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Stellar magnetism-space weather 
relation

Open questions & future prospects 
with PLATO

Outline
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Stellar outflows: effects on 
planetary magnetospheres2
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Stellar magnetism is probed with different techniques
‣ Zeeman broadening (ZB): probes unsigned average surface magnetic field (integrated light) 
 
 
 
 
 
 
 

‣ Zeeman-Doppler imaging (ZDI): probes magnetic field topology & intensity (spectropolarimetric 
monitoring) 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Small- and large-scale fields: (seem to have) similar trends with rotation
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Fig. 5. Magnetic field–rotation relation for solar-like and low-mass
stars. Symbols for stars rotating slower than Ro = 0.13 are colored red,
while those of faster rotators are colored blue. Larger and darker sym-
bols indicate higher stellar mass than smaller and lighter symbols. The
gray dashed lines show linear fits separately for the slowly rotating stars
(Ro > 0.13; hBi = 200 G⇥Ro�1.25) and the fast rotators (Ro < 0.13;
hBi = 2050 G⇥Ro�0.11). Downward open triangles show upper limits
for hBi.

Table 2. Relations between average magnetic field strength, hBi (in G),
and Rossby number, Ro, and between magnetic flux, �B (in Mx) for the
slow rotators (and the ratio hBi/Bkin for the fast rotators), and rotation
period, P (in d).

Slow rotation (Ro > 0.13)

hBi = 199 G ⇥ Ro�1.26±0.10

�B = 5.21 1026 Mx ⇥ P�1.25±0.07

Fast rotation (Ro < 0.13)

hBi = 2050 G ⇥ Ro�0.11±0.03

hBi
Bkin
= 1.11 ⇥ P�0.16±0.04

stars (see Fig. 4). Among them, some of the more massive stars’
field strengths seem to depend less on Ro than the overall trend,
but this speculation rests on very few data points only.

An alternative view on the rotation–activity relation is the
scaling of chromospheric or coronal emission (non-normalized
instead of normalized) with rotation period (instead of Rossby
number). Such a scaling was suggested by Pallavicini et al.
(1981), and Pizzolato et al. (2003) pointed out that the con-
vective turnover time approximately scales as ⌧ / L�1/2

bol . This
parameterization is in general agreement with theoretical pre-
dictions (Kim & Demarque 1996), but it is not obvious to what
extent this justifies conclusions about the nature of the dynamo
because ⌧ likely depends on other parameters as well. Further-
more, the relevant ⌧ may exhibit a discontinuity at the fully
convective boundary (Cranmer & Saar 2011), although so far
no evidence for such a discontinuity was found (Wright et al.
2018). The scaling of ⌧ with Lbol implies that a relation between
normalized emission (Lactivity/Lbol) and Rossby number (P/⌧)
is equivalent to a relation between Lactivity and rotation period.
Furthermore, saturation of activity at a fixed Rossby number

Fig. 6. Alternative version of the rotation–magnetic field relation. Top
panel: ratio of average field, hBi, to kinetic field limit, Bkin, as function
of rotation period. Stars rotating faster than the saturation period are
colored blue, while other stars are shown in gray. Bottom panel: mag-
netic flux, �B. Stars rotating slower than the saturation limit are colored
red, while faster rotators are shown in gray. Symbols and colors are the
same as in Fig. 5. See text for details about Bkin.

is equivalent to saturation at a fixed value of Lactivity/Lbol (see
Reiners et al. 2014).

We investigated scaling laws equivalent to the relation
between average magnetic field and Rossby number (Fig. 5) and
show an alternative view on the rotation-magnetic field relation
in Fig. 6. In its upper panel, we show the ratio between the
average magnetic field, hBi, and the kinetic field strength limit
(Reiners et al. 2009b),

Bkin = 4800 G ⇥
 

ML2

R7

!1/6

, (1)

with M being the stellar mass, L luminosity, and R radius,
all in solar units. This expression estimates the maximum
field strength under the hypothesis that energy flux deter-
mines the magnetic field strength in rapidly rotating stars
(Christensen et al. 2009). We find that the observed average field
strengths in the rapid rotators indeed populate a relatively nar-
row region with values hBi ⇡ Bkin. We also find that the ratio
hBi/Bkin shows a mild dependence on rotation with a power law
coe�cient that is significantly di↵erent from zero (see Table 2).
Stars rotating slower than the saturation limit (gray symbols in
the upper panel of Fig. 6) fall short of this relation. For these non-
saturated stars, however, their magnetic flux, �B = 4⇡R2B, fol-
lows a relatively close relation with rotation period, as is shown
in the lower panel of Fig. 6.

