
The Astrophysical Journal

Typeset using LATEX twocolumn style in AASTeX631

Magnetic and Rotational Evolution of ρ CrB from Asteroseismology with TESS

Travis S. Metcalfe,1, 2 Jennifer L. van Saders,3 Sarbani Basu,4 Derek Buzasi,5 Jeremy J. Drake,6

Ricky Egeland,7 Daniel Huber,3 Steven H. Saar,6 Keivan G. Stassun,8 Warrick H. Ball,9, 10

Tiago L. Campante,11, 12 Adam J. Finley,13 Oleg Kochukhov,14 Savita Mathur,15, 16 Timo Reinhold,17

Victor See,18 Sallie Baliunas,6 and Willie Soon6

1White Dwarf Research Corporation, 9020 Brumm Trail, Golden, CO 80403, USA
2Space Science Institute, 4765 Walnut St., Suite B, Boulder, CO 80301, USA

3Institute for Astronomy, University of Hawai‘i, 2680 Woodlawn Drive, Honolulu, HI 96822, USA
4Department of Astronomy, Yale University, PO Box 208101, New Haven, CT 06520-8101, USA

5Department of Chemistry and Physics, Florida Gulf Coast University, 10501 FGCU Blvd S, Fort Myers, FL 33965
6Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, USA

7High Altitude Observatory, National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO 80307-3000, USA
8Vanderbilt University, Department of Physics & Astronomy, 6301 Stevenson Center Lane, Nashville, TN 37235, USA

9School of Physics & Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
10Stellar Astrophysics Centre, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus C, Denmark

11Instituto de Astrof́ısica e Ciências do Espaço, Universidade do Porto, Rua das Estrelas, 4150-762 Porto, Portugal
12Departamento de F́ısica e Astronomia, Universidade do Porto, Rua do Campo Alegre, s/n, 4169-007 Porto, Portugal

13Department of Astrophysics-AIM, University of Paris-Saclay and University of Paris, CEA, CNRS, Gif-sur-Yvette Cedex 91191, France
14Department of Physics and Astronomy, Uppsala University, Box 516, SE-75120 Uppsala, Sweden

15Instituto de Astrof́ısica de Canarias, E-38205 La Laguna, Tenerife, Spain
16Dpto. de Astrof́ısica, Universidad de La Laguna, E-38206 La Laguna, Tenerife, Spain

17Max-Planck-Institut für Sonnensystemforschung, Justus-von-Liebig-Weg 3, 37077, Göttingen, Germany
18University of Exeter, Department of Physics & Astronomy, Stocker Road, Exeter, Devon, EX4 4QL, UK

ABSTRACT

During the first half of main-sequence lifetimes, the evolution of rotation and magnetic activity

in solar-type stars appears to be strongly coupled. Recent observations suggest that rotation rates

evolve much more slowly beyond middle-age, while stellar activity continues to decline. We aim to
characterize this mid-life transition by combining archival stellar activity data from the Mount Wilson

Observatory with asteroseismology from the Transiting Exoplanet Survey Satellite (TESS). For two
stars on opposite sides of the transition (88 Leo and ρ CrB), we independently assess the mean activity

levels and rotation periods previously reported in the literature. For the less active star (ρ CrB),

we detect solar-like oscillations from TESS photometry, and we obtain precise stellar properties from

asteroseismic modeling. We derive updated X-ray luminosities for both stars to estimate their mass-loss

rates, and we use previously published constraints on magnetic morphology to model the evolutionary
change in magnetic braking torque. We then attempt to match the observations with rotational

evolution models, assuming either standard spin-down or weakened magnetic braking. We conclude

that the asteroseismic age of ρ CrB is consistent with the expected evolution of its mean activity level,

and that weakened braking models can more readily explain its relatively fast rotation rate. Future

spectropolarimetric observations across a range of spectral types promise to further characterize the

shift in magnetic morphology that apparently drives this mid-life transition in solar-type stars.
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1. INTRODUCTION

