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ABSTRACT

Spectropolarimetric data allow for simultaneous monitoring of stellar chromospheric log Ry
activity and the surface-averaged longitudinal magnetic field, B;, giving the opportunity to
probe the relationship between large-Scale stellar magnetic fields and chromospheric manifes-
tations of magnetism. We presentlog Rjy, and/or B; measurements for 954 mid-F to mid-M
stars derived from spectropolarimetric observations contained within the PolarBase database.
Our magnetically active sample complements previous stellar activity surveys that focus on
inactive planet-search targets. We find a positive correlation between mean log R}, and mean
log |B;|, but for G stars-the relationship may undergo a change between log R{;,, ~ —4.4 and
—4.8. The mean logR;,, shows a similar change with respect to the log R{; variability ampli-
tude for intermediately-active G stars. We also combine our results with archival chromospheric
activity data and published observations of large-scale magnetic field geometries derived using
Zeeman Doppler Imaging. The chromospheric activity data indicate a slight under-density of
late-F to €arly=Ksstars with —4.75 < log R{;; < —4.5. This is not as prominent as the original
Vaughan-Preston gap, and we do not detect similar under-populated regions in the distributions
of the mean | B, |, or the B; and log R}, variability amplitudes. Chromospheric activity, activity
variability/and toroidal field strength decrease on the main sequence as rotation slows. For G
stars, the disappearance of dominant toroidal fields occurs at a similar chromospheric activity
level’as the change in the relationships between chromospheric activity, activity variability
and mean field strength.
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1 INTRODUCTION tion, evolution and potential habitability of surrounding planets (e.g.
O Fionnagdin & Vidotto 2018). The detectability and parameteriza-
tion of these planets is also complicated by the temporal evolution
of magnetic features such as faculae and starspots on the stellar sur-
face (Queloz et al. 2001; Huélamo et al. 2008). Magnetic activity
is intricately linked to the rotational evolution of a star, since the
coupling of the magnetic field with magnetic wind causes the loss
* E-mail: emma.brown@usq.edu.au of stellar angular momentum (Skumanich 1972; Gallet & Bouvier

The dynamo-driven magnetic fields of cool stars generate a range
of activity phenomena with widespread impacts. Magnetized stellar
winds, influence circumstellar environments, including the forma-
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2015; Finley & Matt 2018; See et al. 2019b). For this reason, activity
is often used as a proxy to estimate the rotation periods (i.e. Noyes
et al. 1984) and ages (Lorenzo-Oliveira et al. 2018) of stars. Thus,
improving our understanding of the stellar dynamo, its evolution
throughout the life of a star, interplay with stellar rotation and other
stellar properties, and the induced surface activity are important
goals.

Stellar dynamo theory is largely informed by observations of
the Sun. It is well established that the cyclic, solar magnetic dynamo
is powered by convection and rotation within the outer convective
layers of the Sun (Charbonneau 2005). Differential rotation is a
key mechanism that converts an initially poloidal field to a toroidal
field, and then the poloidal field is regenerated through cyclonic con-
vection or the Babcock-Leighton mechanism (Charbonneau 2005).
Some features of solar magnetic cycles are still not well explained
nor reliably predicted using current dynamo theory, such as the am-
plitudes and lengths of cycles (Petrovay 2020), so monitoring of
the magnetism of other cool stars has become an important adjunct
to studies of the Sun. Through long-term monitoring of the mag-
netic fields and surface activity of late-type stars with a range of
properties, we can provide context for the Sun’s magnetic behaviour
and can work toward untangling the intricate relationships between
stellar properties and the magnetic dynamo.

Chromospheric Car H&K spectral line emissions provide an
important, indirect diagnostic of stellar magnetic activity. Magnetic
heating in the chromosphere causes increased emissions in the cores
of the Cant H&K spectral lines, both in the Sun and other cool stars
(Eberhard & Schwarzschild 1913). Canm H&K activity is usually
represented by the S-index (Vaughan et al. 1978), where the core
emissions in the H and K lines are normalised to the continuum.
Alternatively, when comparing the activity of stars across spectral
types, photospheric and basal flux contributions are removed to pro-
vide a purely chromospheric activity index, log RI’{K‘ Decades-long
monitoring programs, such as the Mount Wilson Program (Wilson
1978; Duncan et al. 1991; Baliunas et al. 1995), have revealed S-
index variability on a range of timescales and amplitudes across
the HR diagram (Wilson 1978; Duncan et al. 1991; Baliunas et al:
1995; Hall et al. 2007; Lehtinen et al. 2016; Boro Saikia et al. 2018a;
Gomes da Silva et al. 2020), with some stars showing cyclicS-index
variability similar to the Sun’s 11-year activity cycle. The relation/
ships between mean activity levels, chromospheric.activity cycle
periods and stellar properties have been previously investigated by
Noyes et al. (1984); Bohm-Vitense (2007); Jenkinsvet-al. (2011);
Brandenburg et al. (2017); Boro Saikia et al."\(2018a) and Gomes
da Silva et al. (2020), among others. Thesestudies suggest that cool
stars may fall into distinct activity groups based.on their mean chro-
mospheric activity and activity cy€le periods. Noyes et al. (1984)
first reported that main sequence stars fall into ‘active’ and ‘inac-
tive’ groups when their mean log RI’_IK is plotted against stellar B-V.
They reported an apparent.Jack of Fand G-type stars with interme-
diate mean chromospheric activity, known as the ‘Vaughan-Preston
gap’. More recently, Boro Saikia et al. (2018a) determined that the
Vaughan-Preston. gapyis net prominent in their chromospheric ac-
tivity study of 4454«ool stars drawn from multiple surveys. Gomes
da Silva et al.,(2020), in their sample of 1674 FGK stars from the
AMBRE-HARPS sample (de Laverny et al. 2013), identified up to
three different’activity regimes for F-K stars, each separated by re-
duced populations of stars and occurring at different activity levels
for different stellar types. Explanations for the reduced populations
between activity groups range from sample biases to phases of rapid
stellar evolution. As yet, there is no consensus on the existence of
distinct activity groups, nor their physical basis.

Chromospheric activity variability has been less studied com-
pared to mean activity levels or the periods of activity cycles. Saar
& Brandenburg (2002) studied chromospheric activity cycle ampli-
tudes for 31 stars from the Mount Wilson Project with well-defined
chromospheric activity cycles, finding that peak-to-peak cycle am-
plitudes increase with mean activity. Gomes da Silva et al. (2020)
also studied the relationship between mean chromospheric activity
and activity variability amplitudes for their 1674 AMBRE-HARPS
stars, but their data consisted of less-dense time series’ of observa-
tions, covering shorter time spans, compared to that used by Saar
& Brandenburg (2002). Gomes da Silva et al. (2020) found that,
although the upper envelope of chromospheric activity variability
scales with mean activity level, low activity stars do not neces-
sarily have low chromospheric variability amplitudes. This implies
that planet-search stars, which are targeted for low chromospheric
activity variability, cannot be identified based on their niean ¢hro-
mospheric activity level alone. Several studies have also‘ecompared
the amplitudes of stellar photometric variability to chromospheric
variability amplitudes and mean chromospherie*activity levels (i.e.
Radick et al. 1998; Lockwood et al. 2007; Radick et al.2018). Stel-
lar photometric variability amplitudes generally incréase with mean
chromospheric activity levels, but the-Suns@ppears to have a lower
photometric variability compared to other stars with similar mean
chromospheric activity (Radicket'al. 2018; Reinhold et al. 2020).
Young, active stars tend to become darker as their chromospheric
emissions increase throughoutvactivity cycles, while mature and
less active stars, including the\Sun, become brighter with increas-
ing chromospheric emissions. This suggests a transition from spot
dominated to faculae dominated photometric variability at around
middle age (Radick etial: 2018).

In this paperwe analyse time-series spectropolarimetric ob-
servationsyfor a sample of main sequence and youthful F-M stars
from(the PolarBase! database (Petit et al. 2014). Spectropolarimetry
uniquely, allows for the simultaneous measurement of the strength
of the surface-averaged, large-scale stellar magnetic field (B;) and
the echtomospheric emissions in the cores of the Canmr H&K lines.
Thus, the data provide an opportunity to compare large—scale mag-
netic fields with the properties of smaller—scale magnetic surface
features. These are known to be related (Lehmann et al. 2018) but
the nature of the relation is not yet clear.

The PolarBase data span the years 2005 through to 2019, al-
lowing for long-term monitoring of magnetic and chromospheric
activity variability. We present both the average chromospheric ac-
tivity and magnetic field strengths, and their variability amplitudes.
We also combine our data with archival log RI/{K measurements
from Gomes da Silva et al. (2020) and Boro Saikia et al. (2018a),
as well as details of the magnetic field geometries for ~ 60 of our
PolarBase targets which have been the subjects of previous Zeeman
Doppler Imaging (ZDI, Semel 1989) studies.

