometric distances. When
we compared the two distance estimates, we identified 37 stars
(~12%) for which dgsia = 2 - dpnot, and for these cases, we

' We verified that the UCAC4 V,,, are reliable by comparing them
with the Gaia-to-Vy,e conversion from Jao et al. (2018).



E. Magaudda et al.: Relation of X-ray activity to rotation in M dwarfs

Table 1. Stellar parameters of the 14 M dwarfs with new X-ray and rotation data.

K2 EPIC ID Mg, M, Ry Mol logjo (22) Teft V-] P D FLAGp !
[mag] (Mo] [Ro] [mag] [K] [mag] [d] [pc]
201718613  7.01£0.06 031+£001 031+001 975+£0.07 -2.00+0.03 3260+89 423 7870 12.72+0.42 00
212560714  5.54+£0.03 054+0.01 052002 8.04+005 -131+002 3906+93 276 27.57 36.00+0.05 11
214787262 6.63£0.04 037+£001 036001 933+£005 -183+0.02 3382+80 393 4370 27.82+0.07 11
201659529  6.58+0.03 037+0.01 036+001 9284005 -1.81+0.02 3355+80 395 4424 23394005 11
202059222 6.76+£0.05 035+£001 034001 948:0.06 —-1.89+0.02 330880 408 7195 2627+0.6l 00
202059188  6.75+£0.04 035+£0.01 0342001 9524005 -191+002 3179+81 444  0.69 28.74+0.07 11
202059195  6.37+£0.04 040£001 039+001 9.12+005 -174+002 331182 423 4279 34.61+0.10 11
202059210  447+0.06 072+£0.02 0.71+002 697+0.07 -089+0.03 3926+84 281 1740 5437+024 11
201364753  5.30+£0.03 058+001 056+002 7.82+0.05 -123+002 385487 286  9.19 40.96+0.09 11
202059198  5.81+£0.02 050+£0.01 047001 8.39+0.04 -145+002 3727+99  3.14 2693 2330+0.03 11
210579749 551002 055+£001 052+002 810004 -134+002 3643+83 327 1116 17.24+001 11
214269391  4.95+0.02 0.64+001 062+002 7.44+005 -1.08+0.02 3900+101 276 1956 17.66+0.01 11
203869467  4.68+0.04 0.69+£001 0.67+002 7.17+006 -097£0.02 395184 273 4758 39.07+0.94 00
201717791  4.59+0.04 074001 069002 7.10£0.05 -094+0.02 3873+90 284 1440 46.45+0.13 11

Notes. VFLAG, is the quality criteria we used to select the distance. The first column represents the quality flag of Gaia parallaxes from
Lindegren et al. (2018) (1 means that it is validated, and O that it is not validated), the second column shows our criteria for the comparison
between Gaia and photometric distances, explained in Sect. 3 (1 means that the Gaia distance is adopted, and O that the photometric distance is

adopted). We used Gaia parallaxes if FLAGp = 11.
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Fig. 1. Stellar masses as a function of Vi,e—Jmag for all 302 stars ana-
lyzed in this work. We distinguish stars for which we adopted Gaia
distances (black filled circles) and those for which we adopted photo-
metric distances (green filled triangles) following the criteria described
in Sect. 3.

adopt the photometric distance throughout. There are no stars for
which the Gaia distance is significantly smaller than the photo-
metric distance. The FLAGp column in Tables 1 and B.1 shows
the results of the applied distance quality criteria.

The first number indicates the Lindegren et al. (2018) filter
(1 means that it is validated, and O that it is not validated), and
the second number indicates our own condition (1 means that
the Gaia distance is adopted, and 0 that the photometric distance
is adopted). FLAGp = 11 means that both quality criteria are
satisfied and we adopted Gaia parallaxes.

We used the empirical relations from Mann et al. (2015) and
Mann et al. (2016) to calculate stellar parameters. In particular,
we obtained stellar masses (M,) and radii (R,) from Mg, the
effective temperature (T.¢) from V—J and J—H, the bolometric
correction (BCk,) from V—J, and the bolometric lumonosity Ly

from BCg,. We list the stellar parameters for the 14 new observa-
tions in Table 1 and those for the literature sample in Table B.1.
In Fig. 1 we show the relation between M, and V—J we found
for the full sample. We note that according to our V—J versus
SpT calibration (Stelzer et al. 2016), stars with V—-J < 3 mag
are K-type stars. For the sake of simplicity, we do not distin-
guish these objects, but we recall that the full sample comprises
~15% of K-type stars.

Because we updated the distances for the literature sam-
ples, we had to recalculate the X-ray luminosity (Ly). In order
to have a uniform data sample, we computed the Ly adopt-
ing the ROSAT energy band (0.1-2.4keV) used in Wright et al.
(2011, 2018), Wright & Drake (2016), for the full sample.
Of the objects in Wright et al. (2011) we took only the field

stars, and we scaled the published Ly values with (m) s
where dpew 1s our new distance from Table B.1 and dw;,1; is
the distance used by Wright et al. (2011). For the stars from
Wright & Drake (2016) and Wright et al. (2018), we calculated
Ly from the fluxes listed in Wright et al. (2018) with our new
distances. Because Gonzilez-Alvarez et al. (2019) listed Ly for
0.1-2.0keV, in order to obtain the X-ray luminosity in the
0.1-2.4keV band, we returned to the ROSAT catalogs. In
particular, we extracted the count rates from the bright
(BSC: Vogesetal. 1999) and faint (FSC: Voges et al. 2000)
source catalogs and the second ROSAT All-Sky Survey Point
Source Catalog (2RXS: Boller et al. 2016). These were con-
verted into X-ray flux using the conversion factor (CF =
5.771 x 10712 erg cm™2 /cts) obtained with the count-rate simula-
tor WebPIMMS ? for a 1T-APEC model with kT = 0.5 keV and
Np = 10" cm™2. The temperature value is derived from com-
puting the mean coronal temperature for the stars from our new
XMM-Newton and Chandra sample that have enough counts for
the spectrum to be extracted (see Sect. 4.3), for which we find an
average of 0.51 + 0.03 keV.

The uncertainties of the X-ray luminosities were calculated
with error propagation, using the variance formula for the uncer-
tainties of the X-ray fluxes and distances. Wright et al. (2011)

2 Count-rate simulator PIMMS: http://heasarc.gsfc.nasa.
gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Fig. 2. Left: relation of activity to rotation in L, — P, space. The color scale is based on the origin of the sample, as explained in the inset. Right:

same as the left panel, but for L, /Ly, vs. Rossby number.

Table 2. X-ray journal of observations together with the results from the analysis explained in Sects. 4 and 6.3.

K2 EPIC ID Mission Obs. ID Obs. date  Exp. time Rate log(Lx) log ( LLb " ) Rocss Rop Row
[ks] [x 1073 counts s~ [erg s

201718613 ~ XMM-Newton 0820460101  2018-06-11 18.0 47.20+2.20 27.03+0.03 -4.54+0.96 - - 0.96
212560714 ~ XMM-Newton 0820460201  2018-07-02 33.6 3.33+0.57 26.78+0.07 -548+0.09 029 037 0.80
214787262  XMM-Newton 0820460301  2019-03-31 45.5 25.15+1.27 27.44+0.02 -430+0.10 035 030 0.64
201659529  XMM-Newton 0843430401  2019-07-14 23.1 12.07£1.05 2697+0.04 -479+£0.09 035 031 0.65
202059222 Chandra 17724 2015-12-07 14.7 <0.24 <26.50 <=5.20 0.56 041 098
202059188 Chandra 17725 2016-01-12 14.9 56.20+3.20 28.95+0.02 -2.70+0.10 — - 0.01
202059195 Chandra 17726 2015-12-02 15.0 <0.15 <26.54 < =530 033 034 052
202059210 Chandra 17727 2015-11-27 13.9 2.32+0.81 28.12+0.15 -4.60+0.10 0.19 040 0.49
201364753 Chandra 17728 2016-03-26 8.8 0.52+0.43 2795+0.11 -440+0.10 009 017 0.25
" Chandra 18805 2016-03-31 5.8 2.36+1.10 " " " " "

202059198 Chandra 17729 2016-02-05 14.8 6.42+0.36 27.82+£0.02 -430+0.10 026 032 0.63
210579749 Chandra 21157 2018-10-22 9.4 3.24+0.97 27.67+0.13 -4.60+0.10 0.10  0.18 0.24
214269391 Chandra 21158 2018-11-05 9.9 2.46+0.84 27.58+0.14 —-490+0.10  0.21 037  0.57
203869467 Chandra 21159 2019-01-20 27.7 0.08 +£0.25 26.80+0.02 -5.80+£0.01  0.51 0.84 140
201717791 Chandra 21160 2018-11-06 15.7 <0.41 <27.64 < -5.00 0.15 033 040

Notes. The Rp cgs and Rp g columns are the Rp numbers from the normalized 7.,y relations by Cranmer & Saar (2011) and Brun et al. (2017) for
stars with T > 3300 K (see Sect. 6.3 for more details). The last column (Ro w) shows the Ro number by Wright et al. (2018).

provided no uncertainties on the X-ray measurements, therefore
we applied the mean percentage value of the X-ray flux error
measured for the other samples, which is *15%.

We list in Table B.1 our updated results for the X-ray
luminosities of the 288 stars from the literature. We also pro-
vide (in Col.7) the rotation period adopted from these pre-
vious studies. In particular, Wright et al. (2011) selected only
photometric P, from the literature, Wright & Drake (2016)
and Wright et al. (2018) used rotation measurements from the
MExarth Project, which means that they were mostly in the slow-
rotator regime. Stelzer et al. (2016) have determined the Py
for the LG11 stars in the K2 field of campaigns CO to C4,
and Gonzélez-Alvarez et al. (2019) analyzed time-series of high-
resolution spectroscopy taking P, from activity indicators, that
is, the Call H&K and Hea spectral lines.

To illustrate the different samples, we show in Fig. 2 the
updated relation of X-ray activity to rotation by combining all
previous literature samples with our own data, listed in Tables 1
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and B.1. For this plot the convective turnover times, T¢ony, Were
calculated using the empirical calibration by Wright et al. (2018).

4. X-ray data analysis

As explained above, we worked in the ROSAT energy band
(0.1-2.4keV) for consistency with most previous works. The
results from the analysis of X-ray data for the new sample of
14 stars obtained with Chandra and XMM-Newton are listed in
Table 2. In the following we describe the analysis of these obser-
vations.

4.1. XMM-Newton: EPIC

Four of the 14 new observations were obtained with XMM-
Newton. We analyzed these 4 observations with the XMM-
Newton Science Analysis System (SAS)? 17.0 pipeline. After

3 SAS Data Analysis Threads: https://www.cosmos.esa.int/
web/xmm-newton/sas-threads
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Table 3. X-ray spectral parameters with 1o~ uncertainties computed with the error pipeline provided in the XSPEC software package.

K2 EPIC ID kT, log (EMy) kT, log (EM>) ¥> dof. T mean
[keV] [cm™3] [keV] [cm™3] [keV]

201718613 0.17+0.03 48.54+0.07 0.73+0.05 48.49+0.07 0.8 69 0.44 +0.03

214787262  0.31+0.02 50.17+0.05 129+021 49.77+0.12 1.1 37 0.59 +£0.06

data extraction, we filtered the event lists of EPIC/pn and
EPIC/MOS. We extracted the light curve for the whole detec-
tor, and then we determined the good time intervals using the
count rate < 0.4 countss™' and count rate < 0.35countss™! as
threshold for EPIC/pn and EPIC/MOS, respectively. We further
filtered our data for pixel pattern (PATTERN = 0), event ener-
gies greater than 0.15 keV, and quality flag (FLAG = 0). We per-
formed source detection using the SAS pipeline edetect_chain
in the ROSAT energy band (0.15-2.4keV) simultaneously for
EPIC/pn and EPIC/MOS. Our lower energy threshold is slightly
different from that of the ROSAT band. This is based on the
fact that the recommended low-energy cutoff for XMM-Newton
is at 0.15keV. However, we quantified how much the count
rate would differ if we included the counts between 0.10 and
0.15keV, and it would be only 2% greater. The extraction of
spectra and light curves was performed considering a source
region of 40” centered on the source position with an adjacent
source-free circular background region three times greater. We
created the response matrix and ancillary response for the spec-
tral analysis with the SAS tools RMFGEN and ARFGEN, and
we rebinned the spectrum in order to have at least five counts for
each background-subtracted spectral channel.

4.2. Chandra

The Chandra data analysis was carried out with the CIAO
package*. We started our analysis with the new pipeline chan-
dra_repro, which automatically reprocesses the event list by
reading data from the standard data distribution and creating a
new bad pixel file and a new level 2 event file. After this, we
created an exposure-corrected image for CCD_ID = 7 of our
ACIS-S observations in the ROSAT energy band (0.1-2.4 keV),
and we determined the point spread function (PSF) map of the
image with mkpsfimap, choosing 100% of the enclosed counts
fraction (ecf = 1.0). At this point, we proceeded with the source
detection with the wavdetect algorithm, which takes into account
the PSF map, the exposure time, and a significance detection
threshold, which we set to o = 107°. This value is needed to
identify a pixel as belonging to a source. Three of the ten stars
observed with Chandra are undetected, and we calculated the
flux upper limits. We calculated the count rates using srcflux for
detected and undetected stars, giving the positions, the source,
and background regions and the ROSAT energy band as inputs.
In particular, we took the circular source region centered on our
sources and a circular region for the background 10-15 times
greater than the source regions. For undetected sources, srcflux
computes the upper limit count rate using the Bayesian posterior
probability distribution function, without assuming prior infor-
mation for the intensities in the source and background aper-
tures.

* The CIAO package is developed by the Chandra X-Ray Center for
analyzing data from the Chandra X-ray Telescope, it can be down-
loaded from http://cxc.harvard.edu/ciao/

4.3. X-ray spectra

Spectral analysis was performed with XSPEC® version 12.10,
fitting the two extracted spectra with more than 350 counts, using
two isothermal APEC models. Each APEC model has three
parameters: the plasma temperature (k7'), the global abundance
(Z), and the emission measure (EM). We fixed Z at 0.3 Z, the
typical global abundance for late-type stars, and we left k7" and
EM free to vary. In particular, we performed a multi-fitting pro-
cedure for EPIC 201718613 by simultaneously fitting the spectra
from the three instruments on board XMM-Newton. On the other
hand, for EPIC 214787262, we fit only the EPIC/pn spectrum
because EPIC and MOS have not enough counts to extract the
spectra. The parameters of the best-fitting model are listed in
Table 3 and the spectra are shown in Fig. 3. The emission mea-
sure is computed in logarithmic scale, and it is the square of the
number density of free electrons integrated over the volume of
the plasma. With the EM, we computed the mean coronal tem-
perature (Tinean)- In particular, Teqn is defined as

> (EM,) ’

where T, and EM,, are the n-temperatures and n-EM of the
fitted model. From the two Tyean (see Table 3), we found
the average kT = 0.51 + 0.03keV that we used together
with Ny = 10'° cm™ to compute the conversion factors (CF)
with WebPIMMS needed to determine the X-ray fluxes. In
particular, we calculated the flux in the ROSAT energy band
(0.1-2.4keV) for the full sample, but for stars observed with
XMM-Newton, the fluxes were extracted in the readapted energy
band (0.15-2.4keV), as explained in Sect. 4.1. In particular, for
Chandra cycle 17, we found CF = 1.61 x 10711 erg cm™2/cts, for
Chandra cycle 20, we found CF = 4.14x107!! erg cm~2/cts, and
for XMM-Newton, we found CF = 1.19 x 107!% erg cm™?/cts.

Tmean

5. K2 analysis

Our 14 targets were selected because they have photometric
monitoring observations by the K2 mission. K2 observed in two
cadence modes, long cadence (~30 min data point cadence) and
short cadence (~1 min data point cadence). While all 14 tar-
gets have light curves obtained in long-cadence mode, 3 tar-
gets were also observed with the ~1 min data point cadence.
We downloaded the fully reduced and corrected long-cadence
light curves provided by Vanderburg & Johnson (2014) from the
website of A. Vanderburg®. The rotation periods were measured
using standard time-series analysis techniques, that is, the gener-
alized Lomb-Scargle periodogram (GLS; Zechmeister & Kiirster
2009), the autocorrelation function (ACF), and the fitting of the
light curves with a sine function. While GLS and ACF are lim-
ited to periods shorter than the campaign duration of 70-80d,

> XSPEC NASA’s HEASARC Software: https://heasarc.gsfc.
nasa.gov/xanadu/xspec/
® https://www.cfa.harvard.edu/~avanderb/k2.html
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Fig. 3. EPIC X-ray spectra together with the best-fitting thermal APEC
model (dashed line) for the two XMM-Newton observations with suf-
ficient counts for spectral analysis. In particular, a simultaneously
multifit for EPIC/pn and EPIC and MOS spectra of EPIC 201718613
and a single fit, again with two temperatures, for EPIC/pn data for
EPIC 214787262 are shown.

the sine fitting allows us to constrain rotation periods even if
they exceed the K2 monitoring time baseline, as is the case for
EPIC 202059222, for example. For each target we obtained three
estimates for the rotation period. Through by-eye inspection of
the phase-folded light curves from each method, we selected
the best-fitting period. When several methods yielded equally
good periods, we adopted the average rotation period as the final
value. A detailed description of our procedure for measuring
rotation periods can be found in Raetz et al. (2020). Our final
adopted values of the rotation periods are summarized in Table 1.
The periods were found to agree within <5% with the values
published by Stelzer et al. (2016), Raetz et al. (2019, 2020).

6. Relation of activity, rotation, and age

In this section we discuss the relation of X-ray activity, rota-
tion, and age based on the full sample as is defined in Sect. 3.
We use the result combined with angular momentum evolution
models by Matt et al. (2015) to construct the time-evolution of
the X-ray luminosity of M dwarfs. As we explained in Sect. 1,
previous studies showed two different regimes of the rotation-
activity relation, the saturated regime for fast-rotating stars with
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Fig. 4. Relation of activity to rotation for all 302 stars we analyzed,
displayed with a color code for the stellar mass. Top: relation in
X-ray luminosity vs. rotation period space. Botfom: relation in terms
of the ratio between X-ray and bolometric luminosities as a function of
Rossby number.

Pyt < Prot,, and the unsaturated regime for slowly rotating stars
with Py > Py, . The convective turnover time rescales the sam-
ple by decreasing the horizontal spread in the unsaturated regime
and shifting the break point between the saturated and unsat-
urated regime; normalizing the X-ray luminosity by the stel-
lar bolometric luminosity decreases the vertical spread in both
regimes, making the distinction of the two regimes more pro-
nounced in the L, /Ly, — Ro space.

In Fig. 4 we show the full sample, plotted with a color-scale
representing the stellar mass. Arrows denote upper limits. Three
of these undetected sources come from our new X-ray data and
seven are from Wright et al. (2018) (see Tables 2 and B.1 for
more details). The best parameters for characterizing the relation
between activity and rotation have long been debated. Here we
study both the Ly— Py and L, /Ly, —Ro relation in Sects. 6.1 and
6.3, respectively.

6.1. X-ray luminosity versus rotation period

The observed activity-rotation relation in L,—P;y space (Fig. 4
top panel) shows a large vertical spread, amounting to ~2 dex,
in the saturated and unsaturated regime. Moreover, the X-ray
activity in the saturated regime does not seem to show a constant
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maximum value, but the L, level instead appears to decrease
from a maximum at the shortest rotation periods, declining
toward the breaking point into the unsaturated regime.

For this reason, our approach is based on a broken power-law
fit for the two regimes.

In particular, our fitting method requires three steps. We
first use a Bayesian approach to infer the maximum likelihood
parameters for a dual power law in the Ly versus P,y space.
Our implementation of this dual power-law model is based on
routines originally developed by Douglas et al. (2014) for use
with the emcee Markov chain Monte Carlo (MCMC) package
(Foreman-Mackey et al. 2013) to infer the maximum likelihood
parameters of the model. In detail, the dual power-law fit is cal-
culated as shown in Eq. (2),

{ Csat Pﬁsm

if Prot < Prol,sat
. 9
if Prot > Prol,sat

rot

C Pgunsal
unsat

rot

Ly = )

where C,, = (Ly,/ Pfgt), with n = (sat, unsat).

In our first iteration, likelihoods of each potential model are
calculated using flat priors in each parameter (2d < Prygn <
50d; =4 < Beat < 25 =5 < Bunsat < 1), and allowing for a nui-
sance parameter to account for underestimated (multiplicative)
errors. We infer maximum likelihood parameters by comparing
each potential model output to the subset of the full sample with
reliable detections (i.e., excluding nondetections from this first
iteration) using 256 walkers that each take 10000 steps in their
MCMC chain. We discard the first half of each chain to allow the
solutions to burn in, and measure the maximum likelihood values
of each parameter as the median value of the remaining samples;
we calculate 1o uncertainties as half the distance between the
16th and 84th percentiles of the resulting posterior distribution.
In practice, the latter nuisance parameter converged quite closely
to 1, suggesting that the adopted uncertainties are appropriately
close to their true values, therefore we do not report these values
further.

In order to take the upper limits properly into account, in
the next step we fit only the unsaturated regime, where all
upper limits are located, using the Cenken method provided
by the R-statistics package to calculate the Akritas—Theil-Sen
(Akritas et al. 1995) nonparametric slope to the full censored
dataset. To define the onset of the unsaturated regime in terms
of Py, we used the result from the MCMC analysis in the pre-
vious step. To ensure that our measurement of the slope in the
saturated regime was not unduly influenced by the omission of
nondetections from the first MCMC fit, we then repeated the
MCMC-based inference of the dual power-law fit, but forcing
the slope in the unsaturated regime to remain within 0.02 of the
value identified by the Cenken routine.

The results inferred from this three-step fitting process are
shown in Fig. 5, and tabulated for reference in Table 4. As a
result of this procedure, we found maximum likelihood param-
eters for a dual power-law fit to the full mass range of Bs =
—0.14 +£0.10, Bypsar = —2.25+£0.02, and Prorsar = 8.5+ 1.0d. We
quantify for the first time that the X-ray luminosity in the sat-
urated regime is not constant but shows a small negative slope,
that is, a decrease in Ly for higher P.,;. However, the uncertain-
ties of By, indicate that this finding is tentative, with a signifi-
cance at the ~ 10 level for the full global fit.

Figure 4 clearly shows systematic trends with stellar mass. In
particular, the saturated Ly level decreases for lower M, and the
Protsat turnover point is higher for lower M,.. In order to search
for differences in the activity-rotation relation of partially and
fully convective stars, we therefore split the sample into three
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Fig. 5. Two-component fit (see Eq. (2)) to the activity-rotation relation
for the full sample (see Sect. 6.1 for the fitting procedure).

stellar mass ranges: lower, medium, and higher stellar masses.
We used the results from Jao et al. (2018), who assigned the tran-
sition to fully convective stars to Mk, = 6.7 mag (dashed black
line in Fig. 6); this corresponds to V—J = 4 mag. This approach
is justified a posteriori by the fact that at Mg > 6.7 mag there are
mostly objects from Wright & Drake (2016) and Wright et al.
(2018), where only M3 and later stars are included. Compar-
ing Fig. 6 to the empirical relation between SpT and V-J
from Stelzer et al. (2016), we found that V-J = 4 mag corre-
sponds to SpT ~M3.5. Based on the comparison of Mg,, V-J,
M, and SpT, we therefore locate the fully convective transi-
tion at M, = 0.4 M. In order to split the full sample into
three M, bins, we considered our fully convective mass tran-
sition and then subdivided the partially convective sample into
two mass ranges. In particular, the three stellar mass ranges are
(1)0.14 My < M, < 040M,, (2) 040 M, < M, < 0.60 Mo,
and (3) 0.60 My < M, < 0.82 M. The number of stars in each
mass bin is given in Table 4. We recall that the highest mass bin
also comprises late K-type stars.

We separately investigated the relation of activity to rotation
in these three mass ranges by applying the same fitting proce-
dure we used above. In Fig. 7 we show the results of our fit-
ting analysis for the three mass ranges. For each mass range
the saturated regime has a nonconstant X-ray activity level. The
slope Bsar for the high-mass range is flatter than the slope for
the low-mass range. The slope in the intermediate-mass range
is the steepest. Nonetheless, the slope in the saturated regime
is independently detected at the 1o level in all three mass bins,
which raises the statistical significance of this result above the
1o confidence in the global fit. We confirmed the result found
by Pizzolato et al. (2003) that the breaking point P, s, moves to
longer periods with decreasing stellar mass. In the unsaturated
regime the slopes are similar (Bypsac ® —2.2) for the higher and
the intermediate mass range, but the lowest mass range shows
a much steeper decline of Ly with Py (Bunsat.<0.4M, = —3.5). In
Table 4 the fit parameters are listed for all mass ranges, together
with the X-ray luminosity (Ly ) calculated at P,y = 1d with
the fit procedure. From this we see that the X-ray activity level in
the saturated regime displays a continuous decrease toward later
SpT (also observed by Stelzer et al. 2016, on a much smaller
sample).

A20, page 7 of 14
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Table 4. Results from fitting the relation of activity to rotation in Ly—P,y space for the full sample and three mass ranges (see Eq. (2) for more

details).
Mass range N, ﬂsal IBunsat Prol,sat lOg (Lx,sal) (Prot = 1d)
[d] lergs™"]
Full sample 302 -0.14+0.10 -2.25+0.02 85+1.0 29.11+£0.11
M, > 0.6 M, 113 -0.17+0.14 -227+0.02 5.2+0.7 29.56+0.13
04Ms <M, <06M, 102 -039+0.13 -226+0.02 11.8+2.0 29.10+0.16
M, <04 M, 87 —-0.19+0.11 -3.52+0.02 33.7+45 28.54 +£0.20
% T T T T T T with mass equal to the edges and the mean of the three mass
4L ] bins, using the model of Matt et al. (2015), starting from an age
% * ﬁ* ** of 5 Myr and evolving to an age of 10 Gyr. Because our observed
Ly—P, relations refer to a range of masses (see Table 4), we
5| A*aqg }gﬂg: e ‘A %2* ] extracted the P,y evolution from the angular momentum evolu-
A n @%‘ﬁif Foe* tion model for the central mass of the bin, as well as for the mass
"o * of the lower and the upper boundaries. This allowed us to take
g 6L %** %%** . ] the mass spread within each of our three mass bins into account.
Eal 5 *f* The rotational evolution depends on the initial rotation period
R S "&fi“ __________ (Protin) of the star, which is not a unique value (see our discus-
E 71 - FNent ® ] sion above), as is known from observations in regions of star for-
* Wright etal. 2011 ° mation. We therefore took this spread in the boundary conditions
2 w:g:z ZI ::' 281: ® a into account, and we investigated three different initial values for
8F| A Steleretal 2016 ‘ Y 4 the rotation periods. Thesellefd to three tracks for. given M*.
Gonzalez-Alvarez et al. 2019 ° Our procedure for deriving an Ly-age relation, carried out
®  This work i for each of the three mass bins from Sect. 6.1 separately, is the
gt - - - - . . .‘g { following. We extracted for each mass value (the central mass
2 25 3 35 4 45 5 55 ¢ of the bin, the lower and the upper mass boundaries) and ages
V-] [mag] from 5Myr to 10 Gyr the rotation periods from the Matt et al.

