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ABSTRACT

The research presented here presents a narrow slice of several large-
scale, ground-based astronomy surveys focused on chromospheric ac-
tivity measurements of stars from the Keck Observatory. We conducted
a comprehensive study analyzing chromospheric activity and its relation-
ship with stellar properties in exoplanet host stars and solar neighbor-
hood stars. By extracting chromospheric activity measurements from the
California-Kepler Survey and the California Legacy Survey, we explored
connections between stellar activity, rotation periods, and magnetic dy-
namos across a large sample of stars. Our analysis includes 879 planet-
hosting stars and 710 solar neighborhood stars, providing insights into
stellar rotation, magnetic braking, and activity cycles. We observed dis-
crepancies between photometrically and activity-derived rotation periods,
supporting the theory of weakenedmagnetic braking. Our study also iden-
tified potential Maunder Minimum-like states in some stars and suggested
that stellar activity cycles are strongly correlated with effective tempera-
ture in younger stars but not in older, low-activity stars. Additionally, we
found that average chromospheric activity remains nearly constant while
variations in activity decrease significantly with age, indicatingmeasurable
changes in stellar dynamos that are not strongly correlated with average
activity. These findings have implications for the age-dating of mature
solar-type stars and the understanding of the impact of stellar activity on
exoplanet detection.
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CHAPTER 1: INTRODUCTION

1.1 Foundational ground-based astronomy surveys

The following original research is based upon ground-based observing
surveys that use the Keck I Telescope on Maunakea and High-Resolution
Echelle Spectrograph (HIRES) instrument to survey solar-type stars in the
solar neighborhood. With the first-light Keck observations in 1994 (Marcy
and Butler 1996), and the identification of the first extra-solar planets from
the ELODIE spectrograph of the Haute-Provence Observatory, France
(Mayor and Queloz 1995), these surveys would establish the foundational
methods for producing long-term, consistent data, with repeatable meth-
ods capable of reaching 3.0 meters per second RV precision (Butler et al.
1996). Simultaneous observations of stellar activity metrics are collected
with each high-resolution spectrum and used to track variations on the
stellar surface over a variety of timescales. These stellar activity metrics,
specifically those used to monitor the chromospheres of main-sequence
stars, are presented here to address three primary research questions.
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1.2 The history of stellar chromospheric activity

The study of solar activity began with observations of sunspots by Galileo
over 400 years ago (Galileo’s ”Letters on Sun Spots”) were enabled by a
novel astronomical instrument: the telescope! One hundred twenty years
ago, further advancement in astronomy instrumentation, in the form of
spectroscopy and photographic plates, led to the discovery of variable
spectral features in stars (Eberhard and Schwarzschild 1913). This dis-
covery was predicated on the rise of modern physics and knowledge of
the presence of spectral features due to different elements in the Sun and
other stars. One set of spectral features in particular, the Ca II H & K lines
at 396.8 nm and 393.4 nm, probe the chromosphere. Situated above the
photosphere, where the most spectral absorption features are formed in
the Sun, the chromosphere is hotter, more diffuse and is a sensitive indi-
cator of the magnetic fields that lie below the surface.
The Ca II H & K lines and their connection to the magnetic fields of stars

led to the Mount Wilson H & K survey (Wilson 1968; Vaughan et al. 1978),
which collected flux measurements of the H & K lines for a few hundred
main-sequence stars in the solar neighborhood. The dedication to regular,
consistent measurements for over three decades with the primary purpose
of probing nearby stars for solar-like cycles proved foundational for the
study of stellar magnetic fields and improved our understanding of stars’
age, rotation period, and activity relationship (Noyes et al. 1984a,b).
The publication of the decades long time-series data (Duncan et al.

1991; Baliunas et al. 1995) which identified many stars with cycles similar
to the solar-cycle also identified many variable and inactive stars. This
dataset served as the foundation of convection, rotation, activity, and age
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analyses for the next 30 years (Barnes 2007; Mamajek and Hillenbrand
2008). The desire to put the Sun’s solar cycle into context became a reality
and the study of magnetic fields on stars, which are difficult to study with
spectroscopy (Marcy 1982), blossomed into its own astronomical field of
study.
As the understanding of time-domain stellar activity improved, the con-

nection between activity, rotation and convection identified stellar rotation
as a fundamental parameter of the stellar dynamo (Noyes et al. 1984a).
The Rossby number, defined as the ratio of the stellar rotation period to the
convective turnover time became a fundamental tool for describing stellar
dynamos, even though the exact value of the convective turnover timewas
not well constrained. Combined with the powerful Mount Wilson H & K
Project dataset, our understanding of stellar dynamos improved when
computing allowed for complex modeling of stellar interiors (Belvedere
1985; Brandenburg et al. 1998). By monitoring stellar rotation timescales
of days and stellar cycle timescales of years, observational surveys, with
Mount Wilson data as the foundation, would continue to fuel development
of models to explain the observed phenomena and motivate new obser-
vational surveys.

1.3 Stellar activity and exoplanets

Near the time of publication of the Mount Wilson S-value catalog, the first
exoplanets around Sun-like stars were discovered (Mayor and Queloz
1995; Marcy and Butler 1996) using precise radial velocities (RVs). Only
a few years before, the discovery of the first planets outside of the so-
lar system, two planets around a pulsar with masses roughly three times
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that of Earth (Wolszczan and Frail 1992), opened the door for exoplanet
discoveries on the horizon. This ground-breaking discovery required as-
sessment of possible false-positive scenarios including the use of the Ca
II H & K lines to determine if the RV signal could be due to star spot modu-
lation. Fortunately, the Ca II H & K lines fall within the optical wavelength
coverage of the spectrographs used for early exoplanet detection. Mea-
surements of the S-value, defined as the ratio of the flux in the cores of
the Ca II H & K lines normalized by the flux of nearby continuum regions,
became the standard method for determining the effect of chromospheric
activity on RVmeasurements (Santos et al. 2000;Wright et al. 2004). With
simultaneous S-value measurements for every RV, the false-positive sce-
narios decreased, the confidence in exoplanet scenarios increased, and
their discoveries around both Sun-like stars (Marcy and Butler 1996; But-
ler et al. 1996) and M-dwarfs (Marcy et al. 1998; Delfosse et al. 1998)
multiplied.
As interest in exoplanets exploded, existing exoplanet surveys extended

their observing baselines, and new surveys began. The first exoplanet
discoveries were Hot Jupiters, planets near the mass of Jupiter with or-
bital periods of less than 10 days. Detecting such a planet requires only
a single season of observations. To find Jupiter analogs, with orbital pe-
riods of 10 years or more, temporal observing baselines on the same in-
strument are required. Combination of long-baseline RVs from different
instruments can be used to identify long-period planets, RV offsets and
non-overlapping time frames can make definitively identifying a planet dif-
ficult. With longer baselines, the possibility of discovering a planet with
an orbital period that overlaps with stellar rotation or stellar activity pe-
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riodicity increases. The planet HD 154345b (Wright et al. 2008) has an
orbital period of 9.2 years and a 9-year activity cycle. Disentangling the
activity signal and the planet signal would be the first of many such sce-
narios (Kane et al. 2011; Fulton et al. 2015). In order to better understand
the exoplanets, continued monitoring of the chromospheric activity met-
rics, and understanding stellar activity, became a necessity (Santos et al.
2010; Isaacson and Fischer 2010).

1.4 The discovery of transiting exoplanets

The probability that a Hot Jupiter transits its host star is roughly 10% and
by chance, the 10th Hot Jupiter discovered was found to be transiting
(Charbonneau et al. 2000; Henry et al. 2000). This discovery provided an
important, independent, confirmation of the detection of exoplanets by RV.
Along with the transit detection method, photometric monitoring of planet
host stars could be used to further limit the astrophysical false-positives
of RV surveys.
Proposals for studies of photometric surveys capable of detecting Earth

analogs were already underway (Borucki et al. 1996; Koch et al. 1996)
when the first transiting planets were detected, but ground-based tran-
sit surveys searching for exoplanets were limited by instrumental preci-
sion and detection limitations caused by the Earth’s atmosphere and by
the diurnal observing cycle caused by the Earth’s rotation. Instrumenta-
tion was capable of detecting Earth-sized planets around small M-dwarfs
(Charbonneau et al. 2009), but were limited to planets larger than Neptune
around F-type, G-type, and K-type dwarfs. Hot Jupiters were prolifically
discovered, despite their 1% occurrence rate (Wright et al. 2012) due to
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their relatively large, typically 1%, transit depth. Ground-based photom-
etry and precise RV surveys had set the stage for the exciting exoplanet
discoveries on the horizon but were limited by the technology of the time
from finding planets smaller than the mass and radius of Neptune.
With the collection of ground-based photometric data to complement RV

data, exoplanet detections were verified, and the photometric data could
additionally be used to study stellar activity, rotation, and age (Barnes
2007; Mamajek and Hillenbrand 2008). Similar limitations applied to as-
trophysical studies as hindered the ground-based transit searches, sen-
sitivity and shear number. But NASA’s Kepler Mission would soon revo-
lutionize exoplanet science, stellar activity studies, and much more.

1.5 TheKepler space telescope: finding planets, measuring
activity

Conceived prior to the first exoplanet detection, Kepler pioneers pushed
the threshold forward on CCD photometric precision, biding their time as
the technology caught up with their aspirations. In 2009, Kepler launched
into space from Cape Canaveral, Florida, USA, into an Earth-trailing orbit
starting its four-year journey to search for exoplanets (Borucki et al. 2010).
Desiring the capability of detecting an Earth-sized planet around a Sun-
like star with orbital periods of one year, Kepler scientists and engineers
used lessons from ground-based surveys and space-based predecessor
missions such as Corot (Léger et al. 2009) to fulfill its technical specifica-
tions.
The scientific purpose of the Kepler mission was to discover transiting

planets and the ultra-precise, continuous, stellar photometry went far be-
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yond achieving the primary science goals. The astronomy sub-fields of
asteroseismology (Gilliland et al. 2010), rotation in stellar cluster (Meibom
et al. 2011), planetary dynamics (Ford et al. 2011), stellar rotation (McQuil-
lan et al. 2014), and planetary formation were revolutionized by Kepler.
The photometric data products used to discover exoplanets could also be
used in complementary analyses of precise radial velocities enablingmea-
surements of planets near in size and mass to the Earth (Howard et al.
2013; Pepe et al. 2013).
In the study of stellar activity, Kepler provided exquisite data on timescales

of minutes to weeks to years. Stellar rotation period measurements for
main-sequence stars increased from a few hundred to over 30,000 (Mc-
Quillan et al. 2014), and every star observed by Kepler had stellar vari-
ability metrics on timescales useful for detecting exoplanets (Jenkins et al.
2010b) and capable of measuring stellar pulsations (Chaplin et al. 2010).
The uniformity and sensitivity of the data led to the achievement of the pri-
mary science goal of measuring eta-Earth, the frequency of Earth-sized
planets around Sun-like stars (Petigura et al. 2013; Burke et al. 2015).
The early science returns would be further refined in the years to come,
but these estimates constrained eta-Earth to within a few orders of mag-
nitude compared to unbridled speculation before Kepler.

1.6 The California Kepler Survey

A homogeneous set of high-resolution spectra with similar signal to noise
ratio were collected to more precisely determine planet and stellar radii to
uncertainties of ten percent. The high-quality, uniform spectra were used
to identify the small-planet radius gap (Fulton et al. 2017, The Fulton Gap)
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beginning a long list of scientific uses. Multi-planet systems (Rowe et al.
2014) were used to identify the Peas-in-a-Pod like architecture that re-
veals how planets in a system tend to have similar sized planets (Weiss
et al. 2018a). When the Gaia spacecraft’s second data release (DR2)
was made public, the parallax measurements ofKepler planet hosts im-
proved the stellar and planet parameters below the level of model un-
certainties (Fulton and Petigura 2018), making theKepler photometry un-
certainties the dominant source of error for planet radii measurements
(Petigura 2020). Expansion of the survey to cooler stars resulted in the
identification of the stellar mass function of the planet radius gap, with the
average size of sub-Neptune-sized planets increasing with stellar mass,
but super-Earths do not (Petigura et al. 2022). The richness of the data
set is yet to be fully exploited. We perform additional analysis on CKS
dataset, focusing on stellar chromospheric activity in Chapter 3.

1.7 RV and stellar activity surveys post-Kepler

With the plethora of discoveries from Kepler photometry such as the iden-
tification of new populations of planets dubbed Super-Earths and Sub-
Neptunes (Petigura et al. 2013; Fressin et al. 2013), an extended network
of ground-based astronomical resources were used to follow-up and en-
hance Kepler discoveries (Gautier et al. 2010). Adaptive optics imaging
of planet-host stars was used to identify blended background eclipsing bi-
nary stars and hierarchical triple star systems masquerading as planets
(Adams et al. 2012). Low-precision radial velocities were used to identify
single or double-lined spectroscopic binaries, identifying false positives
(Latham et al. 2011). And precise radial velocities were used to measure
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the masses of Kepler-identified transiting planets (Holman et al. 2010;
Jenkins et al. 2010a; Batalha et al. 2011; Marcy et al. 2014). The abil-
ity to use ground-based resources to observe transiting exoplanet hosts
instead of surveying nearby stars for exoplanets was a paradigm shift in
exoplanet science.
This shift in resource allocation toward transiting planets resulted in

many exciting discoveries, but in order to find the true Jupiter-analog sys-
tems and place the solar system planets in context with exoplanet dis-
coveries, the time baselines of the original RV exoplanet surveys needed
to be extended through the Kepler era. These surveys, with their com-
plementary measurements of S-values, were indeed extended and came
to fruition when the occurrence rates of Jupiter-mass planets in decades-
long orbits were meaningfully quantified (Rosenthal et al. 2021; Fulton
et al. 2021). The time-series RV was used to great effect for exoplanet
demographics of distant, jovian-mass planets. We extend the use of the
valuable spectroscopic time-series data in Chapters 4 and 5.

1.8 Data in hand

With twenty years of S-value time series from RV surveys, combined with
four years of the Kepler space telescope’s photometric time-series, the
time for studying stellar and chromospheric activity is imminent. The most
precise photometric data for 198,709 stars is publicly available (Twicken
et al. 2016). There are 2,662 Kepler candidates dynamically confirmed
or numerically validated as planets. Ground-based RV surveys have over
20 years of data available for nearby, Sun-like stars. Next, we lay out the
scientific motivation for utilizing the data in hand to study stellar chromo-
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spheric activity inKepler planet-hosts and nearby main-sequence stars.

1.9 Research questions

With an abundance of ground-based data from the HIRES instrument on
Keck, we aim to address three research questions, all related to the Cal-
ifornia Planet Search’s (CPS) spectroscopic catalog of nearby stars and
the Kepler mission’s photometry. We focus on stellar and chromospheric
activity of stars that have been surveyed for, or are known to host, exo-
planets.

• Research Question 1: Does chromospheric activity play a role in
the planet-radius distribution determined by studies of Kepler Space
Telescope data, and can Kepler data be used to support the theory
of Weakened Magnetic Braking (WMB)?

• Research Question 2: For slowly rotating Sun-like stars surveyed for
exoplanets, how common are stellar activity cycles, and are funda-
mental stellar parameters responsible for the periods of stellar activity
cycle period?

• Research Question 3: Using the spectroscopic survey stars in the
solar neighborhood, how can late stage main-sequence activity evo-
lution inform the final activity state of stars?

10



CHAPTER 2: LITERATURE REVIEW

2.1 Observations of stellar activity

The study of stellar activity began over 400 years ago, with daily sunspot
counting (Galileo’s ”Letters on SunSpots”). Monitoring of sunspots over
time led to the discovery of solar cycles, the solar rotation period, the
Maunder minimum (Maunder 1922), differential rotation and the connec-
tion betweenmagnetic fields and sunspots (Hale 1908). These fundamen-
tal observations of the Sun would lead to the study of stellar rotation and
activity cycles. Studies began with photographic plates and ever-larger
telescopes (Eberhard and Schwarzschild 1913). Photographic plates would
give way to photomultiplier tubes (Wilson 1968; Vaughan et al. 1978). Dig-
ital technology on computer-controlled telescopes (Schwarzschild 1993)
eventually supplanted photomultiplier tubes due to their superior efficiency.
In contrast to the serial observations of single stars in the Mount Wilson
survey and spectroscopic surveys, the Kepler spacecraft simultaneously
monitored hundreds of thousands of stars nearly continuously for four
years (Twicken et al. 2016). The Transiting Exoplanet Survey Satellite
(TESS) mission has observed 85% of the sky for periods lasting months
to years, transforming the time-domain landscape of stellar activity (Ricker
et al. 2015).
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While the analysis of optical broadband photometry is valuable in large
scale monitoring of stellar activity including flares, individual spectral fea-
tures have been linked to chromospheric and coronal activity. Among the
most well studied are the Ca II H & K emission features that originate
in the chromospheres of Sun-like stars (Wilson 1968). Astronomers at
the Mount Wilson Observatory are responsible for establishing the pro-
tocol for these measurements or S-values (Vaughan et al. 1978). The
log(R′

HK) would become a widely used metric that enabled combination
and comparison across observational surveys, and across stellar types,
requiring only a B − V color and S-value measurement as inputs (Noyes
et al. 1984a).

2.2 Chromospheric activity and precise radial velocities

The last three decades of astronomy have seen the emergence of the
field of exoplanets from the discovery of the first extra-solar Jupiter mass
planets (Mayor and Queloz 1995; Marcy and Butler 1996) to the compo-
sitional constraints of planets nearly the size of the Earth (Howard et al.
2013; Pepe et al. 2013; Barclay et al. 2013b,a; Marcy et al. 2014). The
first discoveries in 1995-1996 were remarkable. Astronomers were con-
fronted with a new paradigm for the types of planetary systems that exist
beyond the solar system. When the first transiting planet was discovered,
HD 209458b (Charbonneau et al. 2000; Henry et al. 2000), the paradigm
would shift again. This discovery solidified the previous RV discoveries
as exoplanets and set the stage for studies of exoplanet composition.
After the discovery of HD 209458b, the search for transiting exoplanets

intensified. The highly successful Wide Angle Search for Planets (Pol-
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lacco et al. 2006, WASP) has successfully identified and confirmed 193
systemswith transiting planets. With thirteen telescopes around theworld,
the Hungarian-made Automated Telescope Network (Bakos et al. 2004,
HATNet) has discovered 70 confirmed planets. The Kilodegree Extremely
Little Telescope (Pepper et al. 2007, KELT) focused on stars between
eighth and tenth visual magnitude, much brighter than WASP and HAT-
Net. The MEarth survey was dedicated to searching M-dwarf stars and
was sensitive to smaller planets due to the smaller radii of its target stars.
All of these surveys proved fundamental in developing the knowledge and
experience that would be needed for the space-based exoplanet finding
mission, Kepler.
As the individual discoveries increased they eventually led to population

statistics and occurrence rates of Neptune to super-Jupiter mass planets
(Howard et al. 2010b; Mayor et al. 2011). Planet formation theories that
disagreed with the new observational results (Ida and Lin 2010) needed
significant revision to enable replication of these systems from scratch.
A few short years later, when detector technology finally caught up to

the ambitions of those searching for Earth-sized planets, the first plan-
etary discoveries of NASA’s Kepler spacecraft emerged (Borucki et al.
2010). The unprecedented and exquisitely precise photometry of 198,709
(Twicken et al. 2016) stars revealed an entirely new family of exoplanets,
those ranging in size between the Earth and Neptune (Borucki et al. 2011;
Batalha et al. 2013). Ambiguous in their gaseous or rocky composition,
these planets suddenly became themost intriguing due to their abundance
and lack of solar system analogs.
To support the Kepler Science Team, an RV survey of 30 Kepler planet-
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hosting stars was undertaken for 4 years using the HIRES instrument
on Keck. The masses of the smallest planets yet-measured were com-
bined with planet radii to provide bulk densities for dozens of super-Earths
and sub-Neptunes (Marcy et al. 2014). RV measurements and Kepler
photometry, combined with planet composition models, soon revealed
that rocky planets are mostly limited to sizes smaller than 1.6 Earth radii
(Rogers 2015) with larger planets requiring a significant gas component.
The detection of non-transiting planets, beyond the inner transiting plan-
ets, added complexity and depth to the exoplanet systems (Gilliland et al.
2013; Weiss et al. 2013; Gettel et al. 2016). Transit-timing variations were
observed for the first time, allowing planet masses to be measured with
a novel method (Lissauer et al. 2011; Steffen et al. 2012). The observed
diversity in planet density as a function of planet radius (Weiss and Marcy
2014) provided planet formation theories with challenges that have yet to
be fully resolved. Every Kepler discovery included a detailed light curve
analysis. The measurement of planet densities also required precise RV
time series measurements to detect exceptionally small RV amplitudes of
small planets (Howard et al. 2013; Pepe et al. 2013). Every RV follow-up
campaign included measurements of S-value time series, building a valu-
able set of spectroscopic observations consistent with the high quality and
consistency, if not yet the time baseline, of the original RV exoplanet sur-
veys.

2.2.1 Stellar activity surveys and analysis

The primary source of S-value time series is the Mount Wilson H & K Sur-
vey (Baliunas et al. 1995). With its initial publication, Sun-like stars were
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identified as variable, cycling or inactive on decades-long timescales for
the first time. Some stars were identified as having cycling activity similar
to the Sun’s and the study of the solar-stellar connection was advanced
dramatically (Gilliland and Baliunas 1987). Many other observational sur-
veys would contribute to our understanding of stellar and chromospheric
activity (Henry et al. 1996; Wright et al. 2004; Hall et al. 2007), but the
Mount Wilson survey and its extended time-series would bear the most
scientific fruit even decades after its publication (Böhm-Vitense 2007; Oláh
et al. 2016; Brun et al. 2017; Mittag et al. 2018, 2023).
As ground-based photometric surveys improved their techniques, stellar

rotation period catalogs grew , and our understanding of the connection
between stellar rotation and stellar cycles was deepened (Böhm-Vitense
2007). With more sophisticated signal detection techniques, sequences
of co-existing activity cycles were identified (Brandenburg et al. 2017).
Adding information about the ages of stars, and comparing those ages to
stellar activity cycle properties showed that solar-type G and K-dwarfs with
ages younger than 2 Gyr tend to have shorter and highly variable cycles.
Solar age and older stars tend to have longer, regular cycles (Oláh et al.
2016). Further dissection of the Mount Wilson data, and the differentia-
tion between active and inactive branches improved the understanding of
stellar interiors and identified the layers at which the magnetic activity is
generated (Mittag et al. 2023). Short cycle periods were linked to deeper
layers of the convective zone compared to shallower zones that drive the
longer period activity cycles.
Early releases of CPS chromospheric activity data (Wright et al. 2004;

Isaacson and Fischer 2010) were useful in quantifying the impact of stel-
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lar activity on precise RV performance, but the time baseline of the data
was not sufficiently long to identify stellar cycles. The scientific focus of
those analyses remained on radial velocities. Long-baseline observations
from the HARPS planet search provided summary statistics of chromo-
spheric activity for their survey of southern hemisphere stars, but only the
average values were made available (Lovis et al. 2011; Gomes da Silva
et al. 2021). Occasional data showing the detection of chromospheric
activity cycles and their time-series would be made available for single
stars (Flores et al. 2016), but the lack of survey scale data releases of
HARPS time-series data inhibited these studies from having the impact
of the Mount Wilson dataset. However, with the summary statistics, the
HARPS studies identified two ideas that we explore in Chapters 4 and 5:
the idea that variability of the activity time-series is important and that this
variability should be considered for precise RV surveys (Lovis et al. 2011;
Brown et al. 2022).

2.3 Stellar activity metrics

The Mt. Wilson S-value is the most widely used chromospheric activ-
ity indicator due its simplicity and the ability to collect the measurements
from ground-based observatories using either a photometer or pixelated
detector (Vaughan et al. 1978; Baliunas et al. 1995; Wright et al. 2004).
The measurement consists of four components, two from the cores of the
Ca II H & K spectral features and two from the nearby continuum sections
of spectrum, one redward, and one blueward of the line cores. Figure 2.1
breaks down the components of the Ca II K line core. It consists fo a photo-
spheric component that can be calculated analytically and a photospheric

16



Figure 2.1: From Hartmann et al. (1984): ”Fig 1. The central bandpass of the HK pho-
tometer is shown superposed on a spectrum of the quiet Sun taken from White and Liv-
ingston (1981) with the minimum photospheric contribution to the S index indicated.” The
identification of the 1.09 Angstrom triangular bandpass and the differentiation between
the photospheric and chromospheric contribution provides the fundamental measure-
ments for every chapter of this thesis.

component that is calculated by subtracting the photospheric component
from the total flux. The line core measurements are 1.09 Angstroms each
and weighted by a triangular bandpass. The sum of flux in the H and K
line cores is normalized by the redward and blueward bandpass flux Fig-
ure. 2.2. Normalization factors on one or more of the flux values can be
used to calibrate new datasets to the Mt. Wilson scale (Wright et al. 2004;
Isaacson and Fischer 2010; Lovis et al. 2011) allowing for datasets to be
easily merged.
The log(R′

HK) activity metric was established in order to compare the
activity stars across FGK spectral types (Noyes et al. 1984a). The sim-
plicity and robustness of the metric, requiring only a B−V color, and single
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measurement of the S-value led to its widespread use.
Log(R′

HK) is a derivative of the S-value and is proportional to the flux
per square centimeter in the H & K bandpasses over Teff

4. The orig-
inal calibration was conducted on the Mt. Wilson H & K spectrometer
itself. Two different sources of spectrophotometry were used to calibrate
the H & K flux. Fay et al. (1974) produced spectrophotometry from four
bright stars and O’Connell (1973) presented energy distributions for stars
in 20 Angstrom bandpasses. The three methods were found to be in good
agreement (Noyes et al. 1984a) and the result is a color correction fac-
tor. Broadly speaking, the Mt. Wilson H & K spectrometer was calibrated
to an absolute photometric scale so that the relative flux measurements,
S-values, could be put on an absolute scale, log(R′

HK), with the best cali-
bration for stars between 6400 and 4800 K. log(R′

HK) is defined as the flux
in the Ca II H & K lines relative to the bolometric flux of the star. More
recent studies have recalibrated the color correction factor with modern
tools (Mittag et al. 2013) as discussed in Chapter 5. Since this metric
was linked to the Mount Wilson H & K Project, and the Rossby number
was linked to the log(R′

HK) value, it has remained fundamental in stellar
chromospheric activity studies, especially those involving Rossby number
(Mamajek and Hillenbrand 2008; van Saders et al. 2016; Corsaro et al.
2021; David et al. 2022). Variations of log(R′

HK) have been identified as
important variables in dedicated magnetic dynamo studies (Brown et al.
2022) and planet searches.
B − V photometry is a proxy for stellar effective temperature, so calcu-

lating log(R′
HK) directly from Teff , using contemporary models to calculate

the photospheric contribution to the S-value, improves the precision of
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Figure 2.2: FromWright et al. (2004): ”Fig. 1: R, H, K, and V channels in a representative
Keck spectrum. The ordinate is relative photon flux in arbitrary units. Wavelength is in
the rest frame of the star. The H and K channels are always centered on the line cores;
the R and V channels are fixed in the observer’s frame.” In the blue portion of a typical
high-resolution optical spectrograph the Ca II H & K line flux measurements contribute
to understanding the chromosphere of a star and its magnetic field. They are collected
simultaneously with a precise RV allowing for simultaneous monitoring of activity and
RV.
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the activity metric (Mittag et al. 2013). Extending the log(R′
HK) metric to

cooler stars (Marvin et al. 2023) is also useful when comparing a wide
range of spectral types, but requiring an offset to relate to the traditional
log(R′

HK) value can prohibit its adoption in other studies. To dispense with
the logarithms, the R5 metric was used (Gomes da Silva et al. 2021). We
find an empirically determined log(R′

HK) value that is calibrated for solar-
age and older stars is useful for our purposes. In Chapter 5 we use the
reformulated log(R′

HK) value from Lorenzo-Oliveira et al. (2018) to study
extremely inactive stars. Using the original formulation of log(R′

HK) to de-
fine our sample, we allow for comparison of our results to previous works.
Only the S-value itself is amore fundamental activity metric than log(R′

HK),
but the flux in the cores of the Ca II H & K lines contains both a photomet-
ric and chromospheric component. Properly calibrating the photometric
component is the critical part of any metric that will be used across spec-
tral types. Compared to the typical uncertainties in stellar mass when the
log(R′

HK) metric was formulated, we now have much smaller systematic
uncertainties which are limited by our stellar models (Tayar et al. 2022).
Since our ability to calculate the stellar mass has improved, we will revisit
the S-value as a fundamental activity metric and use it for stars binned
by mass. For small mass bins, the S-value does not involve the Teff nor
[Fe/H] values and so very small differences in mean activity can be mea-
sured.

2.4 Stellar activity, rotation, and age

The connection between magnetic activity, stellar rotation, convection and
Ca II H & K flux is a critical and fundamental part of our research. Using
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data from the decades-long survey acquired to search for stellar activ-
ity cycles (Duncan et al. 1991; Baliunas et al. 1995) these astrophysical
connections were described by Noyes et al. (1984a). Stellar age and chro-
mospheric activity are connected through rotational braking (Skumanich
1972). The connection between stellar spin-down rate and stellar age,
dubbed gyrochronology (Barnes 2007) led to detailed studies of stellar
age using young clusters with ages up to 1 Gyr (Mamajek and Hillen-
brand 2008). Older stars tend to be difficult to age beyond 3 Gyr with this
technique (Pace 2013) and would require rotation data from older clusters
for calibration (Curtis et al. 2020).
The variation in S-value or log(R′

HK) enables measurements of stellar
spot modulations to identify rotation periods and stellar activity cycles. Ro-
tation periods are measured on timescales of days or weeks, and stellar
activity cycles require years of observing baseline. With measurements
that span only partial rotation periods or cycle periods, the mean activity
is not precisely known. Even less accurate are single value activity mea-
surements, though they can still be valuable for stars younger than about
4 Gyr, when less accuracy is needed.
The foundational results from the Mt. Wilson H & K Survey are wor-

thy of summary. The primary Mt. Wilson Survey (Baliunas et al. 1995)
observed 111 stars, eighteen of which were designated as standard stars
and showed very small variation over time. Three of these were ultimately
moved to the variable category. The standards were used to determine
an empirical uncertainty of 1.2% over the 25 year baseline. With spec-
tral types from M2-F2 28/111 (25%) stars were found to be variable, with
large scatter and no identifiable period. Sixteen (16/111, 14.4%) stars
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were identified as having long-term trends in activity, indicating their peri-
ods were more than four times the observing baseline. Fifty-two of 111 (47
%) of stars were found to have cycles between 2.5 and 21 years. Uncer-
tainties in the cycle period are found using the shape of the periodogram
and reliability estimates were made using a false alarm probability calcu-
lation requiring a confidence level of 99.9% in order to be considered a
cycle. The importance of measuring the variation in S-value or log(R′

HK)
has been previously noted (Brown et al. 2022; Gomes da Silva et al. 2021),
specifically in terms of their use choosing targets for precise RV surveys
or in the choice of stellar activity mitigation in RV analysis. Those studies
identify active and inactive populations of stars, noting that active stars
can either have small or large activity variability (Figure 2.3). We counter
this in Chapter 5, showing that only the least active stars show this type of
variability, and we attribute this new conclusion to the homogeneous stel-
lar parameters that we use. When stellar parameters are collected from
multiple sources, the small differences in Teff can lead to inconsistent cal-
culations of log(R′

HK). Therefore studies of these intricacies in decipher-
ing active from inactive populations should use homogeneous, precise
stellar parameters, that include Gaia parallax measurements (Fulton and
Petigura 2018).

2.4.1 Rossby number

The Rossby number, defined as the ratio of the stellar rotation period to the
convective turnover time (Noyes et al. 1984a) is used to connect dynamo
theories to the observables such as activity and rotation. The original con-
ception of the Rossby number used ground-based stellar rotation periods
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Figure 2.3: From Brown et al. (2022): ”Magnetic field variability amplitude versus mean
magnetic field strength... In (a) the marker colour scales with the number of observations,
while in (b) marker colour scales with stellar effective temperature. The histograms to
the right of the plots indicate the distributions of ΔBl for the entire main-sequence sample
(orange), main-sequence stars for which the variability amplitude is based on > 10 obser-
vations (grey), and young stars (black line).” The authors identify an important variable
that contributes to our analysis in Chapter 5, the variation in magnetic field, which we
probe as a variation in S-value. The variability is important for identifying activity trends
in stars older than about 4.0 Gyr.
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and a theoretical value of convective turnover time. A critical Rossby num-
ber was observationally identified using activity and rotation to understand
when observed stellar spindown diverges from theoretical predictions (van
Saders et al. 2016). Using space-based photometry from Kepler to deter-
mine the rotation periods and color index calibrated with asteroseismol-
ogy, a ’calibrated’ Rossby number (Corsaro et al. 2021) was defined, and
made into a function of Gaia color.