The key aims of this work are to (i) compile a database of
chromospheric activity measurements and surface-averaged large-
scale magnetic field strengths for cool stars in the PolarBase sample,
(ii) compare the distributions of chromospheric activity, B; and their
variability across the sample, (iii) search for distinct activity groups
in the activity distribution, as well as any B; counterparts, and (iv)
use published ZDI results to gain new insights into the relationships
between chromospheric activity, activity variability, magnetic field
geometry and stellar properties.

I http://polarbase.irap.omp.eu/
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2 THE STELLAR SAMPLE
2.1 Sample selection

PolarBase contains spectra for >2000 stellar objects, sourced from
the high-resolution spectropolarimeters ESPaDOnS (Donati 2004;
Donati et al. 2006), coupled with the 3.6 m Canada-France-Hawaii
Telescope at Mauna Kea Observatory, and NARVAL (Auricre
2003), coupled with the 2m Telescope Bernard Lyot at Pic du
Midi Observatory. Targets cover the spectral types O4 to M9, with
60 percent of targets being cooler than F5 (Petit et al. 2014). We
filtered the PolarBase targets to include only stars that are within the
GAIA catalogue (DR2, Gaia Collaboration et al. 2016, 2018). We
included only stars with effective temperatures between 3200 and
6700 K, which correspond roughly to spectral types M5 through
to F5, and aimed to include pre—main sequence and main sequence
stars only. We initially filtered giants and more evolved stars from
the sample based on their luminosity classification within sStMBADZ,
where available. We then further filtered out subgiant stars using
the method described in section 2.2.4. From our filtered target list,
we include in this paper only the 954 stars for which we were able to
measure the chromospheric log RﬁK (section 4.3.2) and/or the lon-
gitudinal magnetic field, B; (sections 4.1 and 4.4). A HR diagram
of the sample is shown in Figure 1. PolarBase stars are generally
targeted because they are magnetically active, so our sample is com-
paratively more active and complements previous chromospheric
activity surveys that derive from samples of planet-search targets
(e.g. Gomes da Silva et al. 2020).

2.2 Stellar properties

Stellar properties are shown in Table 1. The full Table 1 is available
online.

2.2.1 Effective temperature, luminosity, surface gravity, radius
and B-V

We estimated the effective temperature, luminosity, surfacegravity
(log g), stellar radius and Tycho Br and Vr magnitudes by, in-
terpolating a grid of MIST (MESA Isochrones & Stellar’'Tracks)
evolutionary tracks (Paxton et al. 2011, 2013, 2015, 2018y Choi
et al. 2016; Dotter 2016) overlaid on the GAIArecolour-magnitude
diagram (G versus BP-RP magnitudes) for ot sample. BP and RP
magnitudes were taken directly from GAJA DR2,(Gaia Collabora-
tion et al. 2016, 2018), and the absolute G-band magnitudes were
derived using the apparent G magnitudes and parallaxes from GAIA
DR2. We assumed solar metallicity(as in e.g. Arun et al. 2019).
We converted the Tycho By andV/z magnitudes to the Johnson B-V
magnitude shown in Table 1 according to Hgg et al. (2000).

2.2.2 Rotational velocity

The line-of-sight projected rotational velocity (v sini) was used to
estimate theyrotation period of each target (section 4.5). We adopted
v sind from Valenti & Fischer (2005), Gtebocki & Gnaciriski (2005)
or.the median of published values listed in sSIMBAD, as indicated in
Table 1.

2 http://simbad.u-strasbg.fr/simbad/
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Figure 1. Bottom: HR diagram of the sample of-PolarBase stars selected
for our study. Circles denote single.objects, stars denote binary or multiple
star systems where the measured log R}, ™ay be impacted by the presence
of companions, and triangles indicate-binary or multiple systems where
the B; and log Ry, are known to,be impacted by blending. Filled markers
are taken to be main sequenece stars. Open markers have significant Li1
absorption lines present in their spectra, suggesting that they may be young
stars. Markers with reduced opacity are stars with noisy spectra, for which
it is not clear if the stars have strong Li1 lines. The Sun is indicated with the
usual symbol in red. Top: Histogram showing the breakdown of the sample
by spectral ¢elassification.

2.2.3- Binary/multiple systems

We Jidentified binary and multiple systems using the sIMBAD
database. We also inspected the LSD Stokes [ spectral line profiles
to identify any additional binary/multiple systems. The presence of
multiple stellar signals in spectra and LSD profiles can result in
the overestimation of the log RI’{K and/or B; because of blending
between components. Systems for which the measured B; is im-
pacted by the presence of companion stars are flagged in Table 1.
We assume that the log RI,{K for all binaries/multiples may be con-
taminated by contributions from companions. This is because the
cores of the Cam H and K lines are intrinsically very broad com-
pared to most metallic lines, so the contributions of companions are
usually blended.
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2.2.4  Lirabsorption lines to distinguish young stars from
evolved subgiants

The presence of a strong Li1 line (centered at 6707.8A) in stellar
spectra is an indicator of youth for single stars (Soderblom 2010).
We visually inspected the spectra to check for Li1 lines. For stars
that were clearly located away from the main sequence, and with
no/weak Lir1 absorption lines, we assumed that the stars are evolving
off the main sequence and excluded them from our sample. For the
remaining sample, we assumed stars are youthful if they have a Lit
line as strong as the nearby 6717.7A Car line. In some cases, the
spectra were noisy and we could not clearly detect Li1or Cat1lines, in
which case we included the stars in our sample, and have indicated
throughout our results that we are unsure if a strong Lir line is
present. Although this is a rudimentary approach to classifying
stars as ‘youthful’, we consider it to be sufficient for this study.

3 DATA
3.1 Spectropolarimetry with ESPaDOnS and NARVAL

The ESPaDOnS and NARVAL spectropolarimeters have been gath-
ering observations since 2005 and 2006 respectively. PolarBase
includes observations that continue until mid-2019, prior to the
commissioning of the NeoNARVAL spectropolarimeter at the TBL.
Both instruments have a spectral coverage of 3700 to 10480 Awitha
resolution of ~65000 in polarimetric mode. When operating in non-
polarimetric mode, the instruments provide high-resolution Stokes
I (intensity) spectra. When in polarimetric mode, they can also
provide Stokes V (circularly polarized) spectra or Stokes Q and U
(linearly polarized) spectra. Stokes V generally have stronger Zee-
man polarization signatures compared to Stokes Q and U spectra
for late-type stars, and are therefore more commonly collected for
PolarBase targets. Stokes V spectra are obtained from a series of
4 individual ‘sub-exposures’, each of which measures flux in two
orthogonal polarization states, / + V and I - V. The positions of the
orthogonally polarized beams are switched between sub-exposures
by rotating the retarding rhombs of the polarimeter. A Stokes, /
spectrum can be extracted from each raw sub-exposure, and.the po-
larized spectrum is derived from the full series of 4 sub-exposures;,
as described in section 3.2.

3.2 Data reduction and calibration

PolarBase provides ESPaDOnS and NARVAL observations in their
reduced and calibrated format. The automatic.reduction software
package LIBRE-ESPRIT, based on ESPRIT (‘Echelle Spectra Reduc-
tion: an Interactive Tool’, Donati et al. 1997), is applied to reduce
and calibrate each sub-exposure using bias and flat-field exposures
taken during the observing runs. A‘first wavelength calibration is
carried out using a Thorium-Argon arc-lamp exposure taken on the
observing night, and is‘then refined using telluric lines as radial ve-
locity (RV) references. This results in a final RV accuracy of ~ 20 to
30 ms~! (Mdutou et a7 2007). Stokes I spectra are extracted from
each sub-exposure, continuum normalized, and are made available
on PolarBase,at this point. Stokes V spectra are extracted from the
series’ of calibrated sub-exposures by dividing sub-exposures with
orthogonal polarization states, which removes instrumental polar-
ization signals (Donati et al. 1997). Stokes V observations available
on PolarBase also include a ‘mean’ Stokes / spectrum, which is
derived by adding the series of 4 Stokes / sub-exposures together,
and a ‘null’ spectrum which is calculated by dividing spectra with
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Table 2. Table of normalization parameters used for LSD (extension of
Table 4 from Marsden et al. 2014).

Ter (K) 80 do Ao

3000 122 055 690
3500 122 055 670
4000 122 055 650
4500 122 055 630
5000 122 054 610
5500 122 053 590
6000 122 051 570
6500 121 049 560

identical polarization states, giving a measure of instrumental po-
larization (noise) and indicating the reliability of the polarimetric
measurement.