Fig. 6. Color-magnitude diagram for the full sample. The dashed black
line shows the transition to fully convective stars at My, > 6.7 mag,
according to Jao et al. (2018).

6.2. X-ray luminosity vs. age

X-ray activity and rotation are both known to undergo signif-
icant change during the stellar lifetime. Ly decays by a factor
1000 from the pre-main sequence (PMS) to the main-sequence
(MS; Preibisch & Feigelson 2005), for instance, presumably
because the dynamo efficiency decreases. The rotation periods
are observed to decrease during PMS contraction, starting from
an initially broad distribution with P,y ~ 0.5 to 10d (depending
on stellar mass; Irwin et al. 2011). The further evolution of the
rotation rate during the MS life is thought to be ruled by angular
momentum loss mediated by magnetic winds (Kawaler 1988).
Different wind models have been developed to predict the rota-
tional evolution, see Matt et al. (2015) and Garraffo et al. (2018)
for M stars, for example. However, no theory exists that quan-
tifies the decay in X-ray luminosity during the MS evolution,
and the lack of field M dwarfs with known age has impeded an
observational study of the Ly-age relation for ages beyond that
of open clusters such as the Hyades.

6.2.1. Predicted relation of X-ray luminosity to age

Here we predict the time-evolution of the X-ray emission by
combining the observed Ly— P, relation from Sect. 6.1 with the
spin-down models (P,-age) from Matt et al. (2015). We per-
form this analysis individually for the three mass bins consid-
ered in Sect. 6.1. We calculated the rotation periods for stars
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(2015) model using Prorin = 1.54,5.51 and 8.83 d for the initial
period. We thus obtained a total of nine tracks for the age evo-
lution of the rotation period and three tracks for the three val-
ues of Protin, and this for each of three masses. We show these
tracks in Fig. A.1. Then we calculated the Ly value correspond-
ing to each Py value from the appropriate best-fit relation given
in Table 4. To consider the vertical spread observed in the sat-
urated and unsaturated regimes of Ly versus Py, we assign the
observed Ly standard deviation to the constructed X-ray lumi-
nosities in each mass range.

In the right panel of Fig. 7 we show our constructed Ly-age
relation for each mass bin and for the three initial period values.
The computed vertical spread is shown as the yellow region. The
standard deviation in the predicted Ly is generally larger than
the difference in tracks that is due to the different initial rates or
different masses within the same mass bin.

6.2.2. Comparison to observations

The validity of the relation for the age-decay of X-ray luminosity
that we constructed from the spin-down models and the empiri-
cal relation of X-ray activity to rotation can be tested with stars
of known age and X-ray luminosity. Such samples are notori-
ously sparse in the M-dwarf regime. We took three such sam-
ples from the literature: M stars in the Pleiades (125 Myr), in
the Hyades (~600 Myr), and field M dwarfs with individual ages
determined from a chemo-kinematic study. The X-ray luminosi-
ties of these objects are plotted over the predicted Ly-age relation
in the right panel in Fig. 7.

The X-ray luminosities of the Pleiades and Hyades were
extracted from Wright et al. (2011), observed in the 0.1-2.4 keV
band. Wright et al. (2011) provide a list of stars with detected
X-ray emission for both clusters, but no upper limits for stars
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Fig. 7. Left: results of the activity-rotation relation fitting for the three mass ranges considered in this work. Right: retrieved Ly-age relation from
angular evolution models for the same mass bins together with M dwarfs with known ages from the literature by Wright et al. (2011) (blue points)
and Veyette & Muirhead (2018) (squared cyan). The yellow region shows the vertical Ly-spread from the standard deviation of the observed
L—P, relation. Three different initial rotation periods are shown: Py ; = 1.54d (red line), P2 = 5.51d (blue line), and P, 3 = 8.83d (green
line). In the predicted L-age relation we show the model for the central mass bin (solid line), together with the lower and upper mass boundaries

(dashed and dotted line, respectively).

with X-ray luminosities below the detection limit. They com-
puted Ly with the adopted distance equal to 133 pc for stars in
the Pleiades and 46 pc for stars in the Hyades.

Field stars were taken from Veyette & Muirhead (2018),
who determined individual ages for 11 nearby planet-hosting
M dwarfs using a combination of kinematics and chemical evo-

lution. First we calculated the distances and stellar parame-
ters for these stars as described in Sect. 2 for the rotation-
activity sample. Then we searched for X-ray detections of these
stars in the ROSAT FSC (Voges et al. 2000), the ROSAT BSC
(Voges et al. 1999), and the 3XMM-DRS catalog (Rosen 2016).
For the six stars that we were able to identify with a source in one
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Table 5. Relevant parameters for the sample of M dwarfs from Veyette & Muirhead (2018).

Name Age D M, X-ray catalog log (Lx)
[Gyr] [pc] [Mo] lergs™"]
Gl 176 8.8’12:; 9.473+0.006 047+0.02 RASS/FSC  27.38+0.13
GJ 179 4.6%:; 12.360 +£0.009 0.33+0.01 RASS <2742
GJ 436 8.9%:*1 9.755+0.008 0.43+0.01 3XMM-DR8 26.26+0.02
GJ 536 6.9%;3 14.412+£0.009 0.56+0.01 RASS <27.35
GJ 581 6.6%:% 6.299 +0.002 0.40+0.01 RASS <26.88
GJ617A 5.1’3%:471 10.767+0.003 0.58+0.02 RASS/BSC  27.68 +0.05
GJ 625 7.0%;1 6.473+0.001 0.50+0.02 RASS/FSC  26.74+0.16
GJ 628 4.3’:%:8 4306+0.001 0.33+0.01 RASS/FSC  26.78 +0.10
GJ 649 4.5’:%:8 10.382+0.003 0.51+0.21  RASS/FSC <26.87
GJ 849 4.9%:% 8.802+0.003 0.40+0.01 RASS/FSC <27.27
GJ 876 847255 4.675+0.001 0.31+0.01 3XMM-DR8 26.40+0.01

Notes. FLAGp, are not listed because all Gaia parallaxes are reliable for this sample (see text in Sect. 6.2.2).

of the above catalogs, we derived the X-ray luminosities from the
cataloged count rates in the same manner in which we treated the
stars from Gonzilez-Alvarez et al. (2019) (see Sect. 3). For the
remaining five stars, we estimated the upper limit on Ly based on
the ROSAT All-Sky Survey (RASS). Specifically, we extracted
the RASS exposure time at the location of each of the stars
from the exposure maps available from the ROSAT webpage
at the Max-Planck-Institut fiir extraterrestrische Physik’. Then
we obtained the individual upper limit count rates from the esti-
mated RASS sensitivity limit shown as lower envelope in the plot
that shows the RASS count rate versus exposure time in Fig. 4
of Stelzer et al. (2013). In Table 5 we list all derived parameters
for the stars from Veyette & Muirhead (2018) that are relevant
for our purpose. These are the age with its uncertainty extracted
from Veyette & Muirhead (2018) (Col. 2), the adopted distance
derived from the quality criteria as defined in Sect. 3 (Col. 3, all
Gaia distances are reliable for this sample, FLAGp = 11), the
stellar mass (Col. 4), and the X-ray instrument and luminosity in
the 0.1-2.4keV band (Cols. 5 and 6).

Each star from Veyette & Muirhead (2018) is plotted on
the right side of Fig. 7 in the respective panel corresponding
to its individual stellar mass. Pleiades and Hyades stars from
Wright et al. (2011) are plotted in Fig. 7, using the stellar masses
they computed using V—K; magnitudes.

Our constructed Ly-age relation places the Pleiades M dwarfs
in the saturated regime and the Hyades M dwarfs as well, except
for the highest mass bin (M, = 0.6-0.8 M), where the age of
the Hyades corresponds to the turnover point between saturated
and unsaturated regime. Interestingly, both open clusters span
the full spread of X-ray luminosities inferred from the Matt et al.
(2015) rotational evolution tracks and the observed Ly— P rela-
tion of field M dwarfs (yellow region in Fig. 7).

The field M dwarfs from Veyette & Muirhead (2018) span
ages from ~4 to 9 Gyr and masses within the range of our two
lower-mass bins. At a given age and mass, this sample presents
a spread in X-ray luminosity of more than an order of magnitude.
None of these stars has M, > 0.6 M, corresponding to our high-
mass bin. While the intermediate-mass stars (M, = 0.4-0.6 M)
fall within the predicted range of Ly (yellow zone in Fig. 7),
the fully convective stars (M, < 0.4 My) are clearly underlu-
minous with respect to the prediction of our Lx-age relation.
Our procedure overpredicts the X-rays of the fully convective

7 http://www.xray.mpe.mpg.de/cgi-bin/rosat/
rosat-survey
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field M dwarfs because the spin-down model provides rotation
periods that are faster than observed for these stars (as noted in
Matt et al. 2015).

6.3. Fractional X-ray luminosity versus Rossby number

As described in Sect. 3, we computed the 7.,y for the full sam-
ple using the relation by Wright et al. (2018), which is valid
over the range 1.1 < V-K; < 7.0. To investigate if this empir-
ical T.ou scale is consistent with theoretical values, we also
constructed the Ly/Lyo—Ro relation for the 7.,y parameteri-
zations of Cranmer & Saar (2011) and Brun et al. (2017). The
relation between 7.y, and Teg of Cranmer & Saar (2011) is
the result of a parameterized fit of 1D stellar structure mod-
els. Brun et al. (2017) presented the fluid Rossby number as a
function of M, and Q, computed with 3D stellar models based
on mixing length theory, and Wright et al. (2018) derived T¢ony
empirically as a function of V—K; color from a study of the
Ly /Lpoi—Ro relation for fully convective stars. Because the rela-
tions from Cranmer & Saar (2011) and Brun et al. (2017) are
calibrated only for partially convective stars, we excluded from
the analysis in Ly/Lpo—Ro space all stars with T.g < 3300K,
corresponding to M, < 0.4 M.

It is important to note that the different scaling laws for
Teony Tesult in different values for the Sun. Therefore we nor-
malized the three relations in order to obtain a fixed solar value.
We scaled the Cranmer & Saar (2011) and Brun et al. (2017)
parameterization to the one by Wright et al. (2018), taking the
ratio between T.o,y for the Sun as normalization factor. In par-
ticular, we computed the solar 7.,y by Cranmer & Saar (2011)
using Teo = 5778 K (Brandenburg et al. 2017) and the solar
Teony by Wright et al. (2018) with (V-K), = 1.5 mag®. Because
Brun et al. (2017) provide Ro already normalized to the solar
mass and rotation rate, we computed the solar T¢ony USIing Proo =
24.5d (Brandenburg et al. 2017). In Tables 2 and B.1 we list for
each star the three R values from the different relations for ¢y .
In Fig. 8 we show how Ly/Ly, versus Rp changes according
to the different adopted .oy parameterizations. The Ly /Lpo—
Ro relation with the Wright et al. (2018) and Cranmer & Saar
(2011) T¢ony values are similar, but the Brun et al. (2017) param-
eterization is shifted toward higher Rp values and has a smaller
spread in the unsaturated regime.

8 http://mips.as.arizona.edu/~cnaw/sun.html
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Fig. 8. Comparison of L,/Ly,, vs. Ro obtained for the three 7oy
parameterizations by Cranmer & Saar (2011) (purple filled rhombus),
Brun et al. (2017) (green filled square), and Wright et al. (2018) (cyan
filled circle).

We applied the fitting procedure used in Sect. 6.1 to the
three Ly/Lyo versus Ro relations. The best-fit parameters are
shown in Table 6. All three relations yield a nonconstant sat-
urated level, that is, a decrease in Ly/Lyo for higher Rossby
numbers, at the 30 level. The Rg g, for the Brun et al. (2017)
parameterization has a noticeably larger breaking point than
those from Cranmer & Saar (2011) and Wright et al. (2018) cal-
ibrations. Moreover, the slope in the unsaturated regime from
Brun et al. (2017) is steeper than the other two, showing a much
more abrupt activity decrease toward higher Ro. Another inter-
esting result is the visible and remarkable double gap around
0.2 < Rp < 1.2, which corresponds to —4.5 < Ly/Ly, < —3.5
(see Fig. 8).

7. Discussion

We presented a thorough investigation of the shape of the rela-
tion of X-ray activity to rotation in Ly—P;y space for a com-
prehensive sample of M dwarfs, and we studied for the first
time, to our knowledge, the effect of the 7.,y calibration on this
relation in Ly/Lpo—Ro space. We created the largest and most
homogeneous database of rotational periods and X-ray activ-
ity for field M dwarfs to date by taking new observations with
XMM-Newton and Chandra satellites and updating data from the
literature. We computed stellar parameters from calibrated pho-
tometry for a total of 302 stars with measured Py, and Ly, includ-
ing Gaia parallaxes when reliable according to Lindegren et al.
(2018), and our own criteria. With our combination and homog-
enization analysis of the whole sample originating from previ-
ous studies, we reduced possible observational biases caused
by the different limitations of the samples from the literature.
In particular, because Wright et al. (2011), Stelzer et al. (2016)
and Gonzélez-Alvarez et al. (2019) used X-ray data from the
archives without including upper limits in the analysis, this
leads to a bias toward X-ray bright stars. On the other hand,
Wright & Drake (2016) and Wright et al. (2018) selected stars
from the MEarth project, where only fully convective stars with
long Py are included. Our new sample with deep dedicated

Table 6. Results from the fitting procedure applied to the Ly/Lyo VS. Ro
relation shown in Fig. 8, computed for the three 7,,, parameterizations
described in Sect. 6.3.

Parameterization Bsat Bunsat Ro sat

Cranmer & Saar (2011) —-0.31+0.08 -2.03+0.01 0.19+0.02
Brun et al. (2017) -0.33+£0.08 -292+0.02 0.41+0.02
Wright et al. (2018) -0.21+0.08 -199+0.01 0.14+0.01

X-ray observations for 14 K2-selected M dwarfs avoids the
X-ray brightness bias, but is limited to 14 stars.

We analyzed the Ly—P; relation by applying a two-slope
power-law fit in three different mass ranges. Next to the known
two-regime behavior with saturation for fast-rotating stars and
decreasing Ly for higher P, above a certain threshold, we find
that the Ly level in the saturated regime is not constant, but
decreases slightly with increasing Pyy. In the saturated regime
the lowest mass stars have the lowest X-ray luminosities, show-
ing a large (=2 dex) Ly spread (see the bottom panel of Fig. 4).
Here we likely probe the rotation-independent decrease in
X-ray emission in late-M dwarfs that has been ascribed to poor
coupling between matter and magnetic field in the increasingly
neutral atmospheres at the bottom of the MS and the ensuing
shut-off of activity (Mohanty et al. 2002) probably caused by
the increasing electrical resistivity in such cool atmospheres. We
confirmed past results by Pizzolato et al. (2003) for which the
breaking point between the two power laws occurs at higher Py,
as M, decreases. However, in our several times larger sample,
the values we find for the turnover points are much higher than
those presented in their historical study.

The nonconstant X-ray emission level in the saturated regime
was first noted by Reiners et al. (2014) in terms of Ly/Lpo. As
possible explanation, they suggested a property of the dynamo or
a residual mass-dependence in the saturated regime. We see the
negative slope in each of the three mass bins we examined (see,
e.g., the left panel in Fig. 7). The likely cause therefore is some
rotation dependence of the dynamo even for these fast rotators.
We measured a steeper slope in the unsaturated regime for stars
with M, < 0.4 M, (fully convective stars).

We used our best-fit parameters of the activity-rotation rela-
tion to construct the Ly-age relation using spin-down models by
Matt et al. (2015). In the time-evolution tracks for a given nar-
row mass range at a certain mass-dependent point, the evolution
of different initial periods starts to diverge. This is not visible
in the Ly-age relation as long as the stars remain saturated, but
when they drop out of saturation and Ly starts to decrease, the
tracks with different initial periods also diverge in Ly-age space.
However, the range of our predicted Ly for different initial P, at
given age and mass (i.e., the tracks in the right panel in Fig. 7) is
much smaller than the Ly-spread we inferred from the observed
relation of X-ray activity to rotation (yellow region in Fig. 7).
Therefore we cannot distinguish the X-ray evolution of stars with
different initial rotation periods.

By comparing our constructed Ly-age relation to stars with
known age, we found that the Hyades stars in our high-mass
bin (0.6-0.8 M; corresponding to late-K to early-M SpT) are
located at the onset of the unsaturated regime in the Ly-age
relation. The rotation periods of the Hyades in that mass range
are (~10-20d; Douglas et al. 2019), which is roughly consis-
tent with the P,y at which the transition from the saturated to
the unsaturated regime takes place. Moreover, our result shows
that the Pleiades and Hyades stars span the full range of Ly in
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the saturated regime, suggesting that the scatter of X-ray lumi-
nosity at a given rotation period has no evolutionary component
from the zero-age MS onwards. Because the model by Matt et al.
(2015) fails to produce the known long rotation periods (=50 d)
for M dwarfs, our model overpredicts the X-ray luminosity of
fully convective field stars in our constructed relation of X-
ray to age. This explains why in the fully convective bin the field
M stars with gigayear-ages are located below the L, expected
from our relation.

We investigated for the first time, to our knowledge, how
adopting different 7, parameterizations can affect the shape
of the Ly/Lyo—Ro relation. We performed this comparison
for the Rossby numbers of Cranmer & Saar (2011), Brun et al.
(2017), and Wright et al. (2018), which originate from different
approaches and have different ranges of validity. In particular,
the relation of Cranmer & Saar (2011) is valid only for stars
with Teg > 3300 K, Brun et al. (2017) can be applied to a wide
range of stellar masses (from 0.4 M to 1.2 M), and the rela-
tion of Wright et al. (2018) is valid over 1.1 mag < V-K; <
7.0 mag. Therefore, the stars we considered in our investigation
of Ly/Lyo—Ro are the 242 out of the full sample that fulfill all
these conditions.

We applied the same fitting procedure used for the Ly— P
relation to Ly/Lyo—Ro, and we identified the following inter-
esting results: (1) all calibrations provide a decrease in Ly /Ly
in the saturated regime, (2) the parameterization by Brun et al.
(2017) yields a much steeper Bynsae Slope with a breaking
point at higher Rp than those from Cranmer & Saar (2011) and
Wright et al. (2018) parameterizations, and (3) there is a remark-
able double gap in Ly/Ly,—Ro space with a scarcity of objects
slightly above and below L, /Ly, ~ 107 (e.g., the right panel in
Fig. 2) that is difficult to explain as an observational bias.

As discussed above, Reinersetal. (2014) previously
observed a slope in the saturated regime in Ly/Lpo—Ro. They
examined a sample in a broad mass range (M, < 1.4 My) and
found a slope SBs¢ = —0.16. In our M dwarf sample we find a
slightly steeper Bsa slope for all three 7., parameterizations
(see Table 6). While above, based on Lx— Py, we argued that the
existence of this slope is not a mass effect (because we see it in
different mass bins), its actual steepness may depend on mass.

For the slope in the unsaturated regime, Bynsat, We find signif-
icantly different results from the three Rossby parameterizations.
Wright et al. (2011) studied the Ly /Ly, —Ro relation for partially
convective stars, finding Rogy = 0.16 + 0.03, Bupsat = —2.7,
and (Lx/Lpol)sat = —3.13. When the Cranmer & Saar (2011) and
Wright et al. (2018) calibrations are used, our slope in the unsat-
urated regime is substantially smaller than that value (Bynsat =
—2), while Brun et al. (2017) yields a significantly larger slope
(Bunsat = —2.9). This latter parameterization also yields a much
higher value for the break-point Rggy than Cranmer & Saar
(2011) and Wright et al. (2018) and than the historical result
by Wright et al. (2011). The Ly/Lyo-Rossby relation constructed
with the Brun et al. (2017) Rossby numbers visibly produces the
smallest scatter of the data points, suggesting that it best rep-
resents the presumed universal mass-dependent parameter that
rules the activity-rotation relation, and which is usually identi-
fied with the convective turnover time.

We speculate that the remarkable gap we found in
Ly/Lyoi—Ro space might be associated with a phase of stalled
rotational evolution followed by an episode of rapid spin-down,
which has recently been discussed in rotation studies of open
clusters and solar-type field stars by Curtis et al. (2019) and
Metcalfe & Egeland (2019). In these works the rotation-age
relation is studied for G- and K-type stars. According to these
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studies, stalling seems to last longer for lower stellar masses.
This period stalling might lead to a pile-up of objects before the
transition to the unsaturated regime, and combined with subse-
quent rapid spin-down, a gap around the breaking point in the
relation of activity to rotation. We clearly see two such gaps
in the Ly/Lyo—Ro space. Moreover, the bottom panel of Fig. 4
demonstrates that this gap is present in different masses. If the
evolution of the rotation period is responsible for these gaps,
we would expect to see them in Ly—P;y space. There is some
evidence for two sparsely populated regions around log Ly ~
28.2ergs™! and log L, ~ 27.2 ergs™!'. The upper region occurs at
periods of P,y ~ 10...30d, corresponding to the period gap in
the M, — P, diagram of large samples from the Kepler mission
(McQuillan et al. 2014). While this coincidence is intriguing, the
“X-ray gap” and the search for its origin require further investi-
gation.

The relation of activity to rotation can be also studied by ana-
lyzing the emission of typical chromospheric spectral lines. For
instance, Newton et al. (2017) analyzed the activity from the H,
emission in Ly, / Lyoi — Ro space by applying a broken power-law
fit. They calculated the Rossby numbers with the 7.,y parame-
terization from Wright et al. (2011), therefore their results are
not directly comparable with ours.

8. Conclusions and outlook

The collected and updated database of this work reduced the
observational biases in the relation of X-ray activity to rota-
tion. This leads to a series of interesting results, including (1)
a nonconstant saturated level of the X-ray emission, (2) a signif-
icant steepening of the slope in the unsaturated regime for fully
convective stars, (3) possible “regions of avoidance” in the Ly
and Ly /Ly, distribution that might be related to a discontinu-
ous period evolution, and (4) the dependence of the shape of the
Ly /Lpoi—Ro relation on the assumptions made for the convective
turnover time. We moreover predicted for the first time the evo-
lution of M-dwarf X-ray emission for ages beyond ~600 Myr,
that is, after the stars drop out of saturation. A focus of future
studies should be the transition between saturated and unsatu-
rated regimes of the rotation-activity relation, which is crucial
for anchoring the dual power-law fit and to quantify the “X-ray
gap”. Unprecedentedly large samples can be expected from the
All-Sky missions TESS and eROSITA, which yield Py up to
20d and X-ray measurements 20 times deeper than ROSAT.
These missions will be particularly useful to address these
questions.
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Stellar parameters and X-ray results
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ABSTRACT

Aims. In this paper we present a deep X-ray observation of the nearby M dwarf GJ 357 and use it to put constraints on the atmospheric
evolution of its planet, GJ 357 b. We also analyse the systematic errors in the stellar parameters of GJ 357 in order to see how they
affect the perceived planetary properties.

Methods. By comparing the observed X-ray luminosity of its host star, we estimate the age of GJ 357 b as derived from a recent XMM-
Newton observation (log Ly [ergs™'] = 25.73), with L,— age relations for M dwarfs. We find that GJ 357 presents one of the lowest
X-ray activity levels ever measured for an M dwarf, and we put a lower limit on its age of 5 Gyr. Using this age limit, we performed
a backwards reconstruction of the original primordial atmospheric reservoir. Furthermore, by considering the systematic errors in the
stellar parameters, we find a range of possible planetary masses, radii, and densities.

Results. From the backwards reconstruction of the irradiation history of GJ 357 b’s we find that the upper limit of its initial primordial
atmospheric mass is ~38 Mg. An initial atmospheric reservoir significantly larger than this may have survived through the X-ray and
ultraviolet irradiation history, which would not be consistent with current observations that suggest a telluric composition. However,
given the relatively small mass of GJ 357 b, even accreting a primordial envelope 210 M, would have been improbable as an unusually
low protoplanetary disc opacity, large-scale migration, and a weak interior luminosity would have been required. For this reason, we
discard the possibility that GJ 357 b was born as a Neptunian- or Jovian-sized body. In spite of the unlikelihood of a currently existing
primordial envelope, volcanism and outgassing may have contributed to a secondary atmosphere. Under this assumption, we present
three different synthetic IR spectra for GJ 357 b that one might expect, consisting of 100% CO,, 100% SO,, and 75% N, 24% CO,
and 1% H,O0, respectively. Future observations with space-based IR spectroscopy missions will be able to test these models. Finally,
we show that the uncertainties in the stellar and planetary quantities do not have a significant effect on the estimated mass or radius of

GJ 357 b.

Key words. planets and satellites: terrestrial planets — planets and satellites: atmospheres — planet—star interactions—

planets and satellites: physical evolution — X-rays: stars

1. Introduction

Nearby transiting planets, especially those also detected with the
radial-velocity method, are very important targets for complete
characterisation. A subset of these interesting bodies are terres-
trial planets with masses comparable to that of the Earth. Even
though theoretical models predict that they are very abundant
(e.g. Schlichting et al. 2013; Simon et al. 2016), they are rare
within our astronomical catalogues due to instrumental limita-
tions. Therefore, detailed analyses of these planets are valuable
in order for us to understand their physical properties. From
this perspective, GJ357b is an intriguing exoplanet. It orbits a
nearby star (7 = 105.88 mas + 0.06 from Gaia DR2) that displays
very low magnetic activity. The optical emission line activity of
GJ 357 is among the lowest for its spectral type (Schofer et al.
2019), the Ca 1l log Ry, value is —5.37 (Boro Saikia et al. 2018),

Article published by EDP Sciences

and a photometric rotation period of ~78d was inferred from
combining data from different ground-based surveys (Luque
et al. 2019). The planet, GJ 357 b, was detected by TESS (TOI
562.01) in Sector 8, with a transit depth of 1164 + 66 ppm and a
periodicity of 3.93 days, corresponding to an orbital distance of
0.035 +0.0002 AU. The system also includes two non-transiting
super-Earths in wider orbits which appear to have larger masses
(Msini = 3.40 = 0.46 Mg and M sini = 6.1 = 1 Mg for GJ 357 ¢
and GJ 357 d respectively; Luque et al. 2019).

Regarding GJ 357 b, its mass and radius measurements
are 1.84 + 0.31 Mg and 1.22 + 0.08 R (i.e. a density of 5.6 +
1.2 g cm™), respectively (Luque et al. 2019), which is con-
sistent with a telluric planet that most probably does not host
a primordial atmosphere. Given that it may host a secondary
atmosphere, and considering that secondary atmospheres can
provide important clues as to the internal structure and evolution
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of planets, we believe GJ 357 b is one of the best targets for spec-
troscopic observations with future instrumentation such as the
James Webb Space Telescope (JWST, Greene et al. 2016), the
Extremely Large Telescope (ELT, Brandl et al. 2018), Twinkle
(Edwards et al. 2019), and Ariel (Tinetti et al. 2018). It is there-
fore important to predict what kind of atmosphere could exist
on this planet and the type of evolution that it has undergone
throughout its lifetime.