2.4.2 Weakened magnetic braking

Prior to Kepler hundreds of stars had measured stellar rotation periods.
With four years of space-based photometry, tens of thousands of rotation
periods (McQuillan et al. 2014; Santos et al. 2021) including hundreds of
rotation periods of transiting planet hosting stars (Angus et al. 2018) were
measured. A host of other metrics calculated from Kepler data have been
used to determine stellar gravity (Bastien et al. 2016), differential rotation
(Reinhold and Gizon 2015), and spot patterns (Basri and Nguyen 2018).
The connection between rotation rate and age begins to weaken near

the age of the Sun (Metcalfe and Egeland 2019) , requiring a diversion
from traditional spin-down (Figure 2.4). The theory of WMB was con-
structed to explain the discrepancy between stellar age calculations from
gyrochronology and those from chromospheric activity (van Saders et al.
2016). The observational question was posed using photometric rotation
periods identified in Kepler data. Stellar rotation periods determined via
asteroseismology were used to independently confirm the link between
WMB and observations (Hall et al. 2021; Saunders et al. 2024). Using the
precise stellar properties of the CKS survey, thoroughly vetted rotation
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periods identified the ”Rossby Ridge” (David et al. 2022), an observation
consistent with the stalled spin-down explained by WMB. The addition of
chromospheric activity metrics to the ”Rossby Ridge” interpretation can
add support to WMB (Chapter 3).
Spectropolametric observations of a star’s magnetic field strength have

also been used to test WMB.With observations of two stars that are cooler
than the Sun, Tau Ceti and 61 UMa, the rate of angular momentum loss
due to magnetic braking was shown to drop by a factor of 300 between
ages of 1 – 9 Gyr (Metcalfe et al. 2023). Similar observations have been
used to examine planet-host stars and their magnetic field states. 51 Peg
was observed to lie in the WMB regime (Metcalfe et al. 2024) providing
information on the magnetic field evolution that may be relevant for planet
formation theories (Atkinson et al. 2024), and placing our Sun into context
(Bhalotia et al. 2024).

2.4.3 Activity and stellar metallicity

One of the most basic stellar observables is the B − V which can serve
as a proxy for Teff . It is easily determined and known for almost ev-
ery star, but it conflates the Teff and the [Fe/H] (Ramírez and Meléndez
2005). To study the effects of metallicity on rotation and activity (Amard
and Matt 2020), one must use temperature and metallicity independently.
The disambiguation led to detailed modeling of the metallicity effect on ro-
tation, likely due to the influence on stellar opacity. Before detailed models
were available, observational studies suggested that metal-poor main se-
quence stars have a higher minimum activity value than solar-metallicity
stars (Saar 2006). Kepler data contributes here, showing metal-rich stars
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Figure 2.4: From Metcalfe and Egeland (2019): ”Difference between the chromospheric
age and the gyro age, in units of the uncertainties (σgyro and σchromo), for Mount Wilson
stars at various activity levels. Data are taken directly from Table 3 of Barnes (2007)).
Colored symbols indicate hotter stars with B−V < 0.6 (blue triangles), solar-type stars with
0.6 < B−V < 0.8 (yellow circles), and cooler stars withB−V > 0.8 (red squares), while the
Sun is shown with its usual symbol (e). With the exception of two Jovian exoplanet host
stars (GJ 504 and Tau Boo), the two age estimates generally agree within 3 σchromo ( 9σgyro)
until the lowest activity levels (log(R′

HK) < -5) where rotation appears to decouple from
activity (see the text for details). Most of these F- and G-type stars are classified as “Flat”
or “Long” by Baliunas et al. (1995) from 25 years of Ca II H & K observations, suggesting
that their global dynamosmay already be shutting down, eliminating the large-scale fields
that dominate magnetic braking.” The activity level at which the chromospoheric age
and gyrochronology ages begin to diverge will be identified in Chapter 4 using long-term
activity cycles, supporting the theories that explain the discrepancy in ages as related to
an abrupt change in a star’s magnetic field near log(R′

HK) of -5.0
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spin-down more quickly (See et al. 2024) than metal poor stars.

2.5 The Kepler space telescope

The most influential result from Kepler was the determination of the oc-
currence rate of Earth-sized planets around Sun-like stars. With current
estimates between 10-30% of Sun-like stars (Petigura et al. 2013; Fressin
et al. 2013; Burke et al. 2015) and even higher for M-dwarfs (Dressing and
Charbonneau 2015), we now know that exoplanets are prolific. Statisti-
cally speaking, the next generation space telescopes that will search for
biosignatures will have an abundance of targets. Surveys that Search for
Extra Terrestrial Intelligence (SETI) have become ever more hopeful and
common (Isaacson et al. 2017; Czech et al. 2021), with the knowledge
that small rocky planets are plentiful. The types and variety of planets
found by Kepler have greatly expanded the field of exoplanets and taught
astronomers, once again, to expect the unexpected.
Kepler’s survey design was solely focused on providing precise pho-

tometry for finding exoplanets. This required allowing the spacecraft to
make quarterly rotations in its on-sky orientation to face the solar panels
toward the sun. A nearly symmetric layout of the Kepler detectors en-
abled continuous coverage for 95% of stars (Twicken et al. 2016). The
quarterly spacecraft rolls resulted in a star’s photons being collected on a
different detector. These offsets, when searching for planets can be re-
moved with a single offset variable, but connecting the quarters together
to search for stellar activity cycles proved challenging because the as-
trophysical changes and systematic changes in amplitude were difficult
to disentangle. When searching for stellar rotation periods, researchers
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were rarely able to use continuity across quarterly rolls resulting in the ma-
jority of Kepler identified stellar rotation periods having periods less than
90 days, the duration of one quarter of observing (McQuillan et al. 2014).
In early 2010 Kepler lost two of its 42 CCDs and two shortly thereafter
two more, but this did not dramatically impact the stellar rotation science
pursuits because quarters were not typically stitched together for rotation
analysis.
The Kepler spacecraft revolutionized time-domain astronomy not only

with its exquisite precision but also with its incredibly high duty cycle of
almost 90% (Caldwell et al. 2010). With four years of coverage on the
Kepler field, stellar rotation curves in the photometry were ubiquitously
discovered (McQuillan et al. 2014; Angus et al. 2018). The field of astero-
seismology was revolutionized (Gilliland et al. 2010), but the advances in
stellar astrophysics, would not outshine the discovery of new demograph-
ics of exoplanets (Petigura et al. 2013; Burke et al. 2015).
The early returns on the occurrence rates for planets with orbital peri-

ods less than 50 days were robust and their uncertainties improved with
time and especially the addition of Gaia photometry (Fulton and Petigura
2018; Hsu et al. 2019). But measurements of eta-Earth diverged with
time and the uncertainties in this long-awaited value grew. Kunimoto and
Matthews (2020) claimed that G-type stars have less than 0.18 planets per
star for those near in size to the Earth at similar orbital period compared to
Hsu et al. (2019)’s 0.27 value. The Kepler Team produced varied results
through time. From 2020 to 2021, eta-Earth values varied from 0.15±0.01,
Bryson et al. (2020) to 0.37 (+ 0.4, -0.2) for the conservative habitable
zone and 0.58 (+0.7, -0.33, lower range quoted) for the optimistic habit-
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able zone. This collection of uncertainties suggests that more work must
be done before the launch of Habitable World Observatory (HWO).

2.6 The California-Kepler Survey

The CPS research group, with collaborators and telescope time pooled
from the Keck Observatory partners at the University of California, Cali-
fornia Institute of Technology and the University of Hawai’i have acquired
high resolution spectra of ∼ 1000 transiting planet host stars. The Califor-
nia Kepler Survey (CKS) was focused on improving the uncertainties on
the stellar parameters of sun-like stars relative to the Kepler Input Catalog
(Brown et al. 2011), specifically the stellar radii and, as a result, planet
radii (Johnson et al. 2017). These results have led to numerous discover-
ies including the mass-radius gap or The Fulton Gap (Fulton et al. 2017;
Fulton and Petigura 2018) shown in Figure 2.5.
The radius gap is defined by the bimodal distribution of planet radii for

planets less than four times the radius of the Earth. The two peaks in the
distribution are best described by planetary formation models (Lopez and
Fortney 2014) that include photo-evaporation and result in either mostly
solid planets or mostly gaseous planets, but few planets in between. The
CKS collaboration has also explored stellar multiplicity (Weiss et al. 2018a,b),
host-star metallicity (Petigura et al. 2018), and eccentricity (Mills et al.
2019).
With the extensive effort to collect the CKS spectra, it would be challeng-

ing to continuously monitor the entire sample for activity analysis. How-
ever, the follow-up observations to collect precise RV measurements to
determine planet masses could provide an excellent dataset for such a
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Figure 2.5: From Fulton and Petigura (2018): ”Left: Two-dimensional distribution of
planet size and orbital period. The median uncertainty is plotted in the upper left. Right:
same as left but with insolation flux on the horizontal axis. In both plots, the two peaks
in the population as observed by (Fulton and Petigura 2018) are clearly visible, but with
greater fidelity.” The subtle relationships that were revealed between orbital period and
planet size from CKS exemplify the need for uniform measurements with the same in-
strument of the same quality. We use this philosophy to examine the CKS sample and
its chromospheric activity in Chapter 3.

study. The Kepler Giant Planet Survey (Weiss et al. 2024, KGPS) is an
observational campaign to measure the occurrence of Jovian planets in
Jupiter-like orbits around systems of Kepler-identified transiting planets.
Chapters 4 and 5 use precise RV in this way, but extended follow-up for
stars observed by Kepler can provide additional value beyond what is
possible for field stars.

2.7 Activity and extremely precise RVs

Our study of chromospheric activity goes hand-in-hand with the study
of exoplanet masses due to the simiultaneous measurements of precise
radial velocities and the Ca II H & K S-values. Initial surveys of exo-
planets using precise RVs focused on slowly rotating F, G and K-type
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main-sequence stars. The next most-critical component is the addition
of log(R′

HK). For surveys probing eta-Earth, the frequency of Earth-sized
planets around Sun-like stars, the cutoff of log(R′

HK) < -4.70 was used
(Howard et al. 2010a) to minimize the amount of stellar activity affecting
the RV data. In order to isolate RV signals due to planets from those due
to stellar activity, decorrelation with S-values can be used to remove ac-
tivity signals (Fulton et al. 2015). Gaussian process analysis adds a level
of complexity to decorrelating RVs and activity, allowing non-periodic sig-
nals from activity to be disentangled from Keplerian RV signals (Kosiarek
et al. 2019; Lubin et al. 2021; Beard et al. 2022). When RVs from sta-
bilized spectrographs such as HARPS are analyzed, methods of activ-
ity mitigation can be made on every spectral absorption line (Dumusque
2018; Siegel et al. 2022). Instead of using the Ca II H & K lines to assess
a planet claim, the Ca II H & K spectral lines can be used to identify stars
hosting evaporating planets by checking for anomalously low flux in the
line cores that is due to planet outgassing absorption Staab et al. (2020).
Detecting RV amplitudes caused by Earth-analogs will require a combi-

nation of precise instrumentation and analysis. Understanding stellar ac-
tivity and variability will be a crucial part of any analysis. While we do not
analyze precise RVs in this work, each of our primary research questions
is deeply intertwined with precise RVs and will be an essential element in
interpreting and understanding the most exciting exoplanet discoveries in
the future.
Drawing from our experience in exploring two astrophysical phenomena

in Chapters 3 (stellar rotation) and 4 (stellar activity cycles), we will now
focus on a narrow, but interesting fraction of the CLS sample to analyze
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the late stages of main-sequence stellar activity. Our sample, chosen to
be older than the age of the Sun at 4.5 Gyr, has weak rotational modula-
tion, as measured by S-values, making it difficult to study compared to a
sample of younger stars. We explore the traditional activity metrics and
use the time-series derived S-value variability to show that these old stars
tend to have a large range of activity variability for a given mean activity
level. We include the precise and homogeneously derived stellar proper-
ties to show that this variability only occurs for the oldest stars. While we
present evidence that stars can have varying cycle amplitudes over short
timescales (10–20 years), we identify the least active stars as the likely
end-state of stellar activity. The activity floor appears to be at the limit of
our spectral measurements and is identified in stars with masses ranging
from 0.70 to 1.1 solar masses.
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CHAPTER 3: THE
CALIFORNIA-KEPLER SURVEY. XI. A

SURVEY OF CHROMOSPHERIC
ACTIVITY THROUGH THE LENS OF
PRECISE STELLAR PROPERTIES

3.1 Introduction

The rich sequence of studies ofKepler planet hosts will be continued with
the addition of chromospheric activity data in the form of Ca II H & K line
flux measurements. The set of planet hostingKepler stars is already well
studied in their stellar properties (Petigura et al. 2017), the occurrence rate
of planets (Fulton et al. 2017; Fulton and Petigura 2018), planet multiplic-
ity (Weiss et al. 2018a), eccentricity (Mills et al. 2019), and more among
others. We will add to this legacy with chromospheric measurements for
879 transiting planet hosts and use the data set to test the theory of weak-
ened magnetic braking via stalled spin-down. In combination with previ-
ously published data of rotation periods, we analyze age-activity-rotation
relations. Chapter 3 includes a catalog ofKepler stellar activity metrics
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and examination of chromospheric activity indices with fundamental stellar
properties, and the search for relationships between planet hosts, stellar
rotation periods and chromospheric activity in the CKS dataset.

3.2 Accepted paper
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Abstract

Surveys of exoplanet host stars are valuable tools for assessing population level trends in exoplanets, and their outputs
can include stellar ages, activity, and rotation periods. We extracted chromospheric activity measurements from the
California-Kepler Survey Gaia survey spectra in order to probe connections between stellar activity and fundamental
stellar properties. Building on the California Kepler Survey's legacy of 1189 planet host star stellar properties
including temperature, surface gravity metallicity, and isochronal age, we add measurements of the Ca II H and K lines
as a proxy for chromospheric activity for 879 planet hosting stars. We used these chromospheric activity
measurements to derive stellar rotation periods. We find a discrepancy between photometrically derived and activity-
derived rotation periods for stars on the Rossby Ridge. These results support the theory of weakened magnetic
braking. We find no evidence for metallicity-dependent activity relations, within the metallicity range of −0.2 to+0.3
dex. With our single epoch spectra we identify stars that are potentially in Maunder minimum–like state using a
combination of log(RHK¢ ) and position below the main sequence. We do not yet have the multiyear time series needed
to verify stars in Maunder minimum–like states. These results can help inform future theoretical studies that explore
the relationship between stellar activity, stellar rotation, and magnetic dynamos.

Unified Astronomy Thesaurus concepts: Stellar activity (1580); Exoplanet astronomy (486); Stellar chromo-
spheres (230)

Supporting material: machine-readable table

1. Introduction

The study of stellar chromospheres was championed in the
late 1960 s by the Mt. Wilson S-value project (Vaughan et al.
1978; Duncan et al. 1991). With a dedicated telescope for daily
observations, the Mt Wilson team began a series of observa-
tions that would last decades culminating in the study of stellar
activity cycles and comparison to the solar activity cycle. The
legacy of the Mt. Wilson HK project was expanded from the
photomultiplier era to the era of charge coupled devices by
additional studies of stellar activity cycles including those
conducted by Henry et al. (1996; 815 stars), Wright et al.
(2004; 1200 stars), Hall et al. (2007; 143 stars), Isaacson &
Fischer (2010; 2630 stars), and more recently Gomes da Silva
et al. (2021; 1674 stars). These surveys were often secondary to
the primary science objectives (Hall et al. 2007; excepted) of
searching for exoplanets and measuring their masses via high-
resolution spectroscopy and precise radial velocities (RVs). For
example, the importance of understanding stellar activity as a
possible false-positive scenario for RV planet mass detection
was a primary concern since the first exoplanet discovery
(Mayor & Queloz 1995). In addition to the search for direct
correlations between RVs and stellar activity cycles over the

timescale of decades (Wright et al. 2008; Fulton et al. 2015),
sophisticated analyses such as the FF′ method, Gaussian
processes, and other signal processing algorithms can be
employed on data spanning shorter timescales to disentangle
the complex relationships that planets have on stars grav-
itationally from stellar activity due to surface inhomogeneities
(Aigrain et al. 2012; Howard et al. 2013; Pepe et al. 2013).
However, sophisticated signal processing techniques can
sometimes overfit the data, and their results should be
interpreted with caution (Blunt et al. 2023). When additional
information beyond stellar spectra are available, such as space-
based photometry from Kepler, K2, or the Transiting Exoplanet
Survey Satellite (TESS; Kosiarek & Crossfield 2020), ever
smaller planets can be characterized with RVs from instruments
such as the High Resolution Echelle Spectrometer (HIRES;
Akana Murphy et al. 2021) or refuted with instruments such as
Habitable Planet Finder (Lubin et al. 2021). Analysis of stellar
flares in photometric data, along with activity metrics from
spectra such as Hα can be used to study planetary habitability.
Su et al. (2022) used Hα measurements from LAMOST’s
low-resolution (1026 stars) and medium-resolution spectra
(158 stars) plus light curves from Kepler, K2, and TESS host
stars, and assessed both atmospheric burn off and recovery.
The impact of stellar activity observations has led to a

greater understanding the relationship of stellar activity,
rotation periods, and age. Noyes et al. (1984) laid the
foundation for studying connection between activity,
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convection and rotation, showing that rotation periods
correspond to certain levels of activity and both are related to
the convective action in solar-type main-sequence stars.
Remarkably, the study used only 40 stars, with what would
now be considered primitive determinations for stellar temp-
erature and mass that were based on B− V colors, without
parallaxes or high-resolution spectra. Identification of the
Rossby number, the ratio of the stellar rotation period to the
convective turnover time, was a critical piece of the rotation-
activity-age puzzle. This early work, focusing primarily on
solar-like, main-sequence stars, was summarized by Duncan
et al. (1991) who provided the activity catalog for a large
number of stars, and Baliunas et al. (1995) who focused on 111
Sun-like stars. To extend the age–activity relations beyond
solar-type stars, Mamajek & Hillenbrand (2008) determined
ages by analyzing young star clusters with ages between
200Myr and 7 Gyr open clusters using both X-rays and
chromospheric activity measurements. As stars age, the stellar
wind, and more generally magnetic activity, transports angular
momentum away from the star, resulting in decreasing rotation
periods and lower activity levels. By adding star clusters with
various well-known ages, Mamajek & Hillenbrand (2008)
quantified the relationship between stellar spindown and stellar
age for stars much younger than the Sun. With the use of Gaia
proper motion, new young clusters have been identified, adding
to the collection of age and activity analyses. Curtis et al.
(2020) used open clusters with ages between 0.7 and 1.4 Gyr to
identify a pause in the spindown relationships that is especially
prominent for lower-mass stars. The change in spindown can
be accounted for tuning core-envelope models, but other
explanations remain possible.

The Kepler era of space-based photometric surveys led to the
detection of over 4000 transiting planet candidates (Borucki
et al. 2011a, 2011b; Batalha et al. 2013; Thompson et al. 2018).
While the first exoplanet systems detected by Kepler were
confirmed by ground-based follow-up observations (Borucki
et al. 2010; Batalha et al. 2011), it was the large-scale survey of
∼200,000 stars by Kepler that led to the most important results.

The California-Kepler Survey (CKS), a magnitude-limited
spectroscopic survey of 1189 Kepler host stars was undertaken
with the focus on improving the uncertainty in stellar radius,
and the associated planetary radii. Analysis of high-resolution
stellar spectroscopy using local thermodynamic equilibrium
(Valenti & Fischer 2005) is capable of determining funda-
mental stellar properties and can be combined with stellar
evolution models to determine stellar mass and radius to a
typical precision of 10% and as low as 2% (Johnson et al. 2017;
Berger et al. 2020b). The uniform, and homogeneous data set
of high-resolution spectra from the Keck I telescope and
HIRES instrument (Petigura et al. 2017) has allowed for
detection of the detailed structure in the radius distribution for
planet sizes between 1 and 4 REarth (Fulton et al. 2017). The
CKS data set has allowed for a series of papers including
beyond the planet radius gap including detailed analysis of
systems with multiple transiting planets Weiss et al. (2018),
refinement on the minimum mass extra-solar nebular (Dai et al.
2020), and analysis showing that the Kepler field has similar
metallicity to the solar neighborhood (Petigura et al. 2018).

The eventual addition of Gaia parallaxes further refined the
stellar properties of the full Kepler sample, their planets’ radii,
and more broadly planet occurrence (Fulton & Petigura 2018;
Hsu et al. 2019). With precise Gaia distances, the dominant

source of error on the planet radius, now on average 5%,
becomes the photometry (Petigura 2020), a major transition
compared to the first transiting planets measured with Kepler
data. Theoretical studies have suggested that the substructure in
the planet radius distribution is due to photoevaporation that
occurs in the first 100Myr of planet formation (Lopez &
Fortney 2013; Owen & Wu 2013; Chen & Rogers 2016).
Observational studies calculating precise ages reveal that planet
radius changes may continue beyond 1 Gyr when considering
the entire Kepler planet sample (Berger et al. 2020a) and well-
defined subsamples (David et al. 2022). The radius gap is also
reported observationally by Van Eylen et al. (2018) in an
analysis of planet hosts studied with asteroseismology.
The paper is laid out as follows. Section 2.1 describes how

we derived S values from the HIRES spectra, and Section 2.2
describes our star and planet sample. Section 3.1 shows how
the planet properties of CKS-Gaia relate to new stellar activity
metrics. Section 3.2 explores how the rotation periods
determined from Kepler photometry relate to activity metrics
from this sample. Activity measurements are correlated with
fundamental stellar properties in Section 3.3. In Section 3.4 we
discuss ages derived from log(RHK¢ ) values and we touch on the
least active stars in our sample and discuss implications in
Section 3.5. Finally, Section 3.6 explores activity and our
Kepler planet sample.

2. Methods

2.1. S-value Extraction and Calibration

We follow the method of Isaacson & Fischer (2010) to
extract the flux values in the cores of the Ca II H and K lines
and continuum regions redward and blueward of the H and K
absorption features (Equation (1); Vaughan et al. 1978). While
this extraction method has been used to analyze post-upgrade
HIRES data dating back to 2005, we modified the existing
algorithm to optimize the signal-to-noise ratio (S/N) of single-
epoch spectra that range from 6 to 10 per reduced pixel.
Isaacson & Fischer (2010) used an S/N cutoff of 5, but only
2% of spectra were below S/N of 10, so the extraction routine
was not well tested for S/N= 5–10. Examples of the
Ca II H and K line cores for stars with the highest, median,
and lowest S-values in our sample are shown in Figure 1. This
is distinct from the most and least active stars, which are
measured by log(RHK¢ ). Note that low S/N makes the extraction
of the fluxes more challenging in spectra with S/Ns of 5–10 in
the continuum sections. In this work, we spline the National
Solar Observatory (NSO) solar atlas onto the HIRES rest-frame
wavelength solution, and use it as the template to align all other
spectra. The Isaacson & Fischer (2010) spectral extraction
method was optimized for measuring differential S-values of
the same star using a high-S/N template, the current analysis
utilizes the NSO template for all stars in this sample to ensure
the absolute scale is as accurate as possible for the single
epochs of the CKS-Gaia sample.

S
H K

R V
1HK ( )=

+
+

S-values are calculated by summing the flux in the cores of
the Ca II H and K lines and dividing by the flux in two
continuum sections redward and blueward of the line cores
(Figure 2). The value of an isolated S-value is difficult to
interpret across different spectral types because the intensity of
the neighboring regions varies with stellar type, which means
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the raw S-value index is sensitive to both chromospheric
emission and overall SED. So we calculate log(RHK¢ ), a metric
of chromospheric activity that is comparable across stars with
different Teff. log(RHK¢ ) is defined as the base-10 logarithm of
the chromospheric portion of the flux in the Ca II H and K line
cores relative to the bolometric flux of the star (Noyes et al.
1984). We use the Ca II H and K line flux to measure the

nonthermal heating that is related to magnetic activity in the
star. By accurately accounting for and subtracting the photo-
spheric contribution to the flux in the cores of the Ca II H and K
line cores, we can compare activity across a range of effective
temperatures.
With this new flux normalization and extraction method, we

require a new calibration to the Mt. Wilson Scale to ensure we

Figure 1. The Ca II H-line is shown for the stars with the highest, median, and lowest S-values from top to bottom. They are KOIs-3497, 700, and 629. The S/Ns of
5–10 per pixel in the continuum sections for these stellar spectra makes the spectral extraction challenging. For active stars, the reversal in the core of the Ca H-line is
obvious and rises above the continuum. Small changes in the activity level of low-activity stars are challenging to detect due to the lower flux in the line cores.

Figure 2. Clockwise from top left: the Ca II H and K lines, and the two continuum sections on either side of the H and K lines, dubbed V (centered at 4000 Å) and R
(centered at 3905 Å) sections. The two 20 Å continuum sections are used to calibrate the variable flux in the 1 Å weighted sections in the line cores. Extracting the
spectral segments in this way allows for calibration to the Mt. Wilson scale and comparison to other activity surveys.
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can compare our activity metrics on a standard scale. Using a
procedure similar to Isaacson & Fischer (2010), we use four
coefficients and perform a least-squares fit for two free
parameters, C1 and C4 in Equation (2), with two of the
coefficients, C2 and C3 determined by the ratios of the H to K
line fluxes and R to V line fluxes. The final coefficients are
shown in Equation (2) and were found using 154 stars that
were observed on HIRES and Mt. Wilson. We restrict the
calibration stars to Teff between 4700 and 6500 K with
V isin 10 km s 1( ) < - and a log(g) greater than 4.0, matching
the demographics of the majority of the CKS-Gaia sample.

S C
H C K

R C V
C 2HK 1
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3
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( )
( )
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The newly created HIRES S-values are plotted against the
Duncan et al. (1991) S-values, showing a standard deviation of
the residuals of 0.023 (Figure 3, right panel). This is
comparable to the Isaacson & Fischer (2010) S-values, that
showed a scatter of 11% when calibrated to the Mt. Wilson
values. We attribute the larger scatter in the 2010 work to the
broader range of stars in that sample, both in terms of activity
and Teff, compared to this work. We verify our calibration by
comparing our new S-values of 447 non-Kepler stars that also
have S-values in the Wright et al. (2004) sample of planet
search stars observed on HIRES prior from 1995–2004. The
standard deviation of the residuals is 0.020 (Figure 3, left
panel). We adopt 0.02 as the calibration uncertainty, similar to
survey calibration uncertainty found by Mittag et al. (2013).

We verified continuity in the activity scale from the Isaacson
& Fischer (2010) method to the new NSO method described in
the paper by plotting both sets of S-values for two stellar
activity standards, Tau Ceti and HD 60532 (Figure 4). Gomes
da Silva et al. (2021) noted that the chromospheric standard star
Tau Ceti varies by 0.83% or a dispersion of 0.0015, and
recommended using HD 60532 as well, with a scatter of only
0.36%, and absolute dispersion of 0.0005. This tiny variation

over time makes HD 60532 an excellent standard star for
checking single instrument Ca II H and KS-value precision.
There is a small offset between the values from the Isaacson

& Fischer (2010) method and our new HIRES-NSO method
that is visible for both standard stars. With the HIRES-NSO
method, Tau Ceti shows a median S-value of 0.1720 with a
standard deviation of 0.0023. The HIRES-NSO derived
S-values for HD 60532 show a median value 0.1197 with a
dispersion of 0.0031. For Tau Ceti, the Isaacson & Fischer
(2010) method yields a median of 0.1670, with a standard
deviation of 0.0016. For HD 60532 the median is 0.1231 with a
standard deviation of 0.0029. The new S-values for Tau Ceti
and HD 60532 are offset by +0.005 and −0.004, respectively.
The offsets are due to scatter in the calibration and the
amplitude of the offset is similar to the amplitude of the scatter.
Our uncertainties are consistent with previous works. For
example, Tau Ceti shows very little long-term variation but
calibration uncertainties result in published values of 0.168
from Wright et al. (2004) and 0.175 from Duncan et al. (1991).
The performance of these standard stars gives us confidence in
our extraction method and quantifies the error in our
calibration.
Our distribution of S-values extends to lower values than

previous surveys, with a tale toward very low activity that
reaches log(RHK¢ )=−6.0 (Figure 5). We choose a value of log
(RHK¢ )=−5.50 as the lowest value that should be considered
reliable. In Section 3.5 we discuss very inactive stars, and
WASP-12 is an example of a star with the exceptionally low
value of log(RHK¢ ) of −5.50. The low value is thought to be due
to absorption beyond the chromosphere of the star (Fossati
et al. 2013). Stars in our sample with log(RHK¢ ) values below
−5.50 should be considered very inactive, but these values
likely underestimate their activity.
For the CKS-HK sample, most stars have a single

observation, limiting our knowledge of the long-term behavior
of these stars. For stars with two observations, we choose the
one with higher S/N. For stars observed more than twice, such
as those with multiple epochs for RV follow-up, we choose the
median S-value. Time-series S-values for these stars are
available in Weiss et al. (submitted). The coolest stars in our

Figure 3. By selecting stars that have been observed with HIRES by CPS and by the Mt. Wilson survey, we can determine the coefficients needed to convert flux
values to S-values. (Left) We assess our S-values for consistency by comparing our newly created values with those published in Wright et al. (2004), whose values
were calculated from spectra collected on the previous HIRES detector, pre-2005. The S-values on the y-axis were created with the coefficients determined by fitting
our newly extracted flux values to the Wright S-values. Four-hundred and forty-seven stars were used in this comparison. The standard deviation of the residuals
0.020. (Right) The Mt. Wilson values from Duncan et al. (1991) are plotted against our newly determined values for 154 overlapping stars. Scatter in the relation is
due to observing stars at different points in their activity cycles as well as imperfect accounting of the blaze function. The star at [0.2, 0.6] is a known outlier, HD
137778, detailed in Wright et al. (2004). If we include HD 137778, the standard deviation of the residuals is 0.044. Removing the single outlier reduces the standard
deviation to 0.024.
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sample have spectra that differ most significantly from the Sun,
and we find that the S-values for these stars still meet our
quality standards. Another limitation of using a single epoch in
time to measure stellar activity is that we measure the activity at
an unknown phase of the rotation period and activity cycle.
This challenges our search for stars that are exceptionally
inactive, in Maunder minimum or magnetic minima states
(Section 3.5). We rely on the statistical power, rather than time
series, of our sample for the analysis of fundamental stellar
properties, activity, and rotation periods. Without time-series
spectra to monitor long-term activity cycles, we are unable to
make comparisons of years long cycles with rotation periods
such as Brandenburg et al. (2017) and Metcalfe et al. (2016).

Instead, our analysis is similar to Zhang et al. (2020), which
also utilizes single-epoch spectroscopy to assess activity for
59,816 stars. Our smaller sample has a Teff uncertainty of 60
versus 100 K for the Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST) sample (Petigura et al.
2017), and we focus our attention on the rotation periods from
David et al. (2021).

2.2. The CKS-HK Sample

The CKS sample has several components including a
magnitude-limited sample, with a cutoff at a Kepler magnitude
of 14.2, and a collection of fainter stellar host stars that includes

Figure 4. For the standard stars Tau Ceti (top set, triangles) and HD 60532 (bottom set, squares), S-values are calculated using the Isaacson & Fischer (2010) routine
(black) and from the new HIRES-NSO routine (blue). The average values of 0.1670 (log(RHK¢ ) = −4.980) and 0.172 (log(RHK¢ ) = −4.954), respectively, are plotted as
dashed lines. The offset of 0.005 or 3% is due to different methods for addressing the blaze function as well as calibration errors. (The Mt. Wilson average value for
Mt. Wilson is 0.175, compared to our HIRES-NSO median value of 0.172.) The standard deviations of the Isaacson & Fischer (2010) values and the newly derived
values for Tau Ceti are 0.0016 and 0.0024. For HD 60532, they are 0.0029 and 0.0031. The single-epoch uncertainty of 0.03 is depicted at [2005, 0.015]. We use 942
observations of Tau Ceti. A representative error bar 1% as determined by the scatter of Tau Ceti and HD 60532, two S-value standards, is shown at [2005, 0.15].

Figure 5. Double-Gaussian fit for the full CKS stellar sample of 893 stars.
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habitable zone planets (Borucki et al. 2013), multiplanet
systems (Lissauer et al. 2014; Rowe et al. 2014), and ultra-
short-period planets (Sanchis-Ojeda et al. 2014). The habitable
zone planets and the multis fainter than 14.2 tend to have lower
S/Ns and are often omitted from our sample for having
insufficient data quality in the bluer wavelengths where the
Ca II H and K lines reside. To define the CKS-Gaia sample,
Fulton & Petigura (2018) make a similar magnitude restriction
because the primary sample selection for stars fainter than
V∼14.2 was nonuniform. We choose to begin with the sample
of 1189 planet stars hosting 1896 total planets from Fulton &
Petigura (2018) and make additional quality cuts for our
analysis. We did not include the stars from the recent CKS-
Cool project (Petigura et al. 2022) because the target S/N is too
low at 4000Å to precisely measure the Ca II H and K line
fluxes.

In order to ensure sufficient quality of the S-value activity
metric, we made restrictions on the S/N near the Ca II H and K
lines and on the local seeing conditions for each observation.
The CKS-Gaia S/N for HIRES spectra was chosen to be
∼40 per pixel at 5000Å. This choice impacts the S-values
resulting for cooler stars that have lower S/N in the
Ca II H and K region compared to hotter stars due to inherent
differences in their blackbody spectra. Beginning with the
CKS-Gaia results (Table 1 from Fulton & Petigura 2018),
which has 1189 planet host stars, we remove 180 observations
that have S/N < 5 pixel−1 in the continuum regions near the
Ca II H and K lines. In most cases, we use the same spectra as
the CKS-Gaia project; however, there were 25 stars with
higher-S/N spectra, collected more recently, that were
available. From the 2D echellogram, we measured the seeing
value for each observation and removed observations with
seeing greater than 1 6, ensuring high-quality measurements
(Baum et al. 2022). The HIRES spectrometer, a slit-fed
spectrograph that uses an echelle grating as the cross-dispersing
optic, results in a 2D echelle format in which the orders become
closer together toward bluer wavelengths. (Spectrographs with
cross-dispersing prisms have orders that are closer together in
the red). Since we use the C2 decker (0 87 × 14 0) for
observations of faint stars in order to remove background sky
flux (Batalha et al. 2011), when a faint star (V> 11) is observed
in poor seeing conditions, the bluest orders overlap, causing
cross order contamination and a poor-quality S-value measure-
ment. Removing 109 observations with poor seeing values and
three stars that have no stellar mass or radius leaves 900 planet
host stars with well-characterized stellar properties and
S-values. Three stars have no log(g) value. Fourteen stars have
an S-value lower than 0.10, chosen as a minimum value for
calculating log(RHK¢ ), leaving 879 host stars. We define this as
our CKS-HK stellar sample.

