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A B S T R A C T 

The Earth’s magnetosphere extension is controlled by the solar activity level via solar wind properties. Understanding such a 
relation in the Solar system is important for predicting the condition of exoplanetary magnetospheres near Sun-like stars. We 
use measurements of a chromospheric proxy, the Ca II K index, and solar wind OMNI parameters to connect the solar activity 

variations, on decennial time-scales, to the solar wind properties. The data span the period 1965–2021, which almost entirely 

co v ers the last five solar cycles. Using both cross-correlation and mutual information analysis, we find a 3.2-yr lag of the solar 
wind speed with respect to the Ca II K index. Analogously, a 3.6-yr lag is found once we consider the dynamic pressure. A 

correlation between the solar wind dynamic pressure and the solar ultraviolet emission is found and used to derive the Earth’s 
magnetopause standoff distance. Moreo v er, the advantage of using a chromospheric proxy, such as the Ca II K index, creates the 
possibility to extend the relation found for the Sun to Sun-like stars, by linking stellar variability to stellar wind properties. The 
model is applied to a sample of Sun-like stars as a case study, where we assume the presence of an Earth-like exoplanet at 1 au. 
Finally, we compare our results with previous estimates of the magnetosphere extension for the same set of Sun-like stars. 

Key words: solar-terrestrial relations – solar wind – Sun: UV radiation – planet–star interactions – stars: activity – stars: solar- 
type. 
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 I N T RO D U C T I O N  

he solar wind is a continuous plasma flow emitted from the upper
tmosphere of the Sun, mostly consisting of ions and electrons (e.g.
erscharen, Klein & Maruca 2019 ). At 1 au, it is characterized by
 typical speed ranging between 250 and 800 km s −1 , a density of a
ew particles per cubic centimetre, and it carries out a magnetic field
f the order of a few nanoTeslas (Parks 2018 ), with a dependency
 v er the solar activity cycle (Poletto 2013 ). In the last 40 yr, the solar
ind has been investigated with increasingly more detail, in terms
f both instrument resolution and spacecraft locations. This refined
ur understanding of its dynamical properties (Escoubet, Schmidt &
oldstein 1997 ; Stone et al. 1998 ; Burch et al. 2016 ), opening new

nsights into the source regions of the fast solar wind, that is, the
ower solar atmosphere layers of the Coronal Holes (e.g. Bryans
t al. 2020 ). It is considered to be a natural laboratory for investigating
everal kinds of processes and mechanisms, such as turbulence and
ntermittence, plasma instabilities, waves and structures, small-scale
ersus large-scale dynamics (e.g. Bavassano, Pietropaolo & Bruno
998 ; Bruno & Carbone 2016 ). Solar wind can be described as
 multiscale system whose dynamics occurs o v er a wide range of
cales. If we focus on time-scales longer than the so-called inertial
ange (i.e. longer than a few hours), the dynamics of the solar
 E-mail: luca.giovannelli@roma2.infn.it R

Pub
ind is mainly related to solar source mechanisms such as active
egions, coronal mass ejections, and flares (Tu & Marsch 1995 ). Thus,
hese large-scale phenomena are the main reason for the variations
n planetary environments, through the interaction with planetary
agnetospheres and/or ionospheres. A wide variety of processes

re generated, such as geomagnetic storms and substorms, particle
recipitation, auroral activity, localized energy transfer processes,
hich all affect the climate and habitability of terrestrial extrasolar
lanets (e.g. Russell 1993 ; Blanc, Kallenbach & Erkaev 2005 ;
irapetian et al. 2020 ; Galuzzo et al. 2021 ). A clear manifestation of

he solar wind–magnetosphere interactions is the observed change of
he standoff distance of the nose of the magnetospheric cavity, thus
ffecting both its size and shape. The standoff distance is defined
s the distance at which the solar wind dynamic pressure equals the
agnetic pressure of the magnetospheric cavity, i.e. 

| ρ ( v·∇ ) v | � 

∣∣∣∣−∇ 

(
B 

2 

2 μ0 

)∣∣∣∣ . (1) 

ssuming the incompressibility condition for the solar wind (i.e. a
onstant mass density ρ = ρ0 ), and writing the magnetic field as
 dipolar shape, i.e. B = M E /r 

3 , where M E is the Earth’s dipole
oment, we can obtain the standoff distance as 
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(
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)1 / 6 (
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)1 / 6 

. (2) 
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n the last two decades, several efforts have been made to increase
ur capabilities in forecasting the dynamical behaviour of the solar 
ind as well as its effects on Earth (Bothmer & Daglis 2007 ).
hus, investigating and characterizing the relations between long- 

erm solar activity proxies and in situ solar wind measurements 
re of crucial importance for any space weather and space climate 
orecasting scheme and could be fundamental for characterizing Sun- 
ike stars and their interactions with their own planetary systems (e.g. 
irapetian et al. 2020 ). 
The main periodicity of solar magnetic activity is the 22-yr Hale 

ycle (Hale & Nicholson 1925 ), with the reversal of polarity that
esults in the well-known 11-yr Schwabe solar cycle (Schwabe 1844 ). 
eriods close to 11 yr have been found in most solar wind parameters
ince the very first observations from satellites (Siscoe, Crooker & 

hristopher 1978 ; King 1979 ; Neugebauer 1981 ). Ho we ver, an
mperfect match of the solar wind’s long-term behaviour with the 
hape and phase of the sunspot cycle stimulated a discussion about 
he observed lag with geomagnetic indices (see, e.g. Hirshberg 
973 ; Intriligator 1974 ; Feynman 1982 ). As longer time-series
f near-Earth solar wind measurements became av ailable, se veral 
tudies investigated the periodicity of the solar wind parameters and 
he relation between the sunspot number and solar wind proxies 
Petrinec, Song & Russell 1991 ; K ̈ohnlein 1996 ; El-Borie 2002 ;
atsavrias, Preka-Papadema & Moussas 2012 ; Richardson & Cane 
012 ; Li, Zhanng & Feng 2016 ; Li, Zhang & Feng 2017 ; Venzmer &
othmer 2018 ; Samsonov et al. 2019 ), or geomagnetic data such as

he aa index (Echer et al. 2004 ; Dmitriev, Veselovsky & Suvorova
005 ; Lockwood, Rouillard & Finch 2009 ; Du 2011 ). Ho we ver, this
s the first study to analyse the near-Earth solar wind measurements 
n relation to the Ca II K index over the last five solar cycles. The
mission in the Ca II K resonance line, related to the mean emission
f the Sun’s chromosphere, has been pro v en to be a great proxy of
olar activity (see, e.g. Judge 2006 ; Bertello et al. 2016 ; Chatzistergos
t al. 2019 ). 