In this paper we evaluate the evolution and composition of
the atmosphere of GJ357b based on the age estimate derived
from our measurement of the X-ray luminosity of the host star,
GJ 357. In Sect. 2 we present the new XMM-Newton data, their
analysis, and interpretation including the age estimate we derive.
In Sect. 3 we use that result to show that GJ 357 b may have
formed with a primordial atmosphere as large as ~38 M. How-
ever, we then argue that an atmosphere of this size would have
been unlikely due to requiring an atypical formation history.
After this, we produce synthetic spectra in Sect. 4 to show what
one might expect from observational data of its atmosphere. In
Sect. 5 we revisit and compare different ways to estimate the
stellar parameters in order to assess the influence of these values
on the planet radius and mass. We discuss and summarise our
results in Sect. 6.

2. Constraints from X-ray data

GJ 357 was observed with XMM-Newton on 19 May 2019 (Obs-
ID 0840841501) in the course of a systematic survey of X-ray
activity in nearby M dwarfs (PI: Stelzer). These observations
were designed to reach the deep sensitivity required to constrain
the very faint X-ray luminosities of the least active M dwarf
stars. Specifically, the X-ray properties derived from such data,
in combination with the rotation period and in comparison to
other samples of M dwarfs, enable us to estimate the age of the
star, which is relevant for an assessment of the evolution of its
planets.

2.1. X-ray data analysis

We analysed the X-ray observation with the XMM-Newton
Science Analysis System (SAS)' 18.0 pipeline. Our analysis is
focused on the data from the EPIC/pn instrument which provides
the highest sensitivity.

The first analysis step was the extraction of the light curve
for the whole detector which we inspected for time-intervals
of high background. We identified such intervals using as a
cutoff threshold a count rate value of 0.35ctss™!. Those parts
of the observations with a count rate above this value were
excluded from the subsequent analysis, while the remaining ones
define the good time intervals (GTIs). We found this method
to give a relatively clean observation and a nominal exposure
time of 29.76ks which is reduced only by a few percent to
29.0ks of GTIs. In addition, we filtered the data for pixel pattern
(PATTERN < 12) for an optimum trade-off between detection
efficiency, spectral resolution, and quality flag (FLAG =0); and
we only retained events with energy greater than 0.2 keV where
the spectral response function is well calibrated.

We performed the source detection using the SAS
pipeline EDETECT_CHAIN in the full EPIC/pn energy range
(0.15-12.0keV) and in five narrower bands: (1) 0.15-0.3keV,
(2) 0.3-1.0keV, (3) 1.0-2.4keV, (4) 2.4-5.0keV, (5) 5.0-

I SAS Data Analysis Threads: https://www.cosmos.esa.int/
web/xmm-newton/sas-threads
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Table 1. X-ray spectral parameters of GJ357 and flux in the
0.3-5.0keV band.

kT logEM
[keV] [em™3]

0.20+0.10 47.69+0.16 0.9 13

£ (0.3-5.0keV)

[10-Pergscm™2s7!]

(2.90 + 0.88)

2 .
Xy dof®

Notes. The 2 o uncertainties were computed with the error pipeline pro-
vided in the XSPEC software package. *'Short for degrees of freedom.

12.0keV. This analysis showed that above 5.0keV the count
rate of GJ 357 is approximately zero. The number of net source
counts in the 0.15-5.0keV band (i.e. the sum of bands 1-4) is
118 cts.

The extraction of spectrum and light curve was performed
considering a source region of 15” centred on the position
obtained for GJ 357 from the source-detection process, with an
annulus for the background region centred at the same position
and with an inner radius three times larger than the source radius.
We created the response matrix and ancillary response for the
spectral analysis with the SAS tools, RMFGEN and ARFGEN, and
we grouped the spectrum to a minimum of five counts for each
background-subtracted spectral channel. We initially extracted
the spectrum of GJ 357 in the 0.15-5.0keV band, as suggested
by the source detection. We then noticed that below 0.3 keV the
source shows count fluctuations that do not follow the mean
spectral trend. For this reason, the spectral fitting within the
XSPEC environment? was performed for the 0.3—5.0keV band.
First, we used a one-temperature APEC model with frozen abun-
dances (Z = 0.3 Z). We then included a new model component
(cflux) to calculate the flux in the chosen energy band, keeping
the APEC model components fixed to the values obtained in the
first step. The best-fitting model yields the coronal temperature
(kT), the emission measure (EM), and the flux (fx); all listed in
Table 1. Due to the low number of counts in the spectrum this
simple spectral shape provides an appropriate description of the
data. We also tried to vary the abundances, and to fix them on
the solar value, but this led to significantly poorer fits (sze q~2).

We extracted the light curve in the same energy band as the
spectrum (0.3-5.0keV) using the SAS pipeline EPICLCCORR
which applies the background subtraction, and the corrections
for dead time, exposure, and GTI. The light curve does not
present obvious evidence for variability such as flares.

The majority of historical X-ray measurements for M dwarfs
refer to the 0.1-2.4keV band. Therefore, in order to be consis-
tent with data from the literature to which we make reference in
Sect. 2.2 we estimated the flux in the 0.1-2.4keV energy band
with XSPEC for our best-fitting model from Table 1, obtaining
a scaling factor between the two energy bands (from 0.3-5.0
to 0.1-2.4keV) amounting to 1.73 = 0.73. We then calculated
the X-ray luminosity in the 0.1-2.4keV band from the scaled
flux and the Gaia distance (9.44 +0.01 pc) that we calculated
from the parallax given in the Gaia-DR?2 archive. Because it is
known that Gaia-DR2 contains spurious astrometric solutions
(Arenou et al. 2018), we verified that the parallax of GJ 357 is
reliable by evaluating the quality flags provided by Lindegren
et al. (2018). The resulting value for the 0.1-2.4keV X-ray
luminosity is log Ly [ergs™'] = 25.73 + 0.23. The relative error
includes the uncertainty of the flux in the 0.3—5.0keV energy
band weighted with that of the scaling factor. We also used the

2 XSPEC NASA’s HEASARC Software:https://heasarc.gsfc.
nasa.gov/xanadu/xspec/
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Fig. 1. GJ 357 compared to the activity—rotation—age relation of M dwarfs from Magaudda et al. (2020). Left: X-ray luminosity vs. rotation period;
for GJ 357 the L, measurement is derived from recent XMM-Newton data analysed in this paper and the P, value is from Luque et al. (2019). Right:
X-ray luminosity vs. age reconstructed based on the observed Ly—P,, relation (left panel) and the angular momentum evolution models of Matt
et al. (2015). In addition, the empirical scaling law from Penz & Micela (2008) is shown. Two M stars with known ages, Barnard’s star (GJ 699)

and Kapteyn’s star (GJ 191), are added to the plots for reference.

Gaia distance together with the 2MASS apparent K;—magnitude
(K5 = 6.47 = 0.02mag) to compute the absolute magnitude in
the Ks-band (M, ). We combined My, with the solar bolometric
magnitude (Myo 0 = 4.75) to calculate the bolometric luminosity
of GJ357 (Lyo = 0.015 £ 0.001 Ly). Using this value we found
a fractional X-ray luminosity of log (Lx/Ly) = —6.05 = 0.09.

2.2. The X-ray activity of GJ 357 in context and an age
estimate

It is instructive to compare the X-ray properties of GJ357 to
those of other M dwarfs. Particularly relevant in the context of
our article are the clues that X-ray activity can give on stellar age.
We therefore compare GJ 357 to the recent results of Magaudda
et al. (2020). The sample of this latter study includes both new
data and a comprehensive compilation of the previous litera-
ture on the X-ray activity—rotation—age relation of M dwarfs.
Magaudda et al. (2020) analysed all data in a homogeneous way,
which required some updates to the literature results including
the use of Gaia parallaxes.

In Fig. 1 we present the relation between X-ray luminosity
and rotation period (Lx vs. Pyo) and the Ly-age relation from
Magaudda et al. (2020) together with the respective parameter
values of GJ 357. The sample shown here is restricted to stars in
the mass range 0.14—0.4 M, to which GJ 357 belongs according
to the stellar mass presented by Luque et al. (2019; 0.34 M) and
our own analysis of the stellar parameters presented in Sect. 5
of this paper. Remarkably, the X-ray luminosity of GJ 357 is at
the same level as that of the least active and slowest rotating M
dwarfs in the same mass range (Fig. 1 — left panel). Only the
exceptional sensitivity of XMM-Newton allows us to probe such
low activity levels of even the most nearby M dwarfs.

The right hand side of Fig. 1 shows a derived L-age rela-
tion based on the observed Ly—P.y relation (left panel) and
the angular momentum evolution models (P — age) from Matt
et al. (2015), where the light blue shade represents the uncer-
tainty of the X-ray luminosity at a given age, mainly originating
from the spread of Ly at a given rotation period. Ages for field
M dwarfs are extremely hard to determine and are available only

for a handful of stars. In Fig. 1 we overplot stars in the exam-
ined mass range 0.14—0.4 M, that have known individual ages.
This sample includes some field M dwarfs, with ages derived by
Veyette & Muirhead (2018) from kinematics and chemical evolu-
tion and X-ray luminosities presented by Magaudda et al. (2020).
Moreover, we have included the notorious benchmark M dwarfs
Kapteyn’s star and Barnard’s star with X-ray luminosities from
Schmitt et al. (1995), rotation periods from Guinan et al. (2016)
and Toledo-Padrén et al. (2019), and ages from Guinan et al.
(2016) and Riedel et al. (2005).

As can be seen from Fig. 1 (right panel) the field stars with
known age have systematically fainter X-ray activity than pre-
dicted by the Ly-age relation from Magaudda et al. (2020). This
disagreement between observed and predicted Ly-age relations
is not seen in the higher mass M and K dwarfs (0.4-0.6 M,
and 0.6—0.8 M, bins) that were studied in an analogous way by
Magaudda et al. (2020). The likely cause of this discrepancy in
the lowest-mass M dwarfs are shortcomings in the angular evolu-
tion models, which fail to predict the very long rotation periods
of these objects, resulting in an over-prediction of their X-ray
luminosities (see Magaudda et al. 2020, for further details). We
have overplotted in Fig. 1 (right) the empirical scaling relation
Ly (?) from Penz & Micela (2008) which is based on observed
X-ray luminosity functions (XLFs) of the Pleiades, the Hyades,
and of nearby field stars. The X-ray luminosity function of the
field M stars was derived from Schmitt & Liefke (2004) where
stars were selected mainly from a modified version of the CNS 3
(short for the Catalog of Nearby Stars; Gliese & Jahreif3 1991),
with the addition of nearby, very late-type stars discovered by
near-infrared surveys. In order to estimate the decay of Lx with
age, and because the determination of individual age for dM
stars is very difficult, Penz & Micela (2008) assigned an aver-
age age of 6 Gyr to sample. Furthermore, these latter authors
assumed that the luminosity of Prox Cen is a good estimate of
the mean value of the X-ray luminosity function at 6 Gyr and
that the observed spread is representative of the spread at each
age (shown as the grey area around the relation in the figure).
The final scaling law was obtained by interpolating between the
data of the Pleiades, the Hyades, and the field stars.

Al113, page 3 of 9



A&A 641, A113 (2020)

While Fig. 1 shows that the shape of the Ly-age relation of
M dwarfs remains uncertain, it nevertheless allow us to put a
constraint on the age of GJ 357 directly from its observed X-ray
luminosity (shown by the horizontal line in the right panel of
Fig. 1 with its uncertainty in light-red shading). Similar to the
other field M dwarfs, GJ 357 lies well below the X-ray luminos-
ity for stars of its mass predicted by Magaudda et al. (2020).
Moreover, the L, of GJ357 is lower than that of all M dwarfs
with known age except for Barnard’s star and is marginally con-
sistent with the faint end of the dispersion around the distribution
of Penz & Micela (2008).

We conclude that the age of GJ 357 is most likely higher than
~5 Gyr.

3. Backwards reconstruction

It is common within the literature to perform backwards recon-
structions of exoplanet atmospheres in order to determine their
histories (e.g. Locci et al. 2019; Modirrousta-Galian et al.
2020b). This is important as it can provide us with useful
information concerning the formation and evolution of exo-
planets. For instance, the bimodal distribution of exoplanet
radii is believed by many to be caused by photoevaporation,
which has been scrutinised by performing backwards reconstruc-
tions of exoplanet populations (e.g. Owen & Wu 2013, 2017,
Modirrousta-Galian et al. 2020a). Furthermore, the remnant
cores of planets, which once hosted large primordial atmo-
spheres, are of great interest to the exoplanetary community as
they provide us with an inference for the interior structure of bod-
ies like Jupiter and Saturn (e.g. Mocquet et al. 2014; Armstrong
et al. 2020). Accordingly, it is useful to know the size of the pri-
mordial atmosphere of GJ 357 b in order to better understand
its formation, evolution, and current properties, and to decipher
whether or not a star with an unusually low XUV flux can still
greatly influence its host planets.

Before one can progress with the backwards reconstruction,
there are a few aspects that need to be considered. The first is
that given the mass and radius of this body, a hydrogen-rich
atmosphere is unlikely. However, the observed density could be
the result of a very iron-rich embryo that is engulfed within a
thin primordial envelope. There are three main formation scenar-
ios that could lead to a super-ferruginous composition. The first
concerns surface vaporisation due to high temperatures. Whilst
this may have taken place on Mercury (Cameron 1985), for more
massive planets the efficiency of this mechanism drops precip-
itously due to the increasing gravitational force (Ito et al., in
prep.). In addition, for the extreme thermodynamic conditions
required for this process to take place, the retention of a hydrogen
atmosphere is incompatible. Another possibility is that GJ 357 b
formed exotically due to chemical/thermal gradients within the
protoplanetary disc (Lewis 1972, 1974). The third potential argu-
ment is that collisional stripping resulted in the silicate mantle
layers becoming ejected which results in a relatively high iron
abundance. This mechanism has also been proposed for Mercury
(Benz et al. 1988) and has been adopted to explain the density
trends of some exoplanets (Marcus et al. 2010; Swain et al. 2019).

However, these “exotic” scenarios are unlikely as they
require atypical formational paths and a relatively tenuous hydro-
gen atmosphere which is sensitive to atmospheric escape and
would therefore have a short lifespan at the current orbital dis-
tance of GJ357Db (e.g. Sanz-Forcada et al. 2011; Ehrenreich &
Désert 2011; Lammer et al. 2013; Owen & Wu 2013, 2017; Jin
et al. 2014; Jin & Mordasini 2018; Kubyshkina et al. 2018a; Locci
et al. 2019; Modirrousta-Galian et al. 2020a). The atmospheric
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Fig. 2. Mass vs. radius for GJ 357 b using the coreless rocky (red dotted
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and Jenkins et al. (2019, blue).

lifespan would be short because an M star is particularly active in
its first year of life and so heavy mass losses would be expected.
Therefore, while this peculiar composition is possible, GJ 357 b
is most probably of Earth-like composition (see Fig. 2).

Given that the age of GJ 357 b (assumed to be coeval with its
host star) is >5 Gyr, and that it most probably does not presently
host a hydrogen envelope (see Sect. 3), one cannot accurately
determine when its primordial atmosphere was lost, if it had
one at all. This is problematic, because if one assumes that the
atmosphere was lost earlier than it actually was, the primordial
atmospheric mass would be underestimated. On the other hand,
if the assumption for the time of the complete atmospheric loss
is later than the true value then the reservoir would be overes-
timated. Furthermore, having a mass of 1.84 + 0.31 Mg (and a
radius of 1.217 +0.084 Rs; Luque et al. 2019) the planets’ gravity
may have been too weak to accrete a large atmosphere. How-
ever, one could argue that if the surrounding nebular gas has a
sufficiently small grain opacity and the planet has a low inter-
nal luminosity, enough nebular gas could be accreted to form a
Neptunian- or even Jovian-sized body (Ikoma et al. 2000) even
for a relatively small body like GJ 357 b.

To test this assumption, we performed a backwards recon-
struction in which we determined the upper bound of GJ 357 b’s
initial atmospheric mass. This is the maximum primordial atmo-
spheric mass that would have been fully eroded by XUV
evaporation. This implies that an initial atmospheric reservoir
smaller than or equal to this critical mass would be consistent
with the current telluric composition. To do this we adopted
the hydro-based approximation for XUV-induced evaporation
of Kubyshkina et al. (2018b). We started from the derived age
of the planet system (=5 Gyr) and we linearly extrapolated the
XUV luminosity of the host star backwards in time. This was
done by using the lower bound of the X-ray luminosity pre-
dicted by the scaling law from Penz & Micela (2008), which
overlaps with the uncertainty range of the observed X-ray lumi-
nosity of GJ 357. Considering the lower bound rather than the
average X-ray—age relation, we account for the unusually low
X-ray luminosity of GJ 357 (which can be seen in Fig. 1). Our
simulation ended when the star’s age was 107 yr and its X-ray
luminosity was ~10% erg s~!. The starting value of L, obtained
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this way is in sufficient agreement with the observed range of
X-ray luminosities for low-mass stars in the 10 Myr-old TW Hya
association (102°-10% erg s™!) derived by Kastner et al. (2016,
see our comment at the end of the following paragraph).

From the backwards-calculated X-ray luminosity history of
GJ 357 we estimated its EUV luminosities across time (Lgyy) by
adopting the scaling law between Lgyy and Ly given by Sanz-
Forcada et al. (2011). We input these values into the analytical
“hydro-based” evaporation model by Kubyshkina et al. (2018b).
In addition, for the radius evolution of the planet we adopted the
mass—radius relation of a silicate embryo engulfed by a hydro-
gen envelope from Lopez & Fortney (2014). In a similar manner
to these latter authors, we used the photosphere as the cut-off
point for the planetary radius. Furthermore, their model only
works for planets older than 100 Myr whereas we begin photo-
evaporation at 10 Myr. In order to account for this, we assumed
a constant interior luminosity from 10 to 100 Myr. However,
we did not incorporate planetary migration into our mass-loss
model (see Modirrousta-Galian et al. 2020b, for an example
of evaporation-induced planetary migration). Therefore, by esti-
mating how much hydrogen was lost from the moment the planet
was born, we constrained the maximum allowed initial atmo-
spheric reservoir. We note that the unknown details of the shape
of the age decay of the stellar X-ray emission (see Sect. 2.2)
do not affect the result considerably because most of the atmo-
spheric erosion occurs in a very short time compared with the
stellar age of this system. Furthermore, our result is robust
against different detailed backwards paths in the Lx-age plane,
since dM stars of the mass of GJ 357 evolve close to the sat-
uration regime at least for 1 Gyr. Therefore, even if we were
incorrect by an order of magnitude in estimating the precise
value of the X-ray luminosity at a given time, the planet would
still have lost its primordial atmosphere.

Our approach provides a theoretical upper bound on the
initial atmospheric mass of ~38 Mg with a radius of ~14 Rg.
This is an upper bound because an atmospheric mass smaller
than ~38 Mg would have also resulted in the currently observed
density, which is consistent with a telluric composition. The
uncertainties in these predicted values are quite large, especially
as the mass—radius relations for silicate bodies with hydrogen-
rich envelopes are not yet fully understood. For example, if one
assumes a high abundance of radioactive species then the inter-
nal luminosity would have resulted in a significantly larger radius
than if one adopts a less luminous embryo (Lopez & Fortney
2014). In addition, the available literature shows a large varia-
tion in the radius of hydrogen-rich planets for low masses (e.g.
Lissauer et al. 2011; Rogers et al. 2011; Lopez et al. 2012; Lopez
& Fortney 2014), which will strongly influence the mass-loss
history.

In any case, the large initial atmospheric mass predicted by
our backwards reconstruction shows that even for stars that cur-
rently have remarkably low XUV luminosities, the mass-loss
effects on their host planets can be substantial. Nevertheless,
considering the small mass of GJ 357 b, accreting a hydrogen
envelope of ~38 Mg may have been difficult as an unusually low
protoplanetary disc grain opacity, a very low embryo luminos-
ity, and large-scale migration would have been required. This is
improbable as firstly the metallicity of the star is only slightly
below that of the Sun (see Sect. 5), from which we can infer
that the protoplanetary disc had a relatively normal grain opacity.
Secondly, in order to achieve low internal luminosities, GJ 357 b
must have either lost the majority of its formational energy
prior to accreting its hydrogen envelope (e.g. Ikoma et al. 2000),
or stored it efficiently (e.g. Jespersen & Stevenson 2020) and

released it slowly over time. Whilst both of these modes are pos-
sible, generally it is believed that the embryo’s luminosity plays
a strong role in inhibiting gas accretion and even triggering its
evaporation (Ginzburg et al. 2016, 2018). Thirdly, had GJ 357 b
formed far out and then migrated inwards, one would expect a
lower bulk density consistent with icy species, which is not com-
patible with the observed mass and radius measurements (Zeng
& Sasselov 2013; Zeng et al. 2016, 2018). If one instead adopts a
more typical accretionary model (i.e. with standard grain opaci-
ties, core luminosities, and a smaller migration) this would lead
to a primordial atmosphere <0.02 Mg (calculated using the mod-
els from Ikoma & Hori 2012; Chachan & Stevenson 2018) which
would have been fully eroded away by XU V-irradiation in less
than 10 Myr (Kubyshkina et al. 2018b). Considering all of the
above, our calculation shows that GJ 357 b was probably not born
as a Neptunian body or a gas giant which contrasts strongly with
planets such as 55 Cancri e or CoRoI-7b that had the potential
to have been significantly more massive in the past due to their
large masses and tight orbits (e.g. Ehrenreich & Désert 2011;
Kubyshkina et al. 2018a).

Conversely, Jenkins et al. (2019) find that GJ 357 b has a
substantially higher density, consistent with a metal-rich compo-
sition (i.e. a core that is ~60 wt.% of the total mass). However,
an alternative explanation for this high density is that GJ 357 b
is a compressed, icy remnant core of a planet that originally had
a large hydrogen envelope (Mocquet et al. 2014; Modirrousta-
Galian et al. 2020a). New observational data further support this
possibility as shown by the “T2” trend in Swain et al. (2019). The
label “T2” is given to a population of planets which increase
in density for progressively smaller radii. Swain et al. (2019)
propose that this trend could be caused by highly compressed
remnant cores. The mass and radius values of GJ 357 b from
Jenkins et al. (2019) lie within the density trend found by Swain
et al. (2019), which could be suggestive of a highly compressed
planet that once hosted a large hydrogen envelope®. Comparing
the results from Luque et al. (2019) and Jenkins et al. (2019)
shows that there is a clear ambiguity in the composition and his-
tory of GJ 357 b. However, it must be noted that there is a small
overlap in the uncertainties of Luque et al. (2019) and Jenkins
et al. (2019) that allows for both mass and radius values to be
equal and compatible with a more typical rocky composition
with a ~50 wt.% iron core. Nevertheless, a spectroscopic analy-
sis of the atmospheric composition could be performed to reduce
this ambiguity, and we discuss this possibility further in Sect. 4.

4. Synthetic atmospheric spectra

Whilst GJ 357 b probably lost its primordial atmosphere, geo-
logical processes may have subsequently formed a secondary,
volcanic one. Therefore, performing a spectroscopic analysis
may reveal insights into its internal structure, the redox state of
the mantle, and its history.

Several studies investigate the outgassing of super-Earths
(e.g. Kite et al. 2009; Noack et al. 2017; Dorn et al. 2018). The
interior modelling of super-Earths and sub-Neptunes is a deeply

3 Swain et al. (2019) used the energy-limited mass-loss equation (e.g.
Erkaev et al. 2007) which usually predicts mass losses 100—1000 (and
sometimes as much as ~10°) times smaller than the hydro-based model,
which includes thermal effects (Kubyshkina et al. 2018b). Therefore,
even though the authors focus on highly irradiated planets, the greater
influence that stars have on super-Earths and sub-Neptunes predicted
by the hydro-based approximation shows that the “T2” trend is also
relevant to our situation.
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complex issue, and a thorough review cannot be made within
this manuscript. Nevertheless, within the literature it is generally
believed that when silicate bodies become more massive than
~5 My, convection becomes inhibited (e.g. Tackley et al. 2013;
Miyagoshi et al. 2015, 2017, 2018; Dorn et al. 2018). However,
GJ 357 b is small enough that most models are consistent with
convection and hence volcanism being plentiful. For instance, if
one assumes a stagnant lid model then Dorn et al. (2018) pre-
dict an outgassed mass of ~10%0 kg (~5 % 107> Mg) for CO,.
Notwithstanding, other typical volcanic gases such as SO, and
H,O would also be expected, although the redox state of the
mantle will ultimately dictate the chemical composition of the
atmosphere. For example, if GJ 357 b formed under oxygen-poor
conditions, one might expect more reduced atmospheric species
such as H,S. These distinct models could be verified with a spec-
troscopic analysis of the atmosphere which will be possible with
future space missions (explained later in this section).

In this section we use the TauREx code (Al-Refaie et al.
2019) to generate synthetic spectral models for GJ 357 b based
on our assumption that a volcanic atmosphere is present and
that GJ357b did not form under reduced conditions. TauREx
is a Bayesian program that is optimised to process the molecu-
lar line lists from the ExoMol project (see Tennyson et al. 2016,
for details) to either generate forward spectral models of exo-
planetary atmospheres or, in its retrieval mode (inverse model),
interpret exoplanet atmospheric data by fitting them with a trans-
mission or emission model. To create a forward spectrum, the
following parameters are required:

— temperature and spectral type of the host star;
mass (M,) and radius (R,) of the exoplanet;
atmospheric thermodynamic properties;
— gas mixing ratios;
wavelength range modelled;
presence of clouds or hazes and their properties (i.e. distri-
bution, location, particle size and shape).
For the stellar temperature, spectral type, planetary radius, and
planetary mass we used the values given in Luque et al. (2019)
which are ~3505 K, M2.5 V, 1.84Rg, and 1.217 Mg respec-
tively*. For the stellar spectra we use the data files from the
PHOENIX library (for more information see Hauschildt &
Baron 1999, 2010).

To maintain consistency with the simplicity of our models,
we adopt an isothermal atmospheric profile within the photo-
spheric region. This is a reasonable assumption as the effective
temperature of GJ 357 b is large (>500 K). We simulate the
atmosphere using the plane-parallel approximation, with pres-
sures ranging from 107 to 10? bar, uniformly sampled in
log-space with 100 atmospheric layers. We note that the actual
surface pressure is unknown as it is very sensitive to the spe-
cific atmospheric properties such as the opacities, composition,
and temperature profile. However, at pressures above 10 bar, the
atmosphere is likely opaque and therefore does not contribute
to any of the observed features. Here, we present three potential
compositions: 100% CO,, 100% SO,, and 75% N,, 24% CO,
and 1% H,O.

The line lists were taken from Polyansky et al. (2018),
Rothman et al. (2010, 2013) for H,O, CO, and SO, respectively.
For each of these we showcase both a cloud-free atmosphere and
one with an opaque grey cloud layer at 0.01 bar which mutes
the features seen. These are simplified circumstances but high-
light the type and strength of features that could be seen through

4 In Sect. 5 we present alternative methods to obtain the stellar mass
and radius and the values derived with them.
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Fig. 3. Synthetic spectra of GJ 357 b generated using the TauREx
code. Our diagram includes the synthetic spectra of 100% CO, (red),
100% SO, (yellow), and a mixed atmosphere with 75% N, along with
1% H,0 and 24% CO, (blue). We show these forward models for the
cloud-free case (fop) and in the presence of opaque grey clouds at
0.01 bar (bottom).

transmission spectroscopy of this planet. We model these spectra
over the range 0.4—15 ym and our synthetic spectra are shown in
Fig. 3.