4 ANALYSIS

4.1 Least-squares deconvolution

Least-squares deconvolution (LSD, Denati et al. 1997; Kochukhov
et al. 2010) is a techniquetthatwuses, the thousands of lines within
a spectrum to derive a singley, ‘mean’ spectral line profile with an
improved SNR. LSD assumes, that most spectral lines have almost
identical shapes, ificluding identical starspot—induced intensity con-
trasts in Stokes / speetra, and polarization signatures in Stokes V
spectra. The entire:spectrum is taken to be a convolution of the mean
Stokes Leor V lineprofile, and a line pattern function that describes
the lecations and relative strengths of the individual spectral lines.
The line pattern function is modelled using a synthetic line mask
for a'quiet star having similar properties to the target, and each line
in the.mask is weighted by a factor w:

d .
w; = —for Stokes  data, or 1)
J dO
wj = Mfor Stokes V data )
gododo

where g;, A; and d; are the j th Jine’s effective Landé factor,
central wavelength and central depth. The factors gg, 49 and dy
are the normalization parameters from Table 2 (an extension of
Table 4 from Marsden et al. 2014). The line pattern function can
thus be deconvolved from the observed spectrum to determine the
mean Stokes / or V profile, as described in Donati et al. (1997) and
Kochukhov et al. (2010).

We performed LSD using the automated technique of Donati
etal. (1997). We generated synthetic spectral line masks using stel-
lar atmospheric models from the Vienna Atomic Line Database
(VALD, Kupka et al. 2000), for stellar temperatures ranging be-
tween 3000 and 6500K in steps of S00K, and log g between 2.0
and 5.0cms™2 in steps of 0.5cm s~2. Line masks excluded lines
with depth < 10 per cent of the continuum. For each target we se-
lected the line mask with the nearest 7.5 and log g, and used the
line normalization parameters from Table 2. An example LSD line
profile is shown in Figure 2, and further details of the LSD technique
can be found in Donati et al. (1997) and Kochukhov et al. (2010).
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Figure 2. Example LSD profile for 61 Cygni A. Axes (top to bottom) show
the mean Stokes V profile, Null profile and mean Stokes 7 profile. Note that
the y-axis scale has been enlarged for the Stokes V and Null profiles for
clarity.

4.2 Radial velocity

We used the LSD line profiles to measure the precise radial velocity
of each target during each observation. We fitted a pseudo-Voigt
profile (convolution of a Gaussian and a Lorentzian) to each Stokes
1LSD profile and took the central velocity of the fitted model as the
RV. We then RV-corrected each LSD profile and the corresponding
spectra. In Table 3 we show the error-weighted average RV and
standard deviation for each target. Note that the particularly large
standard deviations shown in Table 3, such as for V471 Tau, are
generally related to the changes in the RV throughout binary orbits.

4.3 Chromospheric activity and variability
4.3.1 Chromospheric S-index

The S-index (Vaughan et al. 1978) is the ratio of the fluxes in'the
Ca H and K lines to the continuum flux either sidesof the H and K
lines. It is calculated as

S MW = M +e, (3)
cF Ruk T dF Viik

where Fy and Fg are the fluxes in two triangular bandpasses
centred on the cores of the CarH and K lines (3968.469 A and
3933.663 A) with widths of 2.18 A'at the base), and FR and
Fy, are the fluxes in two rectangular 20 A bandpasses centered on
the continuum either sideof th¢ Hand K lines at 3901.07 A and
4001.07 A. The coefficients 2, b,’¢, d and e are derived in Marsden
et al. (2014) to convert, S-indices from NARVAL and ESPaDOnS
to the Mount Wilson'S-index scale.

We calculated; S-indices using individual Stokes [ sub-
exposures(as these were available on PolarBase for a large majority
of our.targets, as opposed to ‘mean’ Stokes [ profiles which were
only‘available for stars with full series’ of 4 sub-exposures. S-index
errors were calculated by propagating the uncertainties computed
during the reduction process for each spectral bin of the normalized
Stokes [ spectra through Equation 3.

For targets with > 10 observations we removed outliers in the
S-indices by excluding values outside 3 standard deviations from

the mean (as in Gomes da Silva et al. 2020). For smaller data sets we
found this to inappropriately exclude values that were not outliers, so
we did no o clipping for these stars. Some observations measured
intensities below zero in the region of the Canm H&K lines. We
filtered out observations where >1% of pixels within the H and K
bandpasses had intensities < 0.

Table 3 shows the mean S-index for each target ({(S)), weighted
by the errors in individual S-index observations. We propagated S-
index errors through the weighted mean equation, and they are so
small that we have excluded them from Table 3. We have also mea-
sured the peak-to-peak S-index range (A S) as a representation of the
amplitude of activity variability, as in Saar & Brandenburg (2002).
We found the peak-to-peak amplitude to be a more realistic repre=
sentation of activity variability compared to the standard deviation,
since chromospheric activity cycles are not strictly periodie, nor
symmetrical about the mean.

4.3.2  Conversion from S-index to R]'_[K

Chromospheric Cannt H&K emissions include a basal flux contribu-
tion (Schrijver 1987), unrelated to magnetic activity, and a photo-
spheric contribution due to magnetic heating/(Noyes et al. 1984).
Both can be estimated based onthe B-Y colour of a star (Mid-
delkoop 1982; Rutten 1984), and must-be removed when compar-
ing the chromospheric activity=of.stars across the HR diagram, to
obtain a purely chromospheric activity index, RI’{K, This is often
done using the method'of Neyes et al. (1984, equation 4),

Rip=134x 107" Cop - Suw = Rphor, )

where/C, fis the bolometric correction factor and R, is the
photospheric¢ contribution to the H and K bandpasses. However, the
original ealibration of the photospheric correction is valid only for
0:44 <)B -V < 0.82, while our sample cover 0.37 < B-V < 1.4.
Others have calibrated the Noyes et al. (1984) photospheric and
bolometric corrections to a larger spectral range, such as Sudrez
Mascarefio et al. (2015) (0.4 < B-V < 1.9), Astudillo-Defru et al.
(2017) (0.54 < B -V < 1.9) and Boro Saikia et al. (2018a). We
used the Sudrez Mascarefio et al. (2015) conversion, where C ¢
and R ,p; are calculated as

logg Cef = 0.668(B—V)> ~1.270(B~V)? ~0.645(B~V) —0.443
()

10210 Rphor = 1.48 X 107% - exp[-4.3658(B - V)].  (6)

Three stars within our sample are slightly outside the calibrated
B-V range of the Sudrez Mascareiio et al. (2015) conversion, with
B-V between 0.37 and 0.40. We still used the Sudrez Mascarefio
et al. (2015) conversion for these stars, and we do not expect that
this has any significant impact on the key findings of this study. We
calculated the mean log Ry, and log R{; range (log AR[) based
on the mean S-index and S-index range from Table 3, and the B-V

from Table 1.

4.4 Longitudinal magnetic field

The longitudinal magnetic field, By, is the line-of-sight magnetic
field averaged over the entire stellar disk. For the stars within our
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sample that have Stokes V profiles available in PolarBase, we mea-
sured B; using

va(v)dv
/lgcf [1-1(v)]dv

from Donati et al. (1997), where B is in gauss, V(v) and I(v) are
the RV-corrected Stokes V and I LSD profiles respectively, which
are normalised by the unpolarized continuum (/.), 4 and g are the
normalization parameters from Table 2, ¢ is the speed of light in
kms~! and v is velocity in kms~!.

The velocity domain over which to integrate is unique for each
target, and was chosen to include the entire Stokes V polarization
signal while minimizing noise. We used the mean full-width at
half-maximum (FWHM) of the Stokes / LSD profile (Table 3) to

determine an appropriate domain according to the equation

By =-2.14x 10" ™)

ve (xaFWHM), 8)

where @ = 1.3 for FWHM < 40 km s~!. For a small selection of
stars with very broad profiles (FWHM > 40 km s~!) & = 0.8 was
more appropriate.

The error for each B; observation was determined by propa-
gating the uncertainties computed during the reduction process for
each spectral bin of the normalized spectrum through equation 7. To
determine the mean and range of the B;, we first filtered out obser-
vations with very large uncertainties (>200G), and those for which
the uncertainty in the B; was greater than the measured value. For
stars with >10 observations, we also removed B; values that were
more than 3 standard deviations from the mean. We measured the
By from the Null profile, B; y, using the same method as above.
Non-zero values of B; p that are significant with respect to their
uncertainties, and significant with respect to the B; measured from
the Stokes V profile, may indicate that our magnetic field detection
is spurious. Therefore, we also filtered out observations with large
detections in the Null spectrum (|B; x| > |B;|). Table 3 shows the
error-weighted mean, unsigned longitudinal field strength from the
Stokes V and Null profiles ({| B;|) and {|B; n |) respectively), as well
as the peak-to-peak B; range (A Bj). Uncertainties in the (| B;{) and
(|B;,n |y were determined by propagating the errors in individual
measurements through the weighted mean equation. We also show
the mean uncertainty in the By y values, {|og, |}, whichprovides
an indication of the significance of the average detection, in the Null
spectrum. There are a few stars with large (| By{ ), values, but these
are not significant relative to their average uncertainties, (|og, x)-

4.5 Stellar rotation

We estimated stellar rotation periods (P, ;_¢q°) by assuming solid-
body rotation, taking a constant inclination angle for all stars of 60°,
and using the stellar radius and v$ini from Table 1.