Starting from the 1960s, astronomers began looking with particular 
ttention at other ‘suns’ (i.e. stars with physical properties similar 
o solar ones or Sun-like stars), with the aim to search for stellar
ycles in solar analogues and to understand where the Sun stands
n a broader context (Wilson 1968 ). For this purpose, a long-
erm observational campaign regarding their emissions in Ca II 
 & K lines, expressed in terms of the dimensionless S-index 

Wilson 1978 ; Vaughan, Preston & Wilson 1978 ), was conducted 
t Mount Wilson Observatory (MWO) starting from 1966 (Wilson 
968 ), which then continued at the Lowell Observatory starting 
rom 1995 (see, e.g. Hall & Lockwood 1998 ). The data provided
y those surv e ys hav e enormously impro v ed our knowledge about
he long-term chromospheric variations of Sun-like stars, as well 
s how these variations are connected with changes in brightness 
see, e.g. Skumanich 1972 ; Baliunas et al. 1995 ; Radick et al.
998 ). 
When we study these types of stars, the Sun represents a sort

f Rosetta stone, so that our understanding about how its magnetic 
cti vity af fects the Solar system planets can be seen as a starting
oint to assess the w ay Sun-lik e stars influence the environment
round them. Assessing the magnetospheric compression of planets 
rbiting Sun-like stars is a fundamental point to e v aluate their
abitability conditions (Airapetian et al. 2020 ). It is well known 
hat the presence of a large enough magnetosphere is a crucial point
o shield the planetary atmosphere from the effects of stellar activity, 
s sufficiently strong stellar wind may also be able to erode it (see,
.g. Lammer et al. 2012 ; Cohen et al. 2015 ; Rodr ́ıguez-Mozos &
oya 2019 ). 
The goal of this work is to extend the model of the Earth’s
agnetosphere standoff distance based on the Ca II K index to

xoplanets orbiting Sun-like stars. To achieve this goal, we take 
dvantage of chromospheric measurements provided by the MWO 

ampaign, by selecting a sample of Sun-like stars that are in a
aculae-dominated activity regime like the Sun (see, e.g. Radick 
t al. 1998 ; Shapiro et al. 2016 ). Such selection has been made
y considering only Sun-like stars with a Rossby number R 0 > 1,
hich, as pointed out by Reinhold et al. ( 2019 ), corresponds to a

tellar age � 2.55 Gyr and to the transition to faculae-dominated 
ctivity. 

 DESCRI PTI ON  O F  T H E  DATA  SETS  

o study the relation between solar magnetic variability and near- 
arth solar wind parameters, on decennial time-scales, we need 

o use data sets that co v er a sufficiently extended time interval.
s previously described, the magnetic activity of the Sun can 
e quantified by using different solar indices (Hathaway 2010 ). 
or this work, we use a physical index that measures the mean
roperties of the solar chromospheric emission: the Ca II K index.
onthly measurements of this index, starting from 1907 and co v ering
ore than one century, are publicly available from the National 
olar Observatory (NSO). 1 The Ca II K index data set contains
easurements up to 2017 October, but it is possible to use other

olar activity proxies linked to chromospheric emission, such as the 
g II index (Viereck et al. 2001 ), to extend the analysis almost up to

he present date. 
For the solar wind, we use data available from the OMNI data

ase, which provides various near-Earth solar wind parameters at 
ifferent time resolutions (more details about the data are given in
ection 2.1 ). In particular, we focus our attention on the hourly
esolution measurements of the plasma ion density n and speed v,
hus determining the solar wind dynamic pressure P , defined as
 / 2 m p nv 2 , where we assume proton mass ( m p ) as the mean ion
ass. The OMNI data base provides plasma measurements only 

tarting from 1965, and therefore co v ers a shorter time interval
ith respect to the Ca II K index time series. This places a limit
n the length of the time period o v er which a relation between
olar proxies and solar wind parameters can be studied. Despite 
his, by using the Mg II index to reconstruct the Ca II K index to
ate, the latter and the solar wind parameters time series have
n o v erlapping time period, which goes from 1965 July up to
021 April, co v ering almost entirely the last five solar cycles
SCs 20–24). 

The properties of each data set are described in detail later in this
ection. Here we concentrate on the first steps in the data treatment
or the OMNI solar wind data set. We first bin our data to obtain
onthly means. Therefore, starting from the monthly values of the 
a II K index, solar wind speed and dynamic pressure, we follow the
pproach used by K ̈ohnlein ( 1996 ) and apply a 37-month moving
verage to look at the long-term behaviour of these quantities. These
ime series are shown in Fig. 1 . The size of the time window
sed for the moving average allows us to filter and remove the
ffects of the solar variability related to the solar rotation, transient
henomena, and any other source of variation below the yearly 
ime-scales. 

The availability of the observations in the Ca II H & K lines
rovided by the HK Project at the MWO (Wilson 1968 , 1978 ; Duncan
MNRAS 519, 6088–6097 (2023) 
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(a)

(b)

(c)

(d)

Figure 1. Monthly means (light colours) and superimposed 37-month moving averages (dark colours) of (a) the Ca II K index, (b) the solar wind speed and (c) 
the solar wind dynamic pressure. In panel (a), the orange line shows the reconstructed Ca II K index obtained using the Mg II index. (d) Comparison of the Ca II 
K index (green), solar wind speed (red) and solar wind dynamic pressure (blue) normalized between 0 and 1. In panels (a), (b), and (c), the dashed lines indicate 
the 1 σ confidence interval. 
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t al. 1991 ; Baliunas et al. 1995 ) is fundamental to extend the model
alibrated on the Sun–Earth system to Sun-like star systems. These
easurements are accessible for thousands of stars and constitute a

road and long data set spanning nearly 30 yr in many cases. We take
dvantage of the availability of such measurements to relate, in stars
ther than the Sun, the mean chromospheric emission to stellar wind
ynamic pressure, and hence to study its impact on the exoplanetary
agnetospheres. 
In the following subsections, we provide a detailed description of

he data sets used for this work. 

.1 Solar wind OMNI data set 

e used solar wind data from the OMNI data set at 1-h resolution
reely retrieved at https://cdaweb.gsfc.nasa.gov/cgi-bin/eval1.cgi . 
his data set consists of a collection of solar wind magnetic field
nd plasma parameter data coming from several spacecrafts located
ear the L1 Lagrangian point at a distance of ∼200 Earth radii. The
easurements taken at L1 are then shifted to the nose of the bow

hock ( ∼14 Earth radii) by considering several factors, such as the
eometry of the Earth–spacecraft separation vector, the shape and the
rientation of the solar wind variation phase front and the direction
f the solar wind flow (Weimer et al. 2002 , 2003 ). By assuming that
he solar wind parameter values lie on a planar surface (i.e. the phase
ront) convected by the solar wind, we are able to propagate what is
bserved at the L1 point to a different place at the time that the phase
ront sweeps o v er that location (Weimer & King 2008 ). The family
f spacecraft considered for building up the OMNI data base consists
f IMP , ISEE , ACE , Wind , and Geotail (King & Papitashvili 2005 ),
hus allowing us to co v er the period from 1965 to date (Richardson &
aularena 2001 ). 
NRAS 519, 6088–6097 (2023) 
.2 Ca II index and Mg II index data sets 

he Ca II K 0.1-nm emission index data are derived from the series of
pectroheliograms taken at the Kodaikanal Solar Observatory (India,
907–2013), from the K-line monitor programme of disc-integrated
easurements of the National Solar Observatory (NSO) at Sacra-
ento Peak (USA, 1976–2015), and from the Integrated Sunlight
pectrometer on the Synoptic Optical Long-term Investigations of

he Sun (SOLIS) telescope managed by the NSO (USA, 2006–
017). Since 2017 October, the SOLIS facility has been offline,
ending its relocation to a permanent site at the Big Bear Solar
bservatory (California, USA). The procedure to combine these

hree data sets into a single disc-integrated Ca II K 0.1-nm emission
ndex time-series composite is described in Bertello et al. ( 2016 ). The
omposite is created by cross-calibrating o v erlap periods between
hese three sets of observations, with the SOLIS time series used as a
ducial. During the period 2007–2013, observations were taken both
t Sacramento Peak and by the SOLIS instrument. This time-span is
ong enough to cross-calibrate the two sets of measurements, as both
ime series are strongly modulated by the 11-yr solar cycle. A scaling
actor of 1.032 was derived to put the Sacramento Peak values into
he same scale as the SOLIS measurements. A similar approach is
hen applied to rescale the Ca II K index values derived from the
odaikanal observations, using 21 yr (1978–1999) of o v erlapping
bservations with Sacramento Peak. For more details, the reader can
efer to Bertello et al. ( 2016 ). 