We are aware that the presence of nitrogen-rich atmospheres
on warm or hot super-Earths is a subject of much dispute. For
example, nitrogen atmospheres have been proposed on some
molten super-Earths such as 55 Cancri e (e.g. Angelo & Hu
2017; Hammond & Pierrehumbert 2017; Miguel 2019; Zilinskas
et al. 2020). However, there are problems with this model,
such as for example the inability of nitrogen to trigger efficient
cooling, resulting in eventual hydrodynamical losses (e.g. Tian
et al. 2008; Lichtenegger et al. 2010; Airapetian et al. 2017,
Johnstone et al. 2019). Furthermore, some argue that exogenous
and endogenous processes could trigger the deposition of atmo-
spheric N, (e.g. Navarro-Gonzdlez et al. 2001; Parkos et al. 2018;
Lammer et al. 2019). Nevertheless, it is not the objective of the
present study to challenge or support the possibility of N, atmo-
spheres on warm or hot super-Earths and so we include nitrogen
within our synthetic spectrum as a proof of concept.

In any case, given the brightness of the host star and the sig-
nificant features over the wavelength ranges covered by Twinkle
(0.5-4.5 um, Edwards et al. 2019), Ariel (0.5-7.8 um, Tinetti
et al. 2018), and the James Webb Space Telescope (JWST, 0.6—
12 pm), the atmospheric composition of GJ 357 b could be
constrained using these instruments which would provide impor-
tant information for the interior structure and geochemistry of
the planet. Additionally, the G141 grism of the Hubble Space
Telescope’s Wide Field Camera 3, which covers 1.1-1.7 um, may
be sensitive enough to infer the presence of water. A sufficiently
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high abundance of water could indicate a large-scale planetary
migration from beyond the ice-line to its current location or a late
planetesimal bombardment. Conversely, chemical species such
as CO; and SO, would indicate an Earth-like composition with
a volcanically active past.

We acknowledge that we have simulated a relatively ideal
case for the transmission profile which neglects the possible
presence of complex hazes that might be expected to be present
in the atmosphere of a volcanic planet. We also do not account
for chemical reactions between the different species. There are
many processes that could alter the chemical composition of the
atmosphere. One such process is XU V-irradiation which could
substantially affect the stability of molecules. The XUV irradia-
tion that GJ 357 b receives is approximately equal to eight times
that of Venus but it also has a stronger gravitational force. In
addition, the presence of a geomagnetic field could further miti-
gate the XUV-induced photoevaporation (Owen & Adams 2019).
Furthermore, even in the absence of a geomagnetic field, the
effects of ionising photons could be suppressed if an ionosphere
forms that interacts with the escaping ions. This mechanism is
thought to take place on Venus (Zhang et al. 2012) and it may
explain how some volatiles such as water vapour are still retained
(albeit, in small abundances). We understand that some species
can dissociate into their elemental constituents when exposed to
XUV irradiation, which would ultimately affect the bulk atmo-
spheric composition. Water for example would form oxygen and
hydrogen and whilst oxygen may be retained due to its heavier
mass, the hydrogen could be lost. However, due to this being a
multivariate problem we still consider water but in a low abun-
dance (1%) in our synthetic spectra as it could be present. To
summarise, while the actual spectrum of the planet may display
a higher complexity because of the simplifying assumptions in
our synthetic spectra, our model highlights atmospheric spec-
tral features that might plausibly be detected in an eventual
observational study of GJ 357b. A thorough investigation of the
ability of current and upcoming facilities to disentangle potential
atmospheric scenarios is left for future work.

5. The robustness of the planetary density

Our model for the secondary atmosphere of GJ 357 b is based on
the bulk density of the planet that is derived from its mass and
radius. In addition to the typical uncertainties associated with
radial-velocity and photometric measurements used to derive the
ratios between planetary and stellar masses and radii, one of the
main sources of systematic error are the estimates of the stellar
mass and radius. This is because the planetary properties are all
measured as a function of the stellar quantities. In order to verify
the robustness of our results against errors due to the methods
used to derive the stellar properties, we recorded the changes in
the planetary density for various estimates of the stellar param-
eters. In particular, we consider the stellar mass (M) and radius
(R.) derived in the following distinct ways.

First, we followed the methodology from Maldonado et al.
(2015, hereafter MA15)° which is based on the use of optical
high-resolution spectra from HARPS. A total of 53 spectra were
downloaded from the ESO archive®, which were collected from
radial-velocity measurements and co-added into one single spec-
trum. Initially, the effective temperature and metallicity of the
star are computed from ratios of pseudo equivalent widths of

5 https://github.com/jesusmaldonadoprado/mdslines
¢ http://archive.eso.org/wdb/wdb/adp/phase3_spectral/
form?phase3_collection=HARPS

spectral features. The effective temperature is calibrated using
stars with interferometric estimates of their radii and is in the
revised scale by Mann et al. (2013). The stellar metallicities
provided by MAI1S are based on the photometric Mg-[Fe/H]
relationship by Neves et al. (2012). Derived values of T.s and
[Fe/H] are 3461 + 68 K and —0.14 + 0.09 dex, respectively.
MAI1S5 also provides empirical calibrations to derive the stel-
lar evolutionary parameters as a function of the stellar effective
temperature and the metallicity. The mass scale in MAI1S is
based on the NIR photometric calibration of Henry & McCarthy
(1993) and has typical uncertainties of the order of 13%.
MAI1S5 derive their own stellar mass—radius relationship using
stars with known interferometric radius and low-mass eclips-
ing binaries. Typical uncertainties in the radius are of the order
of 12%.

Secondly, we obtain R. and M, from the empirical
radius—magnitude and mass—magnitude relationships of Mann
et al. (2015, their Egs. (4) and (10)). Here we used the Gaia par-
allax to obtain the absolute K band magnitude from the 2 MASS
measurement (see Sect. 2.1). This method was applied in the
activity—rotation—age study of M dwarfs of Magaudda et al.
(2020). Therefore, we refer to these results as MSC 20.

We also consider the published values from Schweitzer et al.
(2019, hereafter SC19). Their analysis comprises the following
steps: First, bolometric luminosities (Lyo) are determined by
integration of the available photometry. Then, effective tem-
perature (T.¢) and stellar metallicity ([Fe/H]) are obtained by
fitting the optical CARMENES spectra to a set of PHOENIX-
ACES synthetic spectra. Surface gravity, logg, is fixed by a
T.¢— log g relation from theoretical 5 Gyr isochrones (Passegger
et al. 2018). The stellar radius is computed from Teg and Ly
using the Stefan-Boltzmann law. Finally, the authors derive the
stellar mass using their own mass—radius relationship calibrated
with a sample of 55 eclipsing M dwarf binaries (their Eq. (6)).
In the following, we denote these values as (My—gr, Rsp).

In addition to these estimates, SC19 compared their values of
stellar mass and radius with those obtained from another three
methods: (i) spectroscopic mass (Mjegy) derived from the val-
ues of log g, and radius computed before. (ii) Photometric mass
(My—ks) computed using the mass—2MASS K magnitude rela-
tion by Mann et al. (2019). (iii) Mass and radius based on the
PARSEC evolutionary models (Mpar, Rpar) computed using a
Bayesian approach applied to the PARSEC stellar library as in
del Burgo & Allende Prieto (2018).

Table 2 provides the stellar mass and radius for each
analysis method. The most important difference between the
methods arises from the use of different mass—luminosity and
mass—radius relationships. In order to test the effect of the stellar
mass on the determination of the planetary mass we made use of
the published values of the radial-velocity semi-amplitude, K, =
(1.52 +0.25) ms~! and orbital period, P = 3.93072t8'88882 days
(Luque et al. 2019). We then derived for each estimate of the
stellar radius a value for the radius of GJ 357 b using the relation
Rp/R, =0.0331 + 0.0009 (Luque et al. 2019). Using the Rp and
Mp values derived that way, an estimation of the planetary den-
sity was performed. The results are provided in Table 2, while
Fig. 4 shows the position of GJ 357 b in the radius-versus-mass
diagram according to our different estimates.

We find that the mass and radius values for GJ 357 b based on
a given method to derive the stellar parameters of the host star
exhibit considerable uncertainties. However, our comprehensive
comparison of different ways to calculate the stellar parame-
ters of GJ 357 shows that all of these methods yield consistent
results in terms of the planet mass and radius. Therefore, the
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Table 2. Planetary parameters of GJ 357 b derived from the different datasets of stellar parameters of GJ 357.

Dataset(" M, R, mp[LU] Rp[LU] pp[LU] mp[JE] Rp[JE] pp[JE]
(Mo) (Ro) (Mg) (Rs) (gem™) (Mg) (Rs) (gem™)

MA15 0.36 + 0.08 036+0.07 190+0.59 130+026 476+3.18 2.17+033 117 +023 745+4.59
SC19: My_r, Rpar ~ 0.3368 £ 0.0150 0.3601 = 0.007 1.82 +0.35 1.30 £0.04 4.55+0.99 2.08+0.07 117+0.06 712105
SC19: My_ks, Rpar  0.3477 £ 0.0084 0.3601 = 0.007 1.86 +0.34 1.30+0.04 4.65+096 2.12+0.04 1.17+0.06 7.27 +1.05
SC19: Mgy, Roar ~ 0.3716 £ 0.064  0.3601 £ 0.007 1.94 +0.54 130+0.04 4.86+ 144 222+026 117+0.06 7.60 = 1.41
SC19: Mpagr, Rpar ~ 0.3653 £ 0.0071 0.3601 £ 0.007 1.92 +0.34 1.30 £ 0.04 4.80 £ 0.98 2.19+0.03 1.17 £0.06 7.52 + 1.09
SC19: Myir, Rsg 0.3368 £ 0.015  0.3419 +0.011 1.82+0.35 1.23+0.05 532+123 2.08+0.07 LI11+0.06 832=+1.38
SC19: My_xs, Rsg 0.3477 £ 0.0084 0.3419 +0.011 1.86 +0.34 1.23 +0.05 543 +1.20 2.12+0.04 1.11 +0.06 8.50 = 1.39
SC19: Miogy, Rsp 0.3716 £ 0.064 03419 £ 0.011 194 +0.54 123+0.05 568 +1.74 222+026 1.11+0.06 8.88+1.78
SC19: Mpar, Rsg~ 0.3653 +0.0071 0.3419 +0.011 192 +0.34 1.23+0.05 5.61 +1.22 2.19+0.03 111 +0.06 8.78 + 1.44
MSC20 method 0.37 + 0.007 036+0.01 1.94+0.34 130+005 4.85+103 221+003 117+0.06 7.59 +1.19

Notes. "MA15 (Maldonado et al. 2015); SC19 (Schweitzer et al. 2019): My;_g mass from mass-radius relationship; My;_gs photometric mass; Mgy
spectroscopic mass; Mpar PARSEC-based mass; Rpar PARSEC-based radius; Rsp radius from the Stefan-Boltzmann’s law; IRPH: Mass and radius
from the relationships by Mann et al. (2015). mp[LU], Rp[LU], pp[LU] refer to the planetary parameters obtained using the planetary Keplerian
amplitude and the planet-to-star radius ratio by Luque et al. (2019), while mp[JE], Rp[JE], pp[JE] estimates are based on the analysis by Jenkins

et al. (2019).
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Fig. 4. Position of GJ 357 b in the radius-versus-mass diagram. Differ-
ent colours indicate the planetary parameters derived using the different
datasets of stellar masses and radii. Continuous lines indicate the esti-
mates based on the Keplerian amplitude and planet-to-star radius ratio
by Luque et al. (2019) while dotted lines show the results based on
the analysis by Jenkins et al. (2019). A few exoplanets from NASA’s
exoplanets archive are overplotted as grey circles. Different planetary
models (from Zeng & Sasselov 2013; Zeng et al. 2016) are also shown
for comparison.

stellar parameters introduce negligible effects on our model for
the atmospheric mass and composition of GJ 357 b.

As mentioned previously, another factor that might influ-
ence the estimation of the planetary density is the analysis used
on the computation of the Keplerian amplitude and the ratio
Rp/R, due to the GJ 357 b planet. Indeed, recently Jenkins
et al. (2019, Table 4) provided a slightly larger Keplerian ampli-
tude K, = (1.7372*) 005 ms™") and a smaller star-to-planet radius
ratio, Rp/R, = 0.02981 + 0.0013. This translates into higher
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masses and densities for GJ 357 b, which are also listed in Table 2
and shown in Figs. 2 and 4. The slightly different planetary
parameters between Jenkins et al. (2019) and Luque et al. (2019)
might be related to the use of different datasets. While Jenkins
et al. (2019) use HARPS, UVES, and HIRES data, the analysis
done in Luque et al. (2019) also includes CARMENES and PSF
data. If the planetary densities based on the Jenkins et al. (2019)
results are considered, the composition of the planet would be
consistent with a telluric planet that has a core ~60% (Zeng et al.
2016) of the total mass or with the icy remnant core of a planet
which once hosted a large primordial atmosphere (Mocquet et al.
2014; Modirrousta-Galian et al. 2020a). However, as explained
previously, the uncertainties in the measured values allow for a
more typical rocky composition.

6. Summary and conclusions

Our analysis of GJ 357 b and its host star has led to the following
results and conclusions:

From a recent XMM-Newton observation we derived an
extremely low X-ray luminosity for GJ 357 (log L, [ergs™'] =
25.7 in the 0.1-2.4keV ROSAT band). When compared to the
Ly of most similar-mass M dwarfs with known ages and to dif-
ferent Ly age laws for M dwarfs (Magaudda et al. 2020; Penz
& Micela 2008) this low X-ray activity indicates that GJ 357
is at least 5 Gyr old and possibly significantly older. Under the
assumption that the star and planet formed at a similar time, we
can assume 5 Gyr to be a conservative estimate for the age of the
planet system.

Using the X-ray luminosity of GJ 357 with our above esti-
mate for the age of the system and the empirical Ly-age relation
from Penz & Micela (2008) we performed a backwards recon-
struction of GJ 357 b’s primordial atmospheric mass. We find a
theoretically maximum envelope mass of ~38 Mg. However, it
is unlikely that GJ 357 b accreted an envelope this massive, as
its small central mass would have hindered its ability to collect
gas. Conversely, if one adopts the mass and radius measurements
from Jenkins et al. (2019) instead of those from Luque et al.
(2019), then GJ 357 b has a density consistent with a compressed
remnant core (Mocquet et al. 2014). Its high density could be
suggestive of an initially large atmospheric mass.
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Taking account of the known parameters of the host star
and the estimated planet mass and radius, we have produced
three different synthetic IR spectra representing the potential
secondary atmosphere of GJ357b. Our test cases comprise
(a) 100% CO,, (b) 100% SO;, (c¢) 75% N, with 24% CO,
and 1% H,0. The actual atmospheric content of this planet
should be accessible to upcoming space missions, such as Ariel,
JWST, and Twinkle, which will allow us to test our predictions.
Finally, a detailed analysis of the uncertainties in the stellar and
planetary parameters shows that despite the uncertainties being
considerable, they do not have significant effects on our results.
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ABSTRACT

We present the first results with the ROentgen Survey with an Imaging Telescope Array (eROSITA) on board the Russian Spektrum-
Roentgen-Gamma mission, and we combine the new X-ray data with observations with the Transiting Exoplanet Survey Satellite
(TESS). We used the SUPERBLINK proper motion catalog of nearby M dwarfs as input sample to search for eROSITA and TESS
data. We extracted Gaia DR2 data for the full M dwarf catalog, which comprises ~9000 stars, and we calculated the stellar parameters
from empirical relations with optical/IR colors. Then we cross-matched this catalog with the eROSITA Final Equatorial Depth Survey
(eFEDS) and the first eEROSITA all-sky survey (eRASS1). After a meticulous source identification in which we associated the closest
Gaia source with the eROSITA X-ray detections, our sample of M dwarfs is defined by 687 stars with SpT = K5..M7 (673 from eRASS1
and 14 from eFEDS). While for eRASS1 we used the data from the source catalog provided by the eROSITA_DE consortium, for the
much smaller eFEDS sample, we performed the data extraction, and we analyzed the X-ray spectra and light curves. This unprecedented
data base for X-ray emitting M dwarfs allowed us to place a quantitative constraint on the mass dependence of the X-ray luminosity,
and to determine the change in the activity level with respect to pre-main-sequence stars. TESS observations are available for 489 of
687 X-ray detected M dwarfs. By applying standard period search methods, we were able to determine the rotation period for 180 X-ray
detected M dwarfs. This is about one-forth of the X-ray sample. With the joint eROSITA and TESS sample, and combining it with
our compilation of historical X-ray and rotation data for M dwarfs, we examined the mass dependence of the saturated regime of the
rotation-activity relation. A first comparison of eROSITA hardness ratios and spectra shows that 65% of the X-ray detected M dwarfs
have coronal temperatures of ~0.5keV. We performed a statistical investigation of the long-term X-ray variability of M dwarfs by
comparing the eROSITA measurements to those obtained ~30 yr earlier during the ROSAT all-sky survey (RASS). Evidence for X-
ray flares is found in various parts of our analysis: directly from an inspection of the eFEDS light curves, in the relation between
RASS and eRASS1 X-ray luminosities, and in a subset of stars that displays hotter X-ray emission than the bulk of the sample
according to the hardness ratios. Finally, we point out the need to obtain X-ray spectroscopy for more M dwarfs to study the coronal

temperature-luminosity relation, which is not well constrained by our eFEDS results.

Key words. stars: low-mass — stars: activity — stars: rotation — stars: magnetic field — X-rays: stars

1. Introduction

M dwarfs are the most numerous stars in the Galaxy. Long
overlooked because of their relative faintness, they have lately
become of central interest for astronomy because they are impor-
tant as hosts of habitable planets (Tarter et al. 2007). Under-
standing the evolution of planets around M dwarfs and their
potential for hosting life requires good knowledge of stellar mag-
netic activity because planetary atmospheres react sensitively
to both short-wavelength (UV, extreme ultraviolet, and X-ray)
radiation and stellar winds.

Investigating the activity tracers in different wavelength
bands provides information about the magnetic phenomena
occurring in the stellar atmosphere layers. For instance, the activ-
ity of the deeper atmospheric regions, that is, photosphere and
chromosphere, is traced by the emission of specific optical lines,
such as Call and Ha. Reiners et al. (2012), West et al. (2015),

* Full Tables 2, 3 and 5 are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or viahttp://
cdsarc.u-strasbg. fr/viz-bin/cat/J/A+A/661/A29

Article published by EDP Sciences

and Newton et al. (2016, 2017) studied the Ha emission (Ly,) of
M dwarfs and its variation with the rotation periods. They found
that M dwarfs with high Ha emission (Ly,) have short rotation
periods, and a marginal emission is seen from slowly rotating
M stars.

Magnetic activity in the outermost atmospheric layer, the
corona, is visible in X-rays. In particular, the X-ray emission
of M dwarfs is of paramount importance for several unresolved
problems in stellar astrophysics. Being a manifestation of mag-
netic heating, the UV and X-ray emissions of late-type stars are
proxies for the efficiency of stellar dynamos. In analogy to the
Sun, standard (a€2) stellar dynamos are thought to be driven by
convection and rotation, and they are located in the tachocline,
which connects the radiative interior and the convective enve-
lope (Parker 1993). As a consequence, the X-ray emission of M
dwarfs can be expected to undergo drastic changes at the transi-
tion where stellar interiors become fully convective (SpT ~ M3).
Early studies have given controversial results; the occurrence of
a qualitative change in X-ray emission across this boundary is
debated (e.g. Rosner et al. 1985; Fleming & Stone 2003). More
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recently, based on an improved mass function, an exceptionally
large spread of the X-ray emission level and rotation rates was
observed for spectral types M3 to M4 (Reiners et al. 2012; Stelzer
et al. 2013). This spread is likely a signature of ongoing spin-
down and an associated decay in dynamo efficiency, but it may
also indicate a transition related to the fact that stellar interiors
become fully convective.

Through their link with the dynamo, the secular evolution of
the high-energy radiative output of a star and its angular momen-
tum should occur in parallel. This evolution likely depends on
the initial conditions, which differ from star to star. Depending
on the initial rotation after the disk phase, it takes a G-type star
from a few tens to a few hundred million years to spin down to
~1-10 times the solar rotation rate (Johnstone & Giidel 2015; Tu
et al. 2015). In contrast, M dwarfs stay in the saturation regime
for much longer. Even for a 0.5 M, star (SpT ~ M1/M2), satura-
tion may last as long as 1 Gyr for half of the objects (Johnstone
& Giidel 2015; Magaudda et al. 2020), resulting in the prolonged
irradiation mentioned above. The wide spread of rotation rates in
mid M-type stars is likely the major cause for their wide spread
in X-ray luminosities mentioned above.

The Einstein and ROSAT satellites have provided the first
significant numbers of X-ray detections from M dwarfs (Fleming
et al. 1988; Fleming 1998; Schmitt & Liefke 2004). However,
Stelzer et al. (2013) showed that about 40% of the closest
M dwarfs, those in a volume of 10pc around the Sun, have
remained below the detection threshold of the ROSAT all-sky
survey (RASS). RASS observations have also been the main
resource for seminal studies of the rotation-activity relation, for
instance, Pizzolato et al. (2003) and Wright et al. (2011). In con-
trast to the first studies of the link between stellar rotation and
magnetic activity (Pallavicini et al. 1981), these works made use
of photometric rotation measurements that avoid the ambiguity
caused by the generally unknown inclination angle that affects
studies based on spectroscopic v sin i measurements.

Magaudda et al. (2020) have presented a comprehensive
study of the relation between rotation, X-ray activity, and age for
M dwarfs. Therein we updated and homogenized data from the
literature and added new very sensitive observations from ded-
icated observations with the X-ray satellites XMM-Newton and
Chandra and the photometry mission K2, from which we derived
rotation periods. The new results included a significantly steeper
slope in the unsaturated regime for stars beyond the fully convec-
tive transition as compared to early-M dwarfs. We confirmed that
the X-ray emission level of fast-rotating stars (i.e., those in the
saturated regime) is not constant, as was previously mentioned
by Reiners et al. (2014). Moreover, we calculated the evolution
of the X-ray emission for M dwarfs older than ~600 Myr by com-
bining the results from the empirical Ly — Py relation with the
evolution of P,y predicted by the angular momentum evolution
model of Matt et al. (2015).

All previous observational work on X-ray activity-rotation
relations is based on data that have been collected over decades
with different telescopes and instruments, and with a focus on
different regions of the parameter space. This introduces various
biases. New space missions with an all-sky observing strategy
are now available. They allow acquiring X-ray and rotation data
for statistical samples with well-characterized stellar parameters
that are biased only by a relatively uniform sensitivity limit.
This offers new prospects for systematic studies of the X-ray
emission of M dwarfs, and, in particular, their rotation-activity
relation. We present here the first results from a combined study
using the extended ROentgen survey with an Imaging Tele-
scope Array (eROSITA; Predehl et al. 2021) on the Russian
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Spektrum-Roentgen-Gamma (SRG) mission to measure X-ray
luminosities and the Transiting Exoplanet Survey Satellite
(TESS; Ricker et al. 2014) to obtain rotation periods. We search
the sample of M dwarfs compiled from the SUPERBLINK proper
motion survey by Lépine & Gaidos (2011) for eROSITA and
TESS data, and we homogeneously characterize the stars using
Gaia data. More details about our samples are given in Sect. 2,
and we describe the construction of our input catalog of M
dwarfs with additional information from Gaia in Sect. 3. The
eROSITA and TESS data analysis is described in separate sec-
tions (Sects. 4 and 5) for the two subsamples we examined that
are described in Sect. 2 because we pursue different, comple-
mentary scientific goals with the two samples. The presentation
and interpretation of our results are found in Sect. 6, where
we also present our findings in context with previous work
about the rotation-activity relation. In Sect. 7 we summarize our
conclusions and give an outlook to future studies in this field.

2. Database

This work is based on the SUPERBLINK proper motion catalog of
nearby M dwarfs from Lépine & Gaidos (2011; hereafter LG11).
The LG11 catalog is an all-sky list of 8889 M dwarfs (photomet-
ric spectral types K7 to M6) brighter than J = 10 mag and within
100 pc.

In this work we study the X-ray emission of M dwarfs from
LG11 in two data sets: the eROSITA Final Equatorial-Depth Sur-
vey (eFEDS), and the first eROSITA All-Sky survey (eRASS1).
eFEDS corresponds to a ~140 sq.deg large area in the southern
sky that was observed in four individual field scans during the
calibration and performance verification (CalPV) phase (Predehl
et al. 2021) of eROSITA (see Brunner et al. 2022). For the sake
of simplicity, we refer to each field scan observation as “field”.
While an official eFEDS X-ray source list will be made public in
the data release related to this A&A special issue, we used the
preliminary catalog produced at the MPE as eRASS1 database.

The X-ray samples from eFEDS and eRASS1 and the way
we treat them in this work are complementary. The eFEDS fields
comprise a relatively small number of stars, for which we present
a detailed X-ray study including eROSITA light curves and spec-
tra. The part of our study that makes use of eRASS1 data is
focused on global properties, taking advantage of the large num-
ber of targets provided by the all-sky survey. In particular, we
study hardness ratios as a proxy for the coronal temperature and
the long-term variability in the X-ray luminosity of M dwarfs
in comparison to eFEDS and ROSAT data, and the relation
between X-ray emission and rotation periods derived from TESS
light curves. A complete discussion of the X-ray properties of
the M dwarf sample based on a spectral and temporal analy-
sis of eRASS1 data for individual stars is beyond the scope of
this work. Similarly, for the M dwarfs in eFEDS, we provide an
exhaustive analysis of TESS data using both 2 min and 29 min
cadences, while our analysis is restricted to the 2 min light curves
for the much larger eRASS1 sample.

In Table 1 we anticipate the number of targets in the var-
ious catalogs studied throughout this paper. The definitions of
the samples are provided in the subsequent sections.

3. Preparation of the M dwarf catalog

To thoroughly characterize the M dwarf sample, we exploited
Gaia data and published empirical calibrations for stellar param-
eters based on photometry. Our match of the LG11 catalog
with the second data release of the Gaia mission (Gaia-DR2,
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Table 1. Number of stars in the different samples of main-sequence
M dwarfs.

Sample name “full’  ‘validated’
LG11-Gaia 8229 7319
LG11-Gaia/eFEDS 14 13
LG11-Gaia/eRASS1 673 580
LG11-Gaia/eFEDS/TESS (V 3 3
LG11-Gaia/eRASS1/TESS 172 135

Notes. See Sects. 3, 4.2, and 5.2 for the definitions. ("Only stars with
reliable TESS rotation period are included in these samples.