5 RESULTS AND)DISCUSSION

We measured,chromospheric log R}, indices for 913 stars. For 621
of these we had multiple log RﬁK observations and could estimate
theramplitude of the chromopsheric activity variability, log AR]’_[K.
We measured the mean, unsigned, surface-averaged magnetic field
strength, (|B;|), for 425 stars, and estimated the B; variability am-
plitude for 233 of this sample. Stars for which we were able to
measure both the log R}, and (| B;|) totalled 383. Table 3 provides
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the measured parameters (the full table is available online only),
which are also shown on the HR diagram in Figure 3.

The sample of stars with measured (|B;|) includes a greater
number of very cool stars compared to the log RI’{K sample, as
shown in Figure 3. This is because cooler stars emit weakly in the
blue spectral wavelengths, where the Can H&K lines lie, so SNRs
in this domain are particularly poor. The log RI’{K sample consists
of a greater number of mature, magnetically and chromospherically
inactive stars compared to B; sample, due to the lower-limit for
detecting the large-scale magnetic fields for inactive stars.

Many of the stars we identified as young stars are located away
from the main sequence in Figure 3, but several also appear to pop-
ulate the main sequence. Given that those on the main sequence are
highly active and have strong Li 1 absorption lines, it is possible/that
they are zero-age main sequence stars. Gomes da Silva et al#(2020)
similarly found that their main sequence population includedia small
number of highly active stars, which had uncertain isochronal ages.
They also concluded that the stars were probably yeunger compared
to others on the main sequence. It is also possible that the positions
of these stars on the main sequence is a reflection of .our assump-
tion of solar-metallicity when deriving the'stellar temperatures and
luminosities (section 2.2.1).

For stars with a large number of observations (e.g. > 100), the
means and amplitudes we report inyTable 3 characterize the stellar
variability on a rotational time-scale, as"well as modulations related
to magnetic and chromosphericactivity cycles. For stars with fewer
observations, the reported mean levels of chromospheric activity
and magnetic field strengthwwill be relatively poorly constrained.
The log ARI/{K and, A B will be underestimated for targets with
few observations, andiare likely to only characterise the rotational
modulation of‘chromospheric activity and magnetic field strength.

571" Mean’ chromospheric activities and large-scale magnetic
field strengths

Figure 4 compares the mean log R{;,. with mean log |B;| across
sub-samples of F, G, K and M stars. The number of stars in each
sub-sample is shown at the top of each plot, along with the Pearson
correlation coefficient, p. Marker colour scales with the number of
observations for each star, and marker shapes/styles are the same as
in Figures 1 and 3. The black-line histograms indicate the distribu-
tions of the mean log|B;| and mean log RI'{K across each sample
of young stars, while the grey shaded histograms indicate the data
distributions for mature stars and those with noisy spectra for which
we could not determine if significant Li1 lines were present. In Fig-
ure A1 we also show histograms of our chromospheric activity data
combined with the data presented by Boro Saikia et al. (2018a) and
Gomes da Silva et al. (2020).

5.1.1 Correlation between mean log RﬁK and log | By|

Chromospheric activity across our sample ranges from log R, ~
—3.5t0-5.0, and magnetic field strengths range from log | B;| ~ —0.7
to 2.7 (~ 0.2 to 500G). Across all spectral types we find a positive
correlation between mean log R{; and mean log | By|, although the
correlation is only marginal for F and M stars. For all spectral types,
the correlation is improved when considering only stars with a high
number of observations (> 100 observations, indicated by dark blue
markers). Binary/multiple stellar systems generally lie along the
same trend as single stars. Marsden et al. (2014) also found a positive
correlation between chromospheric activity and the upper envelope
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Figure 3. Top: HR diagrams showing (left to right) mean chromospheric activity (log Ry, ), amplitude ‘of chfomospheric activity variability (log AR}, ) and
number of observations used to measure the mean log Rj;, . Bottom: HR diagrams showing (left to,right) the mean, unsigned surface—averaged longitudinal
magnetic field strength (log | B; |), amplitude of magnetic field strength variability (log A By)"and number of observations used to measure the mean |B; |. For
all plots, the marker shapes and fill-styles are the same as in Figure 1. Li1 abundant starsgwhich we take to be young stars, are indicated by open markers, while
mature stars are shown by filled markers. Stars for which we were unable to determine if significant Li1 lines were present are shown by filled markers with
a reduced opacity. Circles denote single objects, while star symbols indicate binaries for which B; measurements do not appear to be impacted by blending
between companions, and triangles represent binaries for which B; is known to be impacted.

of the longitudinal field strength in their snapshot study of 170 F, G
and K stars from the BCool sample, and Reiners et al. (2022):found
an approximately linear power-law relation betweens/nonthermal
Can H&K emissions and magnetic flux (measuredusing Zeeman
broadening) for their sample of 292 M dwarfs.

Interestingly, our results suggest that the'relationship between
the mean log Ry, and mean log |B;| may be marked by multiple
regimes. These are the most clear for theysample of G stars in
Figure 4, possibly because this sample is the largest compared to
the other stellar types. For illustrative purposes in Figure 4 we
show a continuous, piece-wisellinear function (black line) which we
fitted to the G-star data using a\weighted least-squares fit (Wherein
data is weighted by the number ‘of observations). For G stars with
log|B;| between ~ 2'and 04, and log Ry, between ~ —4.0 and
-4.4, chromosphericiactivity and magnetic field strengths decrease
simultaneously. At log|B;| ~ 0.4, the field strength remains almost
constant while log RﬁK decreases from ~-4.4 to -4.8. The relation
then revertsyback-to decreasing log RI/{K with decreasing |Bj| for
log|B;| < 0.4 and log Ry, < —4.8.

Weconsidered in detail if the multiple regimes could be related
to some Systematic issue with the estimation of the mean magnetic
field strength. For example, it is possible that the mean |B;| could
be overestimated for stars with log R]'_[K < —4.4 because we filter
out observations where the measured B; is below the noise level

(measured in the Null profile). Thus, for inactive stars, the mean
|B;| could relate to magnetic maxima only, and this might explain
why inactive stars appear to be ‘shifted’ to the right in |B;| space.
However, when we plotted the maximum |Bj| against the mean
log Riﬂ( for the sample shown in Figure 4, distinct regimes were
still evident. Therefore, overestimation of the mean | B;| for inactive
stars is unlikely to fully explain the relationship shown in Figure 4.

Similarly, a systematic underestimation of the mean |B;| for
low activity stars would not fully explain the observed shape of the
log RI,{K - log |B;| relation. The |B;| could be underestimated for
inactive stars due to their low rotational velocity, which may limit
the spatial resolution of the Stokes V and I spectral line profiles. Or,
if the magnetic field were concentrated into smaller spatial scales
with decreasing activity (Petit et al. 2008), the B; may be unable to
reliably recover the field due to cancellations between small-scale,
oppositely polarized regions. These scenarios could explain why
we are unable to recover any increase in B; as log RI'{K increases
between -4.8 and -4.4. However, they do not explain why we are
able to recover increasing magnetic field strength with increasing
chromospheric activity for stars with log RﬁK < —4.8. For all in-
active stars, we would instead expect to see a vertical stacking of
stars having continually decreasing chromospheric activity and an
almost constant, minimum detectable B;.