As previously mentioned, monthly values of the Ca II K index are
ot available after 2017 October. This lack of data can be o v ercome
y using other physical indices related to the chromospheric emission
f the Sun, whose measurements are available to date. Therefore, we
se the Mg II composite from the University of Bremen, which is
erived from combining several satellite instruments (Viereck et al.

art/stac3825_f1.eps
https://cdaweb.gsfc.nasa.gov/cgi-bin/eval1.cgi
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Figure 2. Scatterplot of 37-month moving averages of the Ca II K index and, respectively, solar wind speed (left panel) and solar wind dynamic pressure (right 
panel). The time is represented by the colour map. The correlation coefficient is, respectively, −0.01 and 0.01. 
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004 ) and has been pro v en to be an excellent proxy for the solar UV
rradiance (Dudok de Wit et al. 2009 ) related to the interaction with
he Earth’s high atmosphere (see, e.g. Larkin, Haigh & Djavidnia 
000 ) and thermosphere (Bigazzi, Cauli & Berrilli 2020 ). The Mg II
ndex, defined as the core-to-wing ratio of the Mg II doublet centred
t 280 nm, has been measured from 1978 No v ember, and it is freely
ccessible with daily resolution. 2 Starting from the daily values, we 
alculate the monthly means of the Mg II index and we note that the
atter strongly correlate with the Ca II K index ( r = 0.95) in the
ime interval from 1978 No v ember to 2017 October. Then, by using
he linear relation Ca II K = 0 . 5619 Mg II − 0 . 0014, we extend the

onthly data set of the Ca II K index to 2021 April. 

.3 Mount Wilson Obser v atory data set 

he first long-term observational campaign to study and characterize 
he magnetic activity behaviour of stars other than the Sun, called the
K Project, has been conducted at the MWO. In order to search for

tellar analogues to the solar cycle, the emission in the chromospheric 
 (393.4 nm) and K (396.8 nm) lines of the Ca II has been monitored

rom 1966 to 1995 for thousands of stars (Wilson 1968 , 1978 ; Duncan
t al. 1991 ; Baliunas et al. 1995 ). The measurements from the MWO
re expressed in terms of the S-index, a dimensionless quantity that 
s defined as the ratio of emission in the Ca II H & K line cores to
hat in two nearby reference bandpasses (see the definition provided 
y Vaughan et al. 1978 for further details). The MWO S-index is
he most used stellar magnetic activity index and, unlike the Ca II
 0.1-nm emission index described in Section 2.2 , quantifies the 

hromospheric emission of a star accounting for the flux of emission
n both Ca II H & K lines. Obviously, the Ca II K index and the S-index
re strictly related. Several authors have investigated the relationship 
etween these two indices, in order to place the Sun in the stellar S-
ndex scale and make it possible to compare the solar activity to that
f Sun-like stars (Duncan et al. 1991 ; White et al. 1992 ; Baliunas
t al. 1995 ; Radick et al. 1998 ; Hall & Lockwood 2004 ). One of
he most recent works to assess the relationship between the Ca II K
ndex and S-index has been done by Egeland et al. ( 2017 ), providing
he following linear relation: 

 (Ca II K) = (1 . 50 ± 0 . 13) Ca II K + (0 . 031 ± 0 . 013) . (3) 
 http:// www.iup.uni-bremen.de/ UVSAT/ Datasets/mgii 

p  

3

his relation allows us to accurately place the Sun on the stellar S-
nde x scale, pro viding a simple procedure to switch from one index
o the other. 

The observations from the MWO have constituted, during the 
ast decades, an important basis for studying processes analogous to 
olar activity and cycle, as well as how they are related to stellar
roperties (Vaughan & Preston 1980 ; Durney, Mihalas & Robinson 
981 ; Baliunas et al. 1995 ; Saar & Brandenburg 1999 ; Hall 2008 ;
l ́ah et al. 2016 ). Moreo v er, the y hav e allowed us to study the way

hromospheric variability is connected with changes in brightness, 
hose phase dif ference re veals the stellar activity regime, spot-
ominated (anti-phase) or faculae-dominated (in phase) (Radick et al. 
998 ; Reinhold et al. 2019 ). Recently, the Mount Wilson HK Project
ata for almost 2300 stars have been released by the National Solar
bservatory (NSO). 3 

 L O N G - T E R M  C O R R E L AT I O N S  O F  SOLAR  

I N D  PA RAMETERS  A N D  SOLAR  AC TIVITY  

s a first step in our analysis, we assess the relationship between
olar activity and solar wind parameters by computing the Pearson’s 
orrelation coefficient o v er the whole time e xtent of the data set.
ur analysis is applied to the 37-month mo ving av erage quantities
resented in Section 2 . As shown in the scatter plots of Fig. 2 , we
ound an almost zero correlation coefficient ( r = −0.01) between
he Ca II K index and solar wind speed, with a similar result also for
he dynamic pressure ( r = 0.01). Hence, for the whole time interval,
rom 1965 July to 2021 April, we do not find a significant correlation
the p -value is higher than 0.05) between the Ca II K index and the
olar wind parameters. As sho wn in pre vious studies, the declining
hases of solar cycles are characterized by the presence of high-
peed solar wind streams (Gosling et al. 1976 ; Luhmann et al. 2009 ;
okumaru, Kojima & Fujiki 2010 ; Richardson & Cane 2012 ). Thus,

t is reasonable to expect a time lag between solar activity and solar
ind response. To investigate this hypothesis, we compute the cross- 

orrelation between the Ca II K index and solar wind speed, where
e assume that the latter has a delayed response to changes in solar

ctivity, which means that we are considering only positive time lags
f the solar wind with respect to the Ca II K index (the result for
e gativ e lags is also shown for completeness). As shown in the top
anel of Fig. 3 , the correlation coefficient between the two quantities
MNRAS 519, 6088–6097 (2023) 

 https:// nso.edu/ data/historical- data/mount- wilson- observatory- hk- project/

art/stac3825_f2.eps
http://www.iup.uni-bremen.de/UVSAT/Datasets/mgii
https://nso.edu/data/historical-data/mount-wilson-observatory-hk-project/
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(a)

(b)

(c)

(d)