Gaia Collaboration 2018b) is explained in detail in Appendix A.
We found that the majority of the M dwarfs from the LG11 cat-
alog have counterparts (CTPs) in Gaia DR2, and about 2% have
multiple Gaia DR2 matches that are common proper motion
(P.M.) pairs. Our procedure includes a comparison of the P.M.
values from LGI11 and from Gaia DR2, and a comparison of
2 MASS magnitudes for the objects from LG11 with the J -band
magnitudes inferred from Gaia DR2 photometry. This removes
Gaia sources within our search radius of 3" that are not related
to the LG11 M dwarfs.

Our final target list holds 9070 objects (8917 stars with
Gaia counterparts, including the 181 common proper motion
(CPM) companions and 153 stars without a Gaia counterpart).
We matched this catalog with Bailer-Jones et al. (2018, hereafter
BJ 18) to obtain Gaia DR2 distances, dgj;g. We found that 531
entries from our catalog do not have data in BJ 18, including the
153 stars without any Gaia counterpart. The stars for which we
have a distance from BJ18 include 20 without Gaia photometry.
We removed these stars because we aim at a well-characterized
sample, and we calculated the spectral types (SpTs) from the
Ggp — Grp color with the values provided for the main sequence
by E. Mamajek'.

In Fig. 1 we show the Gaia color-magnitude diagram (CMD)
for the 8519 stars with Gaia distance and photometry. This
sample includes the companions in CPM binaries. The Gaia
CMD shows two distinct populations: the main sequence, and
a cluster of stars above it centered at Ggp — Grp ~ 1.7 (corre-
sponding to late-K SpT according to the Mamajek scale). We
took Mg = 5mag as a rough dividing line between the two pop-
ulations, and show the distance distributions of these two groups
in the left panel of Fig. 2.

Here it is evident that all main-sequence stars are within
300 pc, with a strong peak around ~50pc, while the remain-
ing stars, which make up ~3.4% of the whole sample, cover a
wide range of distances from ~100pc to ~1.5kpc and include
a few outliers with distance up to 5kpc that are not shown in
the figure. Based on their position in Fig. 1 and their large dis-
tances, these stars are probably giants that contaminate the LG11
dwarf star catalog. LG11 discussed the compromise in their cat-
alog between the aim of catching as many M dwarfs as possible,
including those with small sky motion, and reducing the contam-
ination with M giants. They argued that the majority of red giants
have proper motions lower than their cutoff, u = 40 masyr~!,
and they applied additional cuts in absolute magnitude, reduced

I The table A Modern Mean Dwarf Stellar Color and Effec-
tive Temperature Sequence is maintained by E. Mamajek at
http://www.pas.rochester.edu/~emamajek/EEM_dwarf_
UBVIJHK_colors_Teff.txt

-1 0 T T T T T
H+ LG11 stars with Gaia data
Validated LG11-Gaia
S5t —— Mamajek MS N

Mg [mag]

GB]) - GRp [mag}

Fig. 1. Gaia CMD based on DR2 data for the LG11 sample with Gaia
distance and photometry. The pink line represents the main sequence
by E. Mamajek (see footnote 1). A residual contamination by giant
stars is present. Stars with Mg > 5mag and My, > 4.6 (the magnitude
above which the polynomial relations between photometry and stellar
parameters of Mann et al. (2015) are valid) are highlighted in green.

proper motion, and colors. Nevertheless, the over-density of opti-
cally bright stars at low Galactic latitude discussed by LG11
suggests the presence of unrecognized giants, consistent with our
finding.

Our study is focused on dwarf stars, and therefore we
concentrate below on the main-sequence stars (Mg > 5 mag).
Henceforth, this sample of 8229 stars is called the LG11-Gaia
sample (see Table 1). To calculate their stellar parameters, we
applied the empirical relations from Mann et al. (2015, 2016),
which these authors calibrated on spectroscopically confirmed M
dwarfs. Specifically, Mann et al. (2015) obtained stellar masses
(M) from the absolute magnitude in the 2MASS K band (Mx_),
the bolometric correction (BCg,) from V — J, and the bolomet-
ric luminosity (Lpe) from BCg, . For the application of these
relations to our LG11-Gaia sample, we calculated the Mk val-
ues from dgy;3 and the apparent K magnitude. For the stars for
which BJ18 reported no Gaia distance, we considered adopting
the photometric distances calculated as described by Magaudda
et al. (2020) from Mk obtained from an empirical relation with
V — J. However, when we revisited the Magaudda et al. sample,
we realized that it includes a small number of stars with FGK
spectral types for which the My, values derived from the pho-
tometric distances have yielded a mass in the M-type regime.
To avoid this contamination, we therefore decided to limit the
sample studied in this work to stars with Gaia distance and pho-
tometry, for which we can determine reliable SpT and stellar
parameters. The Mann et al. (2015, 2016) relations have been
calibrated for the range 4.6 < Mk, < 9.8. When we consider this
criterion, our sample is reduced to a total of 7319 stars. This sub-
sample, which fulfills the validity range of Mann et al. (2015), is
highlighted in Fig. 1 in green and is henceforth referred to as the
validated LG11-Gaia sample (see Table 1).

In the right panel of Fig. 2 we compare the full LG11-
Gaia sample of main-sequence stars (red) and the subset of
the validated main-sequence (green) stars in terms of their dis-
tance distribution. As expectedly, the validated sample, which is
defined by a magnitude cut, comprises (with a few exceptions)
the more nearby stars. Our work is based on these two samples
of main-sequence M dwarfs.
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Fig. 2. Distance distributions (dpj;s) for various subsamples of the LG11 catalog according to our match with Gaia DR2. Left: giant stars (in gray)
and main-sequence stars (in red). Right: zoom into the main-sequence sample (red) and subsample of validated main-sequence stars (green). See

text in Sect. 3.

Specifically, this article is focused on two subsamples of the
LG11-Gaia stars: those that are located within the eFEDS fields
(Sect. 3.1), and those that are detected in eRASS1 (Sect. 3.2). In
the parts of our analysis that rely on the stellar mass, we restrict
the sample to the validated stars.

3.1. M dwarfs in the eFEDS fields

An official X-ray source catalog for the eFEDS fields was pro-
duced in parallel with our work and is presented by Brunner
et al. (2022). Our own eROSITA data analysis, which is limited
to M dwarfs from the LG11 catalog, is described in Sect. 4.1.1.
This analysis involved source detection in the whole eFEDS
field. We found 24376 X-ray sources. As a cross-check of our
results, we compared our X-ray source catalog with the offi-
cial catalog (éFEDS_c001_V7_main) produced by Brunner et al.
(2022). First, we found a discrepancy between the X-ray coordi-
nates of our catalog and those in eFEDS_c001_V4_main. We
suspect that this is due to an astrometric correction that was
used in eFEDS_c001_V4_main to correct for the mean linear
offset between the X-ray sources and the Gaia positions of
objects in the Gaia-unWISE catalog of candidate active galac-
tic nuclei (AGN) by Shu et al. (2019). This offset is different
for each of the four eFEDS fields and is given in Table 1 of
Brunner et al. (2022). We applied these corrections to the X-
ray coordinates of our catalog and verified that this removed
the offset between the X-ray positions in our catalog and
eFEDS_c001_V4_main. Finally, we calculated the final absolute
coordinates (RA_CORR, DEC_CORR) by applying Eq. (1) from
Brunner et al. (2022) to our X-ray catalog.

We then used our catalog with the corrected X-ray coordi-
nates to search for X-ray detections in the LG11-Gaia sample.
Thirty-one M dwarfs from our sample lie within the eFEDS
field boundaries. We based our match between optical and
X-ray position on Gaia coordinates and proper motions from
our LG11-Gaia catalog. We first corrected the coordinates of
our stars by their PM. to the eFEDS mean epoch (Novem-
ber 5, 2019), and then we matched them with our final X-ray
coordinates (RA_CORR, DEC_CORR). In this way, we found
15 matches within 15”. We cross-checked our detections by
matching the P.M.-corrected LG11-Gaia sample with the official
eFEDS catalog as well. We found all the 15 stars that we detected
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in our catalog. The positional uncertainties of all X-ray sources
in the eFEDS field were investigated by Brunner et al. (2022).
We verified that for our matches with the LG11-Gaia M dwarfs,
the corresponding parameter (RADEC_ERR) is smaller than our
match radius.

While it is quite plausible that the M dwarfs from the LG11
catalog emit in X-rays, the limited sensitivity of eROSITA com-
bined with its modest spatial resolution requires a cross-check
for other possible optical CTPs to the eROSITA sources. This
means that we have to verify the associations between our target
stars and the detected X-ray sources. We pursue here a conserva-
tive approach, that is, we aim at keeping only those M dwarfs in
our sample that we consider secure CTPs to the X-ray sources.
We base this assessment on the separation between the optical
and X-ray position with respect to that of other Gaia objects in
the vicinity.

To determine alternative possible Gaia CTPs for each of the
15 X-ray sources, we performed a reverse match (RM), in which
we searched for all Gaia sources within 15" of the X-ray coordi-
nates from our catalog (RA_CORR, DEC_CORR). In this way,
we found a total of 21 potential Gaia CTPs, including 14 stars
from the LG11-Gaia sample. Then we inspected the separations
between the X-ray positions and the Gaia coordinates for the
21 Gaia sources (Sepx opt). Hereby, we considered the P.M. cor-
rection to the mean eFEDS observing date for the Gaia sources
that are identified with a star in our input catalog. As a result,
the star from LG11-Gaia is the closest Gaia object to an X-ray
source for all 14 cases, and these M dwarfs define our list of bona
fide eFEDS X-ray emitters. The missing object is a high proper
motion star that is not recovered in the reverse match because
the P.M. correction can be applied only a posteriori, and a search
radius of 15” is too small for this star. Therefore we increased the
search radius up to 20”, finding the Gaia source associated with
this M dwarf, which is not the closest Gaia counterpart, how-
ever. Adhering to our conservative approach, we excluded this
star from our LG11-Gaia/eFEDS sample. This sample therefore
consists of 14 M dwarfs. All but one of them are also part of our
validated LG11-Gaia/eFEDS sample (see Table 1). Finally, we
compared the X-ray optical separation (Sepx op) With the uncer-
tainties on the X-ray positions from our X-ray source catalog
(RADEC_ERR). We found that all 14 LG11-Gaia stars in our
eFEDS X-ray emitter sample have Sepx ope < 3 x RADEC_ERR,
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observed by TESS. We show the CPM pairs in yellow. Bottom panel: stars from the LG11-Gaia sample identified in the preliminary eRASS1
catalog. For simplicity, we do not show the four CPM pairs here because they represent only 4% of the sample.

which confirms that the association of the M dwarfs with the
eFEDS X-ray sources is consistent with the positional accuracy
of eROSITA. These there include one CPM pair that has the
same X-ray source associated with each component of the sys-
tem, but that is resolved by Gaia and 2MASS. We chose to
ascribe the X-ray emission to the component that is closest to the
X-ray source, and we treated it in the same manner as the single
stars. Because the two stars in the CPM pair have similar stellar
parameters (M, and SpT), this approach does not influence our
results.

In the upper row of Fig. 3 we show the distribution of the
distances and spectral types for our LG11-Gaia/eFEDS sample.
Fig. 3 (top panels) also highlights the one CPM pair of the sam-
ple, as well as the subsample of stars with TESS rotation period,
that is, 3 out of 14 stars (see Sect. 4.2). The Gaia source IDs,
stellar parameters, and distances for the 14 LG11/Gaia stars in
our eFEDS sample are listed in Table 2.

3.2. M dwarfs detected in eRASS1

For the cross-match of our LG11-Gaia catalog with the eRASS1
catalog (v201008), we used the Gaia coordinates, corrected

for their proper motions to the rough mean observing date of
eRASS1 (March 10, 2020). We cross-matched these extrapolated
positions of the M dwarfs with the boresight-corrected coordi-
nates (Col. RA_CORR, DEC_CORR) of the eRASS1 catalog
within a radius of 25”. At about 10", the cumulative histogram
of identifications flattens out. The cross-matching radius is a
compromise between defining a complete sample and avoiding
selecting wrong counterparts. Based on the shape of the cumu-
lative separation distribution, we therefore only considered the
matches within 15”. After removing ten stars that are located in
the half of the sky that is propriety of the Russian eROSITA con-
sortium the catalog results in 842 X-ray sources. The choice of
15" as identification radius amounts to only ~2% fewer sources
than the 25" match radius and ~5% more sources than would be
in a 10” radius.

Analogous to the procedure in Sect. 3.1, we performed a
reverse match to uncover the Gaia sources that are alternative
potential CTPs to the X-ray sources. In this match, we searched
for all Gaia sources within 15” of the boresight corrected posi-
tions of the 842 eRASS1 sources. This resulted in a total of 2148
potential Gaia counterparts. These multiple optical CTPs should
include all 842 LG11-Gaia M dwarfs that were identified in the
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Table 2. Stellar parameters and distances of the eROSITA samples of M dwarfs.

LG11 name (V Gaia-DR2 designation ®  SpT  Distgyg Mg, @ M, ® Binary
[pc] [mag] [Mo]

LG11-Gaia/eFEDS sample

PM 108551+0132 577602496345490176 K9.4 20.53+0.02 0.03+0.03 0.67=+0.01 0

PM 108570+0103 576773808175184768 MO.1 48.98+0.12 0.04+0.04 0.60+0.01 0

PM 108590+0151 576970105360152192 K53 40.89+047 0.14+0.14 0.78+0.02 0
LG11-Gaia/leRASS1 sample

PM 100016—7613  4684946035804965632 M2.3 34.50+0.03 5.91+0.03 0.48+0.01 0

PM 100054-3721  2306965202564506752 M1.4 434+0.00 6.33+0.02 0.41+0.01 0

PM 100082-5705  4919497979411495296

M29 12.80+0.01

6.86£0.02 0.33+0.01 0

References. (VLépine & Gaidos (2011). ®Gaia Collaboration (2018b). ®Bailer-Jones et al. (2018). “Calculated with the relations from Mann

et al. (2015, 2016). The full table is available at the CDS.
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Fig. 4. Separation between the X-ray to optical positions for the 842
direct matches of LG11-Gaia stars with the eRASS1 catalog. All 2148
possible Gaia-DR2 CTPs found with the reverse match within 15" are
shown in gray. The same objects after the application of their P.M. cor-
rection are plotted in green. The red histogram represents the Gaia-DR2
CTP that is closest to each eRASS1 source of our sample, the 734 clos-
est CTPs that correspond to the LG11-Gaia stars studied in this work
are shown in blue, and the final LG11-Gaia/eRASS1 sample of 673
M dwarfs is shown in black.

first match with an X-ray source. In practice, we recovered only
840 of them. This is explained by the fact that two stars are
not recovered within 15” because of their high proper motions.
These cases are similar to the case discussed in Sect. 3.1, for
which a search radius of 15" was too small.

In Fig. 4 we show the distribution of the separations between
the Gaia-DR2 and eRASS1 positions in gray. We inspected the
separations between X-ray position and Gaia coordinates for all
potential Gaia CTPs considering the P.M. correction to the mean
eRASSI1 observing date for the Gaia sources that are identified
with a target star. In this way, we found that the star from the
LG11-Gaia list is the closest Gaia object to an X-ray source in
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732 cases. Specifically, to find the two stars from the LG11-Gaia
sample with very high proper motion that are not recovered in the
reverse match, we increased the search radius to 45”. This leads
to 734 closest Gaia CTPs that are identified with a star from our
LG11-Gaia catalog, that is 87% of the original eRASS1 sample.
These objects are shown in blue in Fig. 4. The closest Gaia coun-
terparts to the remaining 108 eRASS1 sources are represented in
the red histogram.

Fifteen of the 734 objects for which the closest Gaia coun-
terpart is identified with an LG11-Gaia star have a visual
companion. The components of these binary systems are associ-
ated with the same X-ray source, thus special attention is needed.
By definition of how we identified multiples in the LG11 cata-
log, these systems are resolved by Gaia. However, 11 of them
are associated with a single 2MASS source. Because we cannot
determine reliable stellar parameters for these systems, we disre-
garded them. For the remaining four CPM pairs that are resolved
with Gaia and 2MASS but not with eROSITA, we adopted the
same approach as for the only binary in the LG11-Gaia/eFEDS
sample (see Sect. 3.1), that is, we ascribed the X-ray emission to
the component of the binary that is closest to the X-ray posi-
tion. In one of these four CPM pairs that are resolved with
2MASS, one component has no complete Gaia data, and thus
it was removed in the first place from our LG11-Gaia sample
(see Sect. 3). Moreover, this component is not the closest com-
ponent to the X-ray source and would have been removed in
any case.

Finally, we removed all stars from the 723 objects for which
Sepxopt Was higher than three times the uncertainty on the
X-ray position in the eRASS1 catalog (RADEC_ERR). This
left 673 eRASS1 X-ray sources, and these define our eRASSI
M dwarf sample, LG11-Gaia/eRASS1. Of these, 580 stars are
also included in our validated LG11-Gaia/eRASS1 sample (see
Table 1).

The Gaia DR2 source IDs, stellar parameters, and distances
for the LG11-Gaia/eRASS1 sample are presented in Table 2, and
their histograms of distance and SpT are shown in the bottom
panels of Fig. 3. The subsample with TESS rotation periods that
is described in Sect. 5.2 is overlaid, together with the four stars
that have a comoving companion. These distributions are similar
to those of the M dwarfs in the eFEDS (displayed in the top
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Fig. 5. X-ray-to-optical flux ratio vs. Gaia color for the closest optical
counterparts to the X-ray sources selected from the match of LG11-Gaia
with the eRASS1 catalog. Two distinct regions are visible: the extra-
galactic area with high log(fx/ fc) values and relatively blue Gaia color,
and the star region with lower values of log(fx/fs) and redder Gaia
color, separated by the dashed black line we derived from Fig. B3 in
Stelzer et al. (2022). The filled red squares are the 673 eRASS1 sources
that we identified as M dwarfs (see text in Sect. 3.2), and the filled yel-
low squares represent the four stars that have a comoving companion.
We show only the sources with Sepx opx < 3 x RADEC_ERR.

panels of the same figure), but their number statistics are higher
by more than 20 times. Figure 3 also shows that the subsample
observed by TESS is a representation of the X-ray detected stars
that is unbiased in terms of distance and SpT.

The source identification is always a compromise between
completeness and avoiding to include wrong counterparts. As
explained in Sect. 3.1, we aimed to define secure X-ray associ-
ations with main-sequence stars from the LG11 catalog at the
expense of possibly missing some of them as X-ray emitters.
Therefore, we removed all but those M dwarfs that were deter-
mined through the above analysis to have the smallest separation
to the X-ray source. The nature of the remaining closest Gaia
CTPs, that is, those that are not part of the LG11-Gaia catalog,
is not of interest to our work. However, a quick assessment can be
done with help of a diagram that combines the X-ray-to-optical
flux ratio, fx/fg, with Gaia color. On the basis of eROSITA
observations from the eFEDS fields, Stelzer et al. (2022) showed
the separation of stars and extragalactic objects in this diagram.
In Fig. 5 the closest Gaia CTPs of our reverse match are split into
two strongly populated areas. In this figure we only considered
the objects with Sepx opt < 3 x RADEC_ERR. The 673 M dwarfs
from LG11-Gaia/eRASS1 are located in the lower right corner,
including the four stars that have a comoving companion (high-
lighted in yellow). Most of the remaining closest Gaia CTPs that
are not objects from our input catalog are located in the upper left
corner of the diagram, which defines the extragalactic region.

3.3. Comparison with the source identification with NWAY

As a cross-check on our source identification procedure, we com-
pared our lists of eROSITA-detected M dwarfs from eFEDS and
eRASS1 with the eROSITA sources identified with the NWAY
algorithm (Salvato et al. 2018). NWAY is an open-source” code
based on a Bayesian statistics that assigns the probability of
being the correct counterpart to every source within a certain

2 https://github.com/JohannesBuchner/nway

distance from the X-ray position. The probability is computed
taking into account spatial information (separation between the
sources, positional accuracy, and number densities) and priors
constructed using a training sample of X-ray sources with a
secure counterpart, regardless of their galactic or extragalactic
nature. Specifically, for eFEDS (Salvato et al. 2022), the prior
was built using optical and mid-infrared photometry from Gaia-
DR2 and the Legacy Survey DRS8 (LS8; Dey et al. 2019) using
20705 sources listed in the XMM-Newton serendipitous source
catalogue (3XMM; Rosen 2016). The trained prior was tested
on a sample of about 3500 Chandra sources that were assigned
artificial eROSITA positional errors. An NWAY match on this
simulated dataset indicated a purity and completeness in cor-
rect association of about 96%, and only 2% have a possible
alternative counterpart.

The comparison of our results with those of NWAY_LSS§
showed that all 14 eFEDS X-ray sources that we identified with
an LG11-Gaia star are associated with the same star by NWAY.
For eRASS1, the NWAY catalog is incomplete because it is lim-
ited to the sky coverage of the LS8 survey. For this reason, we
can compare the LG11-Gaia catalog and the result from NWAY
for only 382 out of 842 (~45%) eRASS1 sources. The compar-
ison is explained in detail in Appendix B. Here we present a
short summary for eRASS1, for which the matching was more
complicated.

We found an agreement for 93% of our sample. For the
vast majority of them (326), the eRASS1 source is identified
with our method and with NWAY to an LG11-Gaia M star. In
11 cases, however, we removed an LG11-Gaia star from our final
M dwarf list because it is not the closest counterpart to the X-ray
source. Here we are more conservative than NWAY because we
are restricted to the closest matches, and we therefore lose 3%
of the presumed M dwarf X-ray emitters from our final LG11-
Gaia/eRASS]1 catalog. On the other hand, NWAY-LS8 misses
11 LG11-Gaia stars that we confirmed by visual inspection
of sky images as plausible counterparts to the corresponding
eRASSI1 source.

Although the NWAY-LS8 eRASS]1 catalog is not yet com-
plete, we conclude that there is excellent agreement with the
results we found from our position-based approach. However, in
this preliminary version of the NWAY_LSS catalog for eRASS],
the coordinates are not corrected for possible proper motion of
the sources, resulting in a misidentification of the counterpart
for fast-moving objects, and for this reason, we consider our
association more reliable in the few dubious cases.

4. Data analysis for the eFEDS fields
4.1. eROSITA

M dwarf stars are soft X-ray emitters. In early versions of our
data reduction, we realized that no photons were collected at
energies above 5.0keV for the stars detected in our sample. The
lowest energy recommended to be used with eROSITA data
is 0.2keV (Predehl et al. 2021). Therefore, we performed the
analysis in the 0.2-5.0 keV energy band. In the following, we
explain the details of the data extraction and analysis regarding
the M dwarfs in the eFEDS fields.

4.1.1. Data extraction

We analyzed the eFEDS c946 processing data using the eSAS-
Susers_200602 software release. We extracted eFEDS data in
parallel with the construction of the official catalog, therefore
both the processing and the software release we used are not the
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Table 3. Basic X-ray parameters of the LG11-Gaia/eFEDS and LG11-Gaia/eRASS1 samples.

LG11 name RA_CORR DEC_CORR RADEC_CORR Sepxo,x ML_RATE O DET_ML_0
[deg] [deg] [arcsec] [arcsec] %1073 [cnts™!]

LG11-GaialeFEDS sample

PM 108551+0132  133.781820 1.540727 4.00 0.67 31.87+ 6.97 30.38

PM 108570+0103  134.270789 1.057574 4.61 5.36 14.96 + 5.06 10.24

PM 108590+0151  134.758412 1.864988 2.38 2.01 80.68 +10.13 113.11
LGI11-Gaia/eRASS1 sample

PM 100016—7613 0.416684 —76.230118 3.09 2.47 110.61 + 31.42 31.66

PM 100054-3721 1.395104 -37.370675 5.11 10.36 81.23 +34.24 11.28

PM 100082-5705  2.070065 -57.096650

4.86

6.41 79.60 +30.13 11.15

Notes. The data are from our own eFEDS X-ray source catalog and from the preliminary eRASS1 catalog, and they refer to the 0.2—-5.0keV band.

The full table is available at the CDS.

same as were published by the consortium. The data process-
ing provides seven events files in the whole eROSITA energy
band (0.2-10.0keV), one for each telescope and camera sys-
tem on board eROSITA. We merged the seven files to create
one single event and image file filtered for corrupted events in
the energy range 0.2—5.0keV. We calculated the exposure map
and the detection mask, which are needed for the source detec-
tion, in the same energy band. We computed the background map
with the erbackmap routine, using a smooth fit with a smoothing
value of 15. Source detection was performed using the ermldet
pipeline, for which we adopted a minimum threshold for the
detection maximum likelihood of 6.0.

We detected a total of 24 376 X-ray sources in the combined
four eFEDS fields. The slight difference with respect to the num-
ber of sources in the eFEDS_c001_V4_main catalog (27910
sources) is most likely to be attributed to the different param-
eters that were set in the extraction process. These differences
have no effect on our study, as we showed in Sect. 3.1, where we
anticipated our result for the identification of our M dwarf target
list with the eFEDS X-ray sources.

The basic X-ray parameters of the 14 M dwarfs detected in
eFEDS are given in Table 3. In particular, we provide the name
of the star in LG11 (Col. 1), the X-ray coordinates with their
uncertainty (Cols. 2—4), the offset between the proper-motion-
corrected optical position and the X-ray coordinates (Col. 5), the
0.2-5.0keV count rate obtained from the source detection pro-
cedure (Col. 6), and the detection maximum likelihood in the
same energy band (Col. 7).

We also carried out a spectral and temporal analysis for these
stars. To this end, we used the srctool routine and selected a
circular region for the source (with radius of 30" —40" depend-
ing on the source brightness). The analysis of the light curves
and spectra is explained in Sects. 4.1.2 and 4.1.3.

4.1.2. Spectral analysis

Spectral analysis was performed with XSPEC? version 12.10.
We carried out the spectral fitting only for the 10 out of the 14
detected sources that have more than 30 net source counts. We

3 XSPEC NASA’s HEASARC Software: https://heasarc.gsfc.
nasa.gov/xanadu/xspec/
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used a two-temperature thermal model (APEC*) except for one
star, which is the faintest of the stars for which we have a reason-
able spectrum and which can be described by a one-temperature
APEC model.

Each APEC component has three parameters: the plasma
temperature (kT), the global abundance (Z), and the emission
measure (EM). The emission measure is the square of the num-
ber density of free electrons integrated over the volume of the
emitting plasma, and it is obtained from the normalization factor
of the XSPEC fit combined with the source distance. We fixed
Z at 0.3 Z,, the typical coronal abundance for late-type stars
(Favata et al. 2000; van den Besselaar et al. 2003; Robrade &
Schmitt 2005; Maggio et al. 2007), and we left kT and EM free
to vary. We computed the mean coronal temperature (7 ean) by
weighting the temperatures of the individual APEC components
by their EM,

mean — Z (EMn) 5

where n = 1,2 for the two components of the best-fitting model.
The parameters of the best-fitting model including the values of
Timean are listed in Table 4, and the spectra are shown in Fig. C.1.
One of the ten stars is the binary discussed in Sect. 3.1 that is
unresolved with eROSITA, that is, the spectra of two stars are
summed. Because the masses of the two components are equal
(see Table 2), we can assume the X-ray spectra to be similar, and
therefore we treated this spectrum in the same way as the others.