In the non-saturated stars of our sample, magnetic flux shows
a clear dependence on rotational period. We report the relation
between �B and P in Table 2 and indicate the relation as a
dashed line in the lower panel of Fig. 6. A group of stars at
P < 6 d shows a somewhat di↵erent behavior, with values of
�B significantly below the overall trend. The group consists of
relatively massive stars from the young Sun sample that may
indicate an additional mass- or age-dependence, or that may be

A41, page 8 of 13

Reiners et al 2022

Zeeman broadening (small+large scale)Zeeman-Doppler imaging (large scale)

<|BI|>∝Ro-1.26±0.10
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• Flux cancelation of unresolved regions (small 
scale) of opposite polarity field causes this 
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The diversity of star-planet interactions

7
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see Vidotto (2025, ARAA)
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Stellar magnetism at the heart of these interactions
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Large-scale 
stellar magnetic 
field connects 

stars and planets

closed configuration. In both cases, though, Alfvén wings
develop, symbolized by the blue (cA

-) and red (cA
+) streamlines

of the Alfvén characteristics. The expected theoretical inclina-
tion angle AQ between the ambient magnetic field and the
Alfvén wings is shown by the magenta dashed lines and is

given in those cases by (Saur et al. 2013)
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Figure 2. Three-dimensional views of the aligned (top row), anti-aligned (middle row), and perpendicular (bottom row) configurations. The volume renderings
represent the postive (red) and negative (blue) parallel currents (Equation (8)) delimiting the Alfvén wings. The volume is extruded from the star–planet plane to make
its internal structure apparent. As a result the upstream–downstream asymmetry of the interaction is not visible; it will appear more clearly in Figure 3. The stellar wind
magnetic field lines are logarithmically color-coded with the magnetic field strength, and planetary magnetic field lines are shown in gray. The dashed black circle
traces the orbit of the planet. The blue sphere represents the planet boundary, and the orange sphere the stellar boundary.

6

The Astrophysical Journal, 815:111 (14pp), 2015 December 20 Strugarek et al.

Strugarek et al 2015

see Vidotto (2025, ARAA)
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Strugarek et al 2015

Vidotto et al 2023
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Stellar wind-activity trends & evolution

9

Vidotto 2021
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for solar-like stars only

(data from: Wood, Jardine, 
Fichtinger, Vidotto, Drake, 
Lim, Gaidos, Wargelin, 
OFionnagain)
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Stellar wind-activity trends & evolution
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Vidotto 2021

~ageold stars young stars

for solar-like stars only

(data from: Wood, Jardine, 
Fichtinger, Vidotto, Drake, 
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Stellar outflows: effects on 
planetary magnetospheres2
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What's a stellar wind? Think of it as an expanding outer atmosphere...
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What's a stellar wind? Think of it as an expanding outer atmosphere...
• The solar/stellar wind fills in the interplanetary medium, interacting with any orbiting objects. 
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What's a stellar wind? Think of it as an expanding outer atmosphere...
• The solar/stellar wind fills in the interplanetary medium, interacting with any orbiting objects. 

11
Comet Encke interacting with solar outflows (Vourlidas+07)
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‣ multiple options exist 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Some key features in winds of (solar-like, M-dwarf, etc) stars
• Mathematical description: equations of 

(magneto)fluid dynamics
• The challenge is to determine which forces 

drive a stellar wind
‣ multiple options exist 
 
 

• Key features:
‣ Acceleration happens quickly 
‣ At large distances, the wind approaches 

the asymptotic wind speed: terminal 
speed (u∞)

‣ Wind crosses (multiple) critical points
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One important critical point is the Alfven "point"

13(BATS-R-US)Vidotto et al 2023

Alfven  
surface

super-Alfvénic: dominated 
by the wind inertia

sub-Alfvénic: magnetically 
dominated 

 
Kinetic energy < magnetic energy
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Sub- & Super-Alfvenic star-planet interactions
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Mass-loss rate: 4x10-15 Msun/yr

Kavanagh, Vidotto et al 2021
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Planet beyond Alfven surface: 
star does not notice (or hear...) 
the planet!