Figure 3. (a) Cross-correlation between the Ca II K index and solar wind speed. (b) Solar wind speed shifted backward with respect to the Ca II K index by 3.2 yr 
(time lag corresponding to maximum amplitude of the cross-correlation). (c) Cross-correlation between the Ca II K index and solar wind dynamic pressure. (d) 
Solar wind pressure shifted backward with respect to the Ca II K index by 3.6 yr (time lag corresponding to the maximum amplitude of the cross-correlation). 
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Figure 4. The mutual information coefficient shared between the Ca II K 

index and the solar wind dynamic pressure (blue line) and speed (red line), as 
a function of the time delay τ . The horizontal dashed lines refer to the 95 per 
cent statistical significance level. 
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eaks, with a value of 0.65, at time lag of 3.2 ± 0.1 yr. The two
ime series, visible in Fig. 3 (b), where the solar wind speed has been
ack-shifted by the time lag found, have a similar phase when a time
elay is considered. This result is in agreement with that reported by
i et al. ( 2016 ), which found that the daily means of the solar wind
elocity lag those of the sunspot number by about 3 yr (see their fig.
). A 3-yr time shift was also found by Venzmer & Bothmer ( 2018 )
or the correlation of the yearly averages of the same quantities. 

A slightly bigger time lag has been found by performing the cross-
orrelation of the Ca II K index with the solar wind dynamic pressure
ata. In this case, we find a moderate positive correlation with a
orrelation coefficient of 0.57 for a time lag of 3.6 ± 0.1 yr, as shown
n Fig. 3 (c). Although this latter value is lower than the one found for
he solar wind speed, it is higher than the aforementioned correlation
oefficients found in the literature for sunspot number and solar wind
elocity (0.2 in Li et al. 2016 and 0.45 in Venzmer & Bothmer 2018 ).
urther comments on the strength of the correlation can be found in
ection 5 . 
To assess our results in a stronger framework, we also explored

he non-linear features of shared information between the Ca II
 index and solar wind parameters using the mutual information

nalysis (Shannon 1948 ). Given a pair of time series, x ( t j ), y ( t k ), the
utual information coefficient, MI , is defined as 

I = 

∑ 

j,k 

p 

(
x ( t j ) , y ( t k ) 

)
log 

p 

(
x ( t j ) , y ( t k ) 

)
p 

(
x ( t j ) 

)
p 

(
y ( t k ) 

) , (4) 

here p ( x , y ) is the joint probability of observing the pair of values
 x , y ), while p ( x ) and p ( y ) are the independent distributions. For a
tatistically independent time series, MI = 0, while for a correlated
NRAS 519, 6088–6097 (2023) 
ime series, MI ≥ MI th , where MI th is a threshold associated with
 particular statistical significance lev el. F or the following analysis,
e adopt a threshold value MI th that corresponds to a 95 per cent

tatistical significance. 
As reported in Fig. 4 , the mutual information coefficient reaches its
aximum for time delays of ∼3.2 yr and ∼3.4 yr for the solar wind

peed and dynamic pressure, respectively, in relation to the Ca II K
ndex. These values are consistent with those estimated via the cross-
orrelation analysis (see Fig. 3 ). This seems to suggest that there is a
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Figure 5. Scatterplot showing the relation of the Ca II K index with solar wind speed (left panel) and solar wind dynamic pressure (right panel) once the lags 
from cross-correlation analysis have been considered. The correlation coefficient is, respectively, 0.65 and 0.57. The colour map shows the evolution of the 
relation o v er the time. 
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ignificant non-null probability of observing a relation between the 
a II K index and solar wind parameters. In the following, as the same
elay is observed both for MI and the cross-correlation analysis, we 
se the results from the latter. 
By using the abo v e time lags, we found linear relationships for

he Ca II K index with both solar wind speed and dynamic pressure.
he relationships between these quantities are shown in the two 
catterplots in Fig. 5 , where the two black lines show the best linear
ts to the data points. The corresponding empirical equations are 

 ( km s −1 ) = (5930 ± 280) Ca II K − (76 ± 24) , (5) 

 ( nPa ) = (49 . 1 ± 2 . 8) Ca II K − (3 . 17 ± 0 . 24) . (6) 

e can conclude that, by considering a time lag, the correlation 
oefficients between the Ca II K index and the two solar wind
arameters investigated here significantly increase. Similar results 
ere recently reported by Samsonov et al. ( 2019 ) using yearly

veraged data for the last five solar c ycles. The y found that the
aximum correlation of both solar wind speed and dynamic pressure 
ith the sunspot number is reached with a 3-yr time lag. In particular,

hey found a correlation coefficient r = 0.57 between sunspot number 
nd solar wind dynamic pressure, in line with our results of r = 0.57
or a 3.6-yr lag. Moreo v er, the y found r = 0.68 by focusing only
 v er the last three solar cycles taking a 2-yr lag. If we also limit our
nalysis to the last three solar cycles, we find the same correlation
oefficient ( r = 0.68) for a 2.4-yr lag. 

 MAGN ETOSP HERE  EXTENSION  

he magnetosphere shields the Earth’s atmosphere from the erosion 
rocesses due to solar wind, energetic particles, and radiation. 
ecause of magnetic shielding, the Earth has retained its atmosphere 

or a long time, but this is not the case of all Solar system planets.
ecause of the lack of a strong intrinsic magnetic field, Mars has

uffered a significant solar-wind-induced atmospheric loss (see, e.g. 
ass & Yung 1995 ; Chassefière & Leblanc 2004 ; Dong et al. 2018 ),
ith the result that nowadays it has a very thin atmosphere. 
Because the Earth’s magnetopause standoff distance is mainly 

ontrolled by the solar activity via the solar wind pressure, it is
nteresting to see how its average value changes o v er a solar cycle.

oreo v er, assessing the e xtent of a planetary magnetosphere consti-
utes a point of fundamental importance also in the characterization 
f extra-solar planets, as the presence of a large enough magnetic 
hield protecting the underlying atmosphere is directly related to any 
abitability e v aluation. 

.1 Earth’s magnetosphere 

n the previous section, we found a relation that allows us to
onnect the 37-month moving averages of a solar UV proxy, the
a II K index, to the solar wind dynamic pressure. Once the latter is
nown, the size of the Earth’s magnetosphere on the day-side can
e calculated by balancing the planetary magnetic pressure with the 
olar wind dynamic ram pressure. Starting from the relation provided 
y equation (22) in Grießmeier et al. ( 2004 ), we introduce the
ollowing equation in which the wind dynamic pressure is replaced 
y the Ca II K index: 

 MP = 

[
μ0 f 

2 
0 M 

2 
E 

8 π2 10 −9 ( α Ca II K + β) 

]1 / 6 

. (7) 

ere, α = 49.14 and β = −3.17 are the parameters of the linear
egression from the previous section, μ0 is the vacuum permeability, 
 E is the Earth’s magnetic moment, while f 0 is a form factor

o take into account for the non-spherical shape of the Earth’s
agnetosphere. For the latter parameter, we assume the value f 0 =

.16, as in See et al. ( 2014 ). Regarding the Earth’s magnetic moment,
ven if its value has ranged from M E = 5 × 10 22 Am 

2 to M E = 11
10 22 Am 

2 during the last 12 kyr (see, e.g. the re vie w by Olson &
mit 2006 ), considering the time-scales investigated in this work it

an be assumed to be constant. For this reason, here we use the value
 E = 8 × 10 22 Am 