Binary star systems can challenge studies of stellar activity
due to tidal interaction or spectral contamination, or with
spectral contamination. To mitigate binary star contamination,
stars with a detected secondary spectrum, with flux ratios as
low as 1% of the primary, using the technique of Kolbl et al.
(2015) were identified by Fulton et al. (2015) as planet false
positives and are excluded as such.

The CKS-HK catalog of chromospheric activity is quite
different compared to RV surveys of planet search stars. While
most RV surveys focus on either M-dwarfs or FGK stars
providing large catalogs of high-resolution spectra, the stars in
these surveys typically have an unknown number of short-

period planets with planet radii from 1−4 Earth-radii
(Rosenthal et al. 2021). In comparison, every star in our
sample has one or more known transiting planets, and the
distance to the average Kepler field star is about a kiloparsec
rather than a 1–200 pc for typical RV survey stars.

2.2.1. The CKS-HK Planet Sample

In addition to the quality metrics applied to the CKS-HK
stellar sample, for analysis involving planet properties, we
make further qualifications. The CKS-HK planet sample will be
defined by the quality cuts that are described in Section 2.1 and
further quality cuts that depend on the planet properties in these
systems. Much of the analysis focuses on planets smaller than
4.0 REarth. We define this as our CKS-HK planet sample.

2.3. Literature Data

2.3.1. Kepler Stellar Rotation Curves

The field of stellar rotation period analysis has richly
benefited from the Kepler 30 minute cadence with near
continuous data collection for 90 days of a typical Kepler
quarter, up to 4 yr over the life of the mission. While ground-
based photometric surveys had been critical in building our
understanding of stellar rotation periods (Duncan et al. 1991;
Henry et al. 1996), Kepler has grown the number of available
stellar rotation periods into the tens of thousands (McQuillan
et al. 2014).
Novel techniques applied to light curves can quickly analyze

vast amounts of photometry. The auto-correlation function
(ACF; McQuillan et al. 2014) was used to create a catalog of
rotation periods for 30,000 stars ranging from 0.2−70 days
across stellar masses from 0.1−1.3 M☉. Angus et al. (2018)
used a machine-learning technique, trained on that catalog, to
determine rotation periods for Kepler objects of interest (KOIs),
which we use in Section 3.2. Santos et al. (2021) used a
combination of wavelet analysis, ACFs, and machine learning
to further study the rotation periods of Kepler stars.
Recently, David et al. (2022) examined Kepler rotation

periods from Walkowicz & Basri (2013), McQuillan et al.
(2014), Mazeh et al. (2015), and Angus et al. (2018) resulting
in the identification of the “Rossby Ridge,” a relationship
between the Teff and stellar rotation period. The Rossby Ridge
results support the stellar spindown theory of weakened
magnetic braking (WMB) as formulated in van Saders et al.
(2016), which is a deviation from the spindown relationships
that govern young stars until the ages of a few gigayears. We
build upon vetted rotations periods of the CKS-Gaia sample
from David et al. (2021), adding the chromospheric activity
measurements from the Ca II H and K lines to explore log(RHK¢ )
and its relation to stellar rotation periods and stellar spin down
in the Rossby Ridge in Section 3.2.

2.3.2. The CKS-HK Stellar Rotation Sample

The CKS-HK rotation sample begins with the CKS-HK
stellar sample, and is refined based on the quality of the
determination of the photometric rotation periods from Kepler.
We use this sample to examine activity-rotation relations and
stellar effective temperature, metallicity, and stellar surface
gravity. The stellar rotation analysis will require dividing the
sample by stellar type, evolution, and [Fe/H]. In order to utilize
the most well-determined stellar rotation periods, we keep only
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the reliable stellar rotation periods from Kepler photometry
compiled and vetted by David et al. (2021) to define the CKS-
Gaia sample of rotation periods. The quality of rotation periods
are labeled 0, 1, 2, and 3 as having no periodicity, an
ambiguous period, a reliable period and a highly reliable
period, respectively. We take the CKS-HK stellar sample of
879 stars, with valid chromospheric activity measurements and
the vetted rotation periods, to finalize our CKS-HK rotation
period sample with 168, 325, 216, and 184 stars and reliability
ranks of 0, 1, 2, and 3, respectively.

3. Results and Discussion

We begin our analysis by examining the relationships
between our new log(RHK¢ ) measurements of the chromospheric
activity and the fundamental stellar properties from CKS-Gaia.

3.1. Teff, log(g), [Fe/H], and log(RHK¢ )

We examine the full distribution of log(RHK¢ ) for our stellar
sample, and model it with a two-Gaussian fit (Figure 5). As a
function of the stellar properties Teff, [Fe/H], and Rå in Figure 6.
To allow for quantitative comparisons between surveys (such as
Santos et al. 2021), we model three subsets of our sample as both
single- and double-Gaussian distributions. The top panel of
Figure 6 shows the distribution of log(RHK¢ ) divided at Teff values
of 6000 and 5400 K, with the hotter F-stars on the left and cooler
K-dwarfs on the right. In the middle panel, we divide stars into
bins of metallicity at +0.1 and −0.1 dex, with the most metal-rich
stars of the left and solar metallicity stars in the middle. The log
(RHK¢ ) distribution as a function of stellar radii is divided at 0.9 and
1.1 R☉ with solar radius-like stars in the bottom-middle panel.
Gaussian fitting results for the full sample, and the subdivided
sample are compiled in Table 1.

Sun-like stars are a common focus in activity analyses, and
our study focuses on stars between 4800 and 6250 K. Stars
with temperatures above the Kraft Break at Teff of 6250 K have
thinning convective zones, dividing fully radiative and partially
convective stars (Kraft 1967). Fully radiative stars are
magnetically different than those below the Kraft Break
because they lack a tachocline that is thought to be the critical
to the production of magnetic activity. The study of rotation
and convection near the Kraft Break is an active field of study
(Metcalfe & Egeland 2019) and is relevant in our rotation
period analysis. The histogram of log(RHK¢ ) colorized via stellar
radius (Figures 5, bottom right) complements the log(g)
histogram (upper right) showing a more intuitive value than
stellar surface gravity. Generally, the stars with the largest radii
in our sample are evolved and are also the least active. We will
discuss the relationship between [Fe/H] and stellar rotation
periods in Section 3.3.2.

We examine the CKS-HK stellar sample broadly in Figure 7
by plotting the CKS-HK stellar properties sample as a function
log(RHK¢ ). In the temperature plot, we see the most active stars
are cooler than the Sun, and all of the inactive stars have super-
solar temperature. The relationships between stellar surface
gravity and stellar radius relations to log(RHK¢ ) reveal the most
active stars in our sample are on the main sequence and near to
1.0 Rå, consistent with Figure 8. Viewing the sample in Teff
versus log(g) space, the subgiant population rises above the
main sequence as log(g) decreases (Figure 8). While the
division between subgiant and main-sequence stars is ill-
defined, we will use various cutoffs for log(g) in the next few

Sections, including log(g)= 4.0. The color scaling shows that
most stars are in the “inactive” or “very inactive” categories.
The most active stars exist along the lower envelope, with the
highest log(g) values, as expected for stars that lie nearest to the
zero-age main sequence. For the rotation period analysis in
Section 3.2 and the study of the least active stars (Section 3.5),
we will focus on main-sequence stars rather than subgiants.
When testing for a correlation between chromospheric

activity and metallicity, we might expect to see metal-rich
stars, which tend to be younger than metal-poor stars, and are
also more active. This property is visible in the bottom-left
panel of Figure 7, which shows a fairly smooth distribution
around the average log(RHK¢ ) and [Fe/H], with a slight
overabundance of active stars that are metal-rich.
The least active stars are examined in detail in Section 3.5, and

we search for candidates for stars that are in Maunder minimum or
magnetic minimum (MM) type states (Eddy 1976; Saar 2011).
Metallicity is also thought to be a factor in the study of stellar
rotation periods, as the metal content of the star can affect the depth
of the convective zone, and therefore the convective turnover time
and rotation period (see Section 3.3.2).

3.2. Activity and Stellar Rotation Period

Decades-long observations of chromspheric activity mea-
surements have identified relationships between chromospheric
activity and stellar rotation, especially for solar-like stars.
Noyes et al. (1984) formalized conclusions into equations that
can be used to predict the rotation period based upon the
average chromospheric activity of a star. By focusing on main-
sequence Sun-like stars, the Mt. Wilson studies were able to
isolate variables such as stellar log(g), Teff (using B− V as a
proxy), and to an unknown extent, [Fe/H]. Wright (2004)
speculated that spectral synthesis and precise stellar abun-
dances (Valenti & Fischer 2005) would assist in finding very
inactive stars. Stellar activity in the least active stars revealed
that changes in log(g) due to stellar evolution is an important
variable when identifying very inactive stars. Saar (2011)
showed that stellar metallicity has an impact on both the
minimum activity of a star and on the stellar rotation period.
Additional metal content in a star changes the opacity and is
perhaps more important when the convective zone is thin, such
as in stars near the Kraft Break. Amard & Matt (2020) used
theoretical models with stellar masses of 0.8, 1.0, and 1.3 M☉
and [Fe/H] between −0.5, and +0.5 and show that, metallicity
is indeed an important variable to consider when calculating
rotation period. They confirm that the impact is more
significant near the Kraft Break, where small changes in
metallicity affect the convective turnover time and have a larger
impact due to the thinner convective zone.
In an observational test of those theoretical models, Avallone

et al. (2022) used Kepler rotation periods, APOGEE data, and
Gaia parallaxes to analyze rotation periods for stars mostly
hotter than 6250 K, the Kraft Break. They found no rotation
dependence on metallicity but noted the difference in Teff for
the two samples. The CKS-HK sample is well populated
between 0.7 and 1.3 M☉, and we analyze the metallicity in the
range 0+ 0.2 to −0.2 as well as, Teff, Rå, and Kepler rotation
periods in Section 3.3.2. The metallicity dependence is
explored along with other fundamental stellar parameters, and
we consider the activity derived rotation periods in the same
context.
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3.2.1. Rotation Periods for the CKS-HK Sample

Beginning with the CKS-HK rotation sample defined in
Section 2.3.2, we compare how the Noyes et al. (1984)
rotation-activity relations used to calculate a stellar rotation
period from log(RHK¢ ) to stellar rotation periods recovered from
Kepler photometry (David et al. 2021). We explore both
methods of determining rotation periods and how they relate to
the precise stellar properties from CKS-Gaia. Compared to the
CKS techniques used to determine stellar properties to those
used in Noyes et al. (1984), we have much more powerful tools
in the form of high-resolution spectroscopy, to determine stellar

surface gravity and metallicity. We also have a broader range of
stellar temperatures, which will expose the bias of solar-like
stars when using the rotation periods derived from activity.
To visually confirm the relationship between activity and

rotation, we plot log(RHK¢ ) versus the Kepler rotation period in
Figure 9. As a function of log(RHK¢ ), we plot 215 stars with
grade 2, “reliable,” stellar rotation periods from David et al.
(2021) in the left panel and 185, grade 3, “highly reliable”
rotation periods in the right panel. The color scale shows stellar
effective temperature from 4800−6400 K, the full range of the
CKS-HK sample. If a strong correlation between rotation

Figure 6. For each stellar property and property bin, the data are show in the histogram, and the two-model Gaussian fit is show in purple, with component Gaussians
in yellow. A single-component Gaussian fit was preferred for the coolest bin of Teff, the middle bin of [Fe/H], and the bin of smallest Rå. Top row: Teff separates the
three panels from left to right with break points at 6000 and 5400 K. Middle row: [Fe/H] separated from highest to lowest with break points at −0.1 and +0.1. Bottom
row: Rå is plotted from the largest bin to the smallest with break points at 0.9 and 1.2 R☉. The values of the fitted Gaussians are shown in Table 1.
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period and chromospheric activity is present, we expect stars
with similar stellar temperature to have a smooth function with
rotation period. Instead, in the left panel, we see a large amount
of scatter at every temperature where stars are less active. By
analyzing only stars that rank as (David et al. 2021) highly
reliable from the CKS-HK rotation sample, the temperature,
rotation, and activity relation are clarified (Figure 9, right
panel). A correlation between stellar surface temperature,

log(RHK¢ ) and rotation period is now visible. Metcalfe et al.
(2016) showed a similar relationship (their Figure 1), noting the
different slopes for different spectral types and lack of long
rotation period stars for solar-type stars. We do not yet filter on
stellar properties by removing subgiants, but few subgiants
have definitive rotation periods because they have fewer
surface inhomogeneities. By focusing solely on the most well-
determined rotation periods, and validated log(RHK¢ ) values, we

Figure 7. log(RHK¢ ) is plotted on the x-axis for all plots (more active stars are to the right), and fundamental stellar parameters are plotted on the y-axis. Top left:
log(RHK¢ ) vs. Teff shows that more active stars tend to be cooler. Top right: log(RHK¢ ) vs. log(g) reveals that subgiants are sparse and are inactive (log(RHK¢ )< −5.1),
which are lower on the plot. Most main-sequence stars have a range of activities. Bottom left: log(RHK¢ ) vs. [Fe/H] shows a balanced distribution with more active stars
being more metal-rich. This is consistent with those stars being younger. Bottom right: log(RHK¢ ) vs. Rå. This plot shows that as activity increases to the right, most
stellar radii are near 1.0 R☉

Table 1
Gaussian Fit Parameters

Property Bin Amplitude Mean Sigma Amplitude Mean Sigma Chi-squared Reduced Chi-Squared

Full Sample (893) 111.5 −5.167 0.143 24.73 −4.691 0.242 500.19 20.84
Teff > 6000 30.75 −5.25 0.14 ... ... ... 309.30 11.46
5400 < Teff < 6000 56.89 −5.12 0.14 ... ... ... 825.83 30.59
Teff < 5400 7.26 −4.92 0.44 ... ... ... 180.21 6.67
[Fe/H]< −0.1 25.18 −5.15 0.16 ... ... ... 119.22 4.42
−0.1 < [Fe/H]< 0.1 35.03 −5.14 0.18 ... ... ... 796.18 29.49
[Fe/H]> 0.1 26.83 −5.13 0.22 ... ... ... 507.50 18.80
Rå> 1.2 72.28 −5.22 0.11 ... ... ... 494.04 18.30
0.9 < Rå< 1.2 35.02 −5.07 −0.13 ... ... ... 436.10 16.15
Rå< 0.9 9.08 −4.78 0.31 ... ... ... 267.61 9.91
Teff > 6000 27.00 −5.25 0.12 4.94 −5.32 −0.37 248.36 10.35
5400 < Teff < 6000 62.91 −5.18 −0.18 −28.45 −5.34 0.11 697.72 29.07
Teff < 5400 7.26 −4.92 0.44 1.00 −5.70 0.03 180.21 7.51
[Fe/H]< -0.1 23.87 −5.15 −0.14 1.87 −5.06 −0.58 102.02 4.25
-0.1 < [Fe/H]< 0.1 14.38 −7.06 0.05 35.03 −5.14 −0.18 796.18 33.17
[Fe/H]> 0.1 10.48 −4.86 0.37 24.01 −5.18 0.13 92.77 3.87
Rå> 1.2 65.36 −5.22 0.10 9.78 −5.34 0.27 294.67 12.28
0.9 < Rå< 1.2 7.84 −4.86 0.28 31.62 −5.09 0.10 198.27 8.26
Rå< 0.9 ... ... ... ... ... ... ... ...
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can make further definitive statements about rotation periods
and the stellar properties provided by the HIRES spectra in the
CKS-HK rotation sample, which we do in Section 3.3.

3.2.2. Photometric versus Activity Derived Rotation Periods

Recovering stellar rotation periods with single-epoch
Ca II H and K measurements is challenging because log(RHK¢ )
values for a given star naturally vary, similar to our Sun’s 11 yr
stellar activity cycle, changing the average log(RHK¢ ) value
while preserving the 27 day rotation period. Noyes et al. (1984)
used a few tens of stars to create relations between Rossby

number, convective turnover time, and rotation period, but
relied on average S-values of stars that had been collected over
decades, which effectively averaged out the stellar activity
cycles log(RHK¢ ) values. The long-term nature of that data set
makes it very valuable for analyzing stellar activity cycles as
producing accurate long-term averages. We will utilize a larger
number of stars with single epochs of activity measurements,
and rely upon the larger number offset the lack of time series
when we calculate rotation periods using the Mamajek &
Hillenbrand (2008) activity-period relations, which are very
similar to Noyes et al. (1984), and compare them with
photometric rotation periods from Kepler.

Figure 8. Stellar surface gravity is plotted as a function of stellar effective surface temperature for the CKS-HK stellar sample of 879 stars. The color bar indicates
log(RHK¢ ) with yellow as more active and purple as less active. The giant branch moves from the center to the upper right of the plot. The most active stars (yellow) are
cool dwarfs that make up the lower envelope of the main sequence. From CKS-Gaia (Fulton & Petigura 2018), the typical errors on Teff and log(g) are 60 K and
0.01 dex, respectively. We use the calibration error of 0.02 as the uncertainty on log(RHK¢ ).

Figure 9. Left panel: Kepler rotation periods are plotted as a function of log(RHK¢ ) and all rotation periods from David et al. (2021) are included. Right: only grade
3 rotation periods from David et al. (2021) are plotted. In the left and right panel, 215 and 184 stars from the CKS-HK rotation sample are plotted, respectively.
Recovering stellar rotation periods with single-epoch Ca II H and K measurements is challenging because log(RHK¢ ) values for a given star naturally vary. Our Sun’s
11 yr stellar activity cycle, which changes the average log(RHK¢ ) value preserves the 27 day rotation period. The colors denote stellar surface temperature with cooler
stars having darker shades. We expect rotation period to be related to activity within a given temperature bin.
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3.3. Rotation Period and Fundamental Stellar Properties

3.3.1. Overview

To explain inconsistencies between stellar spindown models
and observations of rotation periods for stars older than 1 Gyr,
van Saders et al. (2016) developed theoretical relations that
better describe spin down than empirical relations (Skuma-
nich 1972). van Saders et al. (2016) showed that asteroseismi-
cally determined rotation periods (Hall et al. 2021) align with
their theory of WMB and can reliably predict stellar rotation
periods for stars older than 1 Gyr.

The Van Sanders conclusions are reinforced by the work of
Metcalfe & Egeland (2019), who provide additional observa-
tional evidence that there exists a transition phase for stellar
spindown that occurs in middle ages stars that leads to a
breakdown of the previous spin−age relation for stars older
than 1 Gyr. They show that the consistency between gyrochro-
nology ages and ages determined with chromospheric activity
break down near a value of log(RHK¢ ) of −4.95. In analyzing the
rotation periods and Teff, David et al. (2022) used Kepler
derived rotation periods to solidify the conclusions of van
Saders et al. (2016) by showing that stars older than a few
gigayears do not spin down beyond a certain point stalling to
populate the Rossby Ridge.

3.3.2. Rotation Period, Teff, [Fe/H], and Rå

We use the CKS-Gaia precise stellar parameters, our log
(RHK¢ ) activity measurements, the activity-derived rotation

periods, and photometric rotation periods to examine rota-
tion-activity relationships. In Figure 10 we plot rotation periods
derived from log(RHK¢ ) using the Mamajek & Hillenbrand
(2008) equations, the Kepler photometric rotation periods from
David et al. (2021), and the difference in those values versus
stellar properties for each star. We select only the grade 3,
highly reliable, rotation periods from David et al. (2021), and
we remove subgiants by restricting the log(g) to be greater than
4.1 leaving 173 stars. Using this highly selective set of rotation
periods, we calculate the difference between Kepler photo-
metric rotation period and the activity derived rotation periods.
For each panel in Figure 10, we fit a linear trend to the data to
assess trends in each stellar property. We checked for evidence
that the S/N of the S-value measurements affects the S-values
themselves and found none, reducing the chance that a
systematic error is occurring due to low S/N.
In the Teff versus Prot plots (Figure 10, left column), we see

the expected trend, hotter stars rotate faster, but the slope
between the two rotation determinations is quite strong. If the
difference plot for activity-derived rotation periods and
photometric rotation periods showed a flat slope, then both
determination methods would agree. Instead, the activity-
derived relation overpredicts rotation periods for cool stars and
underpredicts rotation periods for hotter stars. The main result
of the stellar property and rotation period analysis is that the
relations for determining rotation period work very well for
solar-type stars, but less well as stars diverge from solar Teff.
This reflects the bias toward solar-type stars used in the

Figure 10. The top row shows the Mamajek & Hillenbrand (2008) rotation periods, derived from S-values as a function of Teff, [Fe/H] and stellar radius from left to
right. Each vertical column is the same in all rows. The second column shows the David et al. (2021) rotation periods with very-reliable grade. The bottom row shows
the difference between activity derived rotation periods and the photometric rotation periods as a function of each stellar property for of each plot for 173 stars from the
CKS-HK rotation sample with log(g)> 4.0 and grade 3 rotation periods. The rotation period uncertainties are 10%.

11

The Astrophysical Journal, 961:85 (22pp), 2024 January 20 Isaacson et al.



creation of past activity-period relationships, and motivates the
development of the WMB theory of stellar spindown.

When considering [Fe/H] (Figure 10, center column), we
see a linear correlation with metallicity for the activity derived
periods, but no trend for the photometric periods. This
disconnect may reveal the bias of Mt. Wilson survey toward
solar metallicity stars. The negative trend with stellar
metallicity shows that more metal-rich stars have rotation
periods that are underpredicted by activity. Contrast this with
metal-poor stars showing rotation periods that are over-
predicted compared to the photometric rotation periods. Amard
& Matt (2020) and Avallone et al. (2022) both studied the
influence of metallicity on rotation periods. The former used
theoretical models to conclude that stars of the same mass but
with metal-poor versus solar metallicity rotate faster and have a
higher Rossby number resulting from the change of the depth
of the convective zone. The latter measured rotation periods in
TESS and Kepler light curves that do not show a statistically
significant relationship between metallicity and rotation period.
These analyses could be more definitive with larger samples of
stars that have more extreme metallicities than we present.

In Figure 10, right column, the stellar radii are plotted
against the activity-determined, photometric rotation period,
and the difference between the two. We see correlations in the
two determinations of rotation periods that suggest a faster
rotation period for larger stars. The more numerous solar-type

stars and sparse number of larger stars makes the conclusion
ambiguous.
In Figure 11 we plot only the difference panels from the

previous figure, and we now include grade 2 (reliable, orange
points) and grade 3 (highly reliable, blue points) rotation period
labels. The differences between the activity-derived and
photometric rotation periods are more pronounced for those
that are deemed less reliably determined. This is likely
explained by the lower-precision ground-based data, compared
to Kepler data, that was used to generate the rotation-activity
relations from Noyes et al. (1984) and Mamajek & Hillen-
brand (2008).

3.3.3. Rossby Number and Chromosperic Activity

Recent work by David et al. (2022) used CKS-Gaia stellar
properties and Kepler photometric rotation periods to reveal the
Rossby Ridge, a clustering of stars in Teff versus rotation period
space that supports the theory of WMB. We use the CKS-HK
rotation sample and our log(RHK¢ ) measurements to determine if
chromospheric activity supports the presence of a Rossby
Ridge. First we examine our log(RHK¢ ) values by comparing to
the population of main-sequence stars used by Mamajek &
Hillenbrand (2008).
The theoretical connection between chromospheric activity

and stellar rotation is via the Rossby number, the ratio of the
rotation period to the convective turnover time. By calculating

Figure 11. The difference between photometric and activity derived rotation periods are plotted on the y-axis of each plot for 130 stars from the CKS-HK rotation
sample with log(g)> 4.4 and have rotation periods with grade 2, reliable (orange points) or grade 3, high reliable (blue points). The rotation period uncertainties are
10%. Top left: the grade 2 rotation periods are far more discrepant than the grade 3 rotation periods and both show the same modest correlation with Teff. Top right: the
grade 2 rotation periods show a larger variation in metallicity than those with grade 3. Bottom right: the grade 2 rotation periods show a strong correlation when
plotted against the activity derived periods. This shows that for stars with a clear but not strong photometric rotation period (grade 2), the discrepancy between the two
methods of obtaining the rotation period is more than 30% for periods beyond 40 days. If the photometric rotation period is very clear, the agreement is much better,
but the photometric rotation periods do not extend beyond 40 days. Bottom left: stellar radius shows a modest slope, meaning there is a systematic error in rotation
period determinations from activity metrics that is linear with Rå.
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the Rossby number using the Kepler rotation periods, we can
compare log(RHK¢ ) and Rossby number (Mamajek & Hillen-
brand 2008, their Figure 7). We focus our analysis in the active
regime (−5.0� log(RHK¢ )�−4.3 ), since we lack a sufficient
number of stars in the very-active regime (log(RHK¢ )�−4.3). In
Figure 12 we plot log(RHK¢ ) versus the Rossby number for our
CKS-Gaia stellar sample, using 107 “very-reliable,” photo-
metric rotation periods (grade 3). The temperature range has
been limited from 5000−6200 K, and the log(g) must be
greater than 4.4, focusing on main-sequence stars and matching
Mamajek & Hillenbrand (2008). Only data in the bounds of
log(RHK¢ ) between −4.3 and −5.0 are used in the fit. The gray
data are CKS-HK stars with unreliable, indistinct, or “reliable”
rotation periods, flags of 0, 1, or 2 from David et al. (2021).

To assess subtleties in Figure 12, we split the sample in
metallicity to reveal that [Fe/H] does not play a strong role in
the relationship between Rossby number and log(RHK¢ ). We
show the same data in both panels of Figure 12, with the best-
fit from Mamajek & Hillenbrand (2008) in blue. The color bar
describes the Teff of the sample in the left panel. A vertical
dotted line at log(RHK¢ )=−5.0 identifies values where we
expect a breakdown in the standard activity-rotation relations
(Metcalfe & Egeland 2019). By fitting a line to the data in the
left panel, we find a fit with a shallower, but similar slope
compared to Mamajek & Hillenbrand (2008). The right panel
shows a similar version with the stellar metallicity highlighted
as two distinct colors divided at the median value of those
plotted, +0.09. We find a very similar slope when fitting the
lower-metallicity and higher-metallicity halves of the data
separately, suggesting that metallicity does not play a strong
role in this relationship, at least in the range of [−0.2 to +0.3].

Figure 12 reveals an upper limit of 1.75 on the Rossby
number. Theoretical work suggests that the critical Rossby
number is 2.0 or 2.16, higher than any of our target stars. This

is explained by our restrictions on rotation period quality and
the gravity cutoff of 4.4.
David et al. (2022) provided evidence in support of the van

Saders et al. (2016) theory of WMB via the identification of the
long-period pile-up in the temperature-rotation plane that
results from magnetic braking. By using the CKS-Gaia sample
and controlling for the quality of the rotation periods, the
Rossby Ridge is identifiable. We rely on the same robust stellar
properties from the CKS-Gaia sample and strictly vetted
rotation periods to further confirm the theory of WMB.
We replicate the temperature versus rotation period plot from

David et al. (2022) and add chromospheric activity data in the
form of rotation periods derived from log(RHK¢ ) values
(Figure 13). We color-code the stars for which the activity
derived rotation period is larger than the photometric rotation
period by more than 30%. With the standard uncertainty of the
photometric rotation periods of 10% according to David et al.
(2022), the choice of 30% corresponds to a 3σ discrepancy
between rotation period determination methods. For all stars in the
Teff range of 5850–6250 K, the photometric rotation period is
smaller than the activity derived period. We find that 79% of the
stars in the trapezoid region have overpredicted rotation periods of
more than 30%. This discrepancy points to the disconnect between
the rotation period and magnetic field of a star, as stars reach a few
gigayears old, as described by the theory of WMB. Masuda
(2022) pointed out that the pile-up of stars in the Prot versus Teff
plane is also affected by the decrease in the photometric amplitude
of the rotation signal and that the pile-up may in fact be at longer
periods but is currently below our detection limits.
To further explore the Teff and rotation period plane, we

change the color-code of log(RHK¢ ) values in Figure 14 and
search for a connection between the log(RHK¢ ) values and the
Rossby Ridge. By dividing the log(RHK¢ ) values at −4.8 and
−5.1, we can identify stars that lie along the Rossby Ridge.
There are 3/103 stars with log(RHK¢ )> −4.80, 34/103 between

Figure 12. Left panel: the CKS-HK rotation sample is shown in relation to their log(RHK¢ ) values and Rossby numbers as determined by the Kepler rotation period
divided by the convective turnover time as defined in Noyes et al. (1984), Equation (4). The best-fit from Mamajek & Hillenbrand (2008), Equation (5) is overplotted
in blue. Teff is less than 6250 K, and log(g) is required to be greater than 4.4, matching those cuts in that paper. The vertical line is the value of −5.0, shown to be the
limit of the rotation-activity relations. The colors scale is stellar surface temperature. Right panel: the two colors represent [Fe/H] values divided at the median of the
distribution, [Fe/H] = +0.09. The yellow and green fits to the lower and higher metallicity data are consistent with each other, showing that the impact of metallicity
on this relation is weak in the range of [Fe/H]: [−0.3,+0.3]. The grayed-out data points are the CKS-HK stellar sample that have grade 0 or 1 stellar rotation periods
and are not used in the fits.
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log(RHK¢ ) of −4.80 and −5.10 and 66 stars in the least active
category of log(RHK¢ )< −5.10. We expect stars of a certain Teff,
say 6000 K, to slowly spin down with age but to not change
temperature while on the main sequence. If we had a population
of more quickly rotating stars that populated the area below the
trapezoid, we could likely see the most active stars with the
fastest rotation periods, and stars with ever decreasing activity as
they approach the Rossby Ridge. Our population of stars from
5850−6200 K has insufficient younger and more active stars to
see the type of behavior that is seen in surveys with larger
numbers of stars, such as McQuillan et al. (2014).

We extend the trapezoid defined in David et al. (2022)
from 5850−5600 K and find tentative evidence in the log
(RHK¢ ) data that indicates Rossby Ridge projects into cooler
ranges of Teff. These stars have thicker convective zones,
spend longer on the main sequence, and take longer to spin
down. These larger parameter spaces, and longer time spans
in stellar evolution are a barrier to theoretical studies
attempting to explain spindown for broader stellar popula-
tions. The conclusions by Masuda (2022) regarding the
amplitudes of stellar rotation signals are even more relevant
for this range of Teff since these stars are inherently fainter,

Figure 13. The temperature vs. rotation period plane similar to David et al. (2022, their Figure 4). Each symbol represents a star from the CKS-HK rotation period
sample with grade 2 or 3 rotation period and log(g)> 4.0. Blue symbols identify stars that show agreement between their photometric and activity derived rotation
periods to better than 30%. Yellow data points show discrepancy larger than 30%. Large discrepancy points to a disassociation of the stellar spindown with age,
consistent with the theory of weakened magnetic braking. We extend the trapezoid defined in David et al. (2022) to 5600 K, but find no evidence in the log(RHK¢ ) data
that inform the breakdown of the Ridge into that range of Teff.

Figure 14. The Teff vs. rotation period plane similar to David et al. (2022, their Figure 4). Each symbol represents a star from the CKS-HK rotation period sample with
grade 2 or 3 rotation period and log(g) > 4.4. Blue symbols are least active log(RHK¢ ) < −5.1, representing inactive stars. Yellow symbols have log(RHK¢ ) > −4.80,
representing the active stars. Yellow symbols are within 0.15 of the critical value of log(RHK¢ ) = −4.95, where we expect the traditional spindown relations to break
down in favor of the relations best described by weakened magnetic braking.
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further clouding our ability to draw conclusions for these
stars.

3.4. Ages and Chromospheric Activity

The works of van Saders et al. (2016), David et al. (2022), and
Metcalfe & Egeland (2019) attempted to find a relationship
between age, activity, and rotation, similar to Noyes et al. (1984),
but with modern tools. Noyes et al. (1984) used rotation periods
and a few assumptions about stellar structure. By examining two
stars of similar Teff and near the Kraft Break, Metcalfe & Egeland
(2019) revealed the age−activity relation discontinuity, near
log(RHK¢ ) of−4.95. For more active stars, the relationship between
chromospheric ages and gyrochronology ages agree, but once

stars’ activity decreases beyond log(RHK¢ ) of −4.95, the age
determinations diverge.
Figure 15 shows our two age metrics as function of log(RHK¢ )

in the two top panels. In the two bottom panels, the isochronal
age is compared to the activity-derived age, and to the
difference in the two age metrics for each star, in the left and
right panels, respectively.
Broadly speaking, the chromospheric ages are overpredicted

compared to the isochrone ages. Given our evidence in favor of
WMB, we expect the activity-age determinations to perform
poorly for stars older than 1 Gyr. However, the mismatch in ages
between the youngest, most active, stars is unexpected. The
S-values, log(RHK¢ ) values, rotation periods and activity derived
ages for the CKS-HK star sample are collected in Table 2.