We computed the fluxes in the 0.2—5.0keV band, fi, with the
flux routine provided by XSPEC. For all stars that are too faint
for spectral analysis, we calculated a conversion factor (CF¢ggps)
for transforming the count rate to flux. We defined CF.pgps as
the ratio of the flux and count rate of each source for which we
analyzed the spectrum. In particular, we used the fluxes com-
puted with XSPEC and the count rates we found in the source
detection. Then we calculated the mean value,

fx
Ct.Rate ) ' @

ey

(CFceDS) = mean(

4 More information about APEC model used by XSPEC software can
be found at https://heasarc.gsfc.nasa.gov/xanadu/xspec/
manual/nodel35.html
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Table 4. X-ray spectral parameters for the ten M stars in eFEDS with more than 30 counts in the 0.2—5.0keV band.

Name kT, log (EM)) kT, log (EM;) X%ed d.o.f. Tmean
[keV] [cm™3] [keV] [cm™3] [keV]
PM 10855140132  0.11 £0.03  50.75+0.37 - - 0.4 3 0.11 £ 0.03
PM 108590+0151 0.20+0.06 50.67+0.12 0.80+0.18 50.45+0.15 04 9 0.42 +0.07
PM 109034-0023 0.30+0.02 51.23+0.06 1.25+020 51.05+0.08 1.0 19 0.67 +£0.07
PM 109050+0226  0.23+0.03 50.67+0.07 0.99+0.16 50.40+0.07 0.8 8 0.50 +0.06
PM 109050+0250 0.50+0.23 4993 +0.27 549+-110 5039+0.22 1.2 5 4.22+0.82
PM 109161+0153  0.25+0.01 51.12+0.04 0.99+0.04 51.00+£0.03 1.2 25 0.57+0.02
PM 10920140347 1.00+0.06 50.60 +0.05 - - 1.2 12 1.00 + 0.06
PM 109205+0135 0.25+0.02 51.44+0.05 098+0.06 51.33+0.05 1.0 16 0.57+£0.03
PM 109238+0008 0.11+0.08 50.55+140 0.77+0.13 50.40+0.08 0.1 6 0.38 +0.07
PM 109308+0227 0.31+£0.02 50.73+0.06 1.22+0.20 50.44+0.11 0.5 10 0.62 +0.07
Notes. 10 uncertainties were computed with the ERROR pipeline provided in the XSPEC software package.
Table 5. Measurements of X-ray activity and rotation derived by us from eROSITA, ROSAT, and TESS data.
LGI11 name HR, HR, (log Ly)erosita  (og L)rosar  108(Lx/Lve)  TIC number P, flag p Ry
[ctss™']  [etss™!] [ergs™!] [ergs™!] [d]
LG11-Gaia/eFEDS sample

PM 108551+0132 -0.52 -1.00 27.10+0.10 -547+0.04 265373654

PM 108570+0103 0.10 -1.00 27.52+0.15 -4.87+0.04 265440550

PM 108590+0151 0.11 —-1.00 28.29 +0.05 -4.11 £0.04 -

LG11-Gaia/eRASS1 sample
PM 100016-7613 0.35 -0.90 28.09+0.12 -3.96+0.04 266878145
PM 100054-3721 0.63 —-1.00 26.15+0.18 -5.75+0.03 120461526

PM 100082-5705 0.04 -1.00 27.08 £0.16

-4.57+0.04 201287746

Notes. The full table is available at the CDS.

We excluded the two stars with d.o.f. < 5 (see Table 4) from
the calculation of the mean because the coronal temperatures we
derive for them are not typical of M dwarf stars, and this is likely
the result of the poor statistics of the spectrum. From the eight
stars with good-quality spectra, we obtained (CFpgps) = 7.81 X
1073 +7.48 x 107 ergent™ em™2.

We determined the X-ray fluxes of the four detected stars
without a spectral fit (i.e., those with fewer than 30 net counts)
and the two stars with a poor spectral fit by combining their count
rates with (CF¢ggps). The X-ray luminosities were determined by
combining the fluxes with the distances from Table 2, and the X-
ray to bolometric ratios, log(Lx/Lypo) in Table 5 were obtained
using the Ly, values derived with the relations of Mann et al.
(2015, 2016). The eFEDS X-ray luminosities are presented in
Table 5 together with the ROSAT and TESS parameters derived
in the following sections.

We verified with the eFEDS X-ray spectra that the L, val-
ues we calculated for the 0.2—-5.0keV band differ from those for
a softer energy band (0.2—-2.4keV) at a level of 1% or lower.
This can be easily understood from Fig. C.1, where the spec-
tra drop steeply above ~1keV. Therefore, we use the broader
standard eROSITA band in the remainder of this paper for
our eROSITA detections, also when we compare eROSITA and
ROSAT measurements.

4.1.3. Light-curve analysis

Each of the four eFEDS fields was scanned by eROSITA in
the direction of the longer side of the individual fields. Thus,
eROSITA has visited a given object within the eFEDS fields sev-
eral times with a time lapse between one and the next visit that
depends on the position of the object. As a consequence of this
observing mode, light curves of individual sources are defined
by short (<100s) intervals of data taking (called one ‘visit’),
separated by longer data gaps during which the satellite scans
through the rest of the field, turns around, and approaches the
source again. Generally, the length of the data gaps alternates
between two values, except for sources that are located in the
middle of the eFEDS fields along the scanning direction, where
all data gaps have an approximately equal length.

We performed the light curve extraction with the dedi-
cated source products pipeline, srctool, which is part of
the eSASS software. We worked in the energy band between
0.2 and 5.0keV, and we used the same source and background
regions as we adopted for the spectral analysis.

As explained above, in survey mode, a regularly binned light
curve is dominated by data gaps. We therefore used the REGULAR
option to produce light curves with regularly spaced bins in
which time intervals without data are automatically discarded.
We performed tests with different bin sizes to identify the best
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value for each source in order to avoid bins with a very low num-
ber of counts and a correspondingly large uncertainty because
they start near the end of a visit. As explained above, because
the visits are not regularly spaced, a large bin size was required
to reach this goal. The binning we determined from our tests is
between 1 and 3 ks; this was chosen individually for each source.
For stars located in the scanning direction near the edge of the
eFEDS fields, this means that we averaged over two successive
visits.

The light curves of all 14 stars from our sample that are
detected in the eFEDS fields are shown in Fig. D.1, where the
individual bin size is indicated for each star in the legend. The
uncertainties of the count rate are automatically calculated by
the eSASS pipeline, and they depend on the uncertainties of the
source and background counts, the fractional telescope collect-
ing area, and the fraction of the time bin that overlaps with the
input good time intervals (GTIs) that have been calculated by
the eSASS pipeline during the extraction of the events file. Dur-
ing its first and last visit, the source is located at the edge of
the field of view and the fractional telescope collecting area and
the fractional temporal coverage become smaller. Consequently,
the error bars increase.

A systematic analysis of the variability of all sources detected
in the eFEDS field is presented by Boller et al. (2022). This
variability study refers to all objects in the official eFEDS
source catalog, which comprises our 14 detected M dwarfs. We
extracted the variability metrics for these 14 stars from the cat-
alog of Boller et al. (2022). Specifically, this catalog provides
the normalized excess variance (NEV) as defined by Boller et al.
(2016) and its uncertainty. The eFEDS variability tests carried
out by Boller et al. (2022) on the full eFEDS sample were per-
formed on light curves with bin sizes of 100s. The ratio of
these two quantities represents the probability that the source
is variable in units of Gaussian o. We find that five of the
LG11-Gaia/eFEDS sample have a well-determined NEV and
its uncertainty. In the eFEDS fields, the net count statistics is
low for most sources, such that the NEV is unconstrained. Only
for one of the M dwarfs that is identified as variable is the
NEV o > 3, and another one has o > 2.5. These two stars are
PM109161+0153, the brightest star in our sample (in terms of
X-ray count rate), for which the visual inspection of the light
curve indicates a likely ongoing flare at the beginning of the
observation, and PM 109201+0347, which shows a smoother and
longer-lasting variability throughout the eFEDS light curve.

4.2. TESS

To retrieve TESS data, we uploaded our target list of the 14 M
dwarfs from the LG11-Gaia/eFEDS catalog to the Barbara A.
Mikulski Archive for Space Telescopes (MAST) interface and
found TESS data for 13 stars. We used the J2000 coordinates
from LG11 for the match, with a match radius of 1”. Because
the pixel scale of TESS is so large (21" per pixel), a P.M. correc-
tion or its omission does not influence the result. Many stars have
two TIC numbers, and we determined the correct TIC counter-
part by comparing the magnitudes of the multiband photometry
provided in the TIC with the values listed for the LG11 star in
Simbad and ESASky.

All but one of the 13 stars have short (two-minute) cadence
light curves. The remaining star was observed in full-frame
image (FFI) mode only. The observation of the eFEDS fields
was performed by TESS in its Sectors 7 and 8 during January
and February 2019, and we downloaded the data from the MAST
portal.
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4.2.1. Analysis of the two-minute cadence light curves

For our analysis, which consisted of three steps, we used the pre-
search data conditioning simple aperture photometry (PDCSAP)
light curves. TESS assigns a quality flag to all measurements,
including data that are of poor quality, but also data that might
be of lower quality or could cause problems for transit detec-
tion after applying a detrending software (Thompson et al. 2016).
Hence, removing all flagged data points by default could impede
the detection of real astrophysical signals or the interpretation
of systematics. Therefore, we removed all flagged data points
except those of ‘impulsive outliers’ (which could be real stel-
lar flares) and ‘cosmic ray in collateral data’ (bits 10 and 11) in
step 1 of the analysis. In a second step, we normalized the light
curves by dividing all data points by the median flux.

The third analysis step is the search for rotation periods. To
this end we used three different methods, the generalized Lomb-
Scargle periodogram (GLs; Zechmeister & Kiirster 2009), the
autocorrelation function (ACF), and fitting the light curves with
a sine function. We first used this approach on data from the
K2 mission, and all details on our period search can be found
in Stelzer et al. (2016) and Raetz et al. (2020). For the analy-
sis with GLs we had to bin the data by a factor of 3 because the
implementation we use’ can only deal with up to 10000 data
points.

4.2.2. Analysis of the full-frame images

Because one of our targets with available TESS data does not
have a light curve with a 2-min cadence, we decided to extract
the long (29-min) cadence light curves of all 13 targets from
the FFIs. To create a light curve, we performed aperture pho-
tometry. Instead of using all FFIs, we made use of the so-called
postcards, which are an intermediate data product from the FFI
analysis tool ELEANOR (Feinstein et al. 2019). Postcards are 148 X
104 pixel background-subtracted cutout regions of the FFIs that
are time-stacked, including all cadences for which observations
are available. We converted the postcard cubes into individual
fits images. Sectors 7 and 8 include 1093 and 968 cadences,
respectively. Photometry was performed following the proce-
dures described by us in Raetz et al. (2016), for instance. In short,
for the aperture photometry with ten different aperture radii, we
used a user script based on the standard IRAF routine phot. Our
script allows us to obtain simultaneous photometry of all stars in
an image. For this purpose, a list of the pixel coordinates of all
detectable stars was created using SOURCE EXTRACTOR (SEXTRAC-
TOR; Bertin & Arnouts 1996). As the positions of the stars on the
CCDs do not change during a sector, a single file with pixel coor-
dinates was used for all cadences. Finally, we derived differential
magnitudes using an optimized artificial comparison star (Broeg
et al. 2005). Because TESS has an image scale of ~21 arcsec per
pixel, we found the optimal aperture radius for all targets to be
2 pixels. The resulting light curves of sector 8 show strong sys-
tematic effects at the beginning of the observations and after the
observation gap caused by the data downlink at Earth perigee.
We removed all affected data points, leading to final light curves
with 1093 and ~650 data points for sectors 7 and 8, respectively.

The long-cadence light curves show smaller scatter than the
short cadence light curves. Figure 6 shows as an example the
comparison of the 2-min cadence PDCSAP light curve and the
30-min light curve extracted from the FFIs for PM 109034-0023
(TIC 893123) observed by TESS in Sector 8. Although the two
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Fig. 6. Comparison of the pipeline-produced PDCSAP light curve of
PM109034-0023 (TIC 893123, gray) and our own photometry (black)
extracted from the full frame images. Within the error bars, the two
light curves agree with each other, while the scatter is much larger for
the light curve with the two-minute cadence. The shape of the light
curve is different, however, which results in different estimates of the
rotation period.

light curves agree within their error bars, the scatter is much
lower in the FFI light curve. For this particular star, the FFI
light curve indicates a double-hump shape, in contrast to the sin-
gle sinusoidal shape in the PDCSAP light curve. Furthermore,
the detrending of the strong systematic effects of Sector 8 might
introduce artifacts that could cause an incorrect determination
of the rotation period. Therefore we applied the period search as
explained in the previous section to the long-cadence light curves
as well.

4.2.3. Note on the binary star

Our list of the 13 LG11-Gaia/eFEDS stars observed with TESS
includes the one close visual binary pair from Sect. 3.1. With
the large pixel scale of TESS, these stars cannot be resolved
individually. Consequently, the automatic pixel masks of the
short-cadence data that are centered on the stellar position are
slightly offset from each other, resulting in slightly different light
curves. For the FFI, we defined the pixel mask ourselves, and we
only created one light curve per binary pair.

4.2.4. Outputs of the light-curve analysis

For each target, we obtained six values for the rotation period:
three for the long-cadence light curves, and three for the short-
cadence light curves. By-eye inspection of the phase-folded
light curves determined the best-fitting period. If several meth-
ods resulted in a similar value, we computed the average. The
standard deviation was used to determine the uncertainties. In
addition, we used the formulas given in Gilliland & Fisher
(1985) to calculate an error for the rotation period. As the final
uncertainty, we adopted the maximum of the standard devia-
tion and the calculated error. We detected rotation periods for
five targets from the LG11-Gaia/eFEDS sample. By repeating
the period search on the residuals of the light curve after sub-
tracting the dominant period, we found that one star shows an
additional shorter period. Another star exhibits a double-hump
shaped light curve; we discussed this in Sect. 4.2.2. We excluded

these two stars with ambiguous period signal from our quantita-
tive analysis, although we show them in the figures with separate
symbols from the reliable sample. To summarize, only 3 of the
13 eFEDS M dwarfs have a reliable period detection, and they
represent our LG11-Gaia/eFEDS/TESS sample (see Table 1).
All of them are validated with the Mann et al. (2015) relations.
The most significant period is listed for all five stars in Table 5,
and a flag is provided for those that are not considered for the
reasons described above.

5. Data analysis for eRASS1
5.1. eROSITA

In principle, the same analysis steps described and carried out
for the eFEDS data in Sect. 4.1 can be applied to eRASS data.
However, we defer this in-depth study to a future work.

The X-ray parameters used in this work were directly
extracted from the eRASS1 catalog. We list in Table 3 the same
parameters as for the X-ray detections found in the eFEDS fields
for the 673 LG11-Gaia/eRASS1 stars. Next to the LG11 name
(Col. 1), we provide the X-ray coordinates with their uncertainty
(Cols. 2—-4), the offset between proper-motion-corrected opti-
cal position and the X-ray coordinates (Col. 4), the 0.2—5.0keV
count rate (Col. 5), and the 0.2—-5.0keV detection maximum
likelihood (Col. 6).

Because a systematic analysis of spectra and light curves
such as that of Sects. 4.1.2 and 4.1.3 is beyond the scope of
this work, we used the conversion factor (CF.rgps) derived from
the eFEDS data to compute the X-ray fluxes for the eRASS1
detected M dwarfs. X-ray luminosities and Ly /Ly ratios were
then determined with the distances and Ly, values from Table 2.
The Ly and Ly /Ly values are listed in Table 5, together with the
same parameters for the eFEDS detections.

5.2. TESS

Analogous to the case of eFEDS (Sect. 4.2), we loaded the list
of 673 X-ray detected stars from our LG11-Gaia/eRASS1 cat-
alog into MAST to define the sample of stars with TESS data,
and we matched it with the target list of TESS using the J2000
coordinates in LG11 with a match radius of 1”. We found that
476 of the LG 11-Gaia M dwarfs detected in eRASS1 have been
observed with TESS. We recall the all-sky nature of eRASSI,
which implies that the M dwarfs from this sample are distributed
over all TESS sectors. Of the 476 stars, 125 were observed in
multiple sectors. The subset of the LG11-Gaia/eRASS1 sam-
ple observed with TESS includes three of four comoving binary
systems from Sect. 3.2.

For the stars from the LGI11-Gaia/eRASS1 sample, we
examined only the two-minute-cadence TESS data in the way
described in Sect. 4.2.1. The adopted values for the rotation peri-
ods were determined with the procedure described in Sect. 4.2.4.

We were able to determine rotation periods for 217 stars,
but we consider 39 of these periods to be not reliable because
the period is longer than half the duration of the observation.
The periods of these stars are flagged in Table 5. Through
inspection by eye, we found that three more stars show a sec-
ond period that was not identified as the dominant period with
our period-search methods, and an additional three stars have
a light curve that looks double-humped like the light curve
in the eFEDS sample discussed in Sect. 4.2.2. We removed
these six stars from the sample, and we defined this sam-
ple as LG11-Gaia/eRASS1/TESS for our further analysis. This
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sample comprises 172 stars. We note that for completeness,
the removed six stars with ambiguous P;, are shown in the
figures distinguished with the plotting symbol from the stars
from the LG11-Gaia/eRASS1/TESS sample. The period with
the highest significance is given in Table 5, together with a
flag that identifies the stars that were removed from the rota-
tion sample as described above. Taking the calibration range
of Mann et al. (2015) into account, we obtained a validated
LG11-Gaia/eRASS1/TESS of 135 stars.

6. Results and discussion
6.1. eROSITA M dwarf population

We studied the X-ray emission of the M dwarfs from the LG11
catalog with matches in Gaia DR2 in two different eROSITA
surveys: the eFEDS observation, which covers 142 sq. deg in the
southern hemisphere, and the first full all-sky survey, eRASSI.
These two eROSITA samples together provide the X-ray lumi-
nosities of 687 M dwarfs, which exceeds our previously com-
piled sample (Magaudda et al. 2020) in size by more than a
factor of two, historical samples from RASS by a factor of
7 (NEXXUS; Schmitt & Liefke 2004), and the sample from
Einstein by a factor of 24 (Fleming et al. 1988).

Thirty objects in the list of 8229 main-sequence M dwarfs
provided by LG11 that have a Gaia DR2 counterpart are located
in the eFEDS fields. This matches the all-sky space density aver-
age (30 out of 142 = 8229 out of 41 253 stars per sq.deg) almost
exactly. We detected 14 of these 30 M dwarfs, which is nearly
50% of the sample. The average space density of X-ray detected
M dwarfs in the eFEDS sample therefore is 14 out of 142 =
0.10 stars per sq. deg.

Our analysis of the eRASS1 catalog has provided the largest
sample of X-ray emitting M dwarfs to ate, namely 673 stars,
which is a detection rate of 8.3% of our input sample LG11-
Gaia. The eRASSI1 space density of X-ray detected M dwarfs
is 673 out of 20626 ~ 0.033 stars per sq.deg (considering half
of the sky comprised in our version of the eRASSI catalog).
This is lower by a factor three than for eFEDS, which can be
explained by the shorter exposure time (on average) during the
all-sky survey.

The typical eFEDS exposure time is ~1 ksec per sky posi-
tion. The exposure time, and therefore the flux limit, during
eRASS strongly depends on the sky position and is there-
fore not a universal value for a sample distributed over the
sky. We can, however, give a rough value of fiimerass: ~
3 x 107 ergem™2s7!. At this value, the distribution of fluxes
detected for our M dwarfs drops steeply, and the flux of only
~2% of the detections is lower than this. Defining the flux
limit in the same way as for eRASS1 (i.e., as that value f;
that is exceeded by 98% of the stars in the sample), we find
SiimeFEDS ~ 2 X 107 erg cm~2s!, which is slightly deeper than
that of eRASS1. We therefore conclude that the eFEDS and
eRASSI detection statistics are qualitatively consistent with each
other. A more detailed comparison, however, is prohibited by the
low number statistics in the eFEDS fields.

6.2. Mass-dependence of activity and rotation

Both activity and rotation are known to depend on stellar mass.
While a detailed investigation of the rotation-mass relation has
come within reach with the Kepler mission, statistical samples
for X-ray to mass studies within a spectral subclass have not been
available so far. In Fig. 7 we show X-ray activity diagnostics and
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rotation periods versus stellar mass, that is, Ly — M, (left panel),
Ly/Lyoy — M, (right panel), and Py — M, (bottom panel) for
M dwarfs. For the X-ray to mass relations, we considered the
LG11-Gaia/eFEDS and LG11-Gaia/eRASS1 samples, while for
the P;o« — M, relation, we show the X-ray detected M dwarfs
with rotation period, that is, the LG11-Gaia/eFEDS/TESS and
LG11-Gaia/leRASS1/TESS samples and the stars with two peri-
ods (green symbols) that are not considered in our quantitative
analysis. We include in all panels data from Magaudda et al.
(2020) (in gray), which comprise new XMM-Newton, Chandra,
and K2 mission observations and a collection of results from the
literature that we updated in Magaudda et al. (2020).

The X-ray luminosities from Magaudda et al. (2020)
were extracted in the ROSAT energy band (0.1-2.4keV). As
explained in Sect. 4.1.2, our use of a different energy band
for the eROSITA data (0.2-5.0keV) does not bias the results.
Magaudda et al. (2020) extracted distances from Gaia-DR2 par-
allaxes (Gaia Collaboration 2016, 2018a) and validated them
using Lindegren et al. (2018) and our own quality criteria. To be
consistent with the LG11-Gaia/eROSITA samples, we retrieved
Gaia distances from BJ18, and for Fig. 7 and the subsequent
analysis in Sect. 6.3, we cleaned the sample from Magaudda
et al. (2020) by removing all stars that lack Gaia photometry
and/or distance and the nine upper limits presented in the orig-
inal sample. To calculate the stellar parameters, we followed
the recipes described in Sect. 3. Moreover, we identified and
removed 13 stars with Mg < 5mag. These updates are moti-
vated by a comparison of masses and spectral types analogous
to the one carried out for the LG11 catalog in Sect. 3. With
these restrictions, the sample from Magaudda et al. (2020, hence-
forth referred to as Gaia-Magaudda2020) includes 259 stars with
0.15 < M, /My < 0.85.

In Fig. 7 we consider the full mass range obtained from
the My, values of the stars, but strictly speaking, masses above
0.7 M, are not validated because the Mg values of these stars
are beyond the calibrated range of the relation from Mann et al.
(2015). We decided to show the full mass range because there
is no obvious qualitative change in the Ly — M, relation at this
boundary, and we take this as a justification to extrapolate the
underlying M, — Mk relation.

Figure 7 shows that for a given stellar mass, we observe
a spread of 2—3 orders of magnitude in the X-ray activity
level, except for the lowest (M, < 0.3 M) and highest masses
(M, 2z 0.7 M), where the spread is smaller. At the low-mass
end, only the upper part of the L, values is clearly detectable
in our flux-limited eROSITA observations, while the high-mass
end corresponds to the transition to spectral type K, which is not
fully sampled in the LG11 catalog. We calculated the median
and standard deviation in mass bins of AM, = 0.1 M, for the
combined M dwarf sample from the literature and from this
eROSITA study. The resulting values are overlaid on the data in
red for the validated mass range. In the intermediate-mass range,
which is best sampled by our catalog, the standard deviation is
~0.73 for Ly and ~0.75 for Ly/Ly,, in logarithmic scale. We fit
the two X-ray to mass relations for the combined literature and
eROSITA sample with a linear function in log-log space, find-
ing a slope of +2.84 +0.25 for Ly — M, and —0.10+0.10 for
Ly/Lyol — M. The best-fit relations are given in Table 6, and we
display the fits in Fig. 7. Interestingly, the historical study of M
dwarfs by Fleming et al. (1988) on a very limited sample (~30
field M stars with 0.15 < M, /M, < 0.6) reported a similar slope
to ours for the Ly — M, relation within the uncertainty. The num-
bers for the average X-ray activity level across all masses in the
M dwarf regime must be considered an upper limit because even
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Fig. 7. X-ray activity and rotation vs. mass: blue and pink show the eRASS1 and eFEDS M dwarf samples, respectively, and gray shows the revised
sample from Magaudda et al. (2020); see the legend inside the panels for other literature data and highlighted specific subsamples. In the top
panels, the median and the standard deviation of the data are presented in red for bins with a width of 0.1 M. Top left: X-ray luminosity vs. mass
and best fit (cyan). Top right: X-ray over bolometric luminosity vs. mass and best fit (cyan). Bottom left: rotation period vs mass; for the stars with
double-humped TESS light curves, the shorter of the two periods is shown.

in a volume of 10pc around the Sun, ~40% of the M dwarfs
are still undetected in X-rays (Stelzer et al. 2013). We show the
X-ray activity level for M, = 0.5 M, in Cols. 3 and 5 in Table 6.
We defer a more detailed discussion and comparison to literature
studies to Sect. 6.3.

In the bottom panel of Fig. 7, we inspect the Py, — M, rela-
tion of our samples in comparison to data from McQuillan et al.
(2013), which cover the mass range of 0.3—-0.55 M with selec-
tion criteria based on T and log g values from the Kepler input
catalog, and McQuillan et al. (2014), which is the extension of
that study to all stars with Teg < 6500 K. The rotation periods
of the sample from Magaudda et al. (2020) were extracted from
light curves of the K2 mission, the MEarth project, and ground-
based observations, and they cover a broad range of values from
0.1d to ~100d. As explained by McQuillan et al. (2014) and
Stelzer et al. (2016), the P, — M, relation shows a bimodal
period distribution for lower masses and an upper envelope of
the period distribution that increases for decreasing masses. Sim-
ilar results were found, for instance, by West et al. (2015) and

Newton et al. (2017) by studying the chromospheric activity of
M dwarfs through their Ha emission. They observed higher Py
for lower-mass stars (M, < 0.25 M), which also appear to be
less active than the more rapidly rotating and more massive
stars. In particular, Newton et al. (2017) proposed a mass-
dependent rotational period threshold for the ignition of the Ha
emission. Furthermore, they argued that the paucity of mid- to
late-M dwarfs with intermediate rotation periods in their sample
is probably caused by a period range over which stars quickly
lose angular momentum. The boundary between active and inac-
tive M stars coincides with the rotation period at which the rapid
evolution phase ceases, suggesting that the Ha emission and
M dwarfs with intermediate P, are connected. In the data com-
piled by Magaudda et al. (2020) (gray in Fig. 7), we encountered
the same paucity of M stars in the intermediate Py regime at
the lowest masses, and we confirm the upward trend for stars
with the longest periods and lowest masses.

The periods in our eROSITA and TESS samples are biased
because TESS stares at a given field for only about a month, and
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Table 6. Results obtained from fitting L, — M, and L/Ly, — M, for the full sample (LG11-Gaia-eFEDS, LG11-Gaia-eRASS1 and Gaia-
Magaudda20) and for the saturated subsamples, i.e., stars with P,y < Pgy; see Sects. 6.2 and 6.3 for details.