2 , as in See et al. ( 2014 ). Fig. 6 shows the Earth’s
agnetopause standoff distance computed by using equation ( 7 ) 

or two cases: the 37-month moving average time series, taking into
ccount the 3.6-yr lag of the solar wind dynamic pressure with respect
o the Ca II K index, as found with the cross-correlation analysis;
nd average values for each solar cycle. The confidence intervals 
ave been estimated by considering the errors of the fit parameters in
quations ( 5 ) and ( 6 ). The magnetopause standoff distance, computed
y using equation (12) in Shue et al. ( 1997 ) and assuming the mean
 z and P values from the OMNI data set, is shown for comparison

n both panels. 
The presence of the time delay makes it possible to compute the

tandoff distance of the magnetopause up to 2023, as shown in the
pper panel of Fig. 6 , allowing us to forecast future trends. We
stimate that the average extension related to solar cycle 24 should
eak in mid-2022. 
MNRAS 519, 6088–6097 (2023) 
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M

Figure 6. Earth’s magnetopause standoff distance according to equation ( 7 ) 
for the time interval 1970–2023 (upper panel) and average values for the 
last five solar cycles 20–24 (lower panel). The confidence interval is shown 
with the shaded grey area in the upper panel and with error bars in the lower 
panel. In both panels, the dashed line shows, as a reference value, the average 
standoff distance of the magnetopause (Shue et al. 1997 ). 
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.2 Extending the model to exoplanets orbiting Sun-like stars 

he relation provided by equation ( 7 ) allows us to use a chromo-
pheric proxy of the solar activity to estimate the Earth’s magne-
opause standoff distance. As the Ca II K index is a physical proxy
n principle measurable in each star, such a relation can also be
xtended to stars with properties similar to the Sun. Hence, this
elation is very useful, and it can be employed to study the effect
f stellar winds on the magnetosphere of Earth-like planets orbiting
tars for which similar measurements are available. With this aim,
e exploit a wide data set provided by the HK Project at the MWO,
here the emissions in the Ca II H & K lines, expressed in term of

he S-inde x, hav e been monitored for a broad sample of stars and
or long time intervals (up to 30 yr for some stars). The relationship
etween the Ca II K index and the S-index has been already described
n Section 2.3 , where we also introduced the formula that allows us
o switch from the former to the latter index. To test our relation
or stars other than the Sun, we selected a set of 10 Sun-like stars,
hich fulfil two conditions: observations in the Ca II H & K lines are

vailable from the MWO for at least one full UV stellar c ycle; the y are
haracterized by a Rossby number R 0 > 1, which indicates that the
tar is in a faculae-dominated activity regime, like the Sun (Reinhold
t al. 2019 ). The spectroscopic parameters of these stars (Valenti &
ischer 2005 ) and the stellar Rossby number (Marsden et al. 2014 )
re listed in Table 1 . In order to apply our relation, we first computed
he mean stellar S-index value and then, by using equation ( 3 ), for
ach star we calculated the Ca II K index from the S-index. Finally,
sing equation ( 7 ), we computed the expected mean magnetopause
tandoff distance for hypothetical Earth-twin exoplanets orbiting at
 au around the host stars. As we have no direct measurements of
tellar wind properties, assessing the lag between these and the UV
tellar cycle is a difficult task. Therefore, using our model, it is only
ossible to determine the mean stellar wind properties. This is trivial
n the case of almost constant UV emission, whereas in the case
f stars showing a cyclic behaviour, it is necessary to measure at
east a full c ycle. Nev ertheless, in this study we concentrate on a
hort sample of stars similar to the Sun and showing a UV cycle.
he stars selected in this study have been observed for at least a full
V stellar cycle, and thus the mean S-index is a robust estimate of
NRAS 519, 6088–6097 (2023) 
he magnetopause standoff distance mean value. We plan to provide
 more detailed analysis on a wider set of stars in an upcoming
tudy, which will include a discussion on the amplitude of the UV
tellar cycle and the related stellar wind properties. The results of
he present analysis can be found in column 7 of Table 1 , where we
ompare the magnetosphere sizes from our relation to that obtained
y See et al. ( 2014 ). Starting from R 

′ 
HK data and by using the Parker

olar wind model, they studied the effect of stellar winds on the
agnetospheric extension of fictitious Earth-like planets orbiting a

ample of stars, including the subset of 10 stars we selected for this
ase study. Considering that the typical error associated with the
agnetosphere sizes computed by See et al. ( 2014 ) can be estimated

s ±0.4 R E from their fig. 1, we can conclude that our results are in
greement within the confidence intervals. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this paper, we have introduced a convenient relationship to
educe the long-term variability of the solar wind by studying
ts correlation with the solar magnetic activity. We have used an
ndex that measures the chromospheric emission in the Ca II K
esonance line. The relationships between two solar wind param-
ters, speed and dynamic pressure, and the Ca II K inde x co v ering
lmost five solar cycles have been studied using 37-month averaged
ata. 
Our study, based on cross-correlation techniques and mutual

nformation analysis, shows that the solar wind properties follow
he solar activity behaviour with a time lag of 3.2 yr for the solar
ind speed and 3.6 yr for the dynamic pressure. The derived linear

elationships between the Ca II K index and the solar wind speed and
ynamic pressure are found to be valid for the whole time interval
five solar cycles) covered by this investigation. 

In Fig. 5 , we showed the correlation between the Ca II K index and
olar wind parameters. Hysteresis cycles that can be linked to the 11-
r solar cycles are made evident once the evolution in time is made
xplicit using the colour code. This is particularly evident in the case
f the solar wind pressure, where parallel branches of the hysteresis
 ycle hav e the same slope of the fit representing the correlation
etween the parameters. Other cases of hysteresis cycles involving
olar activity proxies are known (see, e.g. Bruevich, Bruevich &
akunina 2018 ; Ross & Chaplin 2019 ; Sarp et al. 2019 ). We plan

o study the hysteresis cycles shown in this paper in more detail in
 future work, exploring the effects of a dynamic lag between the
ariables as opposed to the constant lag considered in this paper. A
ossible outcome of this future study might be a new relation able
o constrain the scatterplots on the fitted relation, providing higher
orrelation coefficients. 

Having a relationship that links the solar wind variations to that of
he Ca II K index is remarkable both for a historical reconstruction
f the solar wind parameters and even for filling gaps for which
easurements are not available. In particular, the solar Ca II K index

s available from the beginning of the 20th century, but it has been
ynthetically reconstructed since 1750 in Berrilli et al. ( 2020 ) by
sing different solar atmospheric models that represent quiet and
agnetic regions. Furthermore, the time-shifted relations obtained

an be employed for an attempt at short-time predictions into the
uture (up to 1.7 yr for the solar wind speed and 2.1 yr for its
ynamic pressure). Those predictions could be very useful to assess
he mean solar wind conditions from the point of view of human
pace missions, but also to forecast solar wind parameters during the
ight phase of solar focused missions such as the Parker Solar Probe
r Solar Orbiter , as in Venzmer & Bothmer ( 2018 ). In particular, our
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Table 1. Columns 1–6 show the following: star ID; spectral type according to SIMBAD; ef fecti ve temperature and surface gravity from Valenti & Fischer 
( 2005 ); logarithm of the Rossby number ( R 0 ) from table 1 in Marsden et al. ( 2014 ); average Ca II K index value as obtained by the MWO measurements 
using equation ( 3 ). For the Sun, the reported Ca II K index is the mean value of the data set described in Section 2.2 . Columns 7 and 8 show the comparison 
of the magnetospheric standoff distances from this work and from See et al. ( 2014 ) for fictitious Earth-twin planets orbiting these stars. In column 8, stars 
with large activity ranges are listed with minimum and maximum standoff distances. 