Young solar-type stars typically have strong magnetic

fields with complex morphologies, like the closed loops

surrounding active regions on the Sun (Garraffo et al.
2018). After about 50 Myr, the underlying stellar dy-

namo mechanism apparently becomes efficient at orga-

nizing the magnetic field on larger scales. The emer-

gence of this large-scale organization has important

consequences for the strong coupling between rotation

and magnetic activity during the first half of stellar
main-sequence lifetimes (Skumanich 1972). The phys-

ical mechanism that produces this coupling is known as

magnetic braking. Charged particles in a stellar wind

are entrained in the magnetic field out to a critical dis-

tance known as the Alfvén radius, carrying away stellar

angular momentum in the process. Most of the angular

momentum that is lost from magnetic braking can be
attributed to the largest scale components of the field,
which have a longer effective lever-arm and more open

field lines where the stellar wind can escape (Réville

et al. 2015; Garraffo et al. 2016; See et al. 2019).

Middle-aged stars often have some of the clearest stel-

lar activity cycles (Brandenburg et al. 2017). This may

be a consequence of their slower rotation rates, which
either fail to excite a second dynamo in the near sur-
face shear layer (Böhm-Vitense 2007), or yield activity

cycle periods that are much longer than the currently

available data sets (Baliunas et al. 1995). Not long after

rotation becomes slow enough to produce monoperiodic

activity cycles (Prot ∼ 20 days for solar analogs), it be-

comes too slow to imprint substantial Coriolis forces on
the global convective patterns (Featherstone & Hind-

man 2016). This leads to a disruption of the solar-like

pattern of differential rotation (i.e. faster at the equator

and slower at the poles), and a gradual loss of shear to

drive the organization of large-scale field by the global

dynamo. The observational consequences of this mid-

life transition include nearly uniform rotation in older

stars (Benomar et al. 2018), weakened magnetic brak-

ing that temporarily stalls the rotational evolution (van

Saders et al. 2016; Hall et al. 2021), and a gradual de-

cline in stellar activity until the cycles disappear entirely

(Metcalfe et al. 2016; Metcalfe & van Saders 2017).

Metcalfe et al. (2019) recently tested this new under-
standing of magnetic stellar evolution using spectropo-

larimetric measurements of two stars with activity lev-

els on opposite sides of the proposed mid-life transition.

The more active star 88 Leo has a rotation period near

14 days and exhibits clear activity cycles, while the less

active star ρ CrB has a rotation period near 17 days and

shows constant activity over several decades of monitor-
ing (Baliunas et al. 1995, 1996). The snapshot observa-

tions with the Potsdam Echelle Polarimetric and Spec-
troscopic Instrument (PEPSI, Strassmeier et al. 2015)

on the Large Binocular Telescope (LBT) appeared to

confirm the predicted loss of large-scale magnetic field.

The data produced a clear detection of a nonaxisym-

metric dipole field in 88 Leo, and an upper limit on

the dipole field strength in ρ CrB that was well be-
low what would be expected from its relative activity

level—suggesting that most of the field was concentrated

in smaller spatial scales. The age of ρ CrB from gy-

rochronology (a lower limit on the actual age with weak-

ened magnetic braking) was reported to be 2.5±0.4 Gyr
by Barnes (2007), while other age indicators suggested

that it is substantially more evolved (Valenti & Fischer

2005; Mamajek & Hillenbrand 2008).

In this paper, we aim to characterize the proposed

magnetic transition by combining archival stellar activ-

ity data from the Mount Wilson Observatory (MWO)
with asteroseismology from the Transiting Exoplanet

Survey Satellite (TESS, Ricker et al. 2014). In Section 2,

we reanalyze the complete MWO data sets for ρ CrB and

88 Leo to assess their mean activity levels and rotation

periods, we use TESS photometry to search for solar-

like oscillations, we obtain X-ray luminosities to help

constrain mass-loss rates, and we adopt additional con-

straints on the stellar properties using published spec-

troscopy, photometry, and astrometry. In Section 3, we

detect a signature of solar-like oscillations in ρ CrB, and

we derive precise stellar properties from asteroseismic

modeling. In Section 4, we assess the compatibility of

the observations with an activity-age relation for solar

analogs (Lorenzo