Sample Br.—m, log (Ly) (M, =0.5 M) BLJLoo~M, log (li};l) M, =0.5M,)
[erg s71]
Full +2.84 +0.25 28.37+0.07 —-0.10+0.10 -3.79+0.03
Saturated +3.10+0.27 28.89 +£0.08 +0.36 =0.25 -3.24+0.08

Notes. We show the slopes for the Ly — M, and Ly /Ly, — M, relations (Cols. 2 and 4), and in Cols. 3 and 5, the L,—, L, /Ly, level refers to the

mass distribution center (M, = 0.5 M,,).
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Fig. 8. X-ray activity-rotation relations. Left: X-ray luminosity vs rotation period with mass-color code in steps of 0.1 M. Right: X-ray luminosity
as a fraction of bolometric luminosity vs. Rossby number. See the legend, the caption of Fig. 7, and the text in Sect. 6.3 for the subsamples we

display.

we considered periods longer than about half the duration of a
sector light curve to be unreliable. The eROSITA/TESS sample
of LG11-Gaia stars is therefore located in the range of fast rota-
tors, which is a sparsely populated region in unbiased surveys for
stellar rotation periods. Interestingly, TESS covers this regime
entirely, that is, up to the transition (at P, ~ 10d) at which the
bulk of the M dwarfs are situated. With eRASS1, we added some
very low-mass stars with fast rotation to the P, — M, relation,
showing that the lowest-mass stars span the widest range of peri-
ods, and that the vast majority of rotation rates in between the
extremes have not yet been covered by X-ray observations for
this mass range.

6.3. Rotation-activity relation

In the previous section, we showed that with the new
eROSITA/TESS sample, we can study the regime up to Py ~
10d, which corresponds to the saturated regime in the rotation-
activity relation. Here, we present the X-ray activity-rotation
relation we constructed with the results obtained from eROSITA
and TESS observations of the validated LG11-Gaia sample,
combined with the stars of the sample from Magaudda et al.
(2020), revised as described in Sect. 6.2, which we also restricted
to the stars with Mg, in the calibration range of Mann et al.
(2015). This validated Gaia-Magaudda20 sample contains 197
M dwarfs. The plots of X-ray activity versus rotation diagnostics
are shown in Fig. 8.

Sections 4.2.4 and 5.2 showed that 489 out of 687
LG11-Gaia/eFEDS and LG11-Gaia/eRASS1 stars are detected
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eROSITA X-ray detection and are also observed by TESS obser-
vations. The sub-sample with reliable TESS rotation period
consist of 3 and 135 stars for eFEDS and eRASSI, respec-
tively. The new eROSITA/TESS data therefore nearly double
the sample that was previously available for studies of the X-ray
activity-rotation relation.

Previous studies (Pizzolato et al. 2003; Wright et al. 2011,
2018; Wright & Drake 2016; Magaudda et al. 2020) revealed
two different regimes of the rotation-activity relation: a sat-
urated regime for fast-rotating stars with P, < 10d, and an
unsaturated regime for slowly rotating stars with P, > 10d.
These two regimes are clearly present in Fig. 8, but the new
eROSITA/TESS samples cover only the saturated part. In the left
panel, we present the activity-rotation relation with a color-mass
code in bins of 0.1 M. In the saturated regime, a systematic
decrease in average X-ray luminosity with decreasing stellar
mass is evident, reflecting the trend that is seen in the direct
L, — M, relation for the full sample, which is displayed in Fig. 7.
A further investigation of the X-ray activity level in the satu-
rated regime through fitting the data in X-ray to rotation space
and a consideration of the sample biases will be presented by
Magaudda et al. (in prep.).

In the right panel of Fig. 8, we use the same color-code as in
Fig. 7 to distinguish the various samples used in this work for the
rotation-activity relation in terms of the X-ray fractional lumi-
nosity (Lx /Lyo1) versus Rossby number (Rg). The Rossby number
is defined as the ratio of the rotation period and the convective
turnover time (Tcony), Which is not a directly observable param-
eter. Here as well as in Magaudda et al. (2020), we adopted the
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Fig. 9. X-ray activity vs mass for the validated samples (see legend in Figs. 7 and 8) restricted to the saturated stars, i.e., stars with P, < 8.5d, best
fit (violet) and median plus standard deviation of the data (red) in bins of 0.1 M,,. The fit to the young stars in the Orion Nebular cluster provided
by Preibisch et al. (2005) is also shown, together with the standard deviation of this fit (green) and the best fit we found for the full M dwarf sample
presented in the top panels of Fig. 7 (cyan). Left: X-ray luminosity vs. mass. Right: X-ray over bolometric luminosity vs. mass.

empirical calibration of 7.,y With V — K magnitude provided
by Wright et al. (2018). The Rossby numbers obtained from the
TESS rotation period values are provided in Table 5. The right
panel of Fig. 8 shows that switching from the Ly — P,y Space
to the Lyx/Lyo1 — Ro space, the rotation-activity relation changes
its structure. For the eROSITA/TESS samples, the most relevant
difference between the two diagrams is the decrease in verti-
cal spread in the saturated regime when the X-ray luminosity
is normalized by the bolometric luminosity.

We can use the unprecedented statistics in the saturated
regime to examine the mass dependence of the X-ray emission of
fast rotators within the M spectral class. Fast rotators represent
the younger population of M dwarfs (age < 1 Gyr, according to
Magaudda et al.) for partially convective stars, and up to ~4 Gyr
for stars with M, < 0.4 M;). To this end, we defined a subsample
of M dwarfs by combining our new data and the revised validated
Gaia-Magaudda20 sample that we limited to stars with detected
rotation period that fulfill the criterion Py < Pgy = 8.5d. Here
Psy is the period at the transition from the saturated to the
unsaturated regime. Our adopted value for Py, is the one from
Magaudda et al. (2020) in their full M dwarf sample. Figure 8
shows that with this choice, we avoid including unsaturated stars.

The distributions of X-ray activity versus stellar mass for this
fast-rotator sample are shown in Fig. 9. As in Fig. 7, we also
display the median and standard deviation of the data in bins
with a width of 0.1 M. The linear fit obtained for these stars
(blue) yields a slope of 3.10+0.27 for Ly and 0.36 +0.25 for
Ly/Lyo (see Table 6). For comparison, we insert in Fig. 9 the
fits obtained in Sect. 6.1 for our full sample and the result of
Preibisch & Feigelson (2005), who performed the same type of
linear fit, but for the T Tauri stars in the Orion Nebular cluster
(ONC) with M, <2 M.

First, we can observe that the exclusion of unsaturated stars
barely changes the slope of the Ly — M, relation, but it con-
verts the marginally negative slope in Ly /Ly, — M, space into
a marginally positive one. The dedicated studies of slowly rotat-
ing fully convective stars by Wright & Drake (2016); Wright
et al. (2018) reported that the unsaturated regime is dominated
by the more massive M dwarfs, which have shorter spin-down
timescales, however. In the center of our mass distribution
(0.5 M), the X-ray / mass relation for the saturated subsample

is shifted by ~0.5dex to higher activity levels than in the full
sample. Because the full sample is likely still incomplete and
includes the saturated subsample, this poses only a lower limit to
the change in X-ray emission level between <1 Gyr and several
Gyr old M dwarfs.

The slope of Ly — M, we derived for our field M dwarfs is
significantly higher than the one for the ONC from Preibisch
et al. (2005) (Bonc = 1.44+0.10). The X-ray luminosities of
the Orion sample are shifted upward with respect to the field
dwarfs because of the young age of the ONC. The decrease in
Ly — M, relation between the ONC and our saturated subsam-
ple encodes the evolution between 1 Myr and <1 Gyr, which is
~2.0dex in logarithmic space for the low-mass end (~0.15 M)
and ~0.8dex at the high-mass end (0.7 My). In terms of nor-
malized X-ray luminosity, our two M dwarf distributions are
within the uncertainty of the Ly /Ly, — M relation of the ONC.
Remarkably, our saturated sample, which spans the same range
of periods as the ONC (e.g., Choi & Herbst 1996; Rodriguez-
Ledesma et al. 2009), is located in the upper half of the ONC
distribution, which means that the Ly /Ly, levels of fast-rotating
field M dwarfs are at least as high as thos of pre-main-sequence
stars. As noted by Preibisch et al. (2005), this apparently reduced
activity level for the pre-main-sequence stars arises because the
ONC sample includes accreting stars, which have lower X-ray
luminosities than nonaccretors.

6.4. Relation of coronal temperature to luminosity

In Fig. 10 we show the eFEDS M dwarfs whose X-ray tempera-
ture and luminosity were determined from the spectral analysis
(see Table 4) in a scatter plot. As we explained in Sect. 4.1,
we excluded the two stars with d.o.f. < 5 because the statis-
tics of their spectra is poor. For comparison, we also show the
results from Johnstone & Giidel (2015) for a sample of GKM
stars collected by these authors from the literature and the recent
XMM-Newton measurement for the planet host star GJ 357 from
Modirrousta-Galian et al. (2020). Star GJ 357 is a representative
of the faintest and coolest M dwarf coronae studied so far.

The stars from the Johnstone & Giidel (2015) sample are
among the most well-known dwarf stars in the solar neighbor-
hood, and for some of them, the stellar parameters have been
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Fig. 10. Coronal temperature vs. X-ray luminosity for M dwarfs
with eROSITA spectra (red circles), compared to FGKM stars from
Johnstone & Giidel (2015) (black circles) for which according to our
updated analysis there are six M dwarfs (filled circles and individually
labeled: 1 — AUMic, 2 — EVLac, 3 - ADLeo, 4 — YZCMi, 5 — Prox
Cen, and 6 — SCR 1845). Stars labeled low-mass (M, < 0.65 M) in
Johnstone & Giidel (2015) but which have SpT K are marked with a
cross. At the faint and cool end lies the planet-hosting M dwarf GJ 357
from Modirrousta-Galian et al. (2020) (blue circle).

determined very precisely in dedicated studies. However, for the
sake of homogeneity, we selected the M dwarfs from their sam-
ple with the same procedure, explained in Sect. 3, as we applied
to the full LG11 catalog. Specifically, we computed the SpTs
from Ggp — Grp (see Sect. 3 and footnote 1). This provided six
M dwarfs, the same as are given M spectral type in SIMBAD. We
note in passing that all of them except SCR J1845-6357 (hence-
forth SCR1845) lie within the validation range of the Mann et al.
(2015) relations. According to the literature, SCR J1845-6357 is
a late-M dwarf (SpT MB8.5; Robrade et al. 2010), and its Mk
value is slightly higher than the upper boundary of the range
calibrated by Mann et al. (2015). The six stars we selected have
M, < 0.7 Mg according to the Mann et al. (2015) relation. These
stars are highlighted as filled black circles in Fig. 10. Their X-ray
properties are adopted from Johnstone & Giidel (2015), except
for the X-ray luminosity of Prox Cen, for which we used the value
from Ribas et al. (2016), log L, [ergs™'] = 27.

The six M dwarfs from Johnstone & Giidel (2015) alone
delineate a rather well-defined correlation between T and Ly,
and GJ 357 is roughly consistent with an extension of this rela-
tion at the faint and cool end. We note that Johnstone & Giidel
(2015) have distinguished stars in two mass bins, above and
below M, = 0.65 M. They determined the stellar masses from
B — V colors using the evolutionary models of An et al. (2007).
In this way, they included four more stars in their low-mass
group with respect to the six we selected. In Fig. 10 these stars
are found among the open circles, where they are marked with
a cross. These stars have SpT early-K, and they are displaced
downward with respect to the M dwarfs.

The eROSITA sample comprises a narrow range of X-ray
luminosities that is limited by the sensitivity of the eFEDS obser-
vation. However, in contrast to the literature sample, the stars
from eFEDS display a significant spread in terms of Tx. As
explained in Sect. 4.1.2, the X-ray luminosities of the eFEDS
stars are insensitive to variations in the energy band within the
typical range of ROSAT and eROSITA data. The mean upward
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shift of the eFEDS sample is therefore unlikely to be the result
of an observational bias. Moreover, scatter is seen within the
eFEDS sample itself, which has been analyzed in a homogeneous
way. We caution, however, that the star with the highest 7 value
is the only one from the eFEDS sample that was analyzed with a
1-T spectral model, and it presents evidence for variability in its
light curve (see Appendix D).

A larger database of homogeneous coronal temperature mea-
surements for M dwarfs is needed to explore the Tx — Ly relation,
and in particular, its spread and a possible influence of flares. The
eRASS represents a such valuable database. While a detailed
spectral analysis of hundreds of M dwarfs detected in eRASS
will be presented in a later work, here we use hardness ratios
(HR) as a proxy for the coronal temperature.

6.5. eROSITA hardness ratios

The analysis of hardness ratios does not involve the stellar
parameters. Based on the argument put forth in Sect. 6.1, we
therefore also consider the stars outside the validation range of
the Mann et al. (2015) relations.

We used the three energy bands provided by the eRASSI
catalog, the soft (0.2-0.6 keV), medium (0.6—2.3 keV), and hard
(2.3-5.0keV) band, to define hardness ratios as follows:

_ Rate,, — Rate,
"~ Rate,, + Rate,
_ Rate, — Rate,,

2 = )
Rate;, + Rate,,

where HR; is the count rate ratio of the medium and soft
energy bands, while HR; is calculated between the hard and the
medium energy bands. The two hardness ratios are given for the
eROSITA -detected stars in Table 5.

In Fig. 11 we show the scatter plot of HR, versus HR; for
the LG11-Gaia/eRASS1 and the LG11-Gaia/eFEDS sample. A
large fraction of the stars (~60%) have no counts in the hard
energy band (HR, = —1), and most of them are clustered at
0.2 < HR; < 0.6 (~65% of the total sample). This range of
HR; includes all but two stars for which we analyzed the eFEDS
spectra. We thus can conclude that moderately positive values
of HR, are associated with soft plasma of <0.5keV. According
to Foster et al. (2022), this range of HR; values corresponds to
plasma of 0.2...0.35 keV. We caution, however, that their analy-
sis is based on a 1-T model, while our sample shows that two
temperatures are required to adequately describe the eROSITA
spectra of M dwarfs. Therefore, the calibration between HR; and
kT from Foster et al. (2022) may not be applicable to our sample.

Concerning HR;, the curious objects are those that are not
at the soft limit, that is, those with HR, > —1. They can be
broadly distinguished into two groups: one is clustered near the
HR, soft bound and intermediate HR; values (~30% of the
whole sample), and the other scattered throughout the param-
eter space (~10%). The first are likely represented by M dwarfs
with a slightly hotter corona than those at HR, = —1, while for
the second group, a plausible hypothesis for their harder spectra
is flaring activity. The analysis of all individual eRASS1 light
curves in a future study will allow us to further examine this
interpretation.

HR, 3)

HR “)

6.6. X-ray variability

We analyzed the eROSITA light curves of 14 M dwarfs detected
during eFEDS. While 12 of them did not show any signif-
icant variation, 2 showed a likely flare: an event ongoing at
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Fig. 11. eROSITA hardness ratios of LG11-Gaia M dwarfs detected in
eFEDS (filled pink diamonds) and in eRASS]1 (filled blue squares); see
text in Sect. 6.5 for the definition of the hardness ratios. We show the
CPM pairs in eFEDS and in eRASS1 samples in yellow.

the beginning of the observation for PM109161+0153, and a
smoother longer-lasting variability throughout the detection for
PM109201+0347. These results are also confirmed by the eFEDS
variability study performed by Boller et al. (2022). We refer to
Sect. 4.1.3 and Appendix D for more details.

An analysis of short-term variability in the much larger
eRASS1 sample is beyond the scope of this work. However,
we present here a comparison between ROSAT, eFEDS, and
eRASS1 X-ray luminosities based on the LG11-Gaia/eFEDS
and LG11-Gaia/eRASS1 samples. This study probes variability
on timescales of years. While the ROSAT all-sky survey (RASS)
predates the mean eRASS1 epoch by about 29 years (the mid-
dles of the surveys were on January 1, 1991, and March 10,
2020, respectively) eFEDS and eRASS1 differ by a few months.
eFEDS was carried out between November 4 and November 6,
2019, and eRASS1 started on December 13, 2019, and lasted for
six months.

6.6.1. Comparison between eFEDS and eRASS1

We found that six LG11-Gaia M dwarfs are detected with
eROSITA during eFEDS and eRASS1. We used the Ly values
calculated in Sects. 4.1 and 5.1 for eFEDS and eRASS]1 stars,
respectively.

In Fig. 12 we show the comparison between the observed
X-ray luminosities during the two different eROSITA epochs.
Two stars showed Ly higher by a factor of two during eRASS1
than during eFEDS. From the eFEDS light curves in Fig. D.1,
we know that PM109201+0347 was detected during a flare.
Therefore, the fact that the star was on average brighter during
eRASSI1 indicates that likely another, brighter flare occurred dur-
ing the all-sky survey. A flare during eRASSI is also a probable
explanation for the change in X-ray luminosity of the other star,
PM108551+0132. In a future work, we will examine the X-ray
variability of M dwarfs during eRASS in detail.

6.6.2. Comparison between eROSITA and ROSAT

For the comparison on longer (decades) timescales, we cross-
matched the LG11-Gaia/eFEDS and LG11-Gaia/eRASS1 sam-
ples with the ROSAT catalogs after correcting their Gaia-DR2
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Fig. 12. Comparison between X-ray luminosities observed during
eFEDS (log Ly creps) and eRASS1 (log Ly crassi1)- Lxerassi is more than
twice higher than Ly cprps for the two stars above the dashed red line.

coordinates with the proper motions to the mean RASS epoch
(January 1991). Following our conservative approach, we used a
search radius of 30", which is somewhat smaller than the val-
ues applied in other works on RASS data (e.g., Neuhaeuser et al.
1995). We found five stars from the LG11-Gaia/eFEDS sample
and 340 from the LG11-Gaia/eRASS1 sample in the Second
ROSAT All-Sky Survey Point Source Catalog (2RXS; Boller
et al. 2016). We converted the count rates listed in the ROSAT
catalogs into flux by adopting the ROSAT conversion factor
from Magaudda et al. (2020) (CF = 5.77x 10" 2 ergcm ™2 cnt™ ).
From the fluxes and distances, we then computed the X-ray lumi-
nosities observed with ROSAT (log Ly rosar), Which refer to the
0.1-2.4keV energy band. These values are presented in Table 5.

In Fig. 13 we show the comparison between Ly ¢rosita and
Ly rosar- We note again that this comparison is not affected by
the different energy bands used for data from the two instru-
ments. We find that 12 stars have Ly crosita > 2 - Ly rosat and
53 stars have Ly crosita < 0.5 - Ly rosar- All these variations are
significant, that is, the error bars do not reach to the 1:1 line. It
is striking that the X-ray luminosities in Fig. 13 are distributed
symmetrically around the 1:1 line for log L, [ergs™'] > 28, but
the distribution shows an upward curvature for lower luminosi-
ties. eROSITA has a higher sensitivity than the RASS. The flux
limit of eRASS1 is a factor 2—10 fainter than that of the 2 RXS
catalog; see values given by Boller et al. (2016) and Predehl et al.
(2021). Therefore, the stars at the eROSITA detection limit are
expected to be undetected during RASS, unless they were in
a higher activity state (e.g., a flare) during the ROSAT survey.
This is a likely explanation for the observation that at the faint
end the ROSAT luminosities are higher than those measured by
eROSITA.

In order to quantify the systematic deviation between the
brightness seen in eROSITA and RASS for low-luminosity
sources, we grouped log(Lycrosita) With a bin size of 0.5
and calculated the mean of the ratio of the luminosities
observed with eROSITA and with ROSAT for each bin,
{Lx crOSITA / Lx ROSAT )i, - In the bottom panel of Fig. 13 we show
the result of this statistical test, indicating the bin width (horizon-
tal green lines), the number of stars in each bin (label at the tops
of each data point), and the standard deviation of the mean of
Ly crosita/ Lx rosar 1n each bin as error bars. This ratio becomes
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Fig. 13. Comparison between the X-ray luminosities from eROSITA
(eRASSI1 and eFEDS) and those from ROSAT (RASS) for the LG11-
Gaia sample. Top panel: scatter plot. CPM pairs are highlighted in
yellow. Bottom panel: ratio of the eROSITA and ROSAT luminosities in
logarithmic bins of width 0.5 in X-ray luminosity, quantifying the sys-
tematic trend. Labels at the tops of the data points represent the number
of stars in each bin. The vertical bars are the standard deviations, and
the horizontal bars denote the bin width.

increasingly lower for lower Ly, and it is significantly lower than
one at the faint end. This systematic trend supports our above
interpretation as an effect of sensitivity limits combined with
intrinsic source variability.

7. Conclusions and outlook

We presented a comprehensive study of the X-ray activity of
M dwarfs and its relation with stellar rotation. The careful match
of our input target list, the proper motion catalog by Lépine &
Gaidos (2011), with Gaia DR2 data provides more reliable stel-
lar parameters for these stars than the values used in previous
studies on the same argument. Of the ~8300 nearby M dwarfs
from this LG11-Gaia catalog, ~8% have an X-ray detection in
the first eROSITA All-Sky survey, and this X-ray sample is
skewed to nearby stars (with a peak in their distance distribution
at ~20pc). A subset of only about 1 out of 4 of the eROSITA-
detected M dwarfs have detectable rotation periods in TESS light
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curves. We can therefore state that eROSITA X-ray measure-
ments are a much more sensitive diagnostic for magnetic activity
than star spot amplitudes measured with TESS.

From an eROSITA survey of the CalPV phase (the so-called
eFEDS fields), we derived the first coronal luminosities and tem-
peratures for M dwarfs obtained from eROSITA X-ray spectra.
The resulting rate-to-flux conversion factor was the basis for the
X-ray luminosities we determined for the faint majority of our
sample stars, and the same CF can be used in future eROSITA
studies of faint M dwarfs.

We examined the mass dependence of M dwarf X-ray activ-
ity on an unprecedentedly large sample, and we quantified its
slope (LX~M€, B = 2.84 £+ 0.25), which is considerably steeper
than the slope measured for the pre-main-sequence stars from
the ONC study of Preibisch et al. (2005) (Bonc = 1.4), and it
is offset toward lower luminosities by a factor that depends on
the mass, that is, on the 2.0 logarithmic dex for M, = 0.15 M,
and 0.8 dex for M, = 0.65 M,,. For a given mass, our validated
M dwarfs display a spread in Ly of 0.6 decades. The true scat-
ter is likely significantly larger because of the incompleteness of
eRASS1 and eFEDS related to the flux limit discussed above.

The most obvious candidate for explaining the broad range of
X-ray activity levels for a given M dwarf mass is a distribution
of rotation periods (and ensuing dynamo efficiency). Our X-ray
selected sample in the validated M dwarf mass range presents
periods between 0.10 and 8.35d, where the upper boundary
is mostly produced by the duration of the TESS campaigns
(~27d). The possible influence of the flux limit of eROSITA on
the P, distribution of the sample can be examined in a direct
study of the activity-rotation relation. We found that in the sat-
urated regime, which by coincidence reaches roughly up to our
period boundary of ~10d, the eROSITA data comprise some
stars with very faint X-ray emission (log Ly/Lpo ~ —4... — 5).
These are downward outliers in the saturated part of the rotation-
activity relation, and their origin needs further investigation. On
the basis of their log (Ly/Lyo) values, we might conjecture that
eRASS can reach into the bulk of the stars in the unsaturated
regime of slow rotators, but that facilities capable of provid-
ing longer periods must be used to detect their corresponding
rotation signal.

With respect to ROSAT, even the first all-sky survey of
eROSITA reaches lower X-ray activity levels, as we showed in
our direct comparison of RASS and eRASS1 luminosities for
the 345 M dwarfs that are detected in both surveys. These stars
are about half of the eRASS1 sample. The majority of the other
half that is not detected in RASS is near the eRASS1 detec-
tion limit (with ML_CTS_0< 20). Adding data from the other
seven eROSITA surveys will provide access to X-ray detections
of more and fainter M dwarfs in the near future.

Similarly, significant quantitative progress can be expected
in our understanding of the coronal temperature distribution in
M dwarfs, for which no statistical samples are available so far.
Our results from the spectral analysis of about a dozen X-ray
bright M dwarfs in eFEDS combined with the eROSITA hard-
ness ratios for the full (but mostly faint) X-ray detected sample
has shown that at least two-thirds of the eROSITA-detected
M dwarfs have typical coronal temperatures of ~0.5 keV (corre-
sponding to ~6 MK). Our analysis of eROSITA/eFEDS spectra
also shows that the relation between L, and 7 of M dwarfs is
poorly known so far. The huge number of relatively bright X-ray
emitters in eRASS may place new constraints on this, however.

Finally, eROSITA has opened a new window for variability
studies of coronal X-ray emission. Our comparison with RASS
data has confirmed the evidence from previous much smaller
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samples of M dwarfs (e.g., Marino et al. 2000) that large changes
of the X-ray luminosity are rare. Specifically, only 17% of our
combined eROSITA/RASS sample displays variability by more
than a factor of two between the two surveys. Because the most
obvious candidates for X-ray variability in M dwarfs are flares,
this low-variability amplitude clearly arises from the averaging
over survey exposures (typically 6—8 intervals of ~40 s duration
each and separated by ~4 h in case of eRASS). About one-third
of the 14 M dwarfs detected in the eFEDS have significantly
variable eROSITA light curves. Detailed studies of these short-
term light curves are required to extract better estimates for the
brightness scale of the variations. Moreover, the huge number of
these light curves that is available with eROSITA should enable
placing limits on the flare frequency of M dwarfs in the X-ray
domain for the first time.
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Appendix A: Identification of GaiaDR2
counterparts to the M dwarfs from LG11

We matched the LG11 catalog with the second data release of
the Gaia mission (Gaia DR2, Gaia Collaboration 2018b) using
the proper motions (P.M.) given in LG11 to correct the epoch
2000 coordinates provided in the LG11 catalog to the Gaia epoch
(J2015.5). Then we performed a multicone search with a search
radius of 3" around each target in LG11 with Topcar (Taylor
2005). In this step, we found 9638 Gaia entries for the 8889
LG11 stars, 736 of which have multiple matches (723 doubles
and 13 triples). To identify reliable Gaia counterparts and to
avoid sources in the search radius that do not belong to our tar-
gets (i.e., that are no companions to our targets), we used two
additional criteria.