Star Spectral type T eff log g log R 0 Ca II K R MP (this work) R MP (See et al. 2014 ) 
(K) ( cm s −2 ) ( R E ) ( R E ) 

(1) (2) (3) (4) (5) (6) (7) (8) 

Sun G2 V 5770 ± 18 4.44 ± 0.06 + 0 . 307 + 0 . 017 
−0 . 013 0.087 ± 0.003 11.0 ± 0.6 10.2 

HD 10780 K0 V 5327 ± 44 4.54 ± 0.06 + 0 . 124 + 0 . 000 
−0 . 000 0.164 ± 0.017 8.63 ± 0.29 8.83 

HD 100180 G0 V 5989 ± 44 4.38 ± 0.06 + 0 . 290 + 0 . 000 
−0 . 000 0.089 ± 0.012 10.91 ± 1.03 10.74 

HD 13043 G2 V 5897 ± 44 4.27 ± 0.06 + 0 . 324 + 0 . 000 
−0 . 004 0.078 ± 0.011 12.05 ± 1.91 10.06 

HD 179958 G4 V 5760 ± 44 4.39 ± 0.06 + 0 . 324 + 0 . 016 
−0 . 017 0.080 ± 0.011 11.77 ± 1.63 11.02/10.59 

HD 185144 G9 V 5246 ± 44 4.55 ± 0.06 + 0 . 253 + 0 . 006 
−0 . 000 0.125 ± 0.014 9.38 ± 0.42 9.75/9.50 

HD 34411 G1.5 V 5911 ± 44 4.37 ± 0.06 + 0 . 347 + 0 . 534 
−0 . 119 0.076 ± 0.011 12.37 ± 2.29 10.8 

HD 71148 G5 V 5818 ± 44 4.29 ± 0.06 + 0 . 290 + 0 . 009 
−0 . 010 0.082 ± 0.011 11.54 ± 1.42 10.56/10.15 

HD 76151 G3 V 5790 ± 44 4.55 ± 0.06 + 0 . 169 + 0 . 008 
−0 . 000 0.137 ± 0.015 9.10 ± 0.37 10.07/9.30 

HD 86728 G3 V 5700 ± 44 4.29 ± 0.06 + 0 . 340 + 0 . 004 
−0 . 000 0.076 ± 0.011 12.37 ± 2.29 10.83 

HD 9562 G1 V 5939 ± 44 4.13 ± 0.06 + 0 . 390 + 0 . 004 
−0 . 000 0.071 ± 0.011 13.61 ± 4.44 10.74 
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odel predicts a minimum in the solar wind dynamic pressure in 
id-2022. 
We believe that these results are not only helpful to achieve a better

nowledge of the interaction between Sun and Earth, but also for
e veloping ne w skills to study the space–climate v ariability of other
olar-type stars, in particular those with exoplanets. This will enable 
s to characterize the interactions between planets and their host stars
nd the wind conditions of exoplanetary environment. Measurements 
n the Ca II H & K lines are still performed by different ground-based
elescopes, even directly expressed in terms of the S-index, as at the
IGRE telescope (see, e.g. Schmitt et al. 2014 ; Gonz ́alez-P ́erez et al.
022 ). As our relations have been calibrated on an intermediate-age 
tar, like the Sun, the most appropriate targets to which to extend
hem are constituted by faculae-dominated G-spectral type stars, 
haracterized by an age � 2.6 Gyr and with a Rossby number R 0 � 1
Reinhold et al. 2019 ). For the future, we plan to compare the results
rom our model with those of other independent models, in order to
ssess the possibility to extend our procedure also to late F-type or
arly K-type stars. 

In analogy to the case of the Sun, by making use of the relations
e have found, the variation and hence the effects of the stellar
ind of Sun-like stars on their planets can be studied by analysing

he temporal evolution of the chromospheric measurements already 
ollected for several targets. Given the impossibility of obtaining in 
itu measurements of the stellar wind, it is difficult to reco v er the
hase lag between stellar UV emission and stellar wind properties, 
nd thus the stellar wind level, at a precise moment in time.
evertheless, having the information on at least a complete UV stellar 

ycle, our model enables us to compute the mean magnetospheric 
tandoff distance for planets near to Sun-like stars. 

It is useful to point out that asteroseismic observations, such 
s those obtained by successful photometric space missions, for 
xample, Kepler (Borucki et al. 2010 ) or TESS (Ricker et al. 2014 ),
ould also provide accurate fundamental parameters, in particular 
ges with an accuracy better than 15 per cent (see Chaplin et al. 
014 ; Lebreton & Goupil 2014 ; Di Mauro 2017 ). These can be
sed in combination with the present method to study the variation 
f the magnetospheric extension as a star like the Sun evolves, 
y comparing results for stars with different ages. In addition, 
steroseismic observations could also be used to study the variation 
f the magnetic activity of a Sun-like star by analysing the temporal
volution of oscillation parameters (see Di Mauro et al. 2022 ; Reda
t al. 2022 ). In f act, for a sample of 19 Sun-lik e stars, Bonanno,
orsaro & Karoff ( 2014 ) have demonstrated the presence of clear

elations between the S-index and some asteroseismic parameters 
uch as the amplitude of the observed acoustic oscillation modes 
r the ‘small frequency separation’, known as an age indicator. 
he targets selected in Table 1 have been observed by TESS in
20 s and 20 s cadence modes and the asteroseismic analysis will
e considered in the near future for a comparison with the present
esults. Clearly, this will create an independent way to estimate the
rosion of exoplanetary atmospheres. Thus, we plan in the future to
xtend the present analysis to a wider set of stars, by exploiting the
elationship between solar wind properties and UV emission o v er the

WO measurements, which have regularly observed the Ca II H &
 emission since 1966 (Wilson 1978 ) for several stars of different

pectral types. Further, in order to complete the phenomenological 
cenario, we will complement and verify our results by employing 
he independent procedure based on the asteroseismic method. 
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he Mg II composite is available from the University of Bremen
 http:// www.iup.uni-bremen.de/ UVSAT/ Datasets/mgii ). The OMNI
ata are available from Coordinated Data AnalysisWeb (CDAWeb;
ttp://cda web.gsfc.nasa.go v ). The data sets of the HK Project at the
ount Wilson Observatory are available from the National Solar
bservatory (NSO) website ( https:// nso.edu/ data/historical-data/m
unt- wilson- observatory- hk- project/). 