Figure 15. We explore the age vs. activity relationship with these four panels. Top left: the predicted rotation period determined the log(RHK¢ ) value of the star. Top
right: the isochronal age from David et al. (2021) or CKS-Gaia as a function of the chromospheric activity. Bottom left: the isochronal age compared to the activity
derived age and the one-to-one line overplotted. Bottom right: the difference between the two age determinations as a function of the isochronal age. Note this plot is
in units of years, and the others are in log (age).

Table 2
Activity Metrics and Derived Values

Starname S-value log(RHK¢ ) S/N PRot log(Age) Quality Quality PRot PRot

(KOI) per pixel Activity(d) Activity (yr) Flag Phot(d) Flag

K00001 0.145 −5.101 8 30.1 9.90 0 bad seeing 0.0 1
K00002 0.128 −5.247 11 6.9 10.09 1 ok 0.0 1
K00006 0.140 −5.103 19 8.5 9.91 1 ok 0.0 0
K00007 0.141 −5.136 27 30.9 9.95 1 ok 0.0 1
K00008 0.202 −4.779 14 16.6 9.40 1 ok 0.0 0
K00010 0.127 −5.270 19 16.8 10.12 1 ok 7.5 2
K00017 0.134 −5.202 10 41.8 10.04 1 ok 0.0 1
K00018 0.125 −5.289 19 10.9 10.14 1 ok 0.0 1
K00020 0.136 −5.178 21 27.3 10.00 1 ok 0.0 1
K00022 0.135 −5.190 17 29.5 10.02 1 ok 0.0 1

(This table is available in its entirety in machine-readable form.)
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3.5. The Most Inactive Stars: Overview

Stars that mimic the activity of the Sun during its persistent
minimum in the 17th century have been sought in an attempt to
solidify the solar-stellar connection. Duncan et al. (1991)
collected 18 yr of S-value time series with the Mt. Wilson H&K
Activity project providing many examples of stars with solar-
like stellar activity cycles (Baliunas et al. 1995), and several
candidates for stars in low activity states. These stars were
chosen as bright, Sun-like stars, but without the vigor of
spectroscopic stellar classification that we have today. One
method for identifying a star in Maunder minimum–like state
(or magnetic minimum) is to look for a decrease in the S-values
over time or a transition from a stellar cycle into a noncycling
state. Several candidate Maunder minimum stars from the Mt.
Wilson survey data alone were identified, though none has
stood up to further scrutiny (Wright 2004) without additional
data. Continued efforts to add modern data to the Mt. Wilson
HK project’s time-series data have identified several MM
candidates.

With the addition of California Planet Search log(RHK¢ ) data,
Shah et al. (2018) identified HD 4915 as a candidate for being
in an activity minimum, but recent data showed the activity
minimum is ending. Another analysis of the Mt. Wilson HK
project plus CPS data (Wright et al. 2004; Isaacson &
Fischer 2010) extended the observing baseline for 59 stars
from two to five decades.

Baum et al. (2022) curated the various data sets and
identified HD 166620 as a star that was in a previously cycling
state and is now in a noncycling low-activity state. An extended
effort has confirmed HD 166620 as a true MM star (Luhn et al.
2022) using photometry and critically timed S-value measure-
ments. In that study, intraseasonal variability was considered a
more useful diagnostic of an MM state than instantaneous
measurements that are anomalously low.

Searching for MM stars by analyzing decades of time-series
data is laborious and time consuming so other methods for
identifying stars in activity minima have been explored.
Surveys like the Hipparcos Mission (Perryman et al. 1997)
made the identification of outliers more robust with precise
measurements of parallax. The distance can be combined with
spectral surveys that provide precise stellar surface gravities
and metallicities (Wright 2004; Fulton & Petigura 2018;
Rosenthal et al. 2021). Naturally, Gaia now provides precise
parallax measurements for all stars down to V∼19. The
parallaxes can help to disentangle inactive main-sequence stars
from evolved stars that are naturally inactive. The Gaia spectral
measurements of the Calcium infrared triplet may enable
statistical searches for inactive stars based on a small number of
measurements for each star.

We can use the CKS-HK sample of stars to identify the least
active stars and present candidates of stars in magnetic minima.

3.5.1. Identifying Stars in States of Magnetic Minima via Stellar
Properties

The discussion on what constitutes an MM candidate has
become more nuanced as our ability more precisely measure
the fundamental stellar parameters of surface gravity, effective
temperature, and metallicity have improved. We attempt to
identify stars in an MM state, using a variety of methods
including those of Wright et al. (2004) and Saar (2011). Henry
et al. (1996) claimed that using a single log(RHK¢ ) value to

identify quiet stars, for example, with a log(RHK¢ )< −5.1, is
insufficient. Using Teff, log(g), and [Fe/H] is required
(Saar 2011), and multiepoch spectroscopy is ideal (Baum
et al. 2022). The CKS-Gaia stellar properties catalog enables a
detailed study of activity, temperature, surface gravity, and
metallicity in the search for the MM stars using single-epoch
spectra.
The reliability of the metric log(RHK¢ ) depends on the inputs

as defined in Noyes et al. (1984). Modern studies have created
new variations on log(RHK¢ ), such as Hall et al. (2007), who
prefer to use FHK and delta FHK. This metric provides a
different but related way for obtaining a minimum activity
level. Improvements in the calculation or log(RHK¢ ) or of the
bolometric corrections could be useful in identifying the least
active stars. Mittag et al. (2013) created the log (RHK

+ ) metric,
which separates the flux in the H&K lines into the basal,
photospheric, and chromospheric components to create a metric
at which the minimum activity level is 0 by definition. Saar
(2011) required MM stars to have a minimum activity level, but
did not assume it is based only on Teff, which was assumed by
Noyes et al. (1984). This leads to a minimum level of activity
that might indicate MM stars vary as a function of Vsin(i),
log(g), and [Fe/H] as well as Teff. Additionally, it requires
knowing something about the longer-term variation, which can
be variation of S-value over time (Saar 2011), or photometry
(Hall et al. 2007) or X-rays (Judge & Saar 2007). Judge & Saar
(2007) claimed that an MM star can only be confirmed if we
know something about the X-ray flux, which can only be
produced by a stellar dynamo.
We define the height above the main sequence using the

Wright (2004) relation and search for stars that are both
inactive, log(RHK¢ ) less than −5.1, and near or below the main
sequence. To identify interesting candidates, we focus on the
stellar temperature range of 4700−5500 K, where the main-
sequence population and subgiant populations are well
separated. Knowing that MM stars are rare, we are looking
for outliers from the populations. In Figure 16, we identify no
stars in the coolest bin that are MM candidates. In the
5500–6000 K bin, we see a set of stars, the most extreme of
which may be an MM candidate. The best candidate in the
5500–6000 K bin is KOI-1531. There is a population of stars in
the lower right quadrants for the temperatures 6000–6500 K.
There are no outliers, but rather stars that naturally fall into the
bottom-left box. We expect this because near the Kraft Break at
Teff of 6250 K, stars become fully radiative, and the sort of
activity that we are probing is not viable through the same
physical mechanisms as for cooler stars.
We highlight cool stars that lie far below the main sequence

in a temperature−magnitude diagram (Figure 17). There are
three stars that are more than 0.4 magnitude below the main
sequence, as defined by Wright (2004) and are cooler than
6250 K, the Kraft Break. They are KOI-1531, KOI-4144, and
KOI-5236. KOI-5236 has a planet with a period greater than
500d, and maybe false-positive planet candidate according to
Community Follow-up Program (CFOP; Gautier et al. 2010). It
has Teff= 6100 K, log(g)= 4.41, and log(RHK¢ )=−5.365. It is
very inactive and has a 1 9 companion, but no detection of a
secondary star in the spectrum. The nearby star makes the
likelihood of the star being an MM star less certain. KOI-4144
has Teff of 6000 K, log(g)= 4.49, especially large RMS3 value
from Kepler (Christiansen et al. 2012), distance of 860 pc.
KOI-1531 is the furthest below the main sequence, and it has a
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near Sun-like Teff, and log(g) with log(RHK¢ )=−5.012. It has a
photometric rotation period from Angus et al. (2018) of 23 days
and an activity rotation period of 34 days. This 30%
discrepancy mismatch between the photometric and activity
rotation periods is supportive of the theory of WMB. If this is
the case, the star is old and inactive, but still has the rotation
period of a younger star.

Henry et al. (1996) states that stars with log(RHK¢ )�−5.1 are
in MM states. Wright (2004) claims that without knowing
log(g) or the height above the main sequence, it is easy to
confuse subgiants with MM stars. This was problematic both
because subgiants have inherently lower activity, so they can
fall in the same parameter space as MM stars, and because the
search for stars in states of magnetic minima is more
compelling for Sun-like stars. If the conclusions from Wright
(2004) are correct, we expect stars with log(RHK¢ )< −5.1 to be
evolved stars. The bottom row of Figure 6 shows stars with
smaller radii are more active, populating the “Inactive” and
“Active” bins. Our three best candidates above are distinctly
not subgiants. We have an unusually large number of stars
relative to the nearby star catalogs, with a full population of
stars with log(RHK¢ )< −5.1.

Hall et al. (2007) studied 18 solar-type stars and concluded
that log(RHK¢ ) is not a good metric to identify stars in a magnetic
minimum state. This is due to the unknown effects of
metallicity and stellar surface gravity. They claimed that a
better metric is delta FHK, which is the measure of the flux
caused by magnetic activity in the H and K lines. It is robust
against high stellar rotation as well. This agrees with Saar
(2006), who noted that the minimum activity of a star is
dependent on metallicity. Specifically, metal-poor dwarfs have
a higher minimum log(RHK¢ ) than dwarfs of solar metallicity.
X-rays play an important role in observing and assessing

chromospheric activity and searching for MM stars because it
is difficult to explain the creation of X-rays without the
magnetic field processes associated with chromospheric
activity detected in the optical. We defer the incorporation of
X-ray data for future work.
Wright (2004) had precise parallaxes from Hipparcos but

lacked precise metallicity and stellar surface gravity required to
separate their relationship to stellar activity. We now have
excellent metallicities, so we can check if stars that are below
the main sequence are very metal-poor. Saar (2011) provided a

Figure 16. Examining delta magnitude above the main sequence (Wright 2004) vs. log(RHK¢ ), we expect stars that are experiencing magnetic activity minima to be in
the bottom-left quadrant of these plots. Stars that populate the upper-left quadrant tend to be subgiants with large radii that are likely have their magnetic fields
decoupled from their convective zones. The vertical line at log(RHK¢ ) = −5.1 is an arbitrary but reasonable division between active and inactive stars (Henry et al.
1996). Saar (2011) stated that it is not a good cutoff for MM star consideration because it was made before Hipparcos helped define the evolutionary state of a large
sample of stars. We focus on main-sequence stars with Teff < 5500 K because we do not expect them to populate very inactive regime, except in extreme
circumstances, such as Maunder minimum stars.
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functional cutoff of in the plotting of log(RHK¢ ) as a function of
metallicity.

Using a similar analysis to Saar (2011), we can plot
chromospheric activity as function of stellar metallicity, limit
our search to dwarf stars, and identify the least active stars.

Broadly speaking, we do not see the trend of minimum
log(RHK¢ ) that is noted by Saar (2011). Note that we lack many
stars beyond +/− 0.4 dex that give the most leverage in
assessing effects of metallicity. Figure 18 shows no visible
trend in metallicity for stars in the CKS-HK sample, although

Figure 17. This color–magnitude diagram highlights several subcategories of stars and allows for identification of Maunder minimum candidate stars, following the
logic of Wright (2004). We plot the CKS-HK stellar sample as the gray background of data points. Black star symbols highlight exceptionally metal-poor stars with
[Fe/H] < −0.4. Blue circles represent stars that are 0.4 magnitudes below the main sequence and are “very inactive” with log(RHK¢ ) < −5.2 as the threshold. Stars of
very low stellar activity that fall below the main sequence are candidates for MM status. The vertical line denotes the temperature of the Kraft Break, above which we
do not expect stars to have an active convective zone contributing to stellar activity. The two blue data points are KOI-4144 and KOI-5236. (KOI-1531 misses the
log(RHK¢ ) < −5.2 cutoff).

Figure 18. We search for the dependence of metallicity on the lowest level of activity for dwarf stars. Inspired by Saar (2011, their Figure 2), we examine metallicity
vs. log(RHK¢ ), with the blue diagonal line representing a minimum activity as a function of metallicity for dwarf stars. Our full set of 879 stars is shown in gray, with
magenta stars representing stars with Teff less than 5300 K and the cyan stars have delta magnitude above the main sequence of greater than 0.5. According to the
criteria from Saar (2011), these are candidate MM stars, but knowing something about their long-term variability is also required. Since we do not have that with our
sample, they must remain candidates. Contrary to Saar (2011), we do not see a dependence on metallicity for low-activity stars. Perhaps a sample of extremely low-
metallicity stars would offer a stronger case for a correlation between activity and metallicity.
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with limited parameter space. Specifically, we find that KOI-
241 and KOI-2498 are the two least active stars, and confirm,
by eye, that they have high-quality S-values. They are both
quite cool stars compared to the solar temperature inactive stars
that were previously discussed, with Teff of 4960 and 5128 K,
respectively. Their metallicities are −0.46 and −0.11. The
David et al. (2021) rotation periods are 32.7 days and 15.2,
respectively, but both are listed as ambiguous or lacking a clear
cycle. An additional test would be to check the stars' variation
over time. With only single-epoch measurements, we can only
say these stars are currently in low activity states, but not
necessarily in extended MM states.

3.5.2. Activity, Close-in Planets, and Toroidal Gas Rings

The work of Fossati et al. (2013) revealed that the star
system hosting ultra-short-period hot-Jupiter planet WASP-12b
shows evidence of a gas ring surrounding the star, which is due
to excessively low flux in the Mg II H and K lines, located at
2586Å. The Ca II H and K lines confirm this interpretation
along with measurements of the strongly varying near-UV flux.
We searched for similar occurrences of incredibly low log(RHK¢ )
values around similar-type planet hosting systems and find
none as compelling as WASP-12, which has a log(RHK¢ ) value
of −5.50 and Teff 6250 K.

We searched our sample for stars with a Teff between 5800
and 6250 K, planet orbital periods less than 1 day, and stellar
surface gravity greater than 4.2, bracketing the properties of the
WASP-12 system. Of the two systems that have planet radii
larger than ten Earth-radii, both are eclipsing binaries from
CFOP (Gautier et al. 2010). For planets with radii < 10 Earth-
radii and the same stellar property limitations as previously
listed, 10 systems remain, the largest with a planet radius of 3
Earth-radii. Three stars have log(RHK¢ ) < −5.2. KOI-2717 has a
log(RHK¢ ) value=−5.226 and shows visible evidence of
emission below the solar level, in a high-S/N spectrum.
KOI-4072 (log(RHK¢ )=−5.241) and KOI-4144 (log(RHK¢ )=
−5.306) show modest evidence of a very low flux, but the S/N
makes visual confirmation difficult. Reobservation of these
three stars at higher S/N could help confirm their activity level.
Figure 19 shows WASP-12 Ca II H and K spectral features
along with the three most inactive stars in our survey. We do
not find convincing evidence of a toroidal gas ring, although
our survey does not contain many hot Jupiters. Transit surveys
such as TESS will detect many transiting bright stars enabling a
larger survey of stars to search toroidal gas rings.

Kepler stars are more metal-rich than the solar neighbor-
hood, so the paucity of hot Jupiters is not related to metallicity
in a similar way to the hot-Jupiter occurrence in the solar
neighborhood (Petigura et al. 2018). The bias of the Kepler
sample also contains a large number of subgiants that have
inherently lower chromospheric emission. Using a sample of
Sun-like stars hosting hot Jupiters would provide a more
complete search space than the CKS sample of transiting planet
hosts. Using a large sample of hot-Jupiter host star spectra to
search for such anomalous emission is more promising than
using the CKS-HK data set.

Future work on this could include examination of the
Rossiter McLaughlin sequences of inflated hot Jupiters to
search for variations in the S-values over the course of the
transit. Similarly, if a large sample of hot Jupiters were sampled
such as those found by TESS, perhaps more stars similar to
WASP-12 would be found.

3.6. Planet Radii and Chromospheric Activity

Identification of the small planet radius gap (Fulton gap) at
roughly 1.8 REarth both theoretically and observationally has
been of great interest to planet formation theory. Stellar
insolation at the planets’ average orbital distance is strongly
correlated with planet radius on the small side of the radius gap
receiving higher insolation and planets on the larger radius side
receiving less. Stellar mass plays a critical role in shaping the
exact radius at which the gap falls (Petigura et al. 2022) and
predictions of the time frame over which the gap is sculpted
range from < 1 Gyr (Berger et al. 2020a) to several gigayear
timescales (David et al. 2022).
Acknowledging that stars become less active as they age,

making age and activity degenerate, we examine the relation-
ship between activity and planet radius directly with our CKS-

Figure 19. These four spectra represent the four most inactive stars in our
survey. Each star is vertically offset with the dotted line representing zero flux.
The top panel shows WASP-12 with exceptionally low activity and a spectrum
with high S/N. The bottom three plots show that for stars with very little
activity, it is difficult to visually distinguish between inactive and very inactive
stars. Below WASP-12 are KOI-2786, KOI-2906, and KOI-2833. Their
log(RHK¢ ) values are −6.122, −5.994, and −5.962, respectively.
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HK planet sample. We plot histograms of the most active and
least active stars and compare those planet populations to the
planets with the most and least insolation flux. Figure 20 shows
four histograms of the CKS-HK planet sample. Each panel
shows the full sample histogram with a different subset
overplotted. In the top two panels, we see the least active
quartile overplotted (left) and the most active quartile (right).
The bottom panels show the planets receiving the lowest
quartile (left) and the highest quartile of insolation flux (right).
Without absolute occurrence of planet in each bin, as was
shown in Fulton & Petigura (2018), we can still identify the
previously established trend of small mass planets receiving
higher insolation. In the top panels, we see no obvious
differences in the two quartiles that separate planet hosts in the
most and least active quartiles. We expect the super-Earths to
receive the most insolation and mini-Neptunes to receive less.
If the present chromospheric activity of a star is correlated to
the planet radius, we would expect a similar pattern in the top
panels. Instead, we see a peak of super-Earths in the most
chromospherically quiet stars. We also searched for trends and
correlations in the log(RHK¢ ) versus orbital separation parameter
space and found no significant trends.

The connection between planet size and chromospheric
activity is degenerate with age, complicating the interpretation.
We plot the chromospheric activity versus planet radius in

Figure 21, subdividing the sample by both Teff and [Fe/H]. For
a full explanation of isochronal age dependence on the radius
gap, see Berger et al. (2020a) and David et al. (2022).

4. Conclusion

We present chromospheric activity measurements of the well-
studied CKS-Gaia sample of transiting planet host stars via the
Ca II H and K spectral features that are known to track magnetic
activity in solar-type stars. These novel measurements are used
along with the fundamental stellar properties including temper-
ature, surface gravity and metallicity, and photometric rotation
periods to explore fundamental relationships in the age−rotation
−activity regime of stellar astrophysics.
We have also used the chromospheric activity measurements

to check for a dependency of metallicity on the rotation periods
measured from photometry and the stars corresponding Rossby
numbers. Using rotation periods determined from Kepler light
curves, we have searched for stellar over-abundances among
long and short rotation periods in the temperature−period
plane. With our single-epoch spectra, we have identified very
inactive stars, but we do not yet have the multiyear time series
needed to verify stars in Maunder minimum (i.e., magnetic
minimum)–like states.

Figure 20. In the background of each plot, the CKS-HK planet population of 773 stars hosting 1243 small planets is plotted. In the two top panels, we examine the
planet radius histogram to check how the super-Earth and mini-Neptune populations correspond to the most and least chromospherically active planet-host stars. Top
left: with the dark color, we plot the top quartile of planets in the log(RHK¢ ) distribution. Top right: with the dark color, we plot the bottom quartile of planets in the
log(RHK¢ ) distribution. We do not see an abundance of super-Earths in the active stars, nor an under-abundance in the sub-Neptunes as we might get if chromospheric
activity was highly correlated with planet radius. The pattern present in the insolation plots is not reflected here. Bottom left: the quartile of stars with the lowest
insolation is plotted in dark orange showing an overabundance of sub-Neptunes. Bottom right: the quartile of planets with the highest insolation is plotted, showing an
overabundance of super-Earths. This is consistent with the results of Fulton et al. (2017).
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From the large sample of precise stellar properties and
activity results presented in this paper, we find no significant
evidence for metallicity-dependent activity relations within the
metallicity range of −0.2 to +0.3. Our results are supportive of
the theory of WMB of stellar spindown in the form of
discrepancies between activity determined and photometrically
determined rotation periods. While 1 Gyr previously has been
suggested as a critical age juncture, we find no significant
evidence for a change in the activity−period relationship at this
age using chromospherically derived ages. The activity−period
relationship presented here, along with recently discovered
nuances discovered in the temperature−period plane such as
the Rossby Ridge and their relative independence from stellar
metallicity, can all inform future theoretical studies of stellar
rotation−activity relationships, and an understanding of the
physics of the underlying stellar magnetic dynamos.
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3.3 Links and implications

Wehave provided a catalog of stellar activity properties of planet host stars
discovered by the Kepler spacecraft. They are homogeneously derived
along with precise stellar parameters and can be used at the population
level to establish trends between the properties of planet hosting stars and
planet properties. The planet properties can include planet radius, planet
mass and atmospheric composition. We explore stellar metallicity effects
that have been linked to exoplanet properties such as the occurrence rate
of Hot Jupiters (Fischer and Valenti 2005) and the impact of magnetic
braking in F-type stars (Amard and Matt 2020; Amard et al. 2020). The
level of precision in the activity measurements presented here is unpar-
alleled. The population of stars with activity measurements has already
been used in models that describe the underlying physics of magnetic
fields in Sun-like stars. These survey properties allow for the identifica-
tion of subtle astrophysics that can be lost in the diversity of exoplanet
properties and the properties of their host stars. Stellar dynamos, rotation
periods and stellar activity are deeply correlated and stellar surveys such
as this can help to link the observations to theoretical models, so long as
the observations are uniform and homogeneous.
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CHAPTER 4: THE CALIFORNIA
LEGACY SURVEY. V.

CHROMOSPHERIC ACTIVITY CYCLES
IN MAIN SEQUENCE STARS

4.1 Introduction

We will extract new value from the time-series dateset that was used to
quantify the occurrence of Jovian planets in decades long orbits (Rosen-
thal et al. 2021; Fulton et al. 2021) to catalog the largest sample of activity
cycles since the original MountWilson H &KSurvey (Baliunas et al. 1995).
Our catalog will consist of time-series measurements of high-resolution
spectra of nearby stars, and our results will highlight the value of ground-
based astronomical surveys, specifically those that provide consistent, re-
liable data over timescales of decades. With constantly changing technol-
ogy and variations in scientific budgets, such consistency is increasingly
difficult to find. The Keck Observatory leads the field in long-term strate-
gic planning and execution of independently led scientific programs. In
particular, the CLS data set that will be used to identify activity cycles was
collected on the same detector from 2004–2024, with nightly optical align-
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ment that results in rest-frame stability of one pixel. This is the level of
precision required for the extraction of subtle flux values that are input to
S-value time-series. After using the time-series to catalog activity cycles,
we will use the precise stellar parameters, that are uniformly determined
across the entire sample, to show that stellar effective temperature plays
a critical role in determining the cycle period for stars between 1 and 4
Gyr.

4.2 Published paper
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Abstract

We present optical spectroscopy of 710 solar neighborhood stars collected over 20 years to catalog chromospheric
activity and search for stellar activity cycles. The California Legacy Survey stars are amenable to exoplanet
detection using precise radial velocities, and we present their Ca II H and K time series as a proxy for stellar and
chromospheric activity. Using the High Resolution Echelle Spectrometer at Keck Observatory, we measured stellar
flux in the cores of the Ca II H and K lines to determine S-values on the Mount Wilson scale and the ( )¢Rlog HK
metric, which is comparable across a wide range of spectral types. From the 710 stars, with 52,372 observations,
285 stars were sufficiently sampled to search for stellar activity cycles with periods of 2–25 yr, and 138 stars
showed stellar cycles of varying length and amplitude. S-values can be used to mitigate stellar activity in the
detection and characterization of exoplanets. We used them to probe stellar dynamos and to place the Sunʼs
magnetic activity into context among solar neighborhood stars. Using precise stellar parameters and time-averaged
activity measurements, we found tightly constrained cycle periods as a function of stellar temperature between

( )¢Rlog HK of −4.7 and −4.9, a range of activity in which nearly every star has a periodic cycle. These observations
present the largest sample of spectroscopically determined stellar activity cycles to date.

Unified Astronomy Thesaurus concepts: Stellar astronomy (1583); Main sequence stars (1000); Time series
analysis (1916); Stellar chromospheres (230); Stellar activity (1580); Stellar evolution (1599); High resolution
spectroscopy (2096); Optical telescopes (1174)

Materials only available in the online version of record: figure set, machine-readable tables

1. Introduction

Long-term, ground-based spectroscopic surveys are a
pathway to understanding the Sun and its planets in the

context of the solar neighborhood and to finding Earth-
analog exoplanet systems. Such surveys can probe the depth
of the convective zone, detect differential rotation, and
track Sunlike stellar activity cycles. Chromospheric activity
studies provide fascinating insights into the subsurface lay-
ers of stars that are not directly observable. Over the last
two decades, these studies have been buoyed by radial
velocity (RV) searches for exoplanets due to the collection
of time cadence observations that include spectral informa-
tion that can be used for both measuring precise RVs of
stars and monitoring stellar chromospheric activity
(Gomes da Silva et al. 2021; Rosenthal et al. 2021, hereafter
CLS1).
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Nightly surveying of the chromospheric activity of nearby
stars in the Mount Wilson Observatory HK Project began in
1966 (Wilson 1968) and continued for several decades
(Vaughan et al. 1978). This survey detected variable stellar
lines and identified the link between the Ca II H and K lines and
the solar chromosphere (Eberhard & Schwarzschild 1913).
After decades of data collection on F2–M2-type stars—an
effort necessary to identify stellar activity cycles in some G0–
K5 stars with activity periods similar to the Sun’s 11 yr solar
cycle—the results were summarized (Duncan et al. 1991) and
the first catalog of stellar activity cycles was published
(Baliunas et al. 1995). Out of 111 solar-type stars searched, 52
showed cycles, and 31 were flat or had linear trends. Another
29 stars had nonperiodic, variable activity. The conclusions put
the Sun’s activity cycle into the broader perspective of Sunlike
stars in the solar neighborhood, showing that stellar activity
cycles are common.

Several long-term ground-based surveys have contributed to
our understanding of stellar magnetic activity. Identification of
stellar activity cycles using Mount Wilson data combined with
California Planet Search (CPS) data from the High Resolution
Echelle Spectrometer (HIRES) at the W. M. Keck Observatory
yielded baselines of 50 yr for 59 stars (Baum et al. 2022).
Time-series spectroscopic observations of Sunlike stars include
a survey of 800 Southern solar-type stars within 50 pc (Henry
et al. 1996) and 143 Sunlike stars from 1996–2007 (Hall et al.
2007). These studies focused on measuring the average stellar
variability, not stellar cycles. Fifty-three previously identified
activity cycles were analyzed using S-values from the Mount
Wilson Observatory HK Project and the High Accuracy Radial
Velocity Planet Searcher (HARPS) telescope (Boro Saikia et al.
2018), but even the extended HARPS baseline was insufficient
for identifying new stellar activity cycles that span years to
decades. See Jeffers et al. (2023) for a comprehensive review of
stellar activity cycles.

Stellar activity and planet searches that use the RV technique
have contributed to our knowledge of Jupiter-mass planets with
orbital periods of more than 10 yr and to the identification of
solar-like stellar cycles (Wright et al. 2008; Fulton et al. 2021).
Wright et al. (2004) and Isaacson & Fischer (2010) presented
activity catalogs from Keck/HIRES and began to quantify the
relationship between RV jitter and chromospheric activity.
Luhn et al. (2020) examined 600 CPS stars to make RV jitter
assessments that included dependence on stellar surface grav-
ity. A summary of the ground-based spectroscopic survey of
the AMBRE-HARPS sample (Gomes da Silva et al. 2021)
resulted in an activity catalog of planet search stars in the
Southern Hemisphere, with stellar activity time-series analysis
forthcoming. Detecting Jupiter analogs requires forward-
thinking surveys and understanding their dynamical impact in
multiplanet systems will inform the study of solar-like plane-
tary systems (Kane 2023).

In an analysis of Southern Hemisphere planet search stars
similar to the Northern Hemisphere sample presented here,
Lovis et al. (2011) analyzed seven years of HARPS S-values
for 304 FGK-type stars and presented a catalog of 99 magnetic
cycles and an analysis of the stellar activity impact on precise
RVs. Using the Hα line as an activity metric Robertson et al.
(2013) searched 93 K- and M-type stars using the High
Resolution Spectrograph on the Hobby–Eberly Telescope at
McDonald Observatory and identified examples of how activity
cycles can mimic those of giant planets. These two catalogs

provide examples of how planet search data has been used to
study magnetic activity.
Only with long-term baselines of activity and RVs are the

periodic signals of planets distinguished from quasiperiodic
activity signals. In some cases, a stellar activity cycle is cor-
related with the RVs, making the planet interpretation ambig-
uous (Rosenthal et al. 2021). Kane et al. (2016) identified a
stellar activity cycle in HD 99492, a planet-hosting system,
while Dragomir et al. (2012) found a photometric activity
cycle. Correlations between RVs and S-values over a single
period of the planet’s orbit or the stellar activity cycle are
difficult to disentangle (Wright et al. 2008; Fulton et al. 2015).
But if the baseline is extended sufficiently, the activity cycle
may go out of phase, while a planet will maintain strict peri-
odicity (Wright 2016). Stellar activity cycles have been probed
by other spectral features that are sensitive to activity. The M
dwarf GJ 328 has a confirmed planet along with a stellar
activity cycle that was identified with Hα line measurements.
The CARMENES planet search, which focuses on M dwarfs,
has produced a catalog of ( )¢Rlog HK measurements to assist in
the interpretation of planet candidates (Perdelwitz et al. 2021).
Wide-field, space-based photometry is now available to

search for transiting planets, measure stellar rotation periods,
and monitor stellar activity. Such photometry is particularly
useful for the determination of stellar rotation periods
(McQuillan et al. 2014; Angus et al. 2018), and it has revo-
lutionized rotation studies. Kepler data can be searched for
stellar activity cycles, with thousands of cycle candidates (Shen
et al. 2022), but the four-year duration of the Kepler mission
makes it difficult for us to find solar-like cycles.
Long-term ground-based photometry can be used to find

stellar activity cycles, but it is only sensitive to cycles for stars
with large spot coverage such as M dwarfs. Irving et al. (2023)
examined activity cycles for a collection of M dwarf stars. The
coolest M dwarfs, M4 and later, require a different mechanism
for magnetic field generation than solar-type stars since they
lack a radiative–convective boundary. Spectral analyses of the
Ca II H and K lines probe the chromosphere and the magnetic
activity below the observable stellar surface, which are com-
plementary to the results of photometric surveys. Photometric
studies of activity cycles in M dwarfs have identified cycles in
fully convective M dwarfs with masses as low as 0.12Me
(Savanov 2012; Suárez Mascareño et al. 2016, 2018; Wargelin
et al. 2017).
Ground-based photometric surveys have been used to cali-

brate the age–activity–rotation relationship (Barnes 2007;
Mamajek & Hillenbrand 2008) by correlating the stellar rota-
tion periods of open clusters with well-determined ages. Time-
averaged chromospheric flux measurements have been used to
parameterize the physical mechanisms at work below the
observable stellar photosphere. The Rossby number, the ratio
of the rotation period to the convective turnover time (Noyes
et al. 1984), is the standard metric for quantifying magnetic
activity and its relationship to stellar rotation.
Observations of stellar rotation periods, combined with

stellar activity cycles, are fleshing out the magnetic activity
evolution of stars as their rotation periods decline over time
through weakened magnetic braking (van Saders et al. 2016;
David et al. 2022; Metcalfe et al. 2022). By combining
Ca II H and K measurements with rotation periods, and direct
measurements of the magnetic field through spectropolarimetry
(Marsden et al. 2014; Metcalfe et al. 2024), more complete
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explanations of the stellar dynamo are now coming into focus.
We add to the observational evidence that can be used to
understand main-sequence magnetic changes and potentially to
explain weakened magnetic braking.

We present 20 years of stellar chromospheric activity time
series for 710 nearby (median distance of 30 pc) main-sequence
FGKM stars, analyze average activity in terms of fundamental
stellar properties, and search for activity cycles like the Sun’s
11 yr cycle. Section 2 discusses the observations and data
quality. Section 3 discusses the CLS1 stellar sample and
compares it to those of previously published works. Section 4
discusses our 285-star sample that is searched for cycles.
Section 5 explores the activity cycles in terms of the stellar
properties for 138 stars with detected cycles and Section 6
reveals the relationship between cycle period and Teff.