Mass-loss rate: 4x10-15 Msun/yr

Kavanagh, Vidotto et al 2021

Mass-loss rate: 5x10-13 Msun/yr
AU Mic
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Sub- & Super-Alfvenic SPIs in the context of exoplanet population
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Sub- & Super-Alfvenic SPIs in the context of exoplanet population
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Atkinson et al 2024

Sub-Alfvenic 
orbits 

(potentially 
catastrophic for 

atmospheric loss; 
paradise for 

magnetic SPI)

• planets inside habitable zone & outside Alfven surface, of which 
~10 terrestrial planets. (PLATO will increase this number.)
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Super-Alfvenic interactions: stellar wind-planet Interactions
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Super-Alfvenic interactions: stellar wind-planet Interactions

16

Magnetic 
pressure 
exoplanet

Pressure 
Interplanetary 

medium (stellar wind)
= 


Two key questions:

1.What is the strength of 
exoplanetary magnetic fields?

2.What are the characteristics of 
the evolving stellar wind?
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The evolution of Earth’s magnetosphere during the solar main sequence

17

Increasing the strength of the solar wind as we look back in time

3D models of the interaction between the solar wind and Earth’s magnetosphere

Carolan, Vidotto et al 2019

(future: Veras & Vidotto)

Smaller magnetospheres could provide direct 
access of atmospheres to stellar wind stripping.

today

Long-term evolution of the solar wind: Vidotto 2021, LRSP
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Evolution of magnetosphere of an Earth-twin at the Habitable Zone

• As the system evolves, 
stellar activity decreases 
& planetary 
magnetospheres become 
bigger 
 
 

• Note: M dwarf stars 
remain active for a long 
time...

18

1D stellar wind models for >160 objects

See et al 2014
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sion is considered in details in Part II of the pre-
sent paper series (Lammer et al., 2007).

4. CONCLUSIONS

We studied the number density and velocity of
solar CMEs as a function of orbital distance and
provided the observation-based interpolations of
these dependences, which were used to model
the effect of stellar CME plasma flows on the size
of possible magnetospheres of Earth-like exo-
planets in orbits within close-in HZs of M stars.
In our investigation of the magnetospheric effects
expected from CMEs, we considered only the
density and velocity disturbances associated with
CMEs, which change plasma flux parameters
around the planetary obstacle. The effects of CME
plasma exposure to expected magnetosphere–at-
mosphere environments of Earth-like exoplanets
within close-in HZs of low mass M stars were ex-
amined by reviewing known observational ma-
terial related to the Sun, given our assumption
that flaring and CME activity of other stars are
similar to those of the Sun. Average values for the
stellar CMEs velocity and the range of reasonable
minimum and maximum densities of the plasma

of CMEs are based on data provided mainly by
the LASCO instrument on board SoHO and the
Helios satellites. By the extrapolation of these ex-
isting solar observational data and models to the
extrasolar CME case, and taking into account the
existing knowledge regarding the activity of low
mass M stars, we showed that exoplanets within
close-in HZs should experience a continuous
CME exposure over the entire active period of
stellar history. Because of tidal locking of Earth-
like exoplanets within close-in HZs, weaker 
planetary intrinsic magnetic moments and, con-
sequently, smaller magnetospheres can be ex-
pected. Furthermore, we found that the differ-
ence of the mass flux between strong and weak
CMEs is not as important as the difference be-
tween strongly and weakly magnetized Earth-
like exoplanets. As a result, the magnetospheric
standoff distance for weakly magnetized Earth-
like exoplanets at orbits smaller than 0.1 AU can
be compressed under the action of the CME
plasma flow down to altitudes !1,000 km above
the planetary surface. Such interaction of CMEs
with a planetary magnetosphere may result in a
direct exposure of the planetary atmosphere to
the stellar CMEs’ plasma flow. This would cause
strong atmospheric erosion on Earth-like exo-

CME INFLUENCE ON PLANETARY HABITABILITY 181

FIG. 5. Comparison between the HZ (shaded area) and the areas where strong magnetospheric compression is
possible by CMEs (lightly and heavily dotted areas). The lightly dotted area indicates Earth-like exoplanets with a
minimum value of the magnetic moment exposed to strong (dense) CMEs. The dotted area denotes the region where
CMEs compress the magnetosphere down to 1.15 Earth radii or less (i.e., 1,000 km above the planetary surface). The
heavily dotted area indicates Earth-like exoplanets with a maximum value of the magnetic moment exposed to weak
(sparse) CMEs. In the dotted region, CMEs compress the magnetosphere to less than 2 Earth radii.
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sion is considered in details in Part II of the pre-
sent paper series (Lammer et al., 2007).