Firstly, we calculated for all Gaia entries in our matched cat-
alog the total Gaia P.M. by taking the square root of the quadratic
sum of the proper motions in right ascension and in declination.
Then we computed the difference between the total LG11 proper
motion and the total Gaia proper motion. The histogram of this
proper motion difference shows a Gaussian shape with a sharp
edge at +0.2” /yr when only the stars with a single Gaia match
are considered. Therefore, we removed all Gaia counterparts
from the full list that show a proper motion difference outside
this range. This criterion reduced our catalog to 8779 entries,
440 of which show multiple Gaia matches. During this step,
all stars without proper motions given in Gaia DR2 were also
removed. As a second step, we converted the Gaia magnitudes
into J-band magnitudes (which we call Jg,i,) using the relation
given on the ESA webpage®. Then we calculated the difference
between the Two Micron All-Sky Survey (2MASS; Skrutskie
et al. 2006) J -band magnitude listed in the LG11 catalog and
Jcaia- Significant differences between these magnitudes can arise
when two adjacent Gaia sources are not resolved in 2MASS. The
two Gaia sources often form a common proper motion (CPM)
pair. Therefore, to keep in our catalog the CPM pairs with a
moderate J -band magnitude difference that are potentially com-
posed of two M stars, we removed all Gaia counterparts with
JGaia — J > 2 mag. After this removal of wrong identifications
and faint companions that are not relevant as a potential X-ray
source, the catalog contained 8489 entries, 169 of which still
show multiple Gaia matches. We note that in this step, all Gaia
counterparts without magnitudes in Gaia DR2 were removed as
well. The 169 multiple matches were checked through inspection
by eye using ESASky’ (Merin et al. 2017), and 150 of them were
found to be comoving pairs.

After the application of our selection criteria, 571 LG11 stars
were found to have no Gaia counterpart, either because their
Gaia data are missing or incomplete, that is, no proper motions
and/or no magnitudes are available in DR2. These stars were
removed during the cleaning process described above. To recover
the Gaia IDs for the targets with incomplete data, our initial 3”
multicone match was repeated for these 571 stars. We found that
414 of them have Gaia matches (but with incomplete photomet-
ric and/or astrometric information), and 33 of them have multiple
Gaia sources in the search radius. The multiple matches were
again checked with an inspection by eye, and we found that 30
of them are CPM pairs. As a final check for our match, we used
the cross-identification function of the SIMBAD astronomical
database (Wenger et al. 2000). We uploaded the list of target

6 https://gea.esac.esa.int/archive/documentation/GDR2/
Data_processing/chap_cu5pho/sec_cu5pho_calibr/ssec_
cuSpho_PhotTransf.html

7 sky.esa.int
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names from LGI1 and converted them into Gaia DR2
SOURCE_ID. The results of our match procedure explained in the
previous paragraphs and the output from SIMBAD were com-
pared, and if they were not consistent, an inspection by eye was
applied. (SIMBAD does not always provide the correct Gaia
ID for a given target, which is why we performed the match
procedure described above).

As the final result, we found 8917 Gaia counterparts for 8736
targets from the LG11 catalog. Gaia data are not available for
the remaining 153 LGI11 targets. The excess of Gaia counter-
parts represents the 180 stars for which we found common proper
motion companions of |[AJ| < 2 mag, one of which is a triple
system. These objects add to the binary stars that are listed as
resolved pairs in the original LG11 catalog (104 binary pairs).
Because the CPM companions discovered through our match of
the LG11 catalog with Gaia DR2 were added to our table, the
total number of objects in our target list is 9070 (8917 stars with
Gaia counterparts, including the CPM companions and 153 stars
without a Gaia counterpart).

Appendix B: Independent cross-check of the
source identification with NWAY

To examine the reliability of our position-based source iden-
tification procedure, we took advantage of the catalogs of
counterparts for eFEDS and eRASS1 identified within the
eROSITA_DE collaboration. For eFEDS, we used the catalog
presented by Salvato et al. (2022), where NWAY (Salvato et al.
2018) and ASTROMATCH (Ruiz et al. 2018) algorithms were
applied and tested. They found an agreement for 88 % in the
counterpart identification, with NWAY having higher complete-
ness and purity (above 96 %). In this catalog, less than 1 % of the
sources have a secure counterpart identified only by ASTRO-
MATCH. For this reason, we speak here only of NWAY. For
eRASSI, we used a preliminary catalog of counterparts that were
obtained with NWAY, ran with the same photometric priors and
astrometric setup as for eFEDS. The counterparts were identified
using the photometry provided in LS8, where images were cali-
brated to Gaia-DR2 and photometry was obtained in g, r, and z
bands from the three individual imaging surveys. In addition, the
photometry was forced at the optical positions on unWISE maps
for all sources detected in the combined grz image using the
TRACTOR algorithm from Lang (2014). For the bright sources,
the catalog lists the Gaia-DR?2 properties.

Appendix B.1: eFEDS

For eFEDS, we checked the counterparts of the 14 X-ray sources
that we associated with a LG11-Gaia M dwarf. The match with
the eFEDS NWAY catalog through the eROSITA unique source
identification shows that 12 of them have assigned the same
Gaia counterpart. The other 2 do not have a Gaia source ID in
the NWAY catalog for eFEDS source counterparts, but a sim-
ple cross-match in coordinates indicates a separation of less than
~ 0.01” between our counterparts and those listed in Salvato
et al. (2022), clearly demonstrating that these are indeed the
same sources. The failure to identify the Gaia CTP upon con-
struction of the NWAY catalog is due to the high P.M. of these
two stars.
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Appendix B.2: eRASS1

For eRASS1, we examined the 842 X-ray sources identified by
us with an LG11-Gaia star in the first step of our identification
procedure (see Sect. 3.2). We recall that our final list LG11-
Gaia/eRASS1 comprises only 673 stars, a subsample of these
842.

LS8 did not completely cover the eRASS1, and for this rea-
son, the comparison can be made only for 382 sources. Among
these 382 eRASS1 sources, 347 are associated in NWAY-LS8
with the same Gaia-ID that we found as closest CTP to the
eRASSI1 source, but 21 out of 347 are not our LG11-Gaia stars,
and we have disregarded them in our final catalog after the
reverse match. Of the remaining 35 eRASS1 sources that are
present in NWAY-LSS, five have a nonzero probability according
to NWAY-LSS for more than one optical counterpart to be asso-
ciated with this eROSITA source. For all of them, the LG11-Gaia
star is one of the possible counterparts. Moreover, NWAY-LS8
assings a different Gaia source to 19 objects (i.e., not our closest
CTP) as the most likely CTP, and the NWAY-LS8 counterpart for
the remainder (11 objects) is not matched to a Gaia-DR2 source.

It is important to consider that in the current version of the
NWAY-LSS catalog of the eERASS1 counterparts, no attempt was
made to correct the coordinates of the sources for proper motion.
This biasing the results specifically against the type of sources
that are presented in this paper. Therefore, we investigated the 11
objects without Gaia-ID in NWAY-LS8 through visual inspec-
tion on ESASKky, finding that the LG11-Gaia star is indeed the
best CTP for all. For example because its P.M. points towards
the eRASS1 position or because there is no other optical/NIR
bright object nearby. The lack of a CTP in NWAY probably
arises because of the high P.M. of the stars.

For the remaining 19 objects to which NWAY associates a
different CTP with the eRASS1 source than we did, NWAY-LS8
chose the LG11-Gaia star for 11, while we excluded these stars
from our final sample based on our reverse match, which showed
that they are not the closest CTP to the X-ray position. Another 3
are part of CPM systems for which NWAY-LSS8 chose the Gaia
ID of the companion, and for one, neither the object selected
with NWAY nor the LG11-Gaia star is the closest CTP to the
eRASSI source. For the 4 remaining eRASS1 sources, we dis-
agree with NWAY-LS8, which does not consider the LG11-Gaia
M dwarf as the best association, although it is the closest CTP.

To summarize, of the 842 eRASS1 sources with a LG11-
Gaia star in our 15" search radius, we were able to compare
382 with NWAY-LS8. NWAY-LSS8 disagrees with our results
for the counterpart for 1 % of X-ray sources that we associate
with a LG11-Gaia M dwarf (4 out of 382). On the other hand,
according to NWAY-LS8, we incorrectly discarded 3 % of the
LG11-Gaia stars (11 out of 382) in our reverse match because
they are not the closest counterpart to the X-ray position. NWAY-
LS8 missed 3 % (11 cases) of the LG11-Gaia stars because the
input catalog adopted for the identification of the counterpart
did not correct the coordinates of the moving sources for proper
motion. To conclude, the two methods of source identification
agree for 93 % of the objects.

Appendix C: Best-fit spectral model

Fig. C.1 displays the eROSITA spectra from the eFEDS observa-
tion for the ten brightest M dwarfs in the field, as discussed in
Sect. 4.1.2. The best-fitting model from Table 4 is overlaid, and
the bottom panels show the residuals between data and model.

Appendix D: eFEDS light curves

Fig. D.1 comprises the eROSITA light curves from the eFEDS
observation for the 14 detected M dwarfs in these fields. The tim-
ing of the data intervals in these light curves is a consequence of
the survey mode employed in the data acquisition for the eFEDS
fields and is described in Sect. 4.1.3.
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First eROSITA-TESS results for M dwarfs: Mass dependence
of the X-ray activity rotation relation and an assessment
of sensitivity limits
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Abstract
We present a study of the activity-rotation relation for M dwarf stars, using new

2INAF—Osservatorio Astronomico di
Palermo, Palermo, Italy

X-ray data from the ROentgen Survey with an Imaging Telescope Array (eROSITA)
on board the Russian Spektrum-Roentgen-Gamma mission (SRG), combined

Correspondence with photometric rotation periods from the Transiting Exoplanet Survey Satel-
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lite (TESS). The stars used in this work are selected from the superblink proper
motion catalog of nearby M dwarfs. We study the 135 stars with both a detec-
tion in the first eROSITA survey (eRASS1) and a rotation period measurement
from TESS jointly with the sample of 197 superblink M dwarfs re-adapted from
our previous work. We fit the activity-rotation relation for stars with rotation
periods shorter than ~ 10 d (saturated regime) using three mass bins. The sur-
prising positive slope for stars in our lowest mass bin (M, < 0.4Mg) is due to a
paucity of stars with intermediate rotation periods (~ 1 — 10 d), probably caused
by fast period evolution. The much higher fraction of eRASS1 detections com-
pared to stars that have also rotation periods from TESS shows that eROSITA
is also sensitive for slower rotating M dwarfs that are in the unsaturated regime
with periods inaccessible to TESS.

KEYWORDS

stars: Activity, stars: Late-type, stars: Rotation, stars: X-rays

1 | INTRODUCTION

convective motions of the outer stellar envelope (a) and
the stellar rotation (£2). As a consequence, cooler regions

Solar- and later-type main sequence and giant stars experi-
ence magnetic activity in the inner and outer atmosphere.
The mechanism that powers and enhances the magnetic
field in solar-like stars is known to be an aQ-dynamo,
that is, it operates with combined contributions of the

than the surroundings, so-called dark spots, form in the
photosphere, while brighter and hotter structures arise in
chromosphere and corona. The latter ones produce copi-
ous UV, X-ray, and radio emission. In later-type stars, close
and beyond the fully convective transition (SpT ~ M3), the
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mechanism driving the continuous formation and varia-
tion of magnetic fields is not well understood. An indirect
measure of this phenomenon is investigating the coro-
nal activity-rotation relation, typically expressed in terms
of the X-ray luminosity (Lx) as a function of the rota-
tional period (Py). Pallavicini et al. (1981) were the first
to investigate the coronal X-ray emission as a function of
rotational velocity for a wide range of stellar spectral types
(03 to M). Later, Pizzolato et al. (2003) focused their study
on late-type main-sequence stars with X-ray data from
the ROSAT satellite and P,y calculated from vsini mea-
surements. In this early work the activity-rotation relation
presents two different regimes: (1) saturated, where the
activity of fast rotators does not depend on rotation, and
(2) unsaturated, where the X-ray activity of slowly rotating
stars decreases with increasing rotation period.

In the most recent work from Magaudda et al. (2020)
we presented a comprehensive study of the relation
between rotation, X-ray activity, and age for ~ 300
M dwarfs. We homogenized data from the literature
(Gonzalez-Alvarez et al. 2019; Stelzer et al. 2016; Wright
et al. 2011, 2018; Wright & Drake 2016) and added in new
very sensitive observations from dedicated observations
with the X-ray satellites XMM-Newton and Chandra and
the photometry mission K2 from which we derived rota-
tion periods. We found a significantly steeper slope in the
unsaturated regime than previous works for fully convec-
tive stars and we confirmed a non-constant X-ray emission
level in the saturated regime, as first proposed by Reiners
et al. (2014).

In this article, we combine our previous results on
the X-ray activity-rotation relation (Magaudda et al. 2020)
with those obtained from new observations with the
extended ROentgen survey with an Imaging Telescope Array
(eROSITA; Predehl et al. 2021) on the Russian Spektrum
Roentgen-Gamma (SRG)! mission and the Transiting
Exoplanet Survey Satellite (TESS; Ricker et al. 2014).

We use the eROSITA and TESS sample compiled by
Magaudda et al. (2022), on the basis of the superblink
proper motion survey by Lépine & Gaidos (2011) (LG11,
~ 9000 M dwarfs), that we characterized with Gaia-DR2
data. We refer to Magaudda et al. (2022) for more infor-
mation on the derivation of our final catalog of LG11-Gaia
M dwarfs detected with eROSITA and with TESS observa-
tions. More details on the sample used for the analysis of
the activity-rotation relation treated in this work are also
given in Section 2, and we present the results in Section 3,
with an investigation of the possible observational biases
related to them. In Section 4, we summarize our conclu-
sions and give an outlook to future studies in this field.

Thttp://srg.iki.rssi.ru/?page_id=676&lang=en.

2 | SAMPLE

We selected M dwarfs from the superblink proper motion
catalog of nearby M dwarfs from Lépine & Gaidos (2011)
choosing only stars with complete photometry from the
second data release of the Gaia mission (Gaia DR2, Gaia
Collaboration et al. 2018) and distance from Bailer-Jones
et al. (2018) (hereafter LG11-Gaia). In particular, we study
the X-ray emission of our LG11-Gaia sample during the
first eROSITA All-Sky survey (eRASS1). We use the prelim-
inary catalog produced by the eROSITA consortium that
is based on data collected from December 2018 to June
2019. We retrieve Py, from TESS light curves with 2-min
cadence. A complete discussion of the eROSITA/TESS
source identification and data analysis is found in
Magaudda et al. (2022).

The sample used in this work includes the LG11-Gaia
M dwarfs detected with eROSITA and with reliable
Py from TESS light curves. We refer to it as the
LG11-Gaia/eRASS1/TESS sample. The relations we used
to calculate stellar parameters (Mann et al. 2015, 2016) are
valid for stars with 4.6 < Mg < 9.8 and 0.1 < R,/Ry < 0.7,
therefore we keep only the sub-sample for which
these conditions apply and we call it the “validated”
LG11-Gaia/eRASS1/TESS catalog.

Next to the ‘validated’ LG11-Gaia/eRASS1/TESS sam-
ple we use the MagauddaGaia20 catalog, that was selected
from the one used in Magaudda et al. (2020) where for con-
sistency we consider only X-ray detected sources (i.e. we
disregard all upper limits) with complete Gaia-DR2 and in
the validity range of the relations from Mann et al. (2015,
2016), amounting to 197 stars.

3 | RESULTS & DISCUSSION

3.1 | The X-ray activity-rotation relation

New data from the eROSITA and TESS satellites provide
unprecedented statistics of fast rotating M dwarfs located
in the saturated regime of the X-ray activity-rotation rela-
tion. In Figure 8 from Magaudda et al. (2022) we can
appreciate the capability of eROSITA in detecting stars. In
fact, the amount of X-ray detected stars we present in Mag-
audda et al. (2022) is the largest to date for M dwarfs in
the saturated regime (Pyo¢ < 10 d), and extends to the low-
est X-ray luminosities measured for fast rotators so far. The
absence of stars with higher P, is explained by the dura-
tion of the TESS campaigns (~ 27 d) which impedes the
detection of periods of slower rotators, and consequently
a study of the non-saturated region of the relation. Thus,
our new analysis is focused on the saturated regime, where
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we added the new “validated” LG11-Gaia/eRASS1/TESS
sample to MagauddaGaia20.

In Magaudda et al. (2020) we provided a statistical anal-
ysis of both the saturated and the unsaturated regimes.
Therein we analyzed the activity-rotation relation first
for the whole sample and then derived it within three
mass bins, (1) M,/Mg>0.6, (2) 0.4<M,/Mg<0.6, and
(3) M, /Mg <0.4.

Following that work, we analyze here the Ly — Py rela-
tion in the saturated regime of the full new sample, that
is, ‘validated’ LG11-Gaia/eRASS1/TESS plus Magaudda-
GaiaZ20 stars, and then in individual mass bins.

In the analysis of our new sample across the whole
‘validated’ mass range we use the transition from the sat-
urated to the non-saturated regime found in Magaudda
et al. (2020) for the full mass sample (Psy; = 8.5 d) to define
the saturated region for the sample. We performed a power
law fit to the Ly — Py data for the full new sample. The
best fit parameters are listed in Table 1 and the value for
the slope is also shown in Figure 1. Surprisingly, a positive
slope is found, i.e. Ly increases with increasing P, con-
trary to all previous studies of the saturated regime that
found Ly ~ const or a slightly decreasing slope (Magaudda
et al. 2020; Reiners et al. 2014).

TABLE 1  Best fit parameter results
Mass bin Nstars S Intercept [erg/s]
Full sample 242 +0.12 +0.06 28.78 +0.03
M, /Mg>0.6 56 —0.05+0.09 29.36 +0.03

04<M,/My<0.6 120 —0.19 £0.06 28.90 +0.03

M,/Ms<0.4 72 +0.24 +0.07 28.18 +0.04
31
.
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FIGURE 1 The X-ray activity-rotation relation for the sample

of this work, where new X-ray data from eROSITA and photometric
rotation periods from TESS were added to the sample presented by
Magaudda et al. (2020). The power law fit in the saturated regime,
Pyt < 8.5d (red dashed line), and its slope § are shown

Nachrichten

To examine potential observational biases, we ana-
lyzed the relation in three different mass bins, each
with its own maximum period for the saturated regime
(Protsat) from the analysis performed by Magaudda
et al. (2020). In particular, Protsat (Myx/Mg > 0.6) = 5.2 +
0.7d, Protsat (04 <M, /My <0.6)=11.8+2.0d and
Protsat My/Mg < 0.4) = 33.7 +£4.5d. In Figure 2 we show
the results of the power law fits for the three mass bins,
and the best fit parameters are, as before, listed in Table 1.
It is evident that the slope is positive only in the lowest
mass bin. In this bin Ly covers a wide range, going from
the minimum Ly-level detected for M dwarfs with very
short P, measurements (Pyo¢ < 0.5 d) to almost its maxi-
mum value. In the bottom panel of Figure 2 we present the
Ly — P, relation for the lowest mass bin with a M, -color
code. Here we can see that the period distribution of very
low mass stars (M, /Mg <0.2) is composed of stars with
very short or very long Py (in the saturated and unsat-
urated regime, respectively). Observational biases are
strong as already mentioned in Magaudda et al. (2020)
and Magaudda et al. (2022): very long rotation periods are
taken from Wright et al. (2018) who selected data from
the MEarth project to study the slow rotator regime. TESS
observations provide periods shorter than ~ 15 d because
TESS monitors a given field for only about a month, and
we considered reliable all P,y shorter than about half the
duration of a sector light curve. However, these biases
cannot explain the absence of stars with P, 1 —10 d
that is present in these very low mass stars (M, /Mg < 0.2).
The paucity of very low mass M dwarfs with intermedi-
ate rotation periods is probably caused by fast angular
momentum loss that carries the stars in little time from
being fast to slow rotators (Newton et al. 2017). Hence,
in this scenario it is intrinsically rare to observe late M
dwarfs with rotation periods of ~ 1 — 10 d.

In the highest and the intermediate mass bins the
Ly — Py relation shows a marginally negative slope
(Phigh = —0.05+0.09 and fin; = —0.19+0.06) more in
line with previous estimates, although slightly smaller
than what we found in Magaudda et al. (2020), where
ﬂhigh =—-0.17+0.14 and ﬁint =-0.39+0.13.

3.2 | eROSITA detection sensitivity
Through the study of the activity-rotation relation in
Section 3.1 we encountered observational biases that call
for a thorough investigation of the eROSITA detection
statistics for the different mass bins.

The LG11-Gaia sample, with stellar parameters that
are within the validation range of the relations from
Mann et al. (2015, 2016), counts 7319 stars with complete
Gaia-DR2 data, that is, photometry and distance. Eight
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FIGURE 2 L, — P, relation and power law fits in the stellar mass bins defined in Section 3.1

percent of this sample is identified with eRASS1 sources,
and ~6% is detected in eRASS1 and has a TESS 2-min light
curve. We extracted reliable Py from TESS light curves for
135 stars. This corresponds to ~2% of the whole LG11-Gaia
sample and 23% of the eRASS1 detections. Thus, as we
mentioned in Magaudda et al. (2022), monitoring coronal
X-ray emission with eROSITA is more efficient in identi-
fying stellar magnetic activity than photometric starspots
with TESS.

To investigate the eROSITA detection statistics we
explored the distance (Distgy;g) and mass distributions of
the different samples, and how they relate to the detection
efficiency of the instrument.

We separated the LG11-Gaia sample into the three
M . -bins used in Section 3.1. In Figure 3 we distinguish the
complete LG11-Gaia sample (gray histogram) from those
sources detected with eROSITA and those having both an
eROSITA detection and reliable TESS Py (red and green
histograms, respectively). The LG11-Gaia catalog consists
of nearby (Distgy1s < 100 pc) and bright (J <10 mag) M
stars according to the selection criteria adopted by Lépine
& Gaidos (2011). In Figure 3 the maximum distance is
indeed ~ 100 pc with 0.05% outliers with distances up to
~ 250 pc for massive M dwarfs and it decreases for lower
mass stars that are fainter.

From Figure 3 we see that the eRASS1 distance limit
is only slightly lower than that of the LG11-Gaia cat-
alog as a whole, but the fraction of eRASS1 detections
decreases with distance. This is quantified in Figure 4

where we present the fraction of X-ray detected LG11-Gaia
M dwarfs vs distance separately for the three M,-bins. In
other words, we show the ratio between the red and the
gray histograms of Figure 3. As a measure for the statis-
tics, we indicate the number of X-ray detected stars in each
distance bin attached to the plotting symbol. From this
representation, it is evident that at a given distance the
fraction of eRASS1 detected stars decreases with decreas-
ing mass. Apart from one outlier in the intermediate mass
bin, the detection fraction for lower distances reaches up
to ~#30% while it is <10% for distances beyond =~ 20 pc.

Comparing the eRASS1 sample to the subsample that
also has reliable rotation periods from TESS (red and green
histograms in Figure 3) we can see that there is no clear dif-
ference in their distance limit, but the amount of detected
stars in the eRASS1 sample is larger than the one in the
subsample with reliable Py, especially for the highest
mass bin. In Figure 5 we show the Ly distribution for M
dwarfs with M, /Mg > 0.6 for the eRASS1 sample with the
one for eRASS]1 stars with reliable P, (same color code as
in Figure 3). We see that periods have been detected only
in the stars with the highest log Ly (> 29.0 erg/s). Accord-
ing to the activity-rotation relation for the highest mass
bin (top left panel in Figure 2) stars with Ly < 29 erg/s
are expected to have P,y > 10 d. We have verified that the
situation is similar for the intermediate-mass bin. There-
fore, except for the lowest-mass M dwarfs, eRASS1 can
detect X-ray emission from unsaturated stars, for which we
cannot detect rotation periods with TESS.
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histograms in Figure 3, calculated for each mass bin. We indicate
the number of stars in each bin for the eRASS1 detections, that is,
the LG11-Gaia/eRASS1 sample

To further investigate how the capability of TESS for
detecting rotation periods depends on other parameters
we show in Figure 6 a diagram of X-ray luminosity versus
TESS magnitude? (Tmag). Stars for which we were able to
derive Py values are highlighted in red. We show the rest
of the eRASS1 sample with a mass color code. From this
representation we see (1) that rotation periods are mostly
found for stars with high Ly-level as already shown in
Figure 5 and (2) that very few rotation periods are detected
on optically bright stars (T, < 9 mag). This is surpris-
ing at first sight, as rotational modulation should be easier
to identify in stars with brighter T magnitude due to the
higher photometric precision.

*We have calculated Ty,,, with the conversion from Gaia photometry
provided by Stassun et al. (2019).
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FIGURE 5 X-rayluminosity distribution for the highest

mass bin of LG11-Gaia stars detected in eRASS1 compared to that
of the subsample with reliable P,

We first focus on early M dwarfs (yellow and green in
Figure 6). It is clear that there is a lack of optically bright
(Tmag < 9 mag) stars with log L, [erg/s] 2 28. The optically
brightest stars sample the shortest distances. Thus, by the
absence of stars in the upper left of Figure 6 we conclude
that the sample is devoid of very nearby early M dwarfs in
the saturated regime. This can be explained if at least for
the two higher-mass bins, the unsaturated regime holds
many more stars than the saturated regime (represented
by the yellow and green objects at bright Tp,, but low
Ly). In fact, in the large sample of M dwarfs analyzed by
McQuillan et al. (2013, 2014) and based on 3 years of Kepler
data the period distribution shows an upper envelope that
increases for decreasing masses. In particular, stars in the
mass range studied in this work are largely detected in
the saturated regime (Pry S 10 d). For the lowest mass
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diamonds)

stars (M, < 0.4M) the T magnitude distribution is simi-
lar than that of the higher-mass stars but shifted to lower
L. However, here the absence of period detections in the
optically brighter (more nearby) stars is due to the fact
that these have low Ly values, that is they are unsaturated
and their periods are undetectably long for TESS. Opti-
cally fainter—that is more distant—stars at the same (low)
X-ray luminosity are entirely absent from the sample (see
the void of objects in the lower right of Figure 6) because
they are beyond the eRASSI1 flux limit.

4 | CONCLUSIONS

We investigated the X-ray activity-rotation relation for M
dwarfs combining the sample from Magaudda et al. (2020)
with new X-ray data from eROSITA and photometric rota-
tion periods extracted from TESS light curves. We per-
formed a power law fit of the saturated regime in three
mass bins, finding that stars with M, < 0.4 M show a pos-
itive slope due to the paucity of mid-to-late M dwarfs with
intermediate rotation periods (Newton et al. 2017). Past
studies (e.g. Jeffries et al. 2011; Prosser et al. 1996) pro-
posed a so-called “super-saturation” regime where at very
fast rotation rates (and low Rossby number) the coronal
activity isreduced. The rising slope that we find in the right
panels of Figure 2 is driven by the lowest mass stars (M, S
0.2M;). However, we cannot ascertain whether some of
them represent supersaturated downward outliers because
of the absence of stars with the same mass at intermediate
periods (~ 1 — 10 d) mentioned above.

In the course of our investigation of sensitivity limits,
we explored the mass and distance dependencies finding
that: (1) at a given distance the fraction of eRASS1 detec-
tions decreases with decreasing stellar mass, a result of the
mass-dependence of Ly and the eRASS1 sensitivity limit.
(2) eROSITA is sensitive to detect stars with larger rota-
tion periods that are not detectable with TESS, (3) for
early M dwarfs the saturated regime is very poorly sampled
with a very small sky volume indicating that in this mass
range the majority of stars are unsaturated, that is, they
are already in an evolved phase of their spin-down history
consistent with Kepler P,-distributions.

Clearly, several observational biases mix with intrinsic
distributions of X-ray activity and rotation periods. Here
we have presented a first assessment of such effects that
require a more detailed study in the future.
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