2. Observations

2.1. Data Source and Quality

The CLS1 paper provided RVs measured from data collected
from the middle of three detectors (4976–6421Å), and the
S-values were simultaneously measured using data from the
blue detector (3642–4797Å). We used an updated raw reduc-
tion that converted 2D spectra to 1D spectra (Howard et al.
2010). This work improves the quality of the S-values as
compared to CLS1 by using a restricted extraction width of
eight pixels to reduce sky emission and scattered light con-
tamination and by making additional quality controls. A sample
of Ca H line profiles for properly reduced spectra in good
seeing are shown in Figure 1.

HIRES spectra were collected with a variety of decker
apertures. The primary science deckers for CPS are B5
(0 87× 5″) and C2 (0 87× 14″), which provide a resolution
of 60,000. Two other deckers, B1 (0 5× 5″) and B3

(0 5× 14″), are used for templates and result in a resolution of
80,000. The C2 decker began operation in 2009 June, when the
typical visual magnitude of RV targets changed from V∼ 8, for
nearby-star surveys, to V∼ 12, for follow-up of Kepler planet-
host stars. Sky contamination became a limiting factor in RV
precision, requiring observations with the C2 decker (Marcy
et al. 2014), at the occasional expense of useful S-value mea-
surements. The B5 decker was used for stars brighter than
V∼ 10, and C2 was used for fainter stars and for observations
taken during twilight, when CLS1 stars were often observed.
The height of the C2 and B3 deckers allows for simultaneous

observations of sky pixels and causes order overlap on the
middle CCD, and increasing overlap blueward. Echelle spec-
trographs with cross-dispersing gratings have blue orders closer
together and red orders with larger separation, and the opposite
is true for cross-dispersing prisms. The raw reduction has been
tailored to account for this in the middle detector, resulting in
equal RV precision for B5 and C2. For S-values, the additional
overlap near the Ca II H and K lines is more problematic and
causes degraded quality for observations taken in poor seeing
conditions. By measuring the stellar profile in the spatial
direction, we calculated the average seeing for each observa-
tion. Using chromospherically inactive stars, we identified the
upper limit of 1 6 to be the critical seeing value required to
avoid order-to-order contamination when observing with the
C2 or B3 decker (Baum et al. 2022). We excluded S-values
with seeing measurements beyond this value from our sample,
removing 1549 S-values. The B5 and B1 deckers with their
shorter height do not have order overlap and do not have this
restriction. Figure 2 shows 2D echellegrams for the star HD
141399 taken in seeing conditions of 2 5 and 0 9, showing the
order overlap that occurs during poor seeing conditions. In
addition to the quality control described above, we visually
examined exceptionally low S-values and excluded 98 obser-
vations with poor extractions.

2.2. S-value Error

We previously adopted the S-value error of 0.002, or 1% per
individual observation, by assessing the S-value distribution of
HD 10700 (τ Cet), a star with a well-established low level of
activity (Isaacson & Fischer 2010). Our extended time baseline
yields a dispersion of the HD 10700 S-values of 0.82%
(0.00139/0.1675). We identified other stars with very low S-
value variation, including HD 55575, our least active star that
has a dispersion of 0.0007/0.156= 0.45%. We adopted an S-
value error of 0.001 for all observations, a value between the
dispersions of HD 10700 and HD 55575. The HARPS-
AMBRE survey found a dispersion of 0.83% for HD 10700,

Figure 1. Ca H lines for a variety of effective temperatures from our survey,
offset vertically for clarity. The dashed lines mark the center of the extracted
flux region for the H line. From bottom to top: HD 55575 (Teff = 5866 K,
S-value = 0.156), HD 97658 (Teff = 5194 K, S-value = 0.186), HD 219134
(Teff = 4817 K, S-value = 0.246), HD 142229 (Teff = 5865 K, S-value =
0.364), and GL 908 (Teff = 3787 K, S-value = 0.54).

Figure 2. Two raw images of HD 141399 showing the Ca II H and K region.
Left: seeing measured to be 2 5. Right: seeing measured to be 0 9. The
extraction width in the cross-dispersion (vertical) direction is limited to eight
pixels.
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showing that this precision level is achievable (Gomes da Silva
et al. 2021). We discuss the least active stars in Section 5.6.

2.3. Sampling

The CLS1 survey required 10 RV observations over 8 yr
(since 2005) on HIRES (Figure 2 in CLS1) to be included in
their analysis. They supplemented their data set with pre-2005
HIRES RVs and Lick Observatory RVs (Fischer et al. 2014).
We do not include the Lick Observatory S-values nor the pre-
2005 HIRES S-values. We considered adding S-values from the
Automated Planet Finder, but there is no additional baseline
since the first observations were taken in 2014. Since CLS1 we
have collected four additional years of S-values, improving the
baseline for many stars.

We are primarily focused on finding stellar activity cycles
with periods between 2 and 25 yr, so we require 45 observa-
tions since 2005. Stars with fewer, often sporadically timed,
observations are insufficient for robustly detecting activity
cycles. We include stars with as few as five measurements for
the average activity analysis. Out of the 710 stars in our sam-
ple, we search 285 for cycles, and the 425 additional stars are
included in the summary activity analysis.

2.4. Data Validation and Rejection

To ensure the highest-quality data set, we start by adding
S-values for non-iodine observations that were omitted from
CLS1 because they do not contribute to the RV time series. The
spectral segments used to calculate the S-values are shifted and
scaled to a high signal-to-noise ratio (SNR) template of that
same star (Isaacson & Fischer 2010). For 11 stars, no such
template exists, so we use a spectrum of Vesta, a reflective
spectrum of the Sun, that is shifted to observatory wavelength
solution. Vesta spectra have the benefit of having the same
format and blaze function as all other HIRES spectra. Those
stars are HD 114762, HD 120136, HIP 60633, HD 152391, HD
10853, HD 6101, HD 112914, HD 167042, HD 73344, HD
177153, and HD 8375. S-values for these stars have the same
quality and uncertainties as the others.

We make the following requirements at the level of indivi-
dual observations for quality control:

1. S-values less than 0.10 are rejected as nonastrophysical.
Fifty-six S-values are removed, and 98 are identified by
eye as having poor extractions.

2. The SNR must be greater than 7 at continuum near
4000Å, removing 276 S-values. One star, GL 406, has no
observations that meet this threshold and is omitted
throughout our analysis. See Bowens-Rubin et al. (2023)
for a detailed analysis of this star.

3. The seeing must be less than 1 6 for C2 and B3 obser-
vations, excluding 1549 S-values from our sample.

4. Stars with Teff< 4000 K are visually inspected and stars
with Ca II H and K activity that extends beyond the
1.09 Å full width at half-maximum window that is used
to calculate S-values are removed. Eight flare stars have
flux emission in the H and K region that is not well
modeled using S-values and are excluded. These stars
also have a spectral helium line in emission that resides
very near the H line, causing further ambiguity in the S-
value measurement. The stars excluded are GL 83.1, GL
876, GL 905, HIP 112460, HIP 37766, HIP 5643, HIP
92403, and HD 75732B.

5. We retain 52,372 S-values from 2005 through 2023
October for 710 stars.

3. The 710-star Activity Sample

3.1. Overview

To assess the average activity of our sample we begin with
the 710-star CLS1 sample that consists of slowly rotating FGK-
and M-type stars that are amenable to RV measurements in
search of exoplanets. Figure 3 presents our sample in the log(g)
versus Teff plane showing the average activity, ( ¢Rlog HK), as a
color scale. The sample is assembled to offer consistent sen-
sitivity to long-period giant planets out to tens of astronomical
units. The minimum baseline chosen of 8 yr, with 10 obser-
vations from HIRES and 20 total RVs, complements our search
for stellar activity cycles, which tend to range from 2 to 25 yr
(Baliunas et al. 1995; Baum et al. 2022). With many obser-
vations spanning the timescale of typical activity cycles, we
present accurate measurements of the average activity for
each star.

Figure 3. Stellar surface gravity as a function of effective temperature is plotted, with the median ( )¢Rlog HK value for each of the 710 stars in the California Legacy
Survey activity sample represented on the color scale. Subgiants are visible at lower log(g) values, while the few very-low-metallicity subdwarfs in our sample fall
below the main sequence. Most stars in our sample are slowly rotating FGKM stars on the main sequence.
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The California Legacy Survey (CLS) sample was originally
selected to exclude stars that host known transiting planets and
stars with known high metallicity. Samples of stars that focused
on subgiants and young stars and those that had long-baseline
observations due to the presence of hot Jupiters were also
excluded. There are 178 known exoplanets or brown dwarfs
around the stars in our sample.

3.2. Stellar Property Corrections

We amend the stellar property catalog from Rosenthal et al.
(2021) by filling parameter values for five stars lacking Teff. For
HD 134439 and HD 134440, chemically peculiar twin stars in a
binary system with a long-period orbit, we use the Teff, log(g),
[Fe/H], and Må from Chen et al. (2014). For HD 201092 and
HIP 106924, we add the Teff from our SpecMatch-Synthetic
analysis of HIRES spectra (Petigura et al. 2017). We obtain the
extremely low metallicity value of −2.5 for HIP 106924 from
Joyce & Chaboyer (2018). For GL 528 B, we apply the
SpecMatch-Empirical code to a HIRES spectrum (Yee et al.
2017). These are important additions since we are interested in
the dependence of activity on Teff.

3.3. Derived Properties

We calculate ( )¢Rlog HK (Noyes et al. 1984) and stellar age
(Mamajek & Hillenbrand 2008) to examine activity correla-
tions with fundamental and derived stellar properties and to
check for correlations with activity cycle properties. Cincune-
gui et al. (2007), Suárez Mascareño et al. (2015), Astudillo-
Defru et al. (2017), Mittag et al. (2013), and Marvin et al.
(2023) each extend the ( )¢Rlog HK calibration to cool stars
(B – V= 1.6) and Teff= 2700 K. We use the Noyes et al.
(1984) method to enable cross-referencing with other works,
rather than the Marvin et al. (2023) method, which over-
estimates the color correction factor resulting in the over-
estimation of ( )¢Rlog HK .

Since B – V colors are used to calculate ( )¢Rlog HK , we derive
B – V using the Ramírez & Meléndez (2005) method, which
uses both Teff and [Fe/H] and is valid at Teff of 7000–3870 K.
For stars cooler than 3870 K, we use the CLS1 B – V values. As
a result, we use the Noyes et al. (1984) method for all of our
analysis of ( )¢Rlog HK and derived stellar parameters. The use of
consistent Teff values when converting to ( )¢Rlog HK will be
critical to our analysis of activity in relation to cycle period.
With this choice, we urge caution when using ( )¢Rlog HK values
for stars cooler than 3870 K due to the uncertainty in B – V.

3.4. The 710 Stellar Activity Analysis

Our stellar sample is presented in temperature versus surface
gravity space in Figure 3 with a color scale indicating the stellar
activity, ( )¢Rlog HK . The prominently positioned subgiant stars
that rise above the main sequence have the lowest stellar sur-
face gravity values. Subgiant stars, with their larger stellar
radii, typically have less stellar activity than main-sequence
stars of the same Teff. As they evolve and expand, their rotation
rate slows to conserve angular momentum, and the decrease in
density produces a more subdued stellar dynamo.

The zero-age main sequence is visible as active stars with
high ( )¢Rlog HK . Subdwarfs, with extremely low metallicities and
old ages, fall below the zero-age main sequence. The coolest
stars in our sample, below 4000 K, have a variety of activity
values including the eight eruptive variables we exclude. This

may be due to the ( )¢Rlog HK metric being calibrated by Noyes
et al. (1984) on Sunlike stars. Values of ( )¢Rlog HK are also
sensitive to the choice of conversion from Teff to B – V. Using
the average of the stellar activity time series makes for a robust
measurement of the average activity of our sample. Each of the
stars in our sample has at least five observations.
We compare our sample to the primary Southern-sky planet

search survey, the AMBRE-HARPS survey (Gomes da Silva
et al. 2021), by modeling our distribution of ( )¢Rlog HK values as
a sum of Gaussian contributions. Their catalog contains 1674
planet search stars, and they also focus on slowly rotating F-,
G-, and K-type stars. Figure 4 shows our two-Gaussian fit to
our 710-star sample and Figure 5 shows our sample compared
to the AMBRE-HARPS sample. We normalize the y-axis and
remove stars cooler than 4500 K in this plot to make as direct a
comparison as possible. Their sample shows more structure

Figure 4. The distribution of our ( )¢Rlog HK data is modeled with a double
Gaussian model with peaks at −5.001 and −4.886. We find less structure than
Gomes da Silva et al. (2021), perhaps due to the smaller number of stars in our
survey compared to theirs. Activity qualifiers come from Wright et al. (2004).
All 710 stars are included here.

Figure 5. The distribution of our ( )¢Rlog HK data is modeled with a double
Gaussian model and compared with that of Gomes da Silva et al. (2021), which
had a Teff lower limit of 4500 K. Our sample extends to Teff of 3000 K so we
omit stars cooler than 4500 K from this plot to make the comparison more
direct. We see the two main peaks show up in both our sample and that of
Gomes da Silva et al. (2021). Our main peak is slightly offset in the direction of
less activity. Gomes da Silva et al. (2021) modeled four Gaussians compared to
our two Gaussians, potentially causing this offset. The amplitude of the offset is
0.10, or twice the calibration offset for S-values from different instruments
(Mittag et al. 2013). The astrophysical explanation is that CLS gave lower
priority to more active stars.
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than ours, and peaks at a slightly more active value. Their small
peak near −5.3, attributed to giant stars, is not present in ours,
due to our lack of giants. The additional structure for active
stars may be due to their larger sample or is perhaps due to the
CPS observing strategy of excluding active stars at early points
in the survey. One possible systematic difference is the slit-fed
versus fiber-fed spectrographs, HIRES and HARPS, respec-
tively. However, we think this is sufficiently addressed in
Section 2.1. The Gaussian properties representing our sample
are available in Table 1.

We construct histograms for each of the FGK stars to
compare the two samples as a function of spectral type
(Figure 6). The smaller number of stars in our sample means
that features in each distribution are not well defined, which
leads to several degenerate model fits for each spectral type.
Structurally the comparisons for each type of star are quite
similar. The F stars have a broad distribution, represented by
two Gaussians at ( )¢Rlog HK of −5.018 and −4.934. The G-star
distribution is dominated by a primary peak near −5.0 and a
secondary peak of more active stars, at −4.50, which is broad
and low-amplitude. Our distribution of ( )¢Rlog HK for K stars is
distinctly triple-peaked, similar to that in Gomes da Silva et al.
(2021) but with a smaller peak at higher activity. Overall, we
find the by-type comparison to be consistent with that found for
planet search stars in the Southern Hemisphere.

3.5. Time-averaged Activity

We plot the S-value and ( )¢Rlog HK of the 710-star sample
against fundamental stellar properties, highlighting, with dif-
ferent colors, the extreme ends of each stellar property dis-
tribution (Figure 7). Maroon data points represent stars with
Teff< 4000 K. Blue data points represent evolved stars, with
log(g)< 4.0. Low-metallicity stars with [Fe/H]<−0.5 are
represented in green. Cyan symbols identify those stars with
cycles identified in Section 4.

In panel (A) Teff versus S-values are plotted and the familiar
flat floor of activity from 6500 to 5000 K is visible, followed by
a steady increase from 5000 to 4000 K (Isaacson & Fischer
2010; Mittag et al. 2013). The slope of the activity floor inverts
down to our lowest-Teff stars. There is a lower density of stars
from 6000 to 5000 K that is elevated above the primary dis-
tribution of very inactive stars. The low-metallicity stars and
low-log(g) stars fall near the S-value floor, as expected for older
stars and subgiants. Panel (B), with ( )¢Rlog HK as a function of
Teff, shows that most stars in our sample are between 5000 and
600 K. The more active stars that lie above −4.8 may have
cycles but are too variable to be strictly periodic.

Panel (C) plots the median S-value as a function of stellar
surface gravity showing the low-gravity stars that have started
to evolve off of the main sequence are at the floor of the
S-value distribution. The highlighted very-low-metallicity stars
mostly fall in a unique parameter space at a log(g) of
4.6–4.7. Although our metallicity distribution is sparse at
[Fe/H]<−0.5 dex, the difference in S-value at that specific
log(g) is distinct. The elevated population of stars at Teff
between 5000 and 6000 K in panel (A) is now compressed in
panel (C) at a log(g) value of 4.5–4.7. This could be related to
the age of these stars with younger stars being more active and
having higher log(g). Panel (D) shows the most active stars
have log(g) near 4.5, indicating that they are near the zero-age
main sequence.

Panel (E) plots the median S-value for the 710 stars as a
function of metallicity. At the bottom of the distribution, the
subgiant population spans a wide range of [Fe/H]. Our sample
is slightly overrepresented at [Fe/H] greater than solar (45/
55%), but is sufficiently populated from±0.4 such that we can
draw conclusions about the presence of stellar activity cycles as
a function of metallicity in Section 4.1. The Pearson correlation
coefficients between the average S-value and metallicity and
also between the S-value rms and metallicity are calculated and
found to be less than 0.1 in each case. This suggests there is
weak correlation between the spectroscopic activity metric
S-value and metallicity, in contrast to photometric correlations
to [Fe/H] such as noted in Kepler flare stars (See et al. 2023).
Our findings are consistent with Lovis et al. (2011), in which
the B – V to temperature conversion accounts for metallicity.

3.6. Activity Variability

The long time baseline over which these observations are
collected and the multiple observations for each star lead to
robust measures of the average activity of our sample. We
examine the variability of S-value as a function of Teff, log(g),
and [Fe/H] in Figure 8. Stars below 4000 K are the most
variable, with significant variation due to the stellar rotation
period variations. These stars are more heavily spotted, con-
fusing our search for sinusoidal stellar activity cycles with
periods on timescales of years. We adopt the values of Teff, log
(g), [Fe/H], Må, and Rå from Rosenthal et al. (2021), except
where noted in Section 2.1. Table 2 contains the minimum,
median, and maximum S-values, S-value rms value, standard
deviation, ( )¢Rlog HK , ( )¢Rlog HK rms, number of observations,
and activity-derived stellar ages. The S-value time series are
provided in Table 3.

4. The 285-star Sample to Search for Activity Cycles

We identify robust stellar activity cycles for use in analysis
of stellar cycles as a function of stellar properties, including
age. By requiring 45 observations, we define our stellar activity
cycle sample of 285 stars. This choice helps to avoid a spurious
detection of an activity cycle due to poor sampling.

4.1. Searching the 285-star Sample for Activity Cycles

The patterns of stellar activity can have complex structure on
many different timescales, so we choose a simple sinusoidal
model, with no eccentricity, to search for signals with periods
between 2 and 25 yr. Cycles less than 2 yr are difficult to
identify due to seasonal sampling, and ambiguity with rotation
periods (Baliunas et al. 1995; Boro Saikia et al. 2018). We
expect only the youngest (ages less than 1 Gyr) to have such
short stellar activity cycles and the CPS RV planet surveys tend
to exclude young stars in blind surveys. Notably, HD 115043
has a stellar activity cycle of 1.7 yr (Boro Saikia et al. 2018),
but is not in our sample. HD 22049, ε Eri, has a multiple
previously published cycle of 2.2 and 12 yr (Metcalfe et al.
2013) or perhaps a 3 yr, 11 yr, and 34 yr cycle (Fuhrmeister
et al. 2023) when the calcium infrared triplet and X-ray mea-
surements are analyzed. We have the sensitivity to detect these
cycles with our data, but none of these periods pass our
threshold. While the zero-eccentricity sinusoid model is suffi-
cient for uniformly identifying activity cycles, a more complex
model should be chosen for modeling young-star cycles and
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Table 1
Gaussian Fit Parameters for the Activity Sample

Property Bin Amplitude 1 Mean 1 Sigma 1 Amplitude 2 Mean 2 Sigma 2 Amplitude 3 Mean 3 Sigma 3 Chi-square Reduced Chi-square

Full sample (710) 100.2 −4.990 0.1055 22.25 −4.632 0.2136 ... ... ... 495 20.6
Comparison (564) 48.58 −4.985 0.097 6.81 −4.599 0.24 ... ... ... 490 14.4
F-type stars (47) 7.757 −5.018 0.0508 2.764 −4.833 0.178 ... ... ... 19.7 2.19
G-type stars (301) 35.98 −4.985 0.094 2.042 −4.483 0.272 ... ... ... 280 11.7
K-type stars (171) 8.216 −4.950 0.068 4.617 −4.734 0.117 6.18 −4.443 0.044 190 6.13
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those with complex signals such as the cycles of HD 18803,
HD 219134, HD 201092, and HD 140538A.

We utilize the Lomb–Scargle periodogram routine in
Astropy22 and the “model normalization” option to identify

peaks in the periodogram and fit a periodic function to the
tallest peak. The “model-normalized” periodogram is a peri-
odogram normalized around the residuals to the periodic
model, rather than the constant model that is the default method
of normalization. This normalization also accounts for the
offset from zero typically expected from the generalized
Lomb–Scargle periodogram. We limit the periodogram from
100 to 10,000 days (27.4 yr) and explore alternate limits such
as 200–2000 days with no effect on recovered activity cycles.
The strength of this method is the simplicity of the model,
which is easy to parameterize and search. The weaknesses are
that stellar activity cycles do not always stay in phase over
many cycles, some cycles are better modeled by adding
eccentricity, and stars with multiple cycles and different peri-
ods are difficult to identify.
We combine two quantitative metrics to identify stellar

cycles. First, we calculate the difference between the standard
deviation of the initial S-values and the standard deviation of
the residuals, divided by the initial S-value standard deviation
and the median S-value for that star (Equation (1)). Our
threshold by this metric for detection is 1.20. We attempt to use
chi-square as the best-fit metric but find the scatter in S-value
over timescales of weeks and months makes this metric less
useful. We determine the threshold value by ranking our stars
with this metric and finding where the cycles become unreliable
by eye.

( )
( )

( )=
-

* -S
Threshold

STD STD

STD Median value
. 1f i

i

As a secondary metric, we identify cycles through the
Lomb–Scargle periodogram as those having a peak greater than
0.5. The maximum peak of any star is 14.0 (HD 192310) and
the median peak value for all detected cycles is 2.01. The
weakest signal in our data is from GL 699, with a peak value of
0.501. We also remove stars with candidate cycles if the second
peak in the periodogram is more than 75% of the primary peak.
Such peaks indicate that the identified period is not sufficiently
unique for our purposes. Using the ratio of the first and second
tallest peaks eliminates many stars that have very plausible
cycles but have ambiguous periods. Many stars with cycles
much longer than our observing baseline are removed in this
quality cut. With the periodogram qualification, we recover 27
cycles that do not pass our threshold from Equation (1),
including all of the detected cycles in stars below Teff of
4400 K. By including our reliability metrics for all 285 stars,
future studies can choose different thresholds to fit their ana-
lysis needs.
For three stars, we remove a linear trend and afterward detect

an activity cycle. These trends are indicative of a second cycle,
as has been studied most recently by Mittag et al. (2023). Those
stars are HD 219134, HD 158633, and HD 82943. When a
trend is removed for HD 23356 and HD 201092, they show
candidate cycles but do not pass the quantitative thresholds.
Generally, our search method is insensitive to cycles longer
than our baseline of 20 yr and fails to robustly identify any
previously unknown secondary cycles.
These combined metrics detect stars with incredibly small

overall variations such as HD 126614 with a peak-to-peak S-
value amplitude fit value of 0.0041. For comparison, HD
10700, considered an activity standard, has an S-value standard
deviation of 0.0012 and a relative dispersion of 0.8%. The least
active stars with and without cycles are discussed in

Figure 6. From top to bottom, the distributions of the ( )¢Rlog HK for the CLS
sample are shown for F stars, G stars, and K stars, with log(g) > 4.2. We model
each distribution with a series of Gaussians and compare it to that in Gomes da
Silva et al. (2021). Structurally the sample agrees with the AMBRE-HARPS
sample of planet search stars from the Southern Hemisphere.

22 https://docs.astropy.org/en/stable/timeseries/lombscargle.html, Astropy’s
Lomb–Scargle periodogram; see section on normalization = 'model'.
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Figure 7. The values of Teff (panels (A) and (B)), stellar surface gravity (panels (C) and (D)), and [Fe/H] (panels (E) and (F)) are plotted vs. the S-value and ( )¢Rlog HK
for the 710 stars. Maroon data points represent cool stars, with Teff < 4000 K. Blue data points are stars with log(g) < 4.0, i.e., subgiants, and green data points
represent stars with metallicity less than −0.5. Cyan symbols identify stars with cycles. The bottom two panels exclude 11 stars with [Fe/H] < −1. Gray data points
represent stars not in the extremes of Teff, log(g), and [Fe/H] and without cycles.
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Section 5.6. From the 285 stars searched, we present 138 stellar
activity cycles and next discuss our recovery of previously
known cycling stars.

4.2. Cycle Comparison to Previous Studies

4.2.1. Mount Wilson Cycles

Most published activity cycles that were produced with
S-values have been collected by the Mount Wilson Observa-
tory HK Project. Baliunas et al. (1995) found that 52/111
main-sequence stars have cycles. The regularity of stellar
cycles is dependent on age: young stars rarely display a
smooth, cyclic variation; intermediate-age stars have occa-
sional smooth cycles; and stars as old as the Sun have smooth

cycles (Baliunas et al. 1995). Although our sample is vastly
different, we find 138/284 stars have cycles. Our sinusoidal
search is not sensitive to nonperiodic cycles of young stars
such as HD 22049. Our search is most sensitive to the regular
cycles of stars older than 1 Gyr. The largest sample of Mount
Wilson stars compiled has 335 stars. From our 710-star
sample, 173 stars overlap and we independently identify 44
cycles from those 173 stars. Since our sample contains a
broader range of stellar types, we are exploring parameter
space beyond Baliunas et al. (1995) allowing for the exam-
ination of correlations between cycle periods and stellar
properties.
Summary analysis of the Mount Wilson cycles has claimed

that the Sun is near the upper mass limit for cycling stars

Figure 8. The S-value standard deviation is plotted as a function of Teff, log(g), and [Fe/H] for all 710 stars in our full sample. Stars with low log(g) are in blue, and
stars with Teff < 4000 K are in maroon. The lowest-metallicity stars are shown in green. Eleven very-low-metallicity stars are taken off the plot. Cyan marks stars with
detected cycles. The dichotomy of stars with low log(g) values is intriguing. We do not sample all of the parameter space equally, but the marked cycles still identify
the area most likely to contain periodically cycling stars. The gray data points represent stars with Teff > 4000 K, logg > 4.0, and [Fe/H] > −0.5 and include stars
above and below our threshold of 45 observations.

Table 2
Average Activity Values

Star Smin Smax Smed SSTD Nobs B – V Rphk_Noyes Age (Gyr)

HD 10002 0.1585 0.1668 0.1598 0.00205 44 0.804 −5.041 6.45
HD 10008 0.3886 0.4526 0.4238 0.01347 37 0.768 −4.414 0.46
HD 100180 0.1615 0.1794 0.1679 0.00325 63 0.564 −4.916 4.12
HD 100623 0.1751 0.2165 0.1913 0.00930 82 0.763 −4.890 3.74
HD 101259 0.1392 0.1467 0.1443 0.00227 13 0.739 −5.118 8.37
HD 10145 0.1679 0.1769 0.1724 0.00150 27 0.660 −4.929 4.32
HD 101501 0.2769 0.3719 0.3135 0.02552 15 0.701 −4.526 0.99
HD 102158 0.1585 0.1601 0.1598 0.00050 12 0.557 −4.965 4.93
HD 103095 0.1910 0.2271 0.2087 0.00960 17 0.665 −4.774 2.44
HD 103432 0.2372 0.2716 0.2571 0.01037 9 0.645 −4.614 1.40

(This table is available in its entirety in machine-readable form in the online article.)

Table 3
Chromospheric Time Series

Star Filename BJD S-value SNR Decker Seeing (arcsec)

HD 185144 bj01.46 13237.736 0.2112 55 B5 1.0
HD 185144 bj01.47 13237.738 0.2120 34 B5 1.1
HD 185144 bj01.48 13237.739 0.2094 28 B5 1.1
HD 185144 bj01.49 13237.740 0.2118 30 B5 1.2
HD 185144 bj01.50 13237.740 0.2094 36 B5 1.0
HD 185144 bj01.51 13237.741 0.2112 43 B5 1.1
HD 185144 bj01.52 13237.742 0.2113 43 B5 1.0
HD 185144 bj01.53 13237.742 0.2114 48 B5 1.1
HD 185144 bj01.54 13237.743 0.2101 52 B5 1.0
HD 185144 bj01.55 13237.744 0.2115 49 B5 1.0

(This table is available in its entirety in machine-readable form in the online article.)
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(Schröder et al. 2013), but the identification of many cycles
down to 4400 K presented here and the handful of M dwarfs
found here and by Irving et al. (2023) show that stars across the
main sequence can be in cycling states.

4.2.2. Studies of Keck Data

We cross-check the 13 cycles from 59 stars examined in
Baum et al. (2022), adding two years of HIRES data, and find
10 of the 13 cycles. Of those not detected, HD 166620 is in the
well-studied minimum phase of its cycle (Luhn et al. 2022),
while HD 101501 and HD 152391 have fewer than 45 obser-
vations. For the cycles that we expect to detect, our algorithm
identifies them.

The CLS activity time series has been analyzed in relation to
precise RVs. In CLS1, Table 7 mentions 43 false-positive
planet signals that are attributed to stellar activity cycles, and
13 false positives due to rotation periods. We confirm 41 of the
43 as stellar activity cycles. Luhn et al. (2020) listed stars with
possible stellar activity cycles, but the focus of that work was
on average activity and its impacts on RV precision. For their
stars that overlap with our sample, we quantify the intensity
and period of those signals.

4.2.3. Johnson et al. (2016)

Johnson et al. (2016) used data collected from 295 spectra
from the 2.7 m Harlan J. Smith Telescope at McDonald
Observatory from 1998 to 2015 to monitor the RV of the HD
219134 system and also collected S-value measurements of
stellar activity. They detected a stellar activity cycle of 11.7 yr
with no linear trend. Our analysis finds a cycle period of 13.4 yr
after removing a robust linear trend over the observation
baseline of 20 yr. The discrepancy in the detection of a linear
trend may be explained by differing measurement uncertainties
and is worthy of further exploration.

4.2.4. Toledo-Padrón et al. (2019)

Toledo-Padrón et al. (2019) studied the stellar activity of GL
699, Barnard’s star, and revealed an activity period of 8.8 yr in
the Ca II H and K S-values. Our measured cycle of 8.5 yr is
consistent with their value. Toledo-Padrón et al. (2019) also
used photometry to determine the activity cycle finding a
10.5 yr cycle. Their conclusion that GL 699 is a very inactive

star is consistent with our finding of the periodogram amplitude
being just above the threshold of detection.

4.2.5. Mittag et al. (2023)

Mittag et al. (2023) listed 34 chromospherically detected
activity cycles around FGK stars. For the 15 stars that overlap
with our sample, and have more than 45 observations, we
recover 14 of the cycles. HD 201092 has two cycles, but nei-
ther passes our thresholds. The 11 yr period is not detected due
to our choice to fit only circular periodicity. Future studies that
include the Mount Wilson and Keck/HIRES data sets can
potentially confirm these complex cycles. Future analyses may
require different levels of confidence in the cycle detection or
will be conducted with a different model.

4.2.6. Studies of Fully Convective Stars

Photometric data from the ASAS-SN project identified 13 of
15 fully convective M dwarfs showing stellar cycles (Irving
et al. 2023). Among overlapping stars in our sample with 45
observations HIP 80824 (GJ 628) and HIP 109388 (GJ 849) are
not detected. GJ 317 has two cycles, but we detect neither. HIP
103039 (LP 816-60), HIP 57548 (GJ 447), GJ 285, GJ 54.1, GJ
234, and GL 406 all have fewer than 45 Keck/HIRES obser-
vations, falling below the inclusion threshold. The cycles with
periods of a few years that Irving et al. (2023) detected with
photometry must not have periodic signals amenable to
detection with the Ca II H and K emission lines. The lack of
chromospheric confirmation of the photometric cycles may be
due to complex structures to which our simple sinusoid model
is not sensitive. Indeed other studies have identified chromo-
spheric cycles in M dwarfs (Suárez Mascareño et al. 2016;
Wargelin et al. 2017).
From this point on we turn our focus to the 285 stars that

have at least 45 Keck/HIRES S-values since 2005, eventually
narrowing down the parameter space to show that nearly every
star in that range has a periodic activity cycle.

5. Stars with Cycles

We examine the population of stars with identified cycles,
starting within the context of fundamental stellar properties.
Stars with cycles span a range of temperatures (6385 K>
Teff> 3332 K), stellar surface gravities (5.13> log(g)> 3.71),

Figure 9. Effective temperature, stellar surface gravity, and median ( )¢Rlog HK value for the 710 stars in our sample. Diamonds show detections of 138 stellar activity
cycles. Circles identify the 285 stars with more than 45 observations that are searched for cycles, and the color scale represents ( )¢Rlog HK .
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and metallicities (−1.61< [Fe/H] < 0.41). The second lowest
metallicity is −0.56. Figure 9, similar to Figure 3, identifies
stars that are searched and those with stellar cycles in the
Teff versus log(g) parameter space. Most cycling stars are in the
main sequence with temperatures from 4700 to 5900K. Metal-
licity does not appear to hold a pivotal role in the presence of
chromospherically detected activity cycles (see Section 5.4).
Stars with detected cycles are listed in Table 4 along with their
cycle properties.