4. CONCLUSIONS

We studied the number density and velocity of
solar CMEs as a function of orbital distance and
provided the observation-based interpolations of
these dependences, which were used to model
the effect of stellar CME plasma flows on the size
of possible magnetospheres of Earth-like exo-
planets in orbits within close-in HZs of M stars.
In our investigation of the magnetospheric effects
expected from CMEs, we considered only the
density and velocity disturbances associated with
CMEs, which change plasma flux parameters
around the planetary obstacle. The effects of CME
plasma exposure to expected magnetosphere–at-
mosphere environments of Earth-like exoplanets
within close-in HZs of low mass M stars were ex-
amined by reviewing known observational ma-
terial related to the Sun, given our assumption
that flaring and CME activity of other stars are
similar to those of the Sun. Average values for the
stellar CMEs velocity and the range of reasonable
minimum and maximum densities of the plasma

of CMEs are based on data provided mainly by
the LASCO instrument on board SoHO and the
Helios satellites. By the extrapolation of these ex-
isting solar observational data and models to the
extrasolar CME case, and taking into account the
existing knowledge regarding the activity of low
mass M stars, we showed that exoplanets within
close-in HZs should experience a continuous
CME exposure over the entire active period of
stellar history. Because of tidal locking of Earth-
like exoplanets within close-in HZs, weaker 
planetary intrinsic magnetic moments and, con-
sequently, smaller magnetospheres can be ex-
pected. Furthermore, we found that the differ-
ence of the mass flux between strong and weak
CMEs is not as important as the difference be-
tween strongly and weakly magnetized Earth-
like exoplanets. As a result, the magnetospheric
standoff distance for weakly magnetized Earth-
like exoplanets at orbits smaller than 0.1 AU can
be compressed under the action of the CME
plasma flow down to altitudes !1,000 km above
the planetary surface. Such interaction of CMEs
with a planetary magnetosphere may result in a
direct exposure of the planetary atmosphere to
the stellar CMEs’ plasma flow. This would cause
strong atmospheric erosion on Earth-like exo-
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Do smaller magnetospheres expose 
atmospheres for solar wind erosion?

Coronal mass ejections 
reduce magnetospheric 
sizes to below 2 Rearth.



Open questions & future prospects 
with PLATO3



Open question #1: What is the relation between magnetospheric size, 
atmospheric escape/retention and planetary habitability?
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Different planets, (too many?) different atmospheric loss processes

22

Gronoff et al 2020



Open question #2: Planetary magnetic fields: protection or increased 
atmospheric loss?
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Escape could increase with planetary magnetic fields (oh...)
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Egan et al 2019
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Magnetic field effects on atmospheric escape of hot Jupiters

25

Carolan, Vidotto et al 2021b

Stellar wind is super-Alfvenic

weak increase in escape rate 
with increase in Bpl…
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Magnetic field effects on atmospheric escape of hot Jupiters

25

Carolan, Vidotto et al 2021b

Stellar wind is super-Alfvenic

weak increase in escape rate 
with increase in Bpl…

Stellar wind is sub-Alfvenic
Presa et al 2024

non-monotonic change in escape rate 
with increase in Bpl…

Magnetic connectivity



Open question #3: How do we move forward if we want to understand exo-
space weather around PLATO stars?
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Stellar wind models require surface magnetic fields
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Stellar magnetic field from observations
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• P. Petit: solar-like stars (Espadons) 
• J. Alvarado: solar-like stars (HARPSPol) 
• M. Diez: M dwarfs (Spirou)
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• J. Alvarado: solar-like stars (HARPSPol) 
• M. Diez: M dwarfs (Spirou)



Conclusions

Stellar magnetic activity is at the  of 
star-planet interactions mediated by: 
high-energy radiation, stellar winds, 

and magnetic connectivity

Aline Vidotto

Long-period planets likely experience 
super-Alfvenic interactions. Affects 
sizes of planetary magnetospheres.

Open question: 
How is magnetospheric sizes 

related to atmospheric retention 
and habitability?

Long-term evolution of 
magnetospheres due to stellar wind 

evolution: older planets → larger 
magnetospheres 