E FEREN C ES  

irapetian V. S. et al., 2020, International Journal of Astrobiology , 19, 136 
aliunas S. L. et al., 1995, ApJ , 438, 269 
avassano B., Pietropaolo E., Bruno R., 1998, J. Geophys. Res., 103, 6521 
errilli F., Criscuoli S., Penza V., Lovric M., 2020, Sol. Phys., 295, 38 
ertello L., Pevtsov A., Tlatov A., Singh J., 2016, Sol. Phys., 291, 2967 
igazzi A., Cauli C., Berrilli F., 2020, Annales Geophysicae , 38, 789 
lanc M., Kallenbach R., Erkaev N. V., 2005, Space Sci. Rev., 116,

227 
onanno A., Corsaro E., Karoff C., 2014, A&A , 571, A35 
orucki W. J. et al., 2010, Science , 327, 977 
othmer V., Daglis I. A., 2007, Space Weather – Physics and Effects. Praxis

Publishing, Chichester, UK 

rue vich E. A., Brue vich V . V ., Yakunina G. V ., 2018, Mosco w Uni versity
Physics Bulletin , 73, 216 

runo R., Carbone V., 2016, Turbulence in the Solar Wind. Springer
International Publishing, Switzerland 

ryans P., McIntosh S. W., Brooks D. H., De Pontieu B., 2020, ApJ , 905,
L33 

urch J. L., Moore T. E., Torbert R. B., Giles B. L., 2016, Space Sci. Rev.,
199, 5 

haplin W. J. et al., 2014, ApJS , 210, 1 
hassefière E., Leblanc F., 2004, Planetary and Space Science , 52, 1039 
hatzistergos T., Ermolli I., Kri vov a N. A., Solanki S. K., 2019, A&A , 625,

A69 
ohen O., Ma Y., Drake J. J., Glocer A., Garraffo C., Bell J. M., Gombosi T.

I., 2015, ApJ , 806, 41 
i Mauro M. P., 2017, in Frontier Research in Astrophysics II

(FRAPWS2016). p. 29( arXiv:1703.07604 ) 
i Mauro M. P. et al., 2022, ApJ , 940, 93 
mitriev A. V., Veselo vsk y I. S., Suvorova A. V., 2005, Advances in Space

Research , 36, 2339 
ong C. et al., 2018, ApJ , 859, L14 
u Z. L., 2011, Annales Geophysicae , 29, 1331 
udok de Wit T., Kretzschmar M., Lilensten J., Woods T., 2009, Geo-

phys. Res. Lett., 36, L10107 
uncan D. K. et al., 1991, ApJS , 76, 383 
urney B. R., Mihalas D., Robinson R. D., 1981, PASP , 93, 537 
cher E., Gonzalez W. D., Gonzalez A. L. C., Prestes A., Vieira L. E. A., dal

Lago A., Guarnieri F. L., Schuch N. J., 2004, Journal of Atmospheric and
Solar-Terrestrial Physics , 66, 1019 

geland R., Soon W., Baliunas S., Hall J. C., Pevtsov A. A., Bertello L., 2017,
ApJ , 835, 25 

l-Borie M. A., 2002, Sol. Phys., 208, 345 
scoubet C. P., Schmidt R., Goldstein M. L., 1997, Space Sci. Rev., 79, 11 
eynman J., 1982, J. Geophys. Res., 87, 6153 
aluzzo D., Cagnazzo C., Berrilli F., Fierli F., Giovannelli L., 2021, ApJ ,

909, 191 
onz ́alez-P ́erez J., Mittag M., Schmitt J., Schr ̈oder K.-P., Jack D., Rauw G.,

Naz ́e Y., 2022, Front. Astron. Space Sci., 9 912546 
osling J. T., Asbridge J. R., Bame S. J., Feldman W. C., 1976, J. Geo-

phys. Res., 81, 5061 
rießmeier J. M. et al., 2004, A&A , 425, 753 
ale G. E., Nicholson S. B., 1925, ApJ , 62, 270 
all J. C., 2008, Living Reviews in Solar Physics , 5, 2 
all J. C., Lockwood G. W., 1998, ApJ , 493, 494 
all J. C., Lockwood G. W., 2004, ApJ , 614, 942 
athaway D. H., 2010, Living Reviews in Solar Physics , 7, 1 
NRAS 519, 6088–6097 (2023) 
irshberg J., 1973, Ap&SS , 20, 473 
ntriligator D. S., 1974, ApJ , 188, L23 
udge P., 2006, in Leibacher J., Stein R. F., Uitenbroek H., eds, ASP Conf.

Ser. Vol. 354, Solar MHD Theory and Observations: A High Spatial
Resolution Perspective. Astron. Soc. Pac., San Francisco, CA, p. 259 

ass D., Yung Y., 1995, Science , 268, 697 
atsavrias C., Preka-Papadema P., Moussas X., 2012, Sol. Phys., 280, 623 
ing J. H., 1979, J. Geophys. Res., 84, 5938 
ing J. H., Papitashvili N. E., 2005, Journal of Geophysical Research (Space

Physics) , 110, A02104 
 ̈ohnlein W., 1996, Ap&SS, 245, 81 
ammer H. et al., 2012, Earth, Planets and Space , 64, 179 
arkin A., Haigh J. D., Djavidnia S., 2000, Space Sci. Rev., 94,

199 
ebreton Y., Goupil M. J., 2014, A&A , 569, A21 
i K. J., Zhanng J., Feng W., 2016, AJ , 151, 128 
i K. J., Zhang J., Feng W., 2017, MNRAS , 472, 289 
ockwood M., Rouillard A. P., Finch I. D., 2009, ApJ , 700, 937 
uhmann J. G. et al., 2009, Sol. Phys., 256, 285 
arsden S. C. et al., 2014, MNRAS , 444, 3517 
eugebauer M., 1981, Fund. Cosmic Phys., 7, 131 
l ́ah K., K ̋ov ́ari Z., Petrovay K., Soon W., Baliunas S., Koll ́ath Z., Vida K.,

2016, A&A , 590, A133 
lson P., Amit H., 2006, Die Naturwissenschaften , 93, 519 
arks G. K., 2018, Characterizing Space Plasmas. Springer Nature, Switzer-

land 
etrinec S. P., Song P., Russell C. T., 1991, J. Geophys. Res., 96, 7893 
oletto G., 2013, Journal of Advanced Research , 4, 215 
adick R. R., Lockwood G. W., Skiff B. A., Baliunas S. L., 1998, ApJS , 118,

239 
eda R., Di Mauro M. P., Giovannelli L., Alberti T., Berrilli F., Corsaro E.,

2022, Frontiers in Astronomy and Space Sciences , 9, 909268 
einhold T., Bell K. J., Kuszlewicz J., Hekker S., Shapiro A. I., 2019, A&A ,

621, A21 
ichardson I. G., Cane H. V., 2012, Journal of Space Weather and Space

Climate, 2, A01 
ichardson J. D., Paularena K. I., 2001, Journal of Geophysical Research

(Space Physics) , 106, 239 
icker G. R. et al., 2014, Proc. SPIE, 9143, 914320 
odr ́ıguez-Mozos J. M., Moya A., 2019, A&A , 630, A52 
oss E., Chaplin W. J., 2019, Sol. Phys., 294, 8 
ussell C. T., 1993, Reports on Progress in Physics , 56, 687 
aar S. H., Brandenburg A., 1999, ApJ , 524, 295 
amsono v A. A., Bogdano va Y . V ., Branduardi-Raymont G., Safrankova J.,