In the following section, we divide stars below 4700 K from
those with higher Teff. This divide exists for two reasons. Near
4700 K, the models used to determine fundamental stellar
parameters change due to the underlying physics inside stars.
For example, stars below this divide use SpecMatch-Empirical
(Yee et al. 2017) and stars above use SpecMatch-Synthetic
(Petigura et al. 2017). The second reason is the historical
division of stars at this Teff, for which rotation periods and
convective turnover times were devised (Noyes et al. 1984).

Figure 10 shows histograms of the fundamental stellar
parameters Teff, log(g), and [Fe/H] as well as the derived
parameters Rå, Må, and ( )¢Rlog HK . Gray identifies the 710-star
sample, yellow represents the 285-star sample that we search
for cycles, and cyan represents detected cycles.

Figures 11 and 12 show the amplitudes and periods of the
detected cycles as a function of both fundamental and derived
stellar properties. In terms of amplitude, stellar cycles tend to
increase as Teff decreases and main-sequence stars have larger
amplitudes than evolved stars, but some main-sequence star
cycle amplitudes are comparable to those of subgiant stars. We
find no correlation between metallicity and cycle amplitude or
cycle period. A quantitative analysis is detailed in Section 5.4.
We explore an intriguing correlation of cycle period to Teff for
the activity range within ( )¢Rlog HK of −4.7 to −4.9 in Section 6.

5.1. Solar-type Stars with Cycles

Previous surveys of chromospheric activity have focused on
solar-like stars identified with similar B – V colors and bolo-
metric luminosities to the Sun (Baliunas et al. 1995; Henry
et al. 1996), and we define our solar-similar sample to have
5600 K< Teff< 5900 K, with no metallicity or log(g) restric-
tions. Out of 70 solar-like stars, we find 29 stars with cycles
having periods between 3.9 and 23 yr. This subsample is
evenly distributed in metallicity (±0.3 dex) and ( )¢Rlog HK (−4.8
to −5.08). When the average activity is used to derive the
rotation period and age (Mamajek & Hillenbrand 2008), the
solar-similar sample ranges from 14 to 34 days and from 2.7 to
7.4 Gyr, respectively. The range of cycle periods for this sub-
sample offers insight into the decreasing activity and rotation as
a function of age for solar-type stars. The cycle periods of
solar-type stars and their dependencies on stellar properties are
highlighted as yellow crosses in Figures 11 and 12.

5.2. Short-period Cycles

We identify 45 cycling stars with periods less than 7 yr.
Baliunas et al. (1995) found that stars with cycles of periods
shorter than 7 yr have a higher false-alarm probability, marking
them as “fair” or “poor.”We use numeric thresholds that can be
used to mark the robustness of a detection but find the vastly
different sampling can require judgment calls when defining
thresholds. HD 218868 is an example of a convincing cycle
with a period of just 4.8 yr. Since the Mount Wilson survey had

Table 4
Detected Stellar Cycles for 138 Stars

Star Amplitudefit Periodfit Threshold Peak 1 Peak 2

HD 100180 0.1704 3.33 1.76 1.01 0.36
HD 100623 0.2070 8.03 2.57 2.88 0.70
HD 103932 0.5085 9.00 1.36 5.49 0.47
HD 104304 0.1643 10.00 2.63 1.96 0.44
HD 10476 0.1977 9.11 1.39 0.86 0.26
HD 107148 0.1607 5.69 2.20 1.32 0.57
HD 109358 0.1674 13.50 1.87 1.09 0.36
HD 110315 0.3774 11.81 1.96 6.39 0.64
HD 111031 0.1496 13.72 1.29 0.53 0.28
HD 114783 0.2055 9.10 2.25 2.01 0.29
HD 116442 0.1686 18.09 2.49 1.84 0.21
HD 116443 0.1880 14.24 2.57 2.25 0.25
HD 122064 0.2863 12.81 2.91 11.62 1.06
HD 122120 0.6042 20.86 0.66 1.71 0.52
HD 125455 0.1946 9.87 3.39 5.65 0.57
HD 126053 0.1660 17.53 1.82 1.04 0.34
HD 126614 0.1469 16.15 2.24 1.19 0.45
HD 127334 0.1521 16.08 1.52 0.68 0.42
HD 130992 0.3386 3.11 0.71 0.69 0.42
HD 136713 0.3320 6.85 1.10 1.30 0.36
HD 139323 0.2467 8.84 2.28 2.57 0.23
HD 140538A 0.2061 3.96 1.81 1.43 0.29
HD 14412 0.2032 6.15 2.51 2.68 0.63
HD 144287 0.1673 19.29 3.54 4.31 0.56
HD 145675 0.1883 11.20 3.49 4.24 0.21
HD 145958A 0.1916 7.63 2.27 1.75 0.59
HD 145958B 0.1868 8.30 1.79 1.15 0.75
HD 1461 0.1632 14.10 1.93 1.09 0.12
HD 146233 0.1735 6.27 3.30 3.87 0.97
HD 148467 0.7626 4.03 0.46 1.12 0.83
HD 149806 0.2244 6.71 2.08 1.99 0.95
HD 154088 0.1634 15.20 3.80 4.92 1.65
HD 154345 0.2320 6.95 2.82 5.58 0.40
HD 154363 0.5312 9.53 1.38 5.18 0.72
HD 155712 0.2296 9.33 3.15 5.12 0.85
HD 156279 0.1783 12.50 2.19 1.63 0.37
HD 156668 0.2462 11.38 1.95 2.37 0.19
HD 156985 0.3036 7.82 2.34 5.90 0.42
HD 158633 0.1780 11.83 2.13 1.51 0.90
HD 159062 0.1738 16.85 2.68 2.38 0.55
HD 16160 0.2371 12.43 2.31 3.40 0.48
HD 168009 0.1616 17.52 1.79 0.96 0.47
HD 170493 0.4691 8.75 1.26 3.33 0.98
HD 172051 0.1719 8.36 2.08 1.35 0.55
HD 17230 0.8034 15.20 0.24 0.53 0.13
HD 18143 0.1801 13.67 2.98 2.91 0.40
HD 182488 0.1704 11.54 2.79 2.34 0.35
HD 183263 0.1576 7.00 2.85 2.07 0.19
HD 185144 0.2179 5.93 1.94 1.78 0.20
HD 186408 0.1534 20.20 1.68 0.79 0.25
HD 18803 0.1894 5.04 2.20 1.75 0.31
HD 190406 0.1919 15.02 1.21 0.64 0.47
HD 191408 0.1978 16.77 2.56 2.56 0.76
HD 192310 0.2171 10.67 4.12 14.26 0.94
HD 19308 0.1627 22.28 3.11 2.86 0.40
HD 196761 0.1785 11.40 3.79 7.29 1.63
HD 197076 0.1886 5.31 3.17 4.27 2.33
HD 199305 1.6523 6.30 0.24 1.61 1.11
HD 201091 0.6256 7.17 0.68 1.75 0.38
HD 20165 0.2289 7.78 3.03 6.05 0.76
HD 202751 0.2474 12.49 3.03 6.29 0.52
HD 20619 0.2023 4.42 2.43 2.63 0.58
HD 208313 0.3012 5.96 1.80 2.57 0.68
HD 209458 0.1616 4.79 1.96 1.13 0.73
HD 210302 0.1609 5.85 1.65 0.83 0.55
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sufficient sampling and sensitivity for detecting short-period
cycles, their sample selection is likely responsible for non-
detections. Younger stars (ages less than 1 Gyr), such as HD
22046, have previously identified cycles, but we intriguingly
find 15 stars near solar temperature with periods less than 7 yr
(Section 6).

5.3. Studies of Fully Convective Stars

As with fully radiative stars, stars with masses below
0.35Me become fully convective and lose their tachocline,
requiring a different mechanism for generating magnetic fields
compared to solar-type stars (Irving et al. 2023). Four fully
convective (Teff less than 3500 K) stars have periodic activity
that passes our thresholds (Section 4.1): HD 239960, GL 273,
GL 699, and HIP 74995. HD 239960 has observations during a
flare that are much higher than the average activity value. We
include flare stars—except those with helium emission that
were omitted in Section 2.1—and less active stars that we can
measure with traditional S-values.
HD 95735 has a candidate cycle showing a downward linear

trend, indicating a period beyond our baseline of observations.
For fully convective stars that are amenable to the S-value
measurement, we find that the S-values are sometimes domi-
nated by the rotation period, so our exclusion in our period-
ogram search below 100 days is useful. The cycles in fully
convective stars are identified with the periodogram peak
method, and are not typically identified with the threshold
described by Equation (1).
The stellar activity of GL 699 was studied by Lubin et al.

(2021), but that study focused on periods less than 1000 days.
The peak value in the GL 699 periodogram is very close to our
acceptable threshold, and combining multiple data sets would
provide more confidence in the detection. A comparison
between our results for GL 699 and those of Toledo-Padrón
et al. (2019) is summarized in Section 4.2.4.

5.4. Metallicity of Stars with Cycles

We find no correlation between cycle period or amplitude
and stellar metallicity. First, we divide the stars searched into
those with supersolar and those with subsolar metallicity, and
we find similar ratios of stars searched (45%/55%) to cycles
found (44%/56%). The evidence for a correlation of the flare
rate of Kepler stars with the metallicity found in Kepler stars
(See et al. 2023) does not hold for our sample. Our sample

Table 4
(Continued)

Star Amplitudefit Periodfit Threshold Peak 1 Peak 2

HD 213042 0.4273 8.01 1.34 2.97 1.23
HD 215152 0.2642 8.04 1.71 2.03 0.62
HD 216259 0.1938 15.96 3.62 7.17 0.88
HD 216520 0.2015 19.19 2.25 2.11 0.48
HD 218566 0.2967 9.66 2.66 6.10 0.31
HD 218868 0.2133 4.84 2.43 2.78 0.40
HD 219134 0.2758 13.27 2.25 4.33 0.33
HD 219538 0.2516 7.09 1.88 2.24 1.26
HD 219834B 0.2059 9.70 3.61 6.77 0.77
HD 220339 0.2675 5.87 2.17 3.03 1.25
HD 221354 0.1599 18.84 1.51 0.71 0.19
HD 224619 0.1702 18.06 2.57 1.99 1.04
HD 239960 1.4673 15.78 0.32 0.88 0.49
HD 24496 0.2008 5.86 2.87 3.27 0.58
HD 25329 0.1952 6.01 2.36 2.16 0.33
HD 25665 0.3042 6.52 1.68 2.47 0.53
HD 26151 0.2061 16.35 3.24 5.25 0.40
HD 26161 0.1531 20.12 1.79 0.87 0.37
HD 26965 0.2060 9.11 2.13 1.92 0.42
HD 28005 0.1633 13.79 2.80 2.28 0.68
HD 28946 0.2443 5.90 2.38 3.29 1.49
HD 29883 0.1958 14.00 3.48 6.49 0.42
HD 31253 0.1526 13.08 1.48 0.66 0.43
HD 32147 0.2933 9.53 0.93 0.74 0.26
HD 34445 0.1665 23.01 1.69 0.91 0.23
HD 36003 0.4252 10.98 1.44 3.64 0.72
HD 36395 2.0485 2.30 0.21 1.63 1.22
HD 3651 0.1788 10.01 3.14 3.38 0.35
HD 37008 0.1821 21.27 1.37 0.76 0.27
HD 3765 0.2186 12.80 3.18 5.96 0.31
HD 38230 0.1642 23.15 2.32 1.54 0.81
HD 38529 0.1734 5.46 2.63 2.02 0.54
HD 4256 0.2639 9.66 1.73 1.93 0.32
HD 42618 0.1639 10.16 2.83 2.30 0.19
HD 43947 0.1586 12.88 2.12 1.26 0.52
HD 4628 0.2173 7.91 2.73 3.46 0.81
HD 4747 0.2676 4.90 1.43 1.41 0.65
HD 4915 0.2046 4.86 1.72 1.19 0.42
HD 49674 0.1977 4.05 1.12 0.62 0.36
HD 50499 0.1516 3.69 2.51 1.56 0.76
HD 51419 0.1948 23.43 2.09 1.67 0.23
HD 51866 0.3395 7.17 0.98 1.10 0.30
HD 52711 0.1602 13.96 2.91 2.42 0.49
HD 62613 0.2089 5.75 3.27 5.28 0.90
HD 65277 0.2543 12.19 2.66 6.53 0.51
HD 68988 0.1630 5.29 2.67 1.99 0.62
HD 69830 0.1734 10.83 1.84 1.12 0.60
HD 72673 0.1866 10.47 4.03 9.65 1.67
HD 73667 0.1717 19.00 2.33 1.64 0.59
HD 74156 0.1476 16.01 2.05 1.05 0.19
HD 75732 0.1973 11.02 3.79 6.74 0.27
HD 7924 0.2285 7.49 2.40 3.15 0.27
HD 80606 0.1566 16.27 1.96 1.06 0.34
HD 82943 0.1716 2.96 1.56 0.84 0.28
HD 8389 0.2158 10.67 3.24 4.31 0.42
HD 84035 0.5291 8.03 0.95 2.16 0.73
HD 87359 0.2047 4.40 1.91 1.64 0.82
HD 87883 0.2780 7.83 1.85 2.93 0.52
HD 89269 0.1698 16.95 2.84 2.63 0.37
HD 90875 0.7309 18.71 0.84 2.38 0.62
HD 9562 0.1509 15.39 1.57 0.71 0.29
HD 97658 0.2074 9.01 3.64 8.63 0.30
HD 98281 0.1801 15.51 2.53 2.33 0.94
HD 99491 0.2128 6.15 2.61 3.26 0.33
HD 99492 0.2820 9.81 1.97 2.81 0.19

Table 4
(Continued)

Star Amplitudefit Periodfit Threshold Peak 1 Peak 2

HD 9986 0.1794 5.03 1.87 1.23 0.68
GL 239 1.0562 15.24 0.38 1.39 0.86
GL 273 0.8215 2.94 0.30 0.66 0.33
GL 699 0.8470 8.48 0.27 0.50 0.31
HIP 19165 0.7498 5.68 0.43 0.94 0.69
HIP 41689 0.9481 3.03 0.23 0.56 0.38
HIP 74995 0.5778 3.80 0.38 0.58 0.17
S130811 1.1601 13.58 0.45 2.27 0.43

(This table is available in machine-readable form in the online article.)
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avoids stars with flares, which tend to be more active, making a
direct comparison with studies of flare stars difficult.

The most metal-poor star with a detected cycle, HD 25329,
has an [Fe/H] of −1.61. It has a smaller cycle amplitude
compared to stars with a similar Teff by a factor of 3. The
extremely low metallicity is unusual in our sample, and the
CLS1 stellar parameters list the Gaia parallax as an unlikely
12″, so the Teff may not need to be revisited. It is also the
outlier in panel (B) of Figure 11, raising suspicion.

To quantify the correlation between metallicity and activity,
we calculate the Pearson and Spearman correlation coefficients
for metallicity and a variety of activity indicators, finding no
strong correlations. For correlations between [Fe/H] and cycle
period and between [Fe/H] and cycle amplitude, we find
coefficients below 0.10 indicating there is little or no correla-
tion between metallicity and either cycle period or cycle
amplitude.

5.5. Stars with Multiple Periodic Cycles

Our time baselines are sufficient to identify stars that have
multiple simultaneous cycles, but our search method does not
recover any of the known occurrences. HD 22049 (Metcalfe
et al. 2013; 2.95± 0.03 yr and 12.7± 0.3 yr), HD 32147, HD
4915, HD 219234 (trend), HD 4628 (trend), and HD 45184
(5.14 yr; Flores et al. 2016) all show evidence of a second
cycle. HD 100180 shows two possible periods in Oláh et al.
(2016) but we only find one, and Baum et al. (2022) found
none. HD 201091 and HD 201092 both have two cycles that
will be apparent when combining the Mount Wilson data. HD
18803 has one strong cycle that changes significantly in
amplitude over 20 yr. HD 219834B shows a linear trend on top
of a cycle, indicative of a second cycle. The shorter of the
cycles is typically not represented well by a sinusoid, so our
nondetections are limited by our search method not our data
quality.

5.6. The Least Active Stars

The search for stars in a Maunder minimum, or magnetic
minimum state, attempts to connect the Sun’s activity cycles to
the cycles of other stars. HD 4915 is a candidate star in a
Maunder minimum–like state (Shah et al. 2018), but our
extended time baseline shows two cycles. One periodicity is at

4.9 yr, and the second is more than 40 yr, and the longer-period
cycle is now turning higher. We detect the 4.9 yr period but
cannot limit the period of the second cycle with Keck data
alone. HD 166620 is the most convincing to have strong evi-
dence in favor of being a Maunder minimum–like star (Baum
et al. 2022; Luhn et al. 2022), and it continues to show very
low variation in our extended time series.
In Isaacson & Fischer (2010), the 1% dispersion in the

S-values of HD 10700 was used to gauge the systematic
uncertainty of the S-values. Gomes da Silva et al. (2021) found
a dispersion of 0.83%, which is comparable to our extended
time baseline for HD 10700 S-values 0.75% (0.00125/0.1674).
Our least active star with more than 45 observations is HD
55575 with a relative dispersion of 0.0007/0.1562= 0.45%.
Fifty stars have a smaller S-value standard deviation than HD
10700 and should be considered the least active well-sampled
(45 observations or more) stars in our sample (Table 2). Dif-
ferentiating inactivity due to stellar evolution, stellar viewing
angle, and main-sequence spindown would be an interesting
extension of this work.

5.7. Unexpectedly Cycling Stars

For stars with stellar surface gravity less than 4.0, we find
that out of 28 stars only HD 38529 (log(g)= 3.93) has a
detectable cycle, and its period is 6.11 yr. Baliunas et al. (1995)
stated that “the range of masses that can support solar-like
magnetic activity is imprecisely known,” and although we
expect stars to lose their cycles as they age, spin down, and
evolve, this cycle is an unexpected robust detection. HD 38529
has two substellar companions; the more massive of the two
has an Msini= 13.2 MJup, P= 5.8 yr, and eccentricity= 0.35.
Our periodogram analysis shows that the peak in both the RV
and the S-value periodogram is at 5.8 yr. This system is worthy
of an analysis that explores the relationship between the planet
and the activity cycle of this post-main-sequence star with
stellar radius of 2.8 Re and a robust activity cycle. Gravita-
tional interactions between exoplanets and stars have not been
found to cause activity cycles (Obridko et al. 2022), but main-
sequence stars (including our own) have been found to have
activity cycles and planets with similar periods (Wright 2016).
Fully radiative stars, above the Kraft break (Kraft 1967), lack

the radiative–convective boundary that is known to generate
magnetic fields. Without a tachocline, it is not clear what

Figure 10. Distributions of Teff, log(g), [Fe/H], Rå, Må, and ( )¢Rlog HK for the 710 stars in our sample. The yellow areas show the 256 stars that have more than 45
observations, and cyan identifies the 138 stars with a cycle from this work. The stellar parameters of the stars that are searched and those that have cycles are
representative of the entire sample, and are not strictly confined to particular stellar properties. Twenty-eight stars have radii larger than 2.5.
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mechanism would generate magnetic activity. We find one such
star with a cycle, HD 210302 (5.7 yr, Teff= 6385 K). The S-value
standard deviation is 0.0021 and the cycle amplitude is 0.160,

placing the amplitude of this cycle near the limit of detection.
Most stars with Teff> 6000 K have an S-value rms less than
0.002, the threshold below which we do not search for cycles.

Figure 11. Stars with stellar activity cycles are plotted with their cycle amplitude as a function of fundamental stellar properties: Teff, log(g), [Fe/H], and ( )¢Rlog HK (panels
(A), (B), (C), and (D), respectively). The derived parameters ofMå, Rå, chromospheric age, and activity-derived rotation period are plotted in panels (E), (F), (G), and (H),
respectively. Age uncertainties are 60% (Mamajek & Hillenbrand 2008). Orange crosses highlight solar-type stars with 5600 K < Teff < 5900 K. Pink stars have Teff less
than 4700 K. Note their distinct parameter space from the FGK stars. The ages and rotation periods for these cooler stars are not well calibrated with activity and are only
shown for completeness. Cycle amplitudes are S-value peak amplitudes, not peak-to-peak. HD 38529 with a radius of 2.5 Re is not shown in panel (F).
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Figure 12. Stars with stellar activity cycles are plotted with their cycle period as a function of their fundamental stellar properties Teff, log(g), [Fe/H], and ( )¢Rlog HK
(panels (A), (B), (C), and (D), respectively) and derived parameters Må, Rå, chromospheric age, and chromospheric rotation period (panels (E), (F), (G), and (H)).
Orange crosses highlight solar-type stars with 5600 K < Teff < 5900 K. Stars with Teff < 4700 K are plotted in pink. Note their distinct parameter space from the FGK
stars. The ages and rotation periods for these cooler stars are not well calibrated and are only shown for completeness.

5.8. Candidate Cycles
The choice of number of observations and the model selection

drive our detection thresholds. While well-sampled stars with

high-amplitude signals are straightforward to identify with
numeric thresholds, those on the margin of detection, near the
detection thresholds, or with poor sampling may not be
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considered cycling stars when additional observations are added
or new detection methods are used such as the Fourier transform
and the Choi–Williams distribution used in Oláh et al. (2016).

Some candidate cycles include HD 188015, which has a strong
peak in the periodogram at 11 yr, but has only 38 observations.
This shows that some of our declared cycles may not pass future
thresholds, and others will be added to the cycling-star catalogs in
the future. We do not identify linear trends, which are likely
indications of cycles with periods beyond our baseline.

6. Discussion

6.1. Our Assessment

The changing nature of a star’s cycle is impossible to
observe over megayear to gigayear timescales. By collecting
vignettes of hundreds of similar stars over several decades, we
can piece together their long-term behavior. Observations of
the solar cycle have been collected over hundreds of years,
covering dozens of solar cycles. The nature of the solar cycle
has been explored by observing solar-like stars’ chromospheric
activity on yearly and decades-long timescales. The dedicated
long-term observing programs that have enabled the collection
of data sets that cover 20, 30, and 40 yr have proven invaluable
in revealing the evolution of stellar activity cycles.

High-resolution spectroscopy has contributed to these stu-
dies through time-series observations, primarily to find and
characterize extrasolar planets. Ca II H and K time series are
collected alongside RV measurements to decorrelate RVs from
stellar activity (Mayor & Queloz 1995). The CLS provides
20 yr observing baselines for 285 stars (710 on shorter base-
lines) on a single instrument. Planet search spectroscopy also
allows determination of precise stellar properties, which have
been used effectively to search for subtle trends in exoplanet
demographics (Fulton & Petigura 2018).

Using the activity time series and precise stellar properties
we identify a range of stellar activity in which nearly every star
is cycling. Refined B – V values that are calculated from Teff
and [Fe/H] and are homogeneously determined are required for
identifying the ( )¢Rlog HK range on the main sequence for G- and
K-type stars in which the period of the cycle is tightly corre-
lated to the effective temperature. In the Teff range of
4700–5900 K and the ( )¢Rlog HK range between −4.7 and −4.9,
we find the cycle period increases as Teff decreases. And for
stars less active than ( )¢Rlog HK =−4.9, the correlation does not
hold, and Teff is no longer closely related to the cycle period.

As young, active stars with ( )¢Rlog HK more than −4.7 spin
down and expel their angular momentum, their cycles become
detectable as they begin to have a more periodic nature. Prior to
reaching the steady state of cycling these stars are likely
categorized as “active/variable” in studies such as Baliunas
et al. (1995) and Baum et al. (2022). Their stellar cycles may be
present but they are less sinusoidal and their period is incon-
sistent from one cycle to the next. The activity level at which
stars transition from irregular to regular cycle periods is dif-
ferent for different Teff. For Sunlike stars [5600, 5900] the
cycles become regularly periodic around −4.80. For the next
three bins of temperature, [5300, 5600], [5000, 5300], and
[4700, 5000], the first periodic cycles are identified at −4.70,
−4.76, and −4.7. The trends described in these temperature
bins hold for the stars between [5900, 6300], but the bin has
only 10 stars. The least active star with a cycle has
a ( )¢Rlog HK =−4.85.

Figure 13 shows the relationship between ( )¢Rlog HK and
cycle periods for ranges of temperature in 300 K bins, revealing
the transition of cycle period trends at a ( )¢Rlog HK value near

Figure 13. Stellar activity cycle period is presented as a function of chromo-
spheric activity ( )¢Rlog HK for different temperature ranges. The Sun is placed at

( )¢Rlog HK of −4.9 and an 11 yr cycle period. The average cycle period increases
at all activity levels for every temperature bin. In the range of ( )¢Rlog HK
between −4.7 and −4.9, 33/42 stars have cycles. In each specified range of
Teff and activity, the cycle period is tightly grouped. The gray data points
represent all stars between [4700, 5900].
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−4.9. Divided at −4.9, more active stars have tightly grouped
periods for each temperature range and the correlation dis-
appears for less active stars. If we consider the stars more active
than ( )¢Rlog HK of −4.9, we find that in the solar temperature
bin, cycles are 4.4 yr ± 0.5 yr. From 5300 to 5600 K cycles are
6.0 yr± 0.7 yr. From 5000 to 5300 K cycles are 7.2 yr± 1.1 yr.
From 4700 to 5000 K cycles are 7.8 yr± 2.0 yr.

For stars less active than ( )¢Rlog HK of −4.9, activity and
cycle period decorrelate and the deterministic nature of cycle
period as a function of ( )¢Rlog HK no longer holds. Cycle periods
and standard deviation values are, from the hottest to the
coolest bin, 13.7± 5.6 yr, 11.7± 3.6 yr, 12.8± 4.6 yr, and
12.2± 2.4 yr. In Figure 14, we average the cycle periods in bin
sizes of 0.05 and plot the median with the standard deviation in
each bin as an error bar, revealing a small scatter and tightly
correlated cycle periods. The transition to longer periods as a
function of activity occurs near ( )¢Rlog HK =−4.9.

Of the 42 stars in this temperature–activity range, 33 stars
have confirmed cycles. The remaining nine stars have candi-
date activity cycles with signals that do not meet our threshold
requirement or periodogram peak power. Some of them do not
have the periods we expect from this newly discovered corre-
lation. We consider this tentative evidence that every star with
Teff between 4700 and 5900 K passes through a phase in which
a strongly periodic signal exists within a narrow range of
periods, and this period is a function of temperature. For this to
be true, we must explain why there are no cycles in these nine
exceptional stars.

The stars with Teff between 4700 and 5900 K and ( )¢Rlog HK
between −4.7 and −4.9 that do not have cycles that pass our
threshold are HD 159222, HD 185414, HD 176377, HD
68017, HD 37124, HD 51419, HD 212291, HD 23356, and
HD 92719. HD 159222 (Teff= 5876 K) has a 3.1 yr candidate
cycle that passes our threshold but has a secondary peak that
strikes it from our final list of cycles. HD 185414
(Teff= 5845 K) has a candidate period at 10 yr, but its peri-
odogram peak of 0.40 falls below our threshold of 0.5. HD
176377 (Teff= 5804 K) has a candidate cycle at 4.8 yr but its

periodogram peak of 0.41 falls below our threshold. If future
observations confirm this cycle, the cycle period would be
consistent with our trend. HD 68017 (Teff= 5712 K) has a
candidate cycle at 1.1 yr and is slightly less active in terms of
both the median S-value and the S-value standard deviation.
This star is potentially slightly more evolved than the others. A
1.1 yr cycle would not fit our trend. HD 37124 (Teff= 5698 K)
has a potential cycle of 22.6 yr, but the cycle is not closed and
the periodogram peak is ambiguous to higher periods, so we
consider this a lower limit. It also has a slightly lower log(g)
than the other stars discussed here. HD 51419 (Teff= 5775 K),
marked with an X in Figure 13, is very similar to HD 37124 in
that the cycle is not closed and the peak at 23.4 yr is not unique,
providing only a lower limit on the period. Its log(g) value is
4.36. HD 212291 (Teff = 5589 K) has two strong peaks in the
periodogram, at 4.9 and 5.6 yr, therefore the period is not
uniquely determined. Further observations would likely con-
firm the period and it would fall into our expected trend. HD
23356 (Teff= 4976 K) has a candidate signal at 5.4 yr, but it is
only identified after removing a linear trend, and even then it
does not pass our periodogram peak threshold. If this cycle
were confirmed, it would fit our trend. HD 92719
(Teff= 5774 K) has a cycle at 4.6 yr, but has an ambiguous
period, with a second periodogram peak, removing it from
our list.
For those stars in this exception list that do not have can-

didate cycles, which could be confirmed with more observa-
tions, possible explanations include an undervalued Teff, which
could shift the star into the ( )¢Rlog HK range where we do not
expect a cycle. This possibility is supported by the notion that
the coolest star without an expected cycle has a Teff of 5589 K,
meaning every star below this value has a cycle within

( )¢Rlog HK of −4.7 to −4.9. Another possibility is a pole-on
orientation for these stars.
One star, HD 130992 (Teff= 4796 K), has a cycle of period

3.1 yr, going against our trend. We find the poor sampling of
this star contributes to its potentially false detection, but it

Figure 14. The average cycle period and the cycle period scatter increase for every temperature bin at ( )¢Rlog HK = −4.90. For more active stars, cycle period and Teff
are tightly coupled. For less active stars, cycle period is not related to Teff. The bin size is 0.05 and error bars represent the standard deviation in each temperature/
activity bin.
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Figure 15. Cycles for stars HD 100180, HD 100623, HD 103932, HD 104304, HD 10476, HD 107148, HD 109358, HD 110315, HD 111031, HD 114783, HD
116442, and HD 116443. The complete figure set contains plots for all 710 stellar activity cycles in our sample.
(The complete figure set (60 images) is available in the online article.)
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passes all of our numerical thresholds so we include it in our
table.

With the possible explanations as to why these eight stars do
not have cycles, we again pose the possibility that every star
from Teff 4700 to 5900 K and with ( )¢Rlog HK between −4.7 and
−4.9 has a regularly periodic activity cycle with a period
correlated to Teff. Each of the 138 stars with cycles identified in
this work is presented in Figure 15's figure set.

6.2. The Path Forward

Our collection of magnetic activity cycles, found via multi-
decade ground-based monitoring of stars in the solar neigh-
borhood, sets the stage for further studies of magnetic activity,
rotation, and age.

When considering this specific temperature range, no
restrictions are placed on log(g) or [Fe/H]. Stellar evolution
becomes a factor only after activity values decrease beyond

( )¢Rlog HK of −4.9, near the Sun’s activity level, at which point
the changes we observe in activity cycle period become a
combination of main-sequence activity changes and evolution
of stars off the main sequence. Spectropolarimetry of solar-type
stars with different Rossby numbers (Metcalfe et al. 2023,
2024) is shown to support the theory of weakened magnetic
braking. Adding the findings presented in this work may add to
our understanding of the Sun’s activity cycle relative to other
solar-type stars.

Many stars have previously noted double periods and the
ratio of these periods is a strong function of Teff. The Keck/
HIRES time baseline of 20 yr is sensitive to cycles with a
period of 25 yr, but identifying a second cycle per star will
require a different method and threshold of detection. When
analyzing stars with two cycles, most previous studies have
relied on the Rossby number, the ratio of the rotation period to
the convective turnover time (Mittag et al. 2023). In this work,
we notably have identified this range of consistent, predictable
stellar cycle periods without knowing the stellar rotation
periods.

Perhaps the most intriguing question around stellar activity
cycles and rotation periods is what happens to solar-type stars
as their dynamo transitions from having a strong relationship
between rotation, age, and activity. For old main-sequence
stars, there is a breakdown between the rotation period and
stellar age, but perhaps not between the overall chromospheric
activity and the age of the star. The evolution of stars off the
main sequence also clouds the interpretation of these relation-
ships. The homogeneously determined stellar parameters from
CLS1 have been used to disentangle such effects (David et al.
2022). The theory of weakened magnetic braking (van Saders
et al. 2016; Metcalfe et al. 2022) is supported by the mea-
surements of stellar rotation periods with Kepler photometry
and independently with asteroseismically determined rotation
periods. We present another independent data set that can be
used to test weakened magnetic braking.

The examination of magnetic cycles as a function of age
(Oláh et al. 2016) provides a path forward for future studies
that can take advantage of large time series of Ca II H and K
activity measurements. Figure 12 shows that the regularly
cycling stars correspond to chromospheric ages between 2 and
4 Gyr. Using independently determined ages makes this con-
jecture more reliable. Adding measurements of rotational
modulation and age to the data presented here will further

elucidate the relationship between the magnetic activity of stars
and their observable proxies. Examination of the ratio of
rotation period to activity cycle for the Mount Wilson sample
shows both consistency with previous studies and subtlety in
the dependence on stellar temperature (Mittag et al. 2023). The
larger sample of cycles presented here, with precise stellar
properties, provides an opportunity to further study these
relationships and their impact on stellar dynamos.
This new collection of stellar activity cycles, with its broad

span in terms of stellar Teff and log(g), can be used to broaden
the connections between stellar cycle periods and theoretical
understandings of the generation of magnetic fields in stars. We
defer the analysis of ages, rotation periods, and Rossby num-
bers to future studies, noting specifically that the Rossby
number is not required in our current analysis. We identify the
trend between cycle period and Teff and the transition from a
strongly correlated period to a weak correlation with only
activity time series.