Perhaps the strongest argument against a systematic cause for
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Figure 4. Mean chromospheric activity versus mean unsigned longitudinal field strength for our sample, separated by spectral type. Marker shapes and fill-styles
are the same as in Figure 1. Marker color scales with the number of observations, We take’the number of observations as the average of the number of log Ry,
observations and 4 X B; observations (since 4x Stokes / observations aredequiredito.measure B;). The grey shaded histograms above and to the right of each
plot show the distributions of the mean log | B;| and log R}y, across each sample of main sequence stars. The black line histograms indicate the distributions
of data for young, lithium rich stars only. The dashed lines indicate.the limits of possible reduced populations in the activity distributions; the lines are red for
the F and K stars because we did not find the reduced populations to,be significant with respect to the histogram uncertainties in Figure A1l. The solid black

line shown for G stars indicates a continuous piece-wise lineat fit to the data.

the three regimes in the log RII{K - log | B;| relation, is the fact that
we also see a similar and possibly related,‘step*.in the relationship
between chromospheric activity variability, amplitudes and mean
chromospheric activity, which we discuss further in section 5.2.1. If
the distinct regimes in the log R log |B| relation are real, they
may relate to a change in the surface properties of the magnetic dy-
namo at around log | B;| ~ 0.4. Onepessibility is a change in the area
ratio of chromospheric plages to photospheric spots, as suggested
by Foukal (2018). Foukal.(2018) proposed that stellar plage/spot
ratios may be lowet for stars that are slightly more active compared
to the Sun (log RI’_IK ~ —-4.8 in cycle 23, Lehmann et al. (2021)),
based on the fact thatthe Sun exhibits a reduced plage/spot area ra-
tio when-atitsimost‘active (Foukal 1998). This phenomenon could
also relate tonthe well-observed change from spot-dominated to
factlae-dominated photospheric variability with decreasing mean
chromospheric activity and increasing stellar age (Radick et al.
1998; | Lockwood et al. 2007; Radick et al. 2018), which occurs
atlog R{; ~ —4.65 to -4.75. If stars with log|B;| ~ 0.4 are im-
pacted by a reduced plage/spot ratio then they would appear weaker

in terms of their chromospheric activity (which relates to chromo-
spheric plages) relative to their |B;| (which relates to the magnetic
fields in both spots and faculae). The affected stars would drop ver-
tically down in our Figure 4, which would be consistent with our
observations. Interestingly, Nichols-Fleming & Blackman (2020)
observed a similar, sudden decrease in X-ray luminosity variabil-
ity (which is known to correlate strongly with chromospheric Ca 1t
H&K emissions) for G stars, which occurred at a rotation period
of ~15 d, and this rotation period also coincides with our observed
log RﬁK ‘step down’ for G stars (see Figure B1).

5.1.2  Trends with stellar age and spectral type

For both G and K stars, chromospheric activity and magnetic field
strengths are higher for young stars (open circles) compared to the
more mature main sequence stars (filled circles). For F and M-type
stars, there appears to be a similar decrease in activity and magnetic
field strengths from young to mature stars, but our sample size,
particularly the samples of young stars, are small compared to G
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and K stars. As a result, the distributions of chromospheric activity
and magnetic field strengths for young F and M stars are dominated
by statistical noise.

The lower-limits of chromospheric activity and magnetic field
strengths for young G and K stars are similar (log RI/{K ~ —4.3 and
log|B;| ~ 1.0), but the young K stars extend to higher mean log Ry,
and log | B;| compared to the G stars. This is likely to be related (at
least partly) to a sample bias; young and highly active K (and M)
stars are targeted in priority for spectropolarimetric observations to
increase the likelihood of a magnetic detection. The population of
young stars appears to correspond to the ‘very-active’ group of stars
with log RI/{K > —4.2 observed by Gomes da Silva et al. (2020).

For both G and K stars, the populations of young stars are
separated in both the log RﬁK and log |B;| histograms from the
populations of mature, main sequence stars, but again it is possible
that the apparent grouping of stars is an effect of targeted observing
programs with NARVAL and ESPaDOnS. If it is a real phenomenon,
the under-density of stars between the young and main sequence
populations resembles the ‘gap’ in stellar rotation periods described
by Barnes (2003) that occurs around the transition from the pre-main
sequence to the main sequence. Barnes (2003) propose that the core
and envelope of a star re-couple in this region, and the magnetic
field may change from a ‘convective’ field to an ‘interface’ field
produced at the tachocline. The presence of the gap in both the
chromospheric activity and magnetic field strengths is consistent
with a rapid evolution between these pre-main sequence and main
sequence phases.

For main sequence F, G and K stars, the lower and upper-
limits of chromospheric activity and magnetic field strengths are
similar, while our sample of M stars appears to generally have
higher log R{;;, and log |B;|. Again, this may be partly related to a
sample bias, whereby active M stars are preferentially targeted. Or
it could be related to the longer main sequence lifetimes of mid-M
stars, their less-efficient activity/rotation spin down or the difference
in convective turnover timescales between stellar types.

The log RI’{K histograms for main sequence F, G and K stars
(grey shaded histograms) show that chromospheric activity may be
bimodally distributed, or could be skewed toward inactive stars-with
an extended tail toward higher activity stars. Figure 4 shows$lightly
under-populated regions of F stars between log RI,—IK = ~4.Thand
-4.8, G stars between -4.4 and -4.8, and K stars between~4.5 and
-4.7. In each case, the under-density of stars is not significant for
our sample when we consider the uncertaintiés in“the-histogram
bins (Figure Al), but a bimodal distribution\is significant for G
stars when we combine our data with that from Boro Saikia et al.
(2018a) and Gomes da Silva et al. (2020). Similar to Boro Saikia
et al. (2018a), the possible reduced population of intermediately—
active G stars in Figure Al is lessyprominent compared to the
‘Vaughan-Preston gap’, originally, shown by Noyes et al. (1984)
to be completely devoid.of F and G stars between log RﬁK =-4.6
and -4.9. This is likely due to our larger sample size compared to
Noyes et al. (1984)¢ We.do not observe any distinct, ‘very-inactive’
group of stars in, any,of the chromospheric activity distributions,
with log RI’_IK < -5.0,7as was detected by Gomes da Silva et al.
(2020). This is probably because their data includes stars evolving
off the.main'sequence, while our sample excludes these stars.

In contrast to the chromospheric activity distributions, the
log'|B;|"data for main sequence stars seem to be normally dis-
tributed, particularly across each of the G and K samples. It is
interesting that the low-population region that separates young stars
from old for both the G and K samples, is evident in both log |B;|
and log R}, distributions, while the reduced population of main
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sequence G stars with intermediate activity is shown in only the
log R}, distribution. The fact that we see no discontinuity inlog | B; |
for G stars at intermediate activity supports a change in dynamo
properties on the main sequence, such as those we discussed in
section 5.1.1, rather than a rapid evolutionary phase.

5.2 Chromospheric activity and magnetic field strength
variability amplitudes

Figures 5 and 6 compare the peak-to-peak amplitudes of log RI,-IK
and log B; variability with the mean log RI’_IK and mean log |By|
respectively. In Figure 5, stars are grouped by spectral type, and
the marker color scales with the number of observations. In Figure
6 we show all spectral types together, and in 6(a) marker.color
scales with the number of observations, while in (b) itdndicates
stellar temperature. As in Figure 4, the number of stars4n each sub-
sample and the Pearson correlation coeflicient are shown at the top of
each plot. Filled markers represent mature stars, open markers show
young stars and the black line histograms indicate the'distributions
of activity and magnetic field strength for the young sample. Due
to the significant scatter in these plots, we show"the distributions
of log ARI'_IK and log ABy for eachentire main sequence sample
in orange. The grey histograms relate to\filtered samples of main
sequence stars that have > 10 observations.

5.2.1 log ARy, versus'meanlog R{y

For G, K and M stats, the amplitude of log Ry, variability shows a
moderate, positive cortelation with the mean log RI/{K' Saar & Bran-
denburg (2002), similarly observed an increase in chromospheric
activity”amplitudes with mean activity above log R[;, = -5.0.
Meanwhile, for F stars there is only a weak correlation between
chromospheéric activity variability and the mean activity level. The
positive correlations for G and K stars are strongest for stars with
a high number of observations. Unlike in Figure 4, where stars
with few observations are scattered both above and below the main
trend, it is clear in Figure 5 (and 6) that stars with few observations
are scattered mostly below the trend. This is because variability
amplitudes are inevitably underestimated for poorly observed stars.
Some of the scatter will also be due to the fact that activity is re-
stricted in latitude, such that stars with different inclinations to the
observer will have different apparent activity amplitudes (Saar &
Brandenburg 2002).

Considering targets with at least ~ 50 obs. (green to dark blue
markers), there appear to be at least two regimes of activity vari-
ability for G stars, and possibly for K stars. G stars show decreasing
chromospheric activity variability with decreasing mean activity be-
tween log R, ~ —3.8 and —4.4, but below log R, ~ —4.4 there s
only a minimal change in chromospheric activity variability with de-
creasing mean activity. It is possible that chromospheric variability
again begins to decrease with mean activity below log RﬁK ~ 4.8,
but this is based on a very small sample of well-observed stars. Our
chromospheric activity variability data combined with the results
from Gomes da Silva et al. (2020, Figure C1) are also consistent
with a non-linear relationship between log AR[;, and log R{;, . Al-
though the functional form of the relationship is poorly constrained,
the combined data set supports multiple regimes of chromospheric
activity variability. Gomes da Silva et al. (2020) interpreted their
results as three possible chromospheric variability regimes but they
found that only the upper envelope of chromospheric activity vari-
ability scales with mean activity across all regimes. Given that the
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Figure 5. Amplitude of chromospheric activity variability versus mean
chromopsherie activity for samples of F, G, K and M stars. Marker shapes
and fill-styles ate’the same as in Figure 1. Marker color scales with the
number,0f observations. The histograms to the right of the plots indicate
the distributions of log A Ry for the entire main sequence sample (orange),
main sequence stars with > 10 observations (grey), and young stars (black
line)~The dashed lines correspond to the reduced population of G stars from
Figure 4.

significant scatter in Figure 5 seems to be mostly related to stars
with low numbers of observations, we find that both the upper and
lower levels of activity variability scale well with mean activity.