Nemecek Z., Park J. S., 2019, Journal of Geophysical Research (Space
Physics) , 124, 4049 

arp V., Kilcik A., Yurch ysh yn V., Ozguc A., Rozelot J.-P., 2019, Sol. Phys.,
294, 86 

chmitt J. H. M. M. et al., 2014, Astron. Nachr. , 335, 787 
chwabe H., 1844, Astron. Nachr. , 21, 233 
ee V., Jardine M., Vidotto A. A., Petit P., Marsden S. C., Jeffers S. V., do

Nascimento J. D., 2014, A&A , 570, A99 
hannon C. E., 1948, The Bell System Technical Journal, 27, 379 
hapiro A. I., Solanki S. K., Kri vov a N. A., Yeo K. L., Schmutz W. K., 2016,

A&A , 589, A46 
hue J. H., Chao J. K., Fu H. C., Russell C. T., Song P., Khurana K. K., Singer

H. J., 1997, J. Geophys. Res. , 102, 9497 
iscoe G. L., Crooker N. U., Christopher L., 1978, Sol. Phys., 56, 449 
kumanich A., 1972, ApJ , 171, 565 
tone E. C., Frandsen A. M., Mewaldt R. A., Christian E. R., Margolies D.,

Ormes J. F., Snow F., 1998, Space Sci. Rev., 86, 1 
okumaru M., Kojima M., Fujiki K., 2010, Journal of Geophysical Research

(Space Physics) , 115, A04102 
u C. Y., Marsch E., 1995, Space Sci. Rev., 73, 1 
alenti J. A., Fischer D. A., 2005, ApJS , 159, 141 
aughan A. H., Preston G. W., 1980, PASP , 92, 385 
aughan A. H., Preston G. W., Wilson O. C., 1978, PASP , 90, 267 
enzmer M. S., Bothmer V., 2018, A&A , 611, A36 

http://www.iup.uni-bremen.de/UVSAT/Datasets/mgii
http://cdaweb.gsfc.nasa.gov
https://nso.edu/data/historical-data/mount-wilson-observatory-hk-project/
http://dx.doi.org/10.1017/S1473550419000132
http://dx.doi.org/10.1086/175072
http://dx.doi.org/10.5194/angeo-38-789-2020
http://dx.doi.org/10.1051/0004-6361/201424632
http://dx.doi.org/10.1126/science.1185402
http://dx.doi.org/10.3103/S0027134918020030
http://dx.doi.org/10.3847/2041-8213/abce69
http://dx.doi.org/10.1088/0067-0049/210/1/1
http://dx.doi.org/10.1016/j.pss.2004.07.002
http://dx.doi.org/10.1051/0004-6361/201834402
http://dx.doi.org/10.1088/0004-637X/806/1/41
http://arxiv.org/abs/1703.07604
http://dx.doi.org/10.3847/1538-4357/ac8f44
http://dx.doi.org/10.1016/j.asr.2004.06.018
http://dx.doi.org/10.3847/2041-8213/aac489
http://dx.doi.org/10.5194/angeo-29-1331-2011
http://dx.doi.org/10.1086/191572
http://dx.doi.org/10.1086/130878
http://dx.doi.org/10.1016/j.jastp.2004.03.011
http://dx.doi.org/10.3847/1538-4357/835/1/25
http://dx.doi.org/10.3847/1538-4357/abdeb4
http://dx.doi.org/10.1051/0004-6361:20035684
http://dx.doi.org/10.1086/142933
http://dx.doi.org/10.12942/lrsp-2008-2
http://dx.doi.org/10.1086/305116
http://dx.doi.org/10.1086/423926
http://dx.doi.org/10.12942/lrsp-2010-1
http://dx.doi.org/10.1007/BF00642216
http://dx.doi.org/10.1086/181422
http://dx.doi.org/10.1126/science.7732377
http://dx.doi.org/10.1029/2004JA010649
http://dx.doi.org/10.5047/eps.2011.04.002
http://dx.doi.org/10.1051/0004-6361/201423797
http://dx.doi.org/10.3847/0004-6256/151/5/128
http://dx.doi.org/10.1093/mnras/stx1904
http://dx.doi.org/10.1088/0004-637X/700/2/937
http://dx.doi.org/10.1093/mnras/stu1663
http://dx.doi.org/10.1051/0004-6361/201628479
http://dx.doi.org/10.1007/s00114-006-0138-6
http://dx.doi.org/10.1016/j.jare.2012.08.007
http://dx.doi.org/10.1086/313135
http://dx.doi.org/10.3389/fspas.2022.909268
http://dx.doi.org/10.1051/0004-6361/201833754
http://dx.doi.org/10.1029/2000JA000071
http://dx.doi.org/10.1051/0004-6361/201935543
http://dx.doi.org/10.1088/0034-4885/56/6/001
http://dx.doi.org/10.1086/307794
http://dx.doi.org/10.1029/2018JA026355
http://dx.doi.org/10.1002/asna.201412116
http://dx.doi.org/10.1002/asna.18440211505
http://dx.doi.org/10.1051/0004-6361/201424323
http://dx.doi.org/10.1051/0004-6361/201527527
http://dx.doi.org/10.1029/97JA00196
http://dx.doi.org/10.1086/151310
http://dx.doi.org/10.1029/2009JA014628
http://dx.doi.org/10.1086/430500
http://dx.doi.org/10.1086/130683
http://dx.doi.org/10.1086/130324
http://dx.doi.org/10.1051/0004-6361/201731831


Exoplanetary magnetospheres in Sun-like stars 6097 

V  

V  

V
W  

W  

 

W  

 

W  

W
W

T

erscharen D., Klein K. G., Maruca B. A., 2019, Li ving Re vie ws in Solar
Physics , 16, 5 

iereck R., Puga L., McMullin D., Judge D., Weber M., Tobiska W. K., 2001,
Geophys. Res. Lett., 28, 1343 

iereck R. A. et al., 2004, Space Weather , 2, S10005 
eimer D. R., King J. H., 2008, Journal of Geophysical Research (Space

Physics) , 113, A01105 
eimer D. R., Ober D. M., Maynard N. C., Burke W. J., Collier M. R.,

McComas D. J., Ness N. F., Smith C. W., 2002, Journal of Geophysical
Research (Space Physics) , 107, 1210 
eimer D. R., Ober D. M., Maynard N. C., Collier M. R., McComas D. J.,
Ness N. F., Smith C. W., Watermann J., 2003, Journal of Geophysical
Research (Space Physics) , 108, 1026 

hite O. R., Skumanich A., Lean J., Livingston W. C., Keil S. L., 1992,
PASP , 104, 1139 

ilson O. C., 1968, ApJ , 153, 221 
ilson O. C., 1978, ApJ , 226, 379 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 519, 6088–6097 (2023) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/4/6088/6973223 by guest on 03 January 2025

http://dx.doi.org/10.1007/s41116-019-0021-0
http://dx.doi.org/10.1029/2004SW000084
http://dx.doi.org/10.1029/2007JA012452
http://dx.doi.org/10.1029/2001JA009102
http://dx.doi.org/10.1029/2002JA009405
http://dx.doi.org/10.1086/133100
http://dx.doi.org/10.1086/149652
http://dx.doi.org/10.1086/156618