7. Conclusion

We present the largest sample of spectroscopically deter-
mined stellar activity cycles to date, with optical spectroscopy
of 710 solar neighborhood stars collected over two decades to
catalog chromospheric activity, and search for stellar activity
cycles. The CLS stars forming the basis of this survey may also
aid exoplanet RV surveys. The Ca II H and K time-series data
serves as a proxy for stellar and chromospheric activity, mea-
surements that can be utilized in the detection and character-
ization of exoplanets.
From our Keck/HIRES Ca II H and K data set, a total of 285

stars are amenable to searches for stellar cycles with periods
ranging from 2 to 25 yr, and 138 stars show stellar cycles of
varying length and amplitude. These activity cycle observa-
tions in turn may be used to disentangle the effect of stellar
magnetic activity when detecting and characterizing
exoplanets.
The results presented may also find use in placing the Sunʼs

stellar magnetic activity within the context of the activity of
solar neighborhood stars, including an improved understanding
of stellar activity through the star’s main-sequence lifetime.
The collection of Ca II H and K measurements from the

Mount Wilson Observatory HK Project helped to place the
solar cycle into context in the solar neighborhood. The
empirical identification of cycles and rotation periods, along
with the theoretical underpinnings of convective turnover times
and mixing lengths, has greatly improved the understanding of
magnetic phenomena on and below the stellar surface. Folding
stellar age into what we know about activity cycles and rotation
may lead to deeper understanding of the changes in stars’
chromospheric activity on gigayear timescales.
Finally, we provide tentative evidence that every G- and

K-type star passes through a stage of stellar activity in which
stellar activity cycles are present and their period is strongly
correlated to the effective temperature.
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4.3 Links and implications

In Chapter 4 we extend the primary theme of stellar activity inmain-sequence
stars to catalog time-series activity for 710 stars, 138 of which have stel-
lar activity cycles. Using the reliable Keck telescope and HIRES instru-
ment, we present homogeneously collected S-value time-series over 20
years and present an empirical identification of the Teff vs. stellar activ-
ity cycle period correlation. By including the precise determination of the
fundamental stellar properties in our analysis, we can precisely identify
connections and transitions in the phases as stellar chromospheric activ-
ity. Heterogeneous studies that attempt to pull as many observations as
possible from published works must contend with systematic errors that
can be difficult to identify and disentangle from astrophysical phenomena.
We present a decades-long survey that utilizes the same instrumental

setup and procedure that is capable of producing 2 meters per second ra-
dial velocity variation measurements. We use simultaneous observations
of the chromospheric-activity-sensitive Ca II H & K spectral lines to draw
conclusions about the magnetic activity of main-sequence stars with ages
between 1 and 4 Gyr. Such observations are only possible with dedicated
ground-based observations and homogeneously determined stellar prop-
erties.
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CHAPTER 5: THE CALIFORNIA
LEGACY SURVEY VI - THE FATE OF

STELLAR ACTIVITY CYCLES

5.1 Introduction

Drawing from our experience in exploring two astrophysical phenomena
in Chapters 3 (stellar rotation) and 4 (stellar activity cycles), we will now
focus on a narrow fraction of the CLS sample to analyze the late stages
of main-sequence stellar activity. Our sample, chosen to be older than
the age of the Sun at 4.5 Gyr, has weak rotational modulation, making it
difficult to study compared to younger stars. We explore traditional activ-
ity metrics and time-series derived S-value variability to show that these
old stars have a large range of activity variability at a mean activity level.
We include precise and homogeneously derived stellar properties to show
that variability only occurs for the oldest stars. While presenting evidence
that stars can have varying cycle amplitudes over sequential cycles, we
identify the least active stars as the likely end-state of stellar activity. The
activity floor appears at the limit of our spectral measurements and is iden-
tified in stars with masses between 0.70 and 1.1 solar masses.
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ABSTRACT
We analyze the spectra of 91 solar-type G and K type main-sequence dwarfs in the solar neighborhood

to assess activity trends with stellar properties. As a follow-on to our studies of the decoupling of
rotation from age, we use chromospheric activity time series data to probe changes in stellar activity
cycles as further evidence of differences in magnetic dynamos. We present evidence that the average
chromospheric activity remains nearly constant while the variation in a star’s activity decreases by an
order of magnitude. Measurable changes to the stellar dynamo are suggested that are not strongly
correlated with the average stellar activity, but instead correlated with the amplitude of activity
variations for stars beyond the age of the Sun. In contrast, while the activity cycle period is strongly
correlated with effective temperature for stars aged between 2 and 4 Gyr, we find no such correlation
for stars older than the Sun or otherwise low activity stars beyond log(R′

HK) = -4.90. By quantifying
the Ca II H & K activity variation over the timescales of stellar cycles, we suggest that age dating
of mature-age solar-type stars requires knowledge of activity variability in addition to the average
activity.

Keywords: Chromospheric Activity, Stellar Activity Cycles, Stellar Astrophysics, Stellar Age

1. INTRODUCTION

From the earliest observations of Sun spots in
the 1700s (Galileo’s "Letters on SunSpots"), inhomo-
geneities on the solar surface have revealed the solar ro-
tation period, and the stellar activity period (Schwabe
1843). Low-resolution spectra collected in the early
1900s connected the Calcium H and K lines to variability
in the Sun, and later to the intensity of magnetic field
strength (Eberhard & Schwarzschild 1913). Time series
observations from the Mt. Wilson survey of nearby stars
and their Ca II H and K line flux provided the first evi-
dence of stellar activity cycles similar to the solar cycle
(Baliunas et al. 1995). The observational effort to con-
nect other stars to the Sun blossomed into the study of
stellar activity, rotation and ages (Barnes 2007; Mama-
jek & Hillenbrand 2008).

Corresponding author: Howard Isaacson
hisaacson@berkeley.edu

Subtle deviations of classic spin down models, in which
stars lose angular momentum to the stellar wind, have
been informed by the Kepler Space Mission. Kepler pro-
vided precise photometry on months-long baselines that
is capable of measuring stellar rotation periods for tens
of thousands of stars (McQuillan et al. 2014) and pre-
cise stellar parameters for a subset of those stars via
asteroseismology (Hall et al. 2021; Saunders et al. 2024;
Bhalotia et al. 2024). Rotation period analysis in stellar
clusters observed by Kepler revealed detailed correla-
tions between rotation and temperature for stars at the
same age (Curtis et al. 2020; Meibom et al. 2015).

The theory of Weakened Magnetic Braking (WMB)
can provide an explanation for the observations that
show some stars spin faster than they should for their
age (van Saders et al. 2016), suggesting a disconnect be-
tween the rotation period and age of stars near the age
of the Sun, 4 Gyr (Metcalfe & Egeland 2019). WMB de-
scribes a critical threshold of the Rossby number where
a dramatic shift in the magnetic field occurs and is
measurable in the rotation period and age relationship.
Studies of Kepler planet host stars with measured rota-
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tion periods (David et al. 2022) are consistent with an
overabundance of old stars with fast rotation. The stars
that show this behavior most dramatically are F-stars
with thin convective zones that evolve more quickly off
the main-sequence than cooler stars.

Solar twins, similar in mass, temperature and compo-
sition, have been used to understand subtle changes in
chromospheric activity. Lorenzo-Oliveira et al. (2018)
studied solar twins observed with HARPS (High Accu-
racy Radial-velocity Planet Searcher) and argued for a
continuous activity decrease in the age range 1–9 Gyr.
They claimed that the non-uniform decreases in activ-
ity are due to an inadequate calculation of the log(R′

HK)
metric, specifically the underlying photospheric contri-
bution to the S-value. As the most fundamental metric
of chromospheric activity, the S-value is the ratio of the
flux in the cores of the Ca II H and K lines normalized
by the continuum on either side of the absorption fea-
tures. Log(R′

HK) is chromospheric activity metric that is
valid across a range of main-sequence star temperatures
(Noyes et al. 1984). Updates to log(R′

HK) have provided
a revised activity metric beyond solar twins that is com-
parable across all spectral types (Mittag et al. 2013, log
R+

HK). Using B−V as the primary variable of the stellar
type has been extremely useful due to vast number of
stars that can analyzed.

Spectropolarimetry, measuring magnetic field orien-
tations of stars with similar stellar properties but dif-
ferent activity levels, supports the conclusion of a rapid
change in magnetic field topology near the age of the Sun
(Brown et al. 2022; Metcalfe et al. 2022, 2024). These
observations, along with WMB models are consistent in
showing that stars with the same average chromospheric
activity [log(R′

HK) ] can have very different magnetic
field properties.

We examine a set of homogeneously determined stellar
activity cycles, and inactive stars, with precisely deter-
mined stellar properties to probe the magnetic fields of
G and K main-sequence stars with ages older than 4 Gyr
(Section 2). We will introduce the standard deviation
of the S-value time series (S-STD) as a critical variable
in the evolution of stellar activity (Section 2.3), and will
examine stellar activity changes in bins of stellar mass.
We argue below that using the Teff rather B−V to cal-
culate log(R′

HK) has several analytical benefits, but we
use log(R′

HK)-N1984 to perform our sample selection to
offer continuity with past studies (Section 3).

Our primary analysis will examine the S-STD activity
metric as a function of stellar properties (Section 3.4).
We will also search for trends between the cycle period
and the fundamental stellar properties of the star.

2. DATA AND SAMPLE

For our empirical analysis, we select 91 stars from the
California Legacy Survey (CLS1; Rosenthal et al. 2021)
sample of activity cycles, 58 of which are cycling (Isaac-
son et al. 2024). The CLS1 sample contains 719 stars
of FGKM spectral types, including main-sequence stars
and sub-giants. Of the 285 stars that were searched
for activity cycles, our restricted sample for the present
analysis must meet the following criteria:

1. The stellar mass range is between 0.7–1.1 M⊙,
binned by 0.10 M⊙. Each increasing mass bin con-
tains 18/24, 20/29, 15/24, 5/13 stars where the
numbers correspond to those with cycles and the
total number of stars in each bin. The next highest
mass bin has only 7 stars and is omitted.

2. The log(g) values must be greater than 4.3.
Changes to log(g) reflect changes in the stellar
radius. We aim to identify changes to the mag-
netic dynamo that are independent of stellar evo-
lution. Using a cutoff of 4.3 allows us to include
more stars, especially in the higher mass bin, while
limiting the effect of changes in the dynamo that
are due to stellar evolution. Our resulting range
of stellar masses and radii are 0.703 to 1.085 M⊙
and 0.71 to 1.20 R⊙, respectively. ADDED:"The
purpose of restricting the log(g) at 4.3 is to min-
imize the effects of stellar evolution in order to
focus on stellar activity changes in stars that are
on the main sequence. By using log(g) as a cut-
off value, we are more likely to discard stars more
massive than 1.0 M⊙ and less likely to discard less
massive stars. We have explored using the height
above the main sequence as a threshold for includ-
ing stars, but found this had a similar effect. "

3. Metallicity has an important effect on our analysis,
but we restrict [Fe/H] to be above -0.5, where our
sample is more densely populated.

4. We remove HD 146362B due to the ambiguity in
our data between it and its binary companion HD
146362A.

5. We categorize HD 45184 with the cycling stars,
noting the cycle discovery in Flores et al. (2016).

6. We restrict the log(R′
HK) values to be less than

-4.90, the value at which log(R′
HK) becomes less

descriptive of a star’s activity. We keep stars with
and without activity cycles. This results in a min-
imum stellar chromospheric age of roughly 4 Gyr.
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Figure 1. Teff , log(g) and stellar mass are shown for our
sample of stars. They have masses between 0.7–1.1 M⊙.
Stars with similar masses can have a range of Teff . We nar-
row the log(g) range to assess magnetic field changes for stars
while they are still on the main-sequence. Both the cycling
stars and inactive stars are plotted.

7. Our sample has a minimum, median, and maxi-
mum number of observations of 47, 109, and 944.

8. Our resulting sample is shown in Teff/log(g) space
in Figure 1, highlighting the mass bins that we use
in our analysis.

We motivate the choice to analyze stars less active
than log(R′

HK)-4.90 with Figure 2 showing that as the
median activity decreases, as expected, over time (time
increases left to right), the S-STD changes by an order
of magnitude at a constant median activity level. From
top to bottom, we plot the average S-value, log(R′

HK)
from Noyes et al. (1984) and log(R′

HK) from Lorenzo-
Oliveira et al. (2018). For the least active stars, they
have a very low median activity value and a very low
standard deviation of the S-values (S-STD). We further
divide the sample in the following sections and explore
the different mass bins of stars based on their average
activity and S-STD.

2.1. Uncertainties

We divide our sample into stellar mass bins with the
goal of identifying activity evolution as a function of
mass. Our mass uncertainties, taken from Rosenthal
et al. (2021) range from 1–4.5%. Analysis of the un-
certainties between stellar models and their limitations
(Tayar et al. 2022) has shown that upper limits on stel-
lar mass uncertainties are 5%. Even though differential
mass measurements may be valid below this value, we
find mass bins of 0.10 M⊙ to be a reasonable bin size.

For the Teff , log(g), and [Fe/H] values, we adopt the
CLS1 uncertainties with median values of 80 K, 0.028,
and 0.06, respectively. S-value uncertainties on indi-
vidual measurements are 0.001, adopted from Isaacson

Figure 2. The standard deviation of the S-values (S-STD)
is plotted as a function of median S-value, log(R′

HK)-N1984
and log(R′

HK)-L02018 for stars with masses between 0.7–1.1
M⊙. The more active stars, with log(R′

HK) > -4.90 are in
green, and the less active stars that compose our primary
sample are in brown. The vertical stratification for any given
value of the average activity displays the S-STD as a valuable
metric for studying main-sequence magnetic field evolution.

et al. (2024). The extremely precise S-values and ho-
mogeneously determined stellar properties allow for an
unprecedented examination of the main sequence stars
older than the Sun.

2.2. Dividing the sample

Isaacson et al. (2024) found that by dividing the sam-
ple into temperature bins, the chromospheric activity
cycle periods show strong correlation and low scatter
for stars between 1–4 Gyr, corresponding to log(R′

HK)
from -4.70 to -4.90. The trend is consistent in showing
that hotter stars have shorter cycles than cooler stars
in this age/activity range as some dynamo models have
shown (Kitchatinov 2022). At the transitional activity
value of -4.90, near the activity level of the Sun, and
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near the onset of WMB, the gyrochronology-age rela-
tion breaks down (Metcalfe & Egeland (2019). We use
this critical log(R′

HK) value, which has been proposed
to correspond to a critical Rossby number (van Saders
et al. 2016), to define our sample, selecting stars less
active than log(R′

HK) of -4.90. We will show in Section
2.3 that for more active stars, the variability is similar
for a given average value and for less active stars, the
average activity of a star varies significantly. Figure 3
shows that the correlation in mass is not as strong as
temperature bins for stars more active than -4.9, and
more analysis is required to understand the less active
stars. We present that analysis is Section 3.

2.3. Metrics of Activity

The log(R′
HK) metric defined by Noyes et al. (1984) is

an incredibly useful and widely adopted chromospheric
activity metric. As a function of B − V colors and S-
value, the log(R′

HK) metric can be used to compare ac-
tivity levels across a wide range of spectral types, from
F to K dwarfs. Using this metric, the solar value of
log(R′

HK) = −4.95 was identified as a transition point
in the activity evolution of stars near the age of the Sun
Metcalfe & Egeland (2019). At this average activity
level, the age determinations from gyrochronology and
chromospheric activity begin to diverge due to a change
in the magnetic field structure (Metcalfe et al. 2022).
For older, less active stars, the chromospheric ages dis-
agree with gyrochronology ages. Overall, the log(R′

HK)
metric has been invaluable for chromospheric activity
studies, and remains valid, especially when considering
the activity ages and rotation of stars younger than the
Sun. We conservatively choose -4.90 as our cutoff value.

Alternative formulations of the log(R′
HK) metric have

been created using updated stellar models and and Teff

instead of B − V . The PHOENIX models, catalog S-
values, and B − V photometry converted to Teff were
used to calculate an log(R′

HK)-like metric allowing com-
parison of giant, sub-giant, and main-sequence stars for
a wide range of spectral types (Mittag et al. 2013). A
later study of the HARPS sample used a metric, log(R5)
and log (σR5) (Gomes da Silva et al. 2021), which are
conceptually similar to the mean log(R′

HK) and varia-
tion in log(R′

HK). They also identified the importance
of the activity variability using the log σ (R5) metric.
Separately, the color-correction factor that is used to
calculate the photometric Ca II H and K flux was recal-
ibrated, and the stellar effective temperature was used
in place of B − V to calculate the ages of solar twins
(Lorenzo-Oliveira et al. 2018). Using B − V value to
calculate log(R′

HK) is less precise than using Teff be-
cause it conflates the temperature and metallicity (Lo-

Figure 3. Stellar activity cycle period binned by stellar
mass. We do not see the same tight correlation with temper-
ature and cycle period for stars more active than log(R′

HK)
(Noyes-1984) of -4.90 compared to the tight correlation when
binned by Teff (Isaacson et al. 2024). The stars less active
than −4.90 have large scatter in cycle period for a variety
of time-averaged activity values. Gray data points represent
all mass bins.
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vis et al. 2011; Mittag et al. 2013; Isaacson et al. 2024).
With the ability to calculate Teff , log(g), and [Fe/H]
from the same spectra used to measure the S-values,
the Lorenzo-Oliveira et al. (2018) version of log(R′

HK)
(log(R′

HK)-LO2018) can be used to search for correla-
tions with metallicity that are otherwise conflated in the
log(R′

HK)-N1984 calculation.
Our division of the sample by mass reduces the need

for a spectral-type indifferent metric. We will assess
the Lorenzo-Oliveira et al. (2018) and the Noyes et al.
(1984) log(R′

HK) values as activity metrics for stars older
than the Sun and add the variation in activity levels and
consider their use as a proxy for stellar age. Combin-
ing the fundamental stellar properties from CLS, and
precise S-value time series, all of which are calculated
from uniformly observed and analyzed spectra, we will
use the S-value and standard deviation of the S-values
(S-STD) to find subtle relationships between stellar ac-
tivity and fundamental stellar properties. We will argue
that S-value is more effective than using the log(R′

HK)-
N1984 or log(R′

HK)-LO2018, or log (σR5) when stars are
divided into bins by stellar mass.

3. RESULTS

3.1. Setting the Stage

Our analysis consists of examination of the best ac-
tivity metrics to use, their strengths and weaknesses,
and applying that knowledge to examining fundamental
stellar property correlations to activity variability. We
will argue that S-STD is an excellent choice for identi-
fying exceptionally inactive stars, and that correlations
between activity and stellar properties vary by stellar
mass.

In Figure 4 we plot the S-STD as a function of me-
dian S-value, log(R′

HK)-N1984, and log(R′
HK)-LO2018

for four linearly-spaced mass bins in the range of 0.7–1.1
M⊙. In each panel, average activity is higher on the left
and decreases to the right. The vertical axis is S-STD,
and indicates the level of variability in a star’s S-value
time-series.

By calculating the Pearson correlation coefficient (P-
CC) for each panel, one value for the cycling stars
and one for the cycling plus inactive stars, we see that
the average S-value consistently tracks with the vari-
ability with higher correlation than the other metrics.
These plots emphasize that log(R′

HK)-N1984 cannot dis-
tinguish between cycling and inactive stars below a value
of -4.90 as well as the S-value. The stars with the low-
est S-STD have a range of log(R′

HK)-N1984 values. The
log(R′

HK)-LO2018 bins have similar P-CC values in the
two lowest mass bins (0.92, 0.71) but shows weaker cor-
relation for the two higher mass bins, (0.5, 0.5). We use

yellow star symbols to indicate stars without detected
activity cycles and find that they typically populate a
unique parameter space, a smaller S-STD compared to
the cycling stars in the same mass bins.

These correlations call for studies of theoretical dy-
namo models to utilize the variability of a star’s activity-
variability in addition to its average activity (Gomes da
Silva et al. 2021; Brown et al. 2022; Luhn et al. 2022),
and if only the average activity is available, the S-value
plus the stellar mass is the best metric. One theory that
could include activity variability is WMB which identi-
fies an average value for activity for a star in log(R′

HK)-
N1984 and converts that into a Rossby number using
a theoretical prediction for the convective turnover time
(Noyes et al. 1984; Corsaro et al. 2021). This is sufficient
treatment for stars more active than the −4.90 thresh-
old, where the average activity value tracks with the
S-STD (Figure 2). Using the P-CC values, our sample
shows that using an average value of log(R′

HK)-N1984
(low P-CC values) does not fully inform the state of
a star’s activity as measured by S-STD. Using the S-
value is a better solution for every mass bin because
they have the highest P-CC values, although log(R′

HK)-
LO2018 will perform comparably for the lowest mass
bin.

3.2. The Least Active Stars

We identify the least active stars in Figure 4 (yellow
star symbols) as those having the smallest S-STD val-
ues and no identified activity cycle (Isaacson et al. 2024).
The average chromospheric activity metrics are insuffi-
cient to distinguish these inactive stars from those that
are still cycling. Time-series data is required to iden-
tify the absence of a cycle and to show that such stars
are much less active than the cycling stars with similar
average activity.

In the 0.70–0.80 M⊙ mass bin of Figure 4, HD 166620
is identified as one of the five least active stars (magenta
symbol), consistent with the identification of its Maun-
der Minimum Baum et al. (2022); Luhn et al. (2022).
Tau Ceti (green symbol), a well-studied stellar activity
standard star, is known to have a pole-on inclination
(Korolik et al. 2023) that precludes us from identifying
its chromospheric activity cycle or rotational modula-
tion via S-value time-series. HD 190067 (brown sym-
bol) has no identified cycle in a parameter space where
we expect one. We assess this outlier as likely have an
unidentified cycle due to poor time sampling. ADDED:
The lack of visible activity cycle is an observational as-
sessment of Tau Ceti S-values. Possible explanations of
why we do not see activity cycle changes include the de-
crease in spot intensity as they migrate from the equator
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Figure 4. Average activity data vs S-STD is plotted for four equally spaced mass bins that decrease from top to bottom. The
left, middle and right columns show the median S-value, the log(R′

HK)-N1984 value and the log(R′
HK)-LO2018 metric on the

x-axis. For each panel, the Pearson correlation coefficient (P-CC) is calculated separately for the cycling stars (blue symbols)
and all stars in each mass bin. We find the correlations between activity variation and each activity metric vary by mass bin,
with S-value showing the strongest correlation on average. From the inactive stars (gold symbols) we single out HD 166620
(magenta) Tau Ceti (green) and HD 190067 (brown). Gray data points represent stars from all mass bins.
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to the pole, diminished differences between spot and non-
spot coverage due to limb darkening, and the effect of
pole-on viewing angle on plages. It is possible for other
stars to have this scenario but it is statistically unlikely.

In the 0.80–0.90 M⊙ bin of Figure 4, the inactive and
cycling stars overlap. The non-cycling stars have no
identified cycles but have similar S-STD to cycling stars.
The two stars with cycles that overlap the inactive stars
are robustly detected cycles but have extremely small
amplitudes. These stars are HD 126053 and HD 221354
with S-value cycle semi-amplitudes of 0.0018 and 0.0035.
The single measurement S-value uncertainty of 0.001.
For a very small amplitude cycle to be detected, perhaps
these stars have near edge-on inclinations.

In the 0.90–1.00 M⊙ bin of Figure 4 two populations
are vertically differentiated, one near S-STD of 0.01 and
one near 0.001. The two stars that are cycling but
near the inactive cluster, are HD 52711 and HD 42618.
Again, if these stars are edge on, we are more likely
to detect their small amplitude cycles. The pile-up of
stars near an S-STD value of 0.01 that is not present in
any other mass bin, may reveal a change in the stellar
dynamo in this mass bin that happens over astrophysi-
cally short timescales. Or if stars move between cycling
and inactive phases, perhaps a stochastic mechanism re-
quires a bimodal distribution of S-STD.

In the 1.00-1.10 M⋆ bin of Figure 4, the inactive stars
are vertically clustered indicating the floor of activity,
and perhaps the lower limit of our measurements. The
inactive stars in this bin represent very old stars that
have low amplitude activity cycles that either fall below
our measurement threshold or have periods longer than
our observing baseline, or both. Continued monitoring
could reveal a star exiting its inactive state, or only its
permanent inactivity.

There is no metric of average activity that uniquely
identifies inactive stars. For stars with chromospheric
ages older than the Sun, the stars without cycles are
the least active in time-averaged activity, for every mass
bin, although in some bins the populations overlap. As
stars decrease in S-STD the regular periodic cycles tend
to become less complex, their amplitude lower (Oláh
et al. 2016). Next, we search for correlations the S-STD
values and fundamental stellar parameters.

3.3. Stellar Properties and Activity Variability

In Figure 5 we examine the relationship between stel-
lar properties determined from high-resolution spectra
from Keck/HIRES and the CLS survey to determine
whether any of these properties can differentiate the
cycling stars from inactive stars that may have aged
out of their cycles. We also search for correlations be-

tween S-STD and Teff , log(g) and [Fe/H] such as the
temperature-period relationship for 2–4 Gyr stars em-
pirically identified in Isaacson et al. (2024).

3.3.1. S-STD and Stellar Surface Temperature

In the left column of Figure 5 the Teff is plotted
against S-STD for the same 0.7–1.1 M⊙ stellar mass bins
as in Figure 4. For the sub-solar mass bins, the nega-
tive P-CC values (-0.70 – -0.79) reveal that the cooler
stars have higher variability compared to hotter stars
at the same mass, but both cycling an inactive stars
can have the same Teff . The coolest inactive star is HD
166620 (Teff = 5099 K). In the 0.9–1.0 M⊙ mass bin
a gap in S-STD vertically separates the cycling and in-
active stars (with two exceptions) and is suggestive of
a rapid (on stellar timescales) transition from a cycling
state to an inactive state. With our knowledge of the
Sun’s magnetic minima phases, we have evidence that
these transitions can occur quickly, on order of years.
The two cycling stars that are near the inactive cluster
may have a favorable inclination that allows us to mea-
sure the very small amplitudes of their cycles or may be
undergoing a transition from cycling to inactive.

The mechanisms that cause a star to enter and exit
a magnetic minimum requires a stochastic process that
is poorly understood. We do have one example in HD
166620 and we know that inclination angle also plays
a role in cycle detection. Since the S-STD tracks with
the amplitude of the stellar cycle, the 0.8–0.9 M⊙ mass
bin is the most suggestive of a gradual decline in cycle
amplitude as the star decreases in Teff , before the cycle
amplitudes fall below our detection limit.

3.4. S-STD and Stellar Surface Gravity

While stellar evolution, including the increase in stel-
lar radius that accompanies a departure from main-
sequence, causes its own magnetic field morphology,
changes to magnetic field without evolutionary changes
must be considered (Metcalfe et al. 2023, 2024). By
choosing a narrow range of log(g) values we can identify
magnetic field changes of stars while they are still on the
main-sequence. In the super-solar mass bin, the inactive
stars populate a very narrow parameter space, but not
one unique in log(g). There are both cycling stars and
inactive stars at the edge of the log(g) distribution. In
the three highest mass bins, the inactive stars skew to-
ward low log(g) but it would be more accurate to say
that the highest log(g) stars tend to be cycling, but the
lowest log(g) stars can be cycling or inactive. Given the
median log(g) uncertainty of 0.28, these can be viewed
as tendencies rather than definitive correlations.

The 0.7–0.8 M⊙ bin is the most straightforward to in-
terpret because the variation in S-STD that we measure
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Figure 5. Fundamental stellar properties vs S-STD are plotted for four equally spaced mass bins that decrease from top
to bottom. The left, middle and right columns plot the Teff , log(g), and [Fe/H] vs S-STD, respectively. Gray data points
represent stars from all mass bins. We find the sub-solar mass bins have more consistent P-CC values than the super-solar
mass bin for all three stellar properties. The inactive stars behave similarly to the cycling stars, but at lower S-STD values,
suggesting the inactive stars represent a stage of activity that stars reach after their cycling amplitudes are no longer detectable.
A representative error bar is shown for the x-axis values. From the inactive stars (gold symbols) we single out HD 166620
(magenta) Tau Ceti (green) and HD 190067 (brown).
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occurs without any corresponding changes to the stellar
surface gravity (within errors). The variation in S-STD
for this mass bin occurs on the main-sequence. The ob-
served inactivity corresponds to an insufficient amount
of contrast on the stellar surface to measure cycle mod-
ulation, confirming that stars can reach magnetically in-
active states while still on main-sequence.

3.5. S-STD and [Fe/H]

The right column of Figure 5 shows how S-STD and
[Fe/H] are related as a function of mass. The super-
solar mass bin has a low correlation between S-STD and
metallicity (P-CC = -0.33). The three low-mass bins
show strong correlation (P-CC = 0.6, 0.7, 0.9). Stars
with the smallest S-STD tend be more metal-poor and
the correlation grows stronger as mass decreases.

Similar to the Teff correlations, there is a population
of high-metallicity stars that contains no inactive stars.
While we do not see inactive stars populating unique
parameter space in metallicity, they skew metal-poor.
Metallicity effects on stellar rotation have been shown
to be important, especially in stars with thin convec-
tive zones (Amard & Matt 2020). We present new evi-
dence showing that metal-poor stars in our sample can
either be cycling or be inactive. Conversely, we show
that metal rich stars can be in cycling or inactive states.
A broader sample of inactive, metal-poor, stars would
further solidify our conclusion, as our [Fe/H] range is
limited to 0.4 to -0.4.

The P-CC values for the Teff and [Fe/H] columns of
sub-solar mass stars are nearly identical, leading to a
degeneracy between the fundamental stellar parameters
in the context of activity variability. For each mass bin,
cooler stars tend to be more metal rich, making it dif-
ficult to isolate the primary factor. Broadly speaking,
hotter, metal-poor stars for a given mass are less active
with smaller cycle amplitude and tend toward inactivity.

3.6. Cycle period-amplitude relationship.

The simplest explanation between the stellar cycle am-
plitude would be a direct correlation where the ampli-
tude and period steadily decrease as the star sheds an-
gular momentum over time, but we find a more com-
plicated scenario. Theoretical studies that model the
stellar cycle found the period to be strongly correlated
with the temperature (Kitchatinov 2022) and observa-
tional studies confirm this (Isaacson et al. 2024). For
stars older than the Sun, the cycle period - Teff becomes
stochastic. Figure 6 shows that for a given period, the
cycle amplitudes have a large scatter, especially for sub-
solar masses.

The highest amplitude cycles tend to have a period
of 10 years, except for the super-solar mass bin, which

Figure 6. The cycle period vs cycle amplitude for stars with
masses between 0.7-1.1 M⊙. Across sub-solar mass bins, the
primary feature is a maximum in the amplitude distribu-
tion at a period of 10 years. The correlation coefficients are
strongest in the two lowest mass bins, and nearly zero in the
near-solar mass bins. The secondary feature is that cycle
periods longer than 15 years have consistently low ampli-
tudes. Perhaps passing the 15 year threshold is the point
of no return and cycles only tend toward longer and smaller
amplitude cycles.

has only small amplitude cycles. But small amplitude
cycles exist at cycle periods from 2–23 years across mass
bins. We can use the P-CC to assess how strongly the
period and amplitude are coupled and we find it to vary
as a function of stellar mass. From the lowest to highest
mass bin, we find P-CC values of -0.12, -0.07, -0.45 and
-0.63. The two lowest mass bins have cycle periods that
range from 7 to 23 years, but the two higher mass bins
range from 2.5 to 16 years.

Some stars have observed cycles with varying am-
plitudes, further complicating our interpretation. HD
18803, with a 5-year period, increases its semi-amplitude
by a factor of two in only 20 years (Isaacson et al. 2024).
A second example is HD 4915, a one-time magnetic mini-
mum candidate that had a steadily decreasing amplitude
(Shah et al. 2018), before turning over with an increasing
amplitude. The highest amplitude of the four, five-year
cycles was an S-value of 0.22 and the lowest was 0.19
two cycles later.

The most prominent feature in Figure 6 is the ex-
tremely small semi-amplitudes for stellar cycles longer
than 15 years for all mass bins. This may indicate that
a star’s cycle period and intensity may vary, but it will
eventually end up in a long-period, low amplitude cy-
cle before the amplitude falls below our measurement
precision (Metcalfe & van Saders 2017).

3.7. Cycle Period and Activity Variability



10

Figure 7. Fundamental stellar properties vs stellar cycle periods are plotted for four mass bins. The equally spaced mass bins
decrease from top to bottom. The left, middle and right columns plot the Teff , log(g), and [Fe/H] vs cycle period, respectively.
Gray data points represent stars from all mass bins. If one of the parameters was critical in determining the cycle period, we
would see a strong P-CC for all mass bins, but no property shows such consistency.
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We examine the activity cycle periods as a function
of stellar parameters in Figure 7 concluding that there
are no strong correlations with any one parameter across
mass bins. While the Teff and [Fe/H] correlations show-
ing consistency for sub-solar mass bins in Figure 5, we
find a nearly random set of correlation coefficients when
breaking down the cycle period correlations with fun-
damental properties by stellar mass. Previous studies
have shown that the oldest stars have more regular cy-
cles, (Oláh et al. 2016), with diminishing amplitude, we
find a more complex scenario that must be governed by
a stochastic process.

3.8. Observational Biases

The observational expense of collecting S-values over
the duration of stellar cycles has lead to the use of the av-
erage log(R′

HK) value to study magnetic dynamos. Ro-
tational modulation and cycle modulation lead to in-
accurate values of the averages unless sampling spans
rotation period and activity cycle timescales. Single
epoch log(R′

HK) observations, which are even more lim-
ited, should be used with caution when drawing con-
clusions about population trends (Isaacson et al. 2024).
With many observations across their sample, Lovis et al.
(2011) claimed mean activity was a good indicator of
magnetic variability, but multi-epoch observations from
the BCOOL survey Brown et al. (2022) showed that for
a given level of average activity, the activity variability
can vary by an order of magnitude. Many of their stars
had fewer than twenty observations and included stars
much younger and more active than our sample. Yet
they reached the valuable conclusion that S-value vari-
ability is important in choosing targets for precise RV
surveys. Longer-baseline observations of the AMBRE-
HARPS exoplanet survey (Gomes da Silva et al. 2021)
identify similar trends in the least active stars as pre-
sented here, and noted that activity variability is an im-
portant consideration in addition to mean activity level.