It is interesting that the possible changes in the log ARI/{K -
mean log R, relation seem to occur at a similar activity level as
changes in the mean log RI'{K - log | B;| relation, and may coincide
with the reduced-population region of intermediately-active G stars
from Figure 4 (indicated by dashed lines in Figure 5). This suggests
that the change in the mean log RI’_IK - log | By| relation is not related
to some systematic over or underestimation of |B;| for low-activity
stars. Rather, it supports a change in the properties of the magnetic
dynamo at the stellar surface.

For our samples of G and K-type stars, the mature main se~
quence stars generally have lower mean chromospheric activity’and
variability compared to the more youthful stars. Variability“ampli-
tudes appear to have similar ranges across spectral typés F to K,
for both the young and main sequence samples, and the variability
amplitudes of young stars are not distinctly separated from the vari-
ability of mature stars. The chromospheric activity, variability of
main sequence F, G and K stars appears to bé normally distributed,
similar to the log |B;| distributions showm'in Figure'4. There is no
reduced population in the log ARﬁK disteibution that corresponds
to the reduced population of main sequence G stars with inter-
mediate mean chromospheric activity in Figure 4. Although the
orange histograms in Figure 5 shew possibly bimodal distributions
of log AR/, this is clearly.related to the scattering of data below

HK’
the main trend.

5.2.2  Magnetic fieldwariability versus mean field strength

Figure 6 shows"a strong, positive correlation between log AB; and
meanlog |By| for'well observed stars (green to dark blue markers).
Young, stars| typically have stronger magnetic fields with greater
variability/amplitudes compared to mature stars, and there is clear
separation between our samples of young and mature stars in the
log AB; distribution. K and M stars generally show higher mag-
netic field strengths and magnetic field variability compared to the
warmer F and G stars, but this is somewhat impacted by the fact
that active K and M stars are preferentially targeted for spectropo-
larimetric observations.

5.3 Chromospheric activity versus magnetic field strength
from ZDI

Figure 7 compares the surface-averaged large scale magnetic field
strength from published ZDI maps> to the mean log Rll{K activity
we calculated from PolarBase observations. For stars that have been
observed using ZDI over multiple epochs, we show the mean field
strength from all ZDI maps. We have removed outliers by excluding
stars for which the mean log RI’_IK is derived from < 20 Stokes /
observations.

The data indicate that mean chromospheric activity is directly
related to the strength of the large-scale magnetic field recovered
from ZDI. This is consistent with previous work by Petit et al.

3 Boro Saikiaetal. (2015,2016,2018b); Brown etal. (2021); do Nascimento
et al. (2016); Donati et al. (2008a,b,c, 2010, 2011a,b, 2013, 2014, 2015);
Fares et al. (2009, 2010, 2012, 2013); Folsom et al. (2016, 2018a,b, 2020);
Hébrard et al. (2016); Jeffers et al. (2014, 2017, 2018); Marsden et al. (2006);
Mengel et al. (2016); Morgenthaler et al. (2011); Morin et al. (2008, 2010);
Petit et al. (2008); See et al. (2019a); Waite et al. (2015, 2017)
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Figure 7. Mean chromospheric activity from our study versus surfaces
averaged large-scale magnetic field strength from published ZDI work.
Marker fill-styles are the same as in Figure 1; open circles represent‘young
stars with strong spectral Li 1 lines and filled circles are mature stars assumed
to be on the main sequence. The black regression line has a_slope of 0.44
+ 0.04, and the grey shaded region shows its 95% confidence intérval. The
red line shows the previous results of Petit et al. (2008).

(2008), although they found a lower slopg, RﬁK o (|B|)%SI3, com-

pared to RiIK oc (|B|)%§?10'04 for our data. If/we consider only
main sequence F-K stars we obtain a slope of ~ 0.29, closer to
the results of Petit et al. (2008). The'relationship between log RﬁK
and log(|B|)zpy is consistent Wwith the'/dependence of log RﬁK on
the surface-averaged longitudinal magnetic field shown in Figure
4, although we do not find eyidence of a change in slope between
log R£IK and log(|B|)zp1. This'is probably due to the small sample

size in Figure 7 compared,to Figure 4.

5.4 Chromospheric activity and magnetic field geometry
versus effective temperature

Figure 8,shows mean chromospheric activity versus stellar effec-
tive temperature for our sample (dark grey markers). We have also
included the publicly available chromospheric activity data from
Gomes da Silva et al. (2020), and activity data compiled by Boro
Saikia et al. (2018a) (light grey markers). Activity amplitudes (sym-

bol size) and the poloidal fraction.of the large-scale magnetic field
(symbol colour) are also shown in'Figure 8 for a selection of stars
with published ZDI maps. We show the"Sun with the usual symbol,
which is scaled for its activity variability during cycle 23 (Lehmann
et al. 2021). The fractional poloidal field of the Sun we show here
is the minimum value measured by Lehmann et al. (2021); note that
since the Sun’s magnetic field has been observed in much higher
cadence compared to the other stars, its large-scale toroidal compo-
nent has been betterirecovered. For the combined sample shown in
Figure.8;"we also’Computed a two-dimensional histogram which is
shown in Figure 9.

5.4y /Young stars

Youthful stars, shown by open circles, are clearly more active com-
pared to main sequence stars across all temperatures, and have
greater activity variability, as has been shown in the previous sec-
tions. In the upper right of Figure 8 there are a number of very-cool,
highly active stars that are marked as main sequence age (filled
circles), for which we did not detect strong Li1 lines within the
spectra. According to sSiMBAD these are all known to be young, pre-
main sequence stars (OT Ser, DS Leo, BD+132618, BD+61195 and
HD209290).

Young stars with log RﬁK > —4.0 and 3800 < T < 4000K
appear to have strongly poloidal magnetic field geometries. This
contrasts against young, active stars with T, < 3800 K, which
show mixed field geometries and comparatively lower variability in
chromospheric activity. Morin et al. (2011) suggested that the pres-
ence of both dominantly toroidal and dominantly poloidal fields
in active M stars could indicate dynamo bi-stability. Another in-
terpretation is that such stars have similar magnetic cycles to the
solar cycle, and that those observed to have dominant toroidal fields
have simply been observed at times of a magnetic field inversion,
which is when the solar magnetic field becomes its least poloidal
(Kitchatinov et al. 2014).

Young stars with T.g¢ > 4000K also show mixed field geome-
tries, and have log R, between ~ —4.0 and -4.3. The change in
field geometry at ~ 4000K from poloidal to mixed geometries has
been well observed (Donati et al. 2011c; Gregory et al. 2012; Fol-
som et al. 2018a; Hill et al. 2019), and is thought to occur around the
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Figure 8. Mean chromospheric activity versus stellar effective temperature for our sample of stars (dark grey) and published data (light grey) from Boro Saikia
et al. (2018a) and Gomes da Silva et al. (2020). The properties of the large-scale magnetic field are shown foma selection of stars with published ZDI maps.
Marker color represents the fraction of the large-scale magnetic field that is stored in the poloidal component and marker size represents our measured activity
variability amplitude, log AR}, . Marker fill-styles are the same as in Figure 1, and the Sun is indicated with the-usual symbol. The black curve corresponds to
the black curve indicated in Figure 9.
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Figare, 9:Two-dimensional histogram indicating the number of stars in Figure 8 populating equal-sized temperature and log Ry, bins. For targets that are
common to both PolarBase and the published data we take the mean of all available log Ry, values for Figure 9. The black curve we have drawn is intended to
draw the €ye to the densely population region we discuss in section 5.4, and corresponds to the black curve shown in Figure 8.
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transition from fully-convective to partially-convective stars (Fol-
som et al. 2018a; Hill et al. 2019; Villebrun et al. 2019). For the
young stars with Teg > 4000K there is no clear dependence of
the strength of the poloidal field on stellar temperature or mean
activity level. This is also shown in Figure 10, where we directly
compare log Rf{K and log ARﬁK to the fraction of the magnetic field
stored in the poloidal component, and the fraction of the poloidal
field stored in high order modes. For young stars, the poloidal field
may reach a possible minimum fraction of 20-40 percent at around
log Rl’ﬂ( ~ —4.25, before stars reach the main sequence.

5.4.2  Main sequence stars

For main sequence stars with 4200 < T, < 6300K, the upper
level of chromospheric activity has little dependence on T.g. This
suggests that late-F to late-K stars begin their main sequence lives
with a similar level of chromospheric activity, log RIl{K ~ —4.3.The
basal level of chromospheric activity also appears to be independent
of Teg for 4500 < T < 6500K, apart from a small very-low
activity group of stars at around 5000 K, which are from the Gomes
da Silva et al. (2020) sample and are likely to be subgiant stars
evolving off the main sequence. The basal activity increases for
stars with T ~ 4500 toward 4200 K. Mittag et al. (2013) found
a similar lack of low activity stars in the B-V range of 1.1 to 1.5.
A simple explanation for this may be that K and M stars have
different convective properties compared to F and G stars, and/or
longer main sequence lifetimes with less—efficient loss of activity
as they spin-down, such that they have not reached a similarly low
activity level. For T < 4200 K, the upper and lower activity levels
for main sequence stars decrease toward lower temperatures. It is
not clear why these very cool stars begin the main sequence with
lower chromospheric activity compared to F, G and K stars, but
decreasing log RI’_IK with decreasing T, is consistent with previous
work (Mohanty & Basri 2003; Reiners & Basri 2008; Astudillo-
Defru et al. 2017). For main sequence stars with Teg > 6300K,
the population of very low activity stars (log R;I x ~ —5.0) begins
to disappear. It is possible that this is because the chromospheric
activity for such low-activity stars is difficult to detect, or could"be
related to differences in convective properties for F stars. It'should
also be noted that the stars with Tog > 6300K and < 4200 K,are
mostly taken from Boro Saikia et al. (2018a), and extend beyond
the S-index to log RI’_IK calibration range we use here, which.should
be taken into account when comparing trends.

The ZDI results show clear evolution of the large-scale surface
magnetic field on the main sequence. Figures 8 and 10 indicate
that for main sequence F, G and K stars, the peloidal component of
the magnetic field increases as thednean log Ry, and possibly the
log ARI’{K, decrease. This is consistent,with previous studies, which
showed that both the toroidal energy fraction (Donati & Landstreet
2009; Folsom et al. 2016ySee etal. 2016) and chromospheric activ-
ity cycle amplitudes (Saar & Brandenburg 2002) decrease with the
Rossby Number (R0, ratio of rotation period to convective turnover
time, see Appendix D1). Figure 10 also shows a wide range in the
complexity of the poloidal field component for main sequence F-K
stars, from fairly simple fields with almost all of the poloidal field
energysstored.in octopolar or lower modes, to as much as 80 percent
of the poloidal field stored in higher order modes.

The late-F to late-G stars shown in Figure 8 appear to transition
at logR[;, ~ —4.5 from being capable of generating significant
toroidal fields to having dominantly poloidal fields. Our data are
also consistent with K stars undergoing a shift from significantly
toroidal to dominantly poloidal fields at a similar activity level to G
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and late-F stars, although published ZDI maps are sparse for K stars
around log Ry, = —4.5. For mid-F stars, strong toroidal fields may
prevail toward lower activity levels, suggesting that the transition
to dominantly poloidal fields may occur at a lower log RQK. It
is not clear from our sample if M stars transition to dominantly
poloidal field structures as their chromospheric activity and activity
variability decrease.

The 2-dimensional histogram in Figure 9 indicates a densely
populated, low activity region with 5000 < T.g < 6300K and
-5.05 < log Rl’_IK < —4.75 (marked by a black curve in Figures
8 and 9). Above this region, there is a slightly reduced population
of late-F to early-K stars with activity between -4.50 and -4.75.
The reduced population is less-prominent compared to the original
Vaughan-Preston gap, which is consistent with the findings of Boto
Saikia et al. (2018a). Above the reduced population, there/iSialso
a slightly higher-density band of active main sequence, stats,/with
log R{;c between ~ —4.30 and -4.50. This band coversia smaller
temperature range compared to the densely populated region of
inactive stars (marked by the black curve), and.may extend from
~ 6100 to 5300 K. These features are consistent with/the bimodal
distribution of main sequence G stars shown in Figure Al, and
suggest that the bimodal distribution could.€xtend to slightly higher
and lower temperatures to include. late-F to early-K stars. For stars
with T.¢ below ~ 5000 K, the distribution of activity appears to be
fairly flat and dominated by statistical'noise. Gomes da Silva et al.
(2020) observed a triple-peakeddistribution in their sample of stars
with 4350 < T < 5280 K (which they classify as K stars), but we
do not find this to be clearly‘evident in Figure 9, nor significant with
respect to the histogram ‘uncertainties in Figure A1l.

Similar to the, findings of Metcalfe et al. (2016), our results
indicate that the transition from strong toroidal fields to domi-
nantly poloidal fields occurs at a similar activity level as the upper-
boundary of the under-populated region of intermediately-active
main sequence stars we identified in Figure 9. Metcalfe et al. (2016)
suggested that the underpopulated region could be explained by
a shift in the character of differential rotation, possibly resulting
in a period of rapid evolution. Considering that the under-density
also occurs at a similar activity level as the possible changes in the
relationships between mean activity, magnetic field strength and ac-
tivity variability that we described in the previous sections, we find
that the under-populated region is more likely related to a change
in magnetic surface properties, such as a change in the plage-spot
ratio, rather than a period of rapid evolution.

5.5 Chromospheric activity and magnetic field geometry
versus rotation period

Figure 11 compares chromospheric activity, activity variability
(symbol size) and magnetic field geometry (symbol colour) to the
stellar rotation period for subsets of main sequence F, G, K and M
stars, as well as a separate plot for young, Li1 abundant stars. Note
that the rotation periods used here are estimates only, based on our
derived stellar radius, v sini and assuming an inclination angle of
60°.

The data show that mean activity decreases as stellar rotation
slows for all stars on the main sequence. This is consistent with stel-
lar spin-down theory (Skumanich 1972), where young stars have
high magnetic field strengths and chromospheric activity, which
diminish throughout their main sequence lifetimes due to angular
momentum loss from the coupling of the magnetic field and stellar
wind. The chromospheric activity of F, G and K stars appears to
plateau at log R{;, ~ —5.0 for slower rotating stars. This levelling-
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Figure 10. Left: log Ry, and log AR}, versus the fraction of the large scale magnetic field stored in the poloidal component.'Right:dog Ry, and log ARy
versus the fraction of the poloidal field stored in octopolar or higher energy modes. Marker color scales with stellar effective temperature, and marker styles
are the same as in Figure 1. We have removed outliers by excluding stars for which log R{;;. and log AR{; are derived from'<:20 high SNR observations.

off of chromospheric activity as rotation slows is not obvious for
our sample of M stars, possibly because our sample is biased toward
active M stars, or because low mass M stars have longer spin—down
timescales (West et al. 2008; Johnstone et al. 2021). Petit et al.
(2008) found for their sample of G stars that a rotation period lower
than ~12 d is necessary for the toroidal magnetic energy to dominate
over the poloidal component. This is consistent with our results for
main sequence G-type stars. Our data also suggest that dominant
toroidal fields are only present for main sequence F stars with esti-
mated rotation periods below ~ 7d, and for main sequence K stars
with estimated rotation periods below ~ 16d. This is likely to_be
related to convection zone depth, which decreases from K to F stars.
The change from strongly toroidal to dominantly poloidal fields is
hypothesized to occur when the rotation period becomes,close to the
convective turnover time (Ro ~ 1, see Appendix D1); which would
occur at shorter rotation periods for F stars witheshallow'convective
zones, and at longer rotation periods for later<type'stars with deeper
convection zones.

Young stars with greater chromospherie activity and variabil-
ity, and dominantly poloidal field structures, have longer rotation
periods compared to stars those with weaker activity variability
and which are capable of genérating both dominantly poloidal and
toroidal fields. This is consistent with'previous work on young stars
(Folsom et al. 2018a; Hill etal. 2019; Villebrun et al. 2019), which
indicate that magnetic.fields"become more complex as young stars
contract toward the main‘sequence and their rotation rate increases.
The transition” from. dominantly poloidal to significantly toroidal
field structures appears to occur at an estimated rotation period of
~4.5d.

6 CONCLUSIONS

We provide a catalog of new chromospheric activity and surface-
averaged large-scale magnetic field measurements for 954 main

sequence and youthful starsswith spectral types from mid-F to mid-
M. This includes mean values and peak-to-peak variability am-
plitudes for both theilog RI/{K and Bj, which were derived using
time-series ‘spectropolarimetric observations from the PolarBase
database«In thiss\work we compare chromospheric activity, mag-
netic(field strengths and their variability amplitudes. We also use
préviously published chromospheric activity data and ZDI results
to diagnose relationships between chromospheric activity, activity
variability, large-scale magnetic field geometries and stellar prop-
erties.