Studies that use models of stellar spin down (van
Saders et al. 2016; Saunders et al. 2024) require observed
values of the rotation period for comparison to theoret-
ical models. We present data spanning 20 years, ensur-
ing robust measurements in chromospheric variability,
and do not require a periodic cycle for interpretation.
S-STD can be used to inform dynamo evolution mod-
els of main-sequence stars that typically require Rossby
numbers calculated using average activity values, when
stellar rotation periods are below the threshold of ob-
servational detection.

For the lowest amplitude cycles, we heed the work of
Masuda (2022) understanding that we may be limited
by our ability to measure the flux in the cores of the

Ca II H and K lines based strictly on signal to noise.
We are able to differentiate cycling stars from inactive
stars with relatively little overlap between the popula-
tions. By focusing on a narrow range of chromospheric
activity with precise long-term averages, and using Teff ,
log(g), [Fe/H], that are homogeneously determined, we
have attempted to mitigate the observational biases of
this survey.

3.9. Impact on Radial Velocity surveys

The S-STD metric provides a valuable tool for select-
ing targets for precise radial velocity observations of ex-
oplanets. While potential targets cannot be vetted with
a single observation, ground-based radial velocity (RV)
surveys of FGK stars in the solar neighborhood already
have the time baseline necessary to calculate S-STD over
the timescales of stellar activity cycles (Isaacson et al.
2024; Gomes da Silva et al. 2021).

The value in choosing RV targets with low S-STD is
two-fold. The contribution to the radial velocity jitter
that comes from a spotted stellar surface is dramatically
reduced and the interpretation of the radial velocity sig-
nal is simplified. For example, Rosenthal et al. (2021)
listed 103 false positives in their radial velocity analysis.
Forty-two are attributed to a stellar activity correlation
with radial velocities and sixteen are likely from activ-
ity induced rotation signals. Stars at the bottom of the
S-STD distribution do not need to be decorrelated from
RVs because they have no S-value variation down to the
limit of the measurements, making them excellent can-
didates for extremely precise RVs.

We cross reference the CLS sample with the NASA
ExEP imaging list (Mamajek & Stapelfeldt 2024) to rec-
ommend the stars that are the least active. These stars
have log(R′

HK) of less active than log(R′
HK) of -4.90 and

listed without cycles in Isaacson et al. (2024). They
are HD 10700 (Tau Ceti), HD 110897, HD 115617, HD
136352, HD 166620, HD 38858, HD 4614, HD 86728,
and HD 95128.

4. DISCUSSION

In contrast with the Teff to cycle period relationship
(±1.0 yr) for stars with log(R′

HK)-N1984 between -4.70
and -4.90 (Isaacson et al. 2024), we find no strong rela-
tionships between stellar cycle period and fundamental
stellar parameters for stars less active that log(R′

HK)-
N1984 < -4.90. Mass-binned stars reside on the same
evolutionary tracks and represent a consistent picture of
activity through time, and the lack of identified trends
represents the presence of a stochastic dynamo process
that governs the magnetic fields of these stars.

Our choice of log(R′
HK)-N1984 = -4.90 is consistent

with the time at which the relationship between rota-
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tion and stellar age breaks down (Metcalfe & van Saders
2017), a phenomenon described by the theory of weak-
ened magnetic braking (van Saders et al. 2016). We
choose our sample to exclude stars that have evolved
off of the main-sequence. By using the standard devi-
ation of the S-value time series, S-STD, we have iden-
tified the magnetic transition without the typically re-
quired knowledge of the rotation period of the star. We
find that as stars decrease in activity beyond log(R′

HK)-
N1984 of -4.90, their average chromospheric activity
value changes relatively little, but the variability de-
creases by an order of magnitude.

With the breakdown of the gyrochronology relation-
ship for stars around the age of the Sun, we provide
the S-STD metric that may be useful in calculating the
ages of stars older than 4 Gyr. An independent determi-
nation of the ages for these stars is required for such a
calibration, such as from stellar isochrones, or asteroseis-
mology. Since the determination of the Rossby number,
the ratio of the convective turnover time to the rotation
period, is typically calculated using the average activ-
ity of a star (Noyes et al. 1984; van Saders et al. 2016;
Corsaro et al. 2021), the Rossby number needs to in-
clude a time-variable activity metric will be needed to
fully explain the magnetic activity of stars older than
the Sun.

We find the S-value, with knowledge of the stellar mass
to be the best activity metric and that stars with the
least average activity AND the smallest deviations of S-
value are the least active stars. We find the one Maunder
Minimum star, HD 166620 has extremely low variability,
as expected, and that stellar inclination is important to
consider in interpreting S-STD. Whether or not stars
reach an inactive level that is inescapable or if they can
begin cycling again will require addition observations of
these already well-observed stars.

5. SUMMARY AND CONCLUSION

We present a detailed analysis of main-sequence FGK
stars older than the Sun, searching for a determinis-
tic relationship between fundamental stellar parameters
and the periods of their stellar activity cycles. With
the observed sample covering several decades, we ob-
tain long-term averages and standard deviations of the
S-value. Using the age of the Sun as the lower age limit
of our sample and using mass bins, we find a wide array
of correlations.

We find that the S-STD is correlated with Teff , but
not for stars more massive than the Sun. The S-STD
is modestly correlated with log(g) for three out of four
mass bins, with the smallest mass bin having the weakest
correlation. The metallicity correlation with S-STD is

near zero for super-solar masses and consistently strong
for three sub-solar mass bins. We find that for the in-
active stars, those without a detected cycle are identi-
fied with the S-STD activity metric, but average activ-
ity metrics of S-value, log(R′

HK)-N1984, nor the revised
log(R′

HK) metric from Lorenzo-Oliveira et al. (2018) are
not able to identify them. More so than these two types
of log(R′

HK), the S-value itself, best correlates with S-
value variability. In contrast to dividing the cycling stars
by Teff and finding the small scatter in cycle period for
stars between log(R′

HK)-N1984 of -4.70 and -4.90, we
find sporadic correlations between cycle period and stel-
lar properties for stars less active than -4.90. Searching
Teff , log(g) and [Fe/H], the primary stellar parameters
obtained from high-resolution spectroscopy, we find in-
consistent correlations between them and the cycle pe-
riod.

The activity cycle and stellar variability analysis pre-
sented here poses new questions for stellar dynamo the-
orists to contemplate, for stars older than the Sun. The
sporadic nature of the correlations, a departure from the
well-behaved activity cycles for stars with ages between
2-4 Gyr, will require the inclusion of chromospheric vari-
ability as well as average chromospheric activity when
calculating dynamo variables such as Rossby number
and convective turnover time.

In conclusion, we find measurable changes in the dy-
namos of main-sequence solar-type stars older than the
Sun that are correlated with the amplitude of their ac-
tivity variations. In contrast, while the activity cycle
period is strongly correlated with effective temperature
for main sequence stars 2 to 4 Gyr, no such correlation
is apparent for stars older than the Sun, or otherwise
low activity stars. We suggest that knowledge of activ-
ity variations over the timescale of stellar cycles and not
just average activity levels is important in age dating
stars older than the Sun.

Finally, with the detailed analysis of the oldest G and
K dwarfs in the solar neighborhood, we have a more
complete picture of the activity over the lifetime of a
star. When stars are very young (less than 100 Myr),
they show chaotic activity, without cycles or periodicity.
As they spin-down they are capable of having irregular
cycles that vary from cycle to cycle, for example Eps
Eri (Metcalfe et al. 2016). Next they settle into cycles
with regular periodic structure, sometimes with a short
period cycle of a few years and a longer cycle of several
decades (Oláh et al. 2016). Between 2–4 Gyr, essen-
tially all FGK stars have regular period cycles and their
temperature determines the period. At the age of the
Sun, 4.5 Gyr, stars maintain a constant average activ-
ity but decrease their variability, and eventually extend
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their cycle period beyond our ability to measure either
their amplitude or period.
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5.3 Links and implications

In Chapter 5 we extended our analysis of chromospheric activity time-
series to identify the changing activity levels of stars older than the Sun.
With the dataset from Chapter 4 in hand, we used the robust chromo-
spheric activity averages that we collected on timescales of stellar activity
cycles. By focusing on stars without rotation modulation that is measur-
able in the S-values, we strictly analyze the activity cycle contribution of
the S-value. The primary activity metric, log(R′

HK), is a sensitive function of
the stellar temperature, especially for exceptionally old stars. We take ad-
vantage of the exceptionally precise nature of our activity measurements,
along with the homogeneously determined Teff values to probe this poorly
understand period of a star’s magnetic life. Consistent with our reliance
on time-series activity measurements and robust stellar properties, we are
able to show that our understanding of magnetic field properties of the old-
est stars is missing a critical component, the decreasing time variation of
activity at constant average activity. This final thread ties together the pri-
mary research presented here: stellar rotation, stellar activity cycles, and
the ultimate state of magnetic activity in main-sequence stars.
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CHAPTER 6: DISCUSSION AND
CONCLUSIONS

6.1 The California-Kepler Activity Survey

In Chapter 3 we presented the eleventh installment of CKS, expanding the
analysis of this extensive ground-based observing program. Building pri-
marily on the catalog of precise stellar properties that were compiled from
the analysis of Keck/HIRES spectroscopy (Petigura et al. 2017; Johnson
et al. 2017), the chromospheric activity catalog represents an extension of
the CKS catalog that can be used in a wide variety of exoplanet studies.

6.1.1 A chromospheric activity catalog for Kepler planet hosts

Using the CKS chromospheric activity catalog, we place theKepler planet-
host stellar sample into context with samples of solar-neighborhood stars.
The Mount Wilson Survey, the CPS survey for exoplanets (Wright et al.
2004; Isaacson and Fischer 2010), the AMBRE-HARPS sample of stars
(Gomes da Silva et al. 2021), and a survey of southern hemisphere solar-
type stars (Henry et al. 1996) offer insights into the activity distribution of
nearby stars. Although each survey has its own selection function, the
Kepler sample, which is primary located beyond 300 pc, has been shown
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to include a majority of stars less active than the Sun (Gilliland et al. 2011).
The CKS sample included only stars with transiting planets. Stars that are
not amenable to planet transit detection due to their high activity levels are
not included in CKS. This resulted in a sample that is mostly older than
1 Gyr, (Petigura et al. 2022; Berger et al. 2020). Rather than the rapidly
rotating stars that were also found in Kepler rotation analyses McQuillan
et al. (2014), this selection function led to the use of the CKS catalog in
stellar rotation analysis and hypothesis testing for the theory of WMB in
David et al. (2022) and Chapter 3.
The CKS activity catalog will provide an important activity metric for fu-

ture studies of individual systems that can be used as a component in
planet atmosphere studies and planet formation theories. The catalog will
offer chromospheric measurements that can be used to study planet-star
interaction, determine whether a star is amenable to precise radial veloc-
ities, and assess a star’s spin-down and rotation. These last properties
are especially complementary to the Kepler photometric data. The var-
ious timescales of variability that Kepler measured include the 12-hour
precision used as a metric for that ability to find Earth-sized planets, the
timescales of rotational variability (McQuillan et al. 2014) and photometric
variation on long timescales (Zhang et al. 2020). The activity measure-
ments presented in Chapter 3 are highly complementary to these variabil-
ity measurements since the Ca II H & K lines are sensitive to the chro-
mosphere and a proxy for magnetic field strength, measurements beyond
what the Kepler broadband photometry can offer.
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6.1.2 Support for WMB from CKS

Chapter 3 focuses on stars withe ages older than 1 Gyr when astrophys-
ical theories such as WMB become relevant, specifically near the age of
the Sun at 4.5 Gyr. Kepler rotation rates from McQuillan et al. (2014)
have been used to great effect to test WMB descriptions of stellar spin-
down (van Saders et al. 2016). David et al. (2022) combined the precise
stellar properties of the CKS sample with rotation rates to identify ”Rossby
Ridge” feature where stars pile-up in Teff and rotation period space. We
use the CKS-HK catalog to show that the activity level of stars on the
Rossby Ridge is at the critical level of -4.90 identified in studies of field
stars (Metcalfe and Egeland 2019). Using additional data to compound
the observational evidence in support of theoretical astrophysical expla-
nations is a fundamental strength of the work presented here.

6.1.3 Extending of single epoch measurements of activity

During the CKS-HK analysis, the analysis was limited by the single epoch
measurements of the CKS catalog. As star spots on the stellar surface
change due to rotational modulation, spots move in and out of our view.
Multi-epoch observations can use S-value variations to identify the rota-
tion period and draw correlations between rotation and activity. We relied
on previously determined activity-rotation relationships, when comparing
activity derived rotation periods to photometric rotation periods. An exten-
sion of Chapter 3 could use time-series S-values to measure the rotation
period with a chromospheric diagnostic to complement the photometric
rotation periods from Kepler. X-ray observations, another metric used to
measure magnetic activity, could be observed, extending our understand-
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ing of stellar activity to higher energy levels.

6.1.4 Connections between planet radii and chromospheric activity

The CKS dataset, containing roughly 1,000 planet host stars, is ideally
suited to study the distribution of planet radii. Themost dramatic discovery
is the planet radius gap, and theoretical studies have been able to explain
the differentiation of super-Earths and sub-Neptunes with photoevapora-
tion that largely occurs in the first 100 Myr of planet formation (Owen and
Wu 2017). The theory of core-powered mass loss can explain rocky vs
gaseous planet differentiation (Gupta and Schlichting 2019). The defini-
tive explanation of planet formation for super-Earths and sub-Neptunes is
still open for debate. Using updated stellar parameters for the full Kepler
catalog and utilizing Gaia DR2 data of more than 200,000 stars, differ-
ences were identified between stars older than 1 Gyr compared to older
stars. In particular, the fraction of super-Earths to sub-Neptunes at young
ages increases from 0.61 ± 0.61 to 1.00 ± 0.10 at old ages (Berger et al.
2020).
Our work in Chapter 3 was limited to stars older than 1 Gyr, and we

showed that stellar insolation is a more important factor than average
chromospheric activity when considering photoevaporation in the context
of planet formation. This holds true for F, G and K-type dwarf stars, but
studies have indicated that high energy flux in M-dwarfs may play a critical
role in planetary atmospheric erosion in these stars (O’Malley-James and
Kaltenegger 2019). The role of high-energy flux in planetary atmospheres
of M-dwarfs is of high interest due to the large number of M-dwarfs avail-
able for study and the observational advantages they have over solar type
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stars. These small cool stars have habitable zones that are closer in dis-
tance compared to solar-type stars, making the high-energy flux important
in quantifying planetary atmospheric escape.

6.1.5 CKS as a foundation for theoretical studies

The interplay between theory and observation plays a fundamental role in
astronomy. In the context of planet formation, theoretical formation mod-
els have been challenged by observation in the last 30 years. After the
discovery of Hot-Jupiter planets, dynamical evolution models were devel-
oped to migrate Jupiter-mass planets from the volatile-rich areas beyond
the snow-line to close-in orbits (Dawson et al. 2015). Such models were
needed since in situ formation was difficult to explain. The discovery of
the common occurrence of small, close-in planets from the Kepler mission
(Howard et al. 2010b) caused another overhaul of planet formation mod-
els (Ida and Lin 2005, 2010) that had previously excluded the possibility
of super-Earths and sub-Neptunes in orbits shorter than 50 days.
Publication of the first CKS papers coincided with the theoretical ex-

planation of the radius gap by photoevaporation, yet challenges remain.
When considering the formation of the solar system, the terrestrial plan-
ets and the lack of super-Earth or sub-Neptunes remains difficult to ex-
plain (Morbidelli and Raymond 2016). Jupiter’s role in forming the so-
lar system, particularly in understanding volatile delivery to the inner sys-
tem is relevant to understanding the same process in exoplanet systems.
The median eccentricity of Jupiter analogs is 0.23 (Kane and Wittenmyer
2024), higher than that of Jupiter and Saturn. This may lead observers
to follow-up exoplanet systems with known eccentric Jovians, and their
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higher volatile inventory, that could lead to a higher occurrence of terres-
trial planets. The CKS activity catalog could be used in studies of exo-
planet atmospheres. Recent studies identifying helium escaping from ex-
oplanet atmospheres (Gully-Santiago et al. 2024) will require a thorough
understanding of the magnetic activity profile of host stars Fig 6.1.

6.1.6 CKS will stand the test of time

The CKS dataset, now with a chromospheric activity catalog to comple-
ment the precise stellar and planet parameters, offers an observational
foundation for use in future theoretical studies and a benchmark for fu-
ture observational surveys. The value of consistent, uniform, high-quality,
ground-based data was used to add scientific depth to an already impres-
sive Discovery class NASA mission. These fundamental spectroscopic
stellar parameters have been used for primary science of planet demo-
graphics and can be used as starting points for stellar isochrone analysis
(Huber 2017). While the population level information has been revolution-
ary, single system parameters can be used in follow-up observations with
HST, JWST, and beyond. A similar catalog that observes TESS-identified
planet hosts that matches the consistency and quality of CKS should be
undertaken, but the most impactful exoplanet discoveries from CKS will
not be surpassed soon.
With the ongoing collection of stellar activity data to understand mag-

netic dynamos in solar type stars, we offer a uniform catalog that can
be extended by collecting future observations. A new survey that stud-
ies the fundamental relationships in the age-rotation-activity regime of
stellar astrophysics would continue to gain value with longer baselines.
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Figure 6.1: From Gully-Santiago et al. (2024), figure 7: ”Overlay of all 152 individual
Habitable Planet Finder exposures of HAT-P-67, spanning 2020–2022. Variability is seen
in the He I 10833 Angstrom triplet near the vertical orange shaded band but not in the
adjacent Si line. These snapshot spectra were barycentric corrected and continuum
flattened with a linear fit to the regions in the blue vertical bands. Sharp telluric absorption
lines have been masked in regions near 10835 and 10837.5 Angstroms.” Our ability to
measure changes in individual spectral features at high-resolution enables exoplanet
science and fundamental stellar astrophysics. Differentiating between changes due to a
planet’s atmosphere versus changes due to variations in a star’s magnetic field will be
critical in correctly interpreting results from JWST and future space-based missions.
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Studies of stellar rotation, Rossby number, WMB and late-stage stellar
spin-down can utilize the CKS activity data to better understand individual
systems that are already well-studied by Kepler. The search for stars in
magnetic states that resemble the Sun’s Maunder Minimum will remain
a quest and will influence and inspire future observational studies of the
magnetic fields of solar-type stars. Age estimates from new sources can
be compared with activity ages to identify new aspects of main-sequence
magnetic dynamo evolution.
The connection between measured rotation periods of Kepler stars and

their activity is an active area of research. Current age-activity-rotation
relations are well established across a range of ages using young clus-
ters (Mamajek and Hillenbrand 2008; Curtis et al. 2020), and will be ex-
panded as wide-field high-cadence observational surveys such as Rubin
Observatory see first light. Documented detections of star-planet interac-
tions are uncommon, but new instruments and telescopes have identified
candidates in the radio (Ortiz Ceballos et al. 2024). Knowing the stellar
chromospheric activity properties of candidate system will be vital inputs
into fully understanding these systems.

6.2 The California Legacy Survey

6.2.1 The value of long time-baseline observations

The CLS Survey, the Kepler photometric dataset and Mount Wilson H
& K survey set the standard for high-quality time-series datasets. The
Mount Wilson H & K dataset has been the standard bearer in stellar ac-
tivity analysis since its publication because it consists of homogeneously
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determined data that was quality controlled and vetted for outliers. It con-
sists of a simple metric that is straightforward to interpret and can easily
be brought to bear on important astrophysical questions. The value in the
time-baseline is from the Kepler photometry baseline of four years. That
time span allows for robust measurements of planet occurrence out to 50
days (Howard et al. 2010b; Fressin et al. 2013) and can be extended to
300 days with careful consideration of quarterly offsets in the Kepler data
(Petigura et al. 2013; Burke et al. 2015).
The CLS dataset, with precise RVs dating from as far back as 1989,

from Lick Observatory, to the present, from Keck Observatory, is unique
in that it can probe the occurrence of Jovian-mass planets in Jupiter-like
orbits (Rosenthal et al. 2021; Fulton et al. 2021). While offsets exist be-
tween different detectors and different instruments (Fischer et al. 2014),
the consistency across the entire baseline is sufficient for occurrence rate
calculations out to 100 au (Figure 6.2). Long-term stability of instruments
and consistent observing procedures can ensure that calibration errors
are small, enabling comparison of activity indices across multiple instru-
ments (Baum et al. 2022). We utilized data from Keck Observatory and
the CLS that was collected on a single detector since 2005, to present
the largest stellar activity time series catalog since Baliunas et al. (1995),
along with identification of stellar activity cycles.

6.2.2 The value of precise stellar parameters

The determination of stellar properties plays a critical role in exoplanet
analysis, and high-resolution spectroscopy is an essential component.
While photometry is capable of surveying and a cataloging massive num-
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Figure 6.2: From Fulton et al. (2021), figure 5: ”Comparison between sub- and super-
Jovian occurrence. Steps and dots show maximum posterior values, and vertical lines
show 15.9%–84.1% confidence intervals. The sub-Jovians are consistently more com-
mon than the super-Jovians, and both populations are enhanced beyond 1 au. Com-
bining these two populations produces the same trends seen when we assume uniform
occurrence across all masses.” Knowing the occurrence rates of Jovian planets provides
a starting point for exploring a variety of exoplanet studies. Those topics include studying
planetary systems with the same architecture as our own and studying the formation of
systems that consist of a Jovian and inner rocky planets. When interpreting signals in
RVs with periods similar to Jupiter, the presence of stellar activity cycles must be taken
into consideration.
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bers of stars (for example Kepler) the resulting stellar radii, critical for
determining the planet radii, are only accurate to roughly 30% using pho-
tometry (Brown et al. 2011). High-resolution spectroscopy, observed tra-
ditionally a single star at a time, and in some cases a few dozen at a
time with multiplexing technology, can provide fundamental stellar prop-
erties such as stellar temperature, surface gravity and metallicity (Valenti
and Piskunov 1996; Buchhave et al. 2012; Gilliland et al. 2013; Petigura
et al. 2017; Johnson et al. 2017). For transiting exoplanets, the spec-
troscopy results can be combined with photometry catalogs such as the
Kepler Input Catalog to determine the stellar mass and radius to a preci-
sion of 10%, a significant improvement over photometry alone (Petigura
et al. 2017; Johnson et al. 2017).
The addition of Gaia data is influential in the stellar properties realm be-

cause of the improved parallax and distance measurements that improve
the fundamental stellar parameters for billions of stars (Luri et al. 2018).
The combination of stellar distances from Gaia and stellar spectroscopy
can lead to stellar radius, and therefore planet radius uncertainties of less
than five percent (Fulton and Petigura 2018). Determining precise plane-
tary radii relies directly on determining stellar radii precisely. Asteroseis-
mology proves to be even more capable than spectroscopy alone with its
ability to measure stellar pulsations and determine the stellar mass and
radius with uncertainties near 2% (Huber et al. 2013b). Precise stellar
radii lead to precise planet radii, but limitations of stellar models should
be kept in mind (Tayar et al. 2022). Asteroseismology existed before Ke-
pler but it has not been the same since. The quality of Kepler photometry
is unprecedented, allowing for the determination of stellar obliquity using
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photometric oscillations (Chaplin et al. 2013; Huber et al. 2013a). The
combination of Gaia data with high-resolution spectroscopy has allowed
for discoveries that would not be possible independently.

6.2.3 Extending CLS

Extending the CLS survey would be a valuable contribution to exoplanet
and stellar activity studies. With the transition from the HIRES to KPF in-
struments on Keck, an instrumental offset will now be required to connect
the two datasets. The Automated Planet Finder telescope and Levy spec-
trograph provide a better opportunity. With less speed and sensitivity, the
entire CLS sample could not be observed, but the Mount Wilson sample
represents a valuable subset that would benefit greatly from expanded
observations.
The use of the Mount Wilson H & K survey data to explore the relation-

ship between rotation period and activity cycles has been incredibly fruit-
ful. From observations that multiple dynamos exist in stars (Böhm-Vitense
2007) to the use of the observational catalog in dynamo modeling (Oláh
et al. 2016; Mittag et al. 2023), the dataset has been invaluable. With the
CLS Activity Survey, we add to the legacy of Mount Wilson by identifying
new activity cycles and confirming previously published cycles, and hope
that the primary sample of stars that overlap Mt. Wilson and CLS could
be observed.

6.3 Late stage main-sequence magnetic dynamo evolution

In Chapter 5 we focus on stars older than the Sun. These stars have no
rotational modulation, and some have diminished cycle amplitudes below
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our detection limit. But the final magnetic state of these stars is still un-
known. We know of one star in a magnetic minimum, HD 166620 and
other stars with varying cycle amplitudes such as HD 4915 (Shah et al.
2018). For these oldest stars, it appears stochastic processes dominate
their magnetic activity variability. Future work on dynamo modeling can
use the variability of the activity metrics to further inform the spin-down
modeling, and activity cycle decline.
The activity cycle period and cycle amplitude relationship is not simplistic

in stars older than the Sun. As additional observing resources are brought
to bear on these old stars, such as spectropolarimetry (Metcalfe et al.
2023, 2024), we will continue to unravel the secrets hidden in themagnetic
fields of these stars.

6.4 Stellar activity mitigation and finding Earth-mass planets

Over the next decade, one of the most fascinating and important tasks
for astronomers will be searching for biosignatures in the atmospheres
of Earth-sized exoplanets. For decades, the state of the art in exoplanet
atmospheric studies used Hubble Space Telescope (HST) data (Cross-
field et al. 2012; Crossfield and Kreidberg 2017; Kreidberg et al. 2018).
Many Jupiter sized exoplanets have had their had their atmospheres mea-
sured, and planets similar in size to Neptune have pushed the limit of cur-
rent instruments (Benneke et al. 2019; Tsiaras et al. 2019). The Spitzer
spacecraft provided valuable information about planet temperatures in the
infrared spectrum (Knutson et al. 2009; Fraine et al. 2013). Small sam-
ple sizes and several measurements showing flat spectra have stymied
clear interpretations for the smallest planets, but the path forward shows
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promise (Gressier et al. 2022).
NASA’s TESSmission (Ricker et al. 2015) is surveying 85% of the sky in

search of the nearest and brightest transiting exoplanets for transit spec-
troscopy using the HST and the James Webb Space Telescope (Bean
et al. 2018, JWST). Of the promising targets for atmospheric detection
the TRAPPIST-1 planets have already been observed in search of re-
flected light from their likely rocky surfaces (Greene et al. 2023). The
next generation of space telescopes will search for definitive evidence
of biosignatures on planets as small and cool as the Earth. The HWO
(Kopparapu et al. 2018), will potentially be capable of measuring biosig-
natures in transmission spectra, and/or directly imaging the reflected light
Earth-sized exoplanets. Until these next great observatories are ready for
launch space missions such as PLATO (Matuszewski et al. 2023; Rauer
et al. 2024) and ARIEL (Bocchieri et al. 2023) will provide exciting oppor-
tunities in exoplanet science.
The Decadal plan for detecting biosignatures involves the discovery

and detailed characterization of Earth-like planets (National Academies
of Sciences and Medicine 2021). High precision RV spectrometers such
as Keck/HIRES (Vogt 1992) and Automated Planet Finder/Levy spectro-
graph (Radovan et al. 2010, APF), KPF (Gibson et al. 2018) , Habit-
able Planet Finder (Ninan et al. 2019, HPF), EXtreme PREcision Spec-
trometer (Brewer et al. 2020, EXPRES), Echelle SPectrograph for Rocky
Exoplanets and Stable Spectroscopic Observations (Pepe et al. 2021,
ESPRESSO) and NEID (Robertson et al. 2019) will play a critical role
in measuring the masses of these planets. With instrumental precision
below 1.0 meters per second, the largest contribution to the error budget
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will be stellar jitter, making mitigation of astrophysical noise the largest
obstacle to measuring the mass of an Earth-sized planet (Robertson et al.
2014; Kosiarek et al. 2019; Aigrain and Foreman-Mackey 2023). Intricate
knowledge of stellar spectroscopy will be critical toward the interpretation
of future discoveries of biosignatures in the atmospheres of exoplanets,
and 5-sigmamassmeasurements are needed to breakmodel atmosphere
degeneracies (Batalha et al. 2019).
Since the type of planetary system, rather than the stellar properties, of-

ten dominates the interest level of intriguing exoplanet systems, the most
amenable stars for RV analysis may not be ideal for RV analysis. With
transit surveys such as TESS searching for the planets that will provide
the best targets for atmospheric studies, it is not certain that these will
be RV quiet stars. Precise mass measurements for these planets will re-
quire both the next generation of RV facilities (NEID, KPF, HPF, etc.) as
well as the analysis that will disentangle stellar noise from planet-induced
signals such as Gaussian Processes (Grunblatt et al. 2015; Lubin et al.
2021; Beard et al. 2022). Even when the next generation of stabilized
spectrographs are fully operational, activity decorrelation, modeling, and
mitigation will play a critical role in measuring precise exoplanet masses.
Chromospheric activity catalogs such as those presented here will be in-
creasingly valuable and needed to improve RV performance.

6.4.1 Reaching 10 cm/s RV precision, in the search for Earth-analogs

By examining stars with publicly available RVs from the NEID spectro-
graph such as HD 166620 (RV scatter = 0.74 meters per second) and HD
217107 (RV scatter of 4.0m/s residuals to the planet fit), we find the former
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to be amenable to identification of extremely small RV amplitudes. The
larger RMS-residual value for HD 217107, a solar-type star, suggests that
additional planets may be waiting to be identified. Our work in Chapter 5
showed that the extremely low S-value variation will simplify the interpre-
tation of the low-amplitude signals yet to be identified. These RV standard
deviation values are possible without advanced techniques that decorre-
late stellar activity fromRV signals. The instrumentation technology is now
capable of extremely small instrumental uncertainties on quiet stars. KPF
has an instrumental uncertainty goal of 30 centimeters per second (Gib-
son et al. 2024). Our understanding of stellar activity and development of
stellar activity techniques must match the instrumental capability.
K-dwarfs have long been thought to be the best RV targets due to their

low RMS of standard stars (i.e. HD 10700 and HD 166620). In the case
of RV jitter due to spots this makes sense. A handful of stars have been
shown to have minimal impact from spots. It is also possible that other
types of noise such as pressure-mode oscillations have commonly been
covered by the slightly fainter K-dwarfs and their longer exposure times,
and now that we have predictions for pressure-mode oscillations as from
asteroseismology (Chaplin et al. 2019), we can increase exposure times
(or collect sequential exposures) on G-dwarfs to reduce RV pressure-
mode noise. If the impact of RV jitter from spot modulation can be re-
duced by choosing stars with extremely low stellar activity, ever smaller
RV-amplitude planets can be found.
Stellar activity can be mitigated and modeled post-observation and has

been to great effect. Analyses such as line-by-line analysis to deter-
mine RVs (Dumusque 2018; Siegel et al. 2022) or Gaussian Processes to
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decorrelate RV signals from stellar activity (Aigrain and Foreman-Mackey
2023) are among the many examples of methods that can maximize pre-
cision in extracting RVs and decorrelating stellar noise either through pho-
tometry or contemporaneous S-values.
The CLS stellar sample was primary selected for an exoplanet survey

and focused on nearby stars that were amenable to precise radial ve-
locities, specifically targeting slowly rotating F, G and K-type stars. The
average log(R′

HK) (Noyes et al. 1984a) value was useful to identify stars
that were RV quiet at the 10 m/s level. Typically stars more active than
log(R′

HK) of -4.70 were omitted as too active (Howard et al. 2010b) but ex-
treme RV precision of nearby stars will require focusing on the least active
stars, as identified by their S-value scatter (Chapter 5).

6.5 Concluding remarks

The research presented represents the work of a collaboration of astro-
nomers dedicated to collecting ground-based observations to further our
understanding of astrophysical phenomena. With access to the Keck Ob-
servatory telescopes and suite of instruments, we have been able to pro-
pose for telescope time through all of the Keck partners: University of
California, California Institute of Technology, the National Aeronautics and
Space Administration (NASA), and the University of Hawai’i. Dozens of
individual investigators have written telescope proposals focusing on a
wide variety science topics and in support of NASA space missions. The
ability to pool telescope time to access an increased number of individual
nights has been a foundational part of our research.
The time-domain nature of the chromospheric activity data presented in
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Chapter 5 is the most valuable publicly available data that we offer. In
the great tradition of ground-based astronomy, the Mount Wilson H & K
Project provided a consistently high-quality, homogeneous stellar activity
catalog covering 35 years. We present, for use in the astronomy com-
munity, 52372 measurements of 710 nearby stars that were collected on
1760 individual nights, the equivalent of 4.8 complete years over a twenty
year span.
Without access to the Keck Observatory, which sits on the summit of

Maunakea in Hawai’i, USA, this research would not be possible. I wish
to recognize and acknowledge the very significant cultural role and rev-
erence that the summit of Maunakea has always had within the Native
Hawaiian community. We are most fortunate to have the opportunity to
conduct observations from this mountain.
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