The data confirm that chromospheric activity, magnetic field
strengths, and their variability amplitudes are generally higher for
youthful stars compared to more mature, main sequence stars. Stars
from late-F through to mid-K type appear to have similar levels
of activity and similar magnetic field strengths as they begin their
main sequence lives. For F, K and M stars, chromospheric activity
decreases fairly smoothly with decreasing mean, unsigned mag-
netic field strength. Conversely for G stars, our data suggest that
the log RI’_IK - log | B| relationship may have three distinct phases;
mean chromospheric activity and field strength decrease together
until log RI/{K ~ —4.4 and log |B;| ~ 0.4, at which point there is a
significant step down in chromospheric activity but minimal change
in magnetic field strength. This is followed by another decreasing
phase for both chromospheric activity and magnetic field strength
for log Rf;x < —4.8 and log |B;| < 0.4. The distinct phases in the
log R}, and log | By| relationship could be related to a change in the
surface properties of the magnetic dynamo on the main sequence,
such as a change in the area ratio of plages and spots. Further long-
term observations of the magnetic fields and chromospheric activity
of stars across a range of activity levels will be required to determine
if the three phases we observed are real, and if they are unique to G
stars.

The amplitudes of chromospheric activity and magnetic field
variability show clear dependence on the mean chromospheric ac-
tivity and magnetic field strengths. However, the proportionality
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Figure 11. Mean log/R};;. versus the estimated stellar rotation period for
our sample of stars«(grey). Rotation periods were derived from the published
stellar radius and v sind from Table 1 and assuming an inclination angle of
60°. The properties of the large-scale magnetic field are also shown for a
selection of ‘stars'with published ZDI maps. Markers are the same as in
Figure'8. Note that for young stars the plot shows a reduced range of rotation
periods:, Thewvertical dashed lines indicate the estimated transition from
stars capable of generating significant toroidal field geometries, to those
with dominantly poloidal fields.
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between log ARI,{K and mean log Rl’_[K appears to undergo a change
at around the middle of the main sequence, similar to the relation
between the mean log RI,{K and mean log | B;|. Stars with both high
and low mean log Rl'_[K can show similar levels of chromospheric
activity variability.

The distribution of log RI,—IK data from our study, combined
with data from Gomes da Silva et al. (2020) and Boro Saikia
et al. (2018a), indicates a slightly under-populated region of
intermediately—active, main sequence stars with spectral types from
late-F to early-K and mean log RI’{K between -4.5 and -4.75. The
under-density of stars is not as distinct as the original Vaughan-
Preston gap, which is consistent with the findings of Boro Saikia
et al. (2018a). We do not find evidence for similar under-populated
regions in the distributions of chromospheric activity variability,
magnetic field strength nor magnetic field variability across, our
sample of stars. If the bimodal distribution of chromospherie activ-
ity we observed for late-F to early-K, main sequence stars is‘real,
the fact that we do not see similar distributions4n the magnetic
field strength or chromospheric activity variability across our sam-
ple supports a change in dynamo properties o6n the main sequence,
rather than a period of rapid stellar evolution:

The ZDI data reveal that young stars.areable to produce both
dominantly poloidal fields and generate,strong toroidal fields, like
the most active main sequence’stars. As stars spin down on the
main sequence, mean chromospheric activity and activity variability
amplitudes decrease as thelarge=scale magnetic field becomes more
dominantly poloidal. Qur results are consistent with mid-to-late F
stars, G and K stars losingytheir ability to generate dominantly
toroidal fields at ‘estimated rotation periods of ~ 7, 12 and 16 d
respectively. For G-type ‘stars, this occurs at log RI’JIK ~ —4.5, and
may roughly coineide with changes in the relationships between
mean chromospheric activity, activity variability amplitudes and
mean large-scale magnetic field strengths.
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APPENDIXA: SIGNIFICANCE OF log R}, ACTIVITY
DISTRIBUTIONS

Figure A1l shows the distributions of log RII—IK activity across sam-

plesyof 'F, G, K and M stars, including both young and mature
stars. On the left we show the data from our study only, and on
the right we combine our data with the publicly accessible log RﬁK
measurements of Gomes da Silva et al. (2020), and activity data
compiled by Boro Saikia et al. (2018a) from the Mount Wilson
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Figure A1. Histograms showing the distributions of log R}, . activity across
F, G, K and M stass, with error bars showing the 10 uncertainty for each
bin.

Project (Duncan et al. 1991; Baliunas et al. 1995), HARPS (Lovis
etal. 2011; Bonfils et al. 2013), Lowell (Hall et al. 2009), CPS
(Wright et al. 2004; Isaacson & Fischer 2010), Magellan (Arria-
gada 2011) and Southern Stars (Henry et al. 1996; Gray et al. 2005)
surveys. The combined sample is made up of 5179 stars. Both the
Boro Saikia et al. (2018a) and Gomes da Silva et al. (2020) data
include stellar B-V, which we used to convert their mean S-indices
toR ;{ x Values using the method described in section 4.3.1. Gomes
da Silva et al. (2020) provides stellar effective temperatures, and for
the Boro Saikia et al. (2018a) data we converted B-V to T, accord-
ing to Ballesteros (2012). We note that since the stellar B-V and
temperature were taken from the published data tables, and were
not calculated consistently with section 2.2.1, they will have some
impact on the data distributions for the combined sample. The error
bars in Figure A1 indicate the 10~ uncertainties in the height of each
histogram bin, which we determined from the Poisson uncertainty
(VN). They indicate that a bimodal distribution is significant with
respect to the 10~ uncertainties for the combined sample of G stars.
For F and K stars in the combined sample, bimodal/triple peaked
activity distributions are not statistically significant.

APPENDIX B: MEAN CHROMOSPHERIC ACTIVITY,
MAGNETIC FIELD STRENGTH AND ESTIMATED
ROTATION PERIOD FOR G STARS

Figure B1 shows the same activity and magnetic field data as Figure
4 for G stars, but marker colour scales with the estimated rotation
period, P ;_¢oo- The ‘step down’ in chromospheric activity at
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Figure B1. Mean chromospheric activity versus mean longitudinal magnetic
field strength for G stars, where color scales with the estimated rotation

period, Pesl,i=6()°‘ Marker shapes/styles are the same as in Figure 1.

around log |B;| ~ 0.4 occurs as G stars reach estimated rotation
periods of around 15d.

APPENDIX C: CHROMOSPHERIC ACTIVITY
VARIABILITY DATA FROM GOMEZ DA SILVA ET AL.
(2020)

Gomes da Silva et al. (2020) studied chromospheric activity and ac-
tivity variability amplitudes for HARPS planet search stars, and we
combine their data with our results in Figure C1. The method used
by Gomes da Silva et al. (2020) to convert S-indices to R }_[ x values
was different compared to our study. While we use the photospheric
and bolometric correction factors from Sudrez Mascarefio et al.
(2015) due to the large B-V range of our sample, Gomes da Silva
et al. (2020) derived photospheric contributions according to Noyes
et al. (1984) and bolometric corrections from Rutten (1984). For
Figure C1 we have adapted our R}, ;- conversion to follow Gomes
da Silva et al. (2020). Rather than showing the peak-to-peak agtivity
variability amplitudes we present in section 5.2, Figure C1ishows
the standard deviation of R;I x X 103 for each target, conSistent with
Gomes da Silva et al. (2020).

APPENDIX D: CHROMOSPHERIC ACTIVITY AND
MAGNETIC FIELD GEOMETRY VERSUS ROSSBY
NUMBER

Figure D1 compares chromospheri¢,activity, activity variability
(symbol size) and magnetic fieldsgeometry (symbol colour) to the
theoretical Rossby number, taken from See et al. (2019a). F, G, K
and M stars are shown together, with main sequence stars indicated
by filled circles and young stars indicated by open circles. Chro-
mospheric activity variability is reduced and the fraction of the
magnetic field stored in'the poloidal component becomes stronger
as log Rodincreases./All stars with log Ro > 1 show dominantly
poloidal.magnetic field geometries.
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Figure C1. Activity variability versus mean activity level for our data and
the HARPS sample studied by Gomes da Silva et al. (2020). Squares indicate
data from Gomes da Silva et al. (2020), while circles, stars and triangles
show our data, with marker styles the same as in Figure 1. For stars common
to both studies we have shown our results only. We have filtered the data to
show only stars with > 50 observations, and marker color scales with the
number of observations.
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Figure D1. Mean log Ry, versus the theoretical Rossby number taken from
See et al. (2019a), where marker colour shows the fractional poloidal field
and marker size scales with chromospheric activity variability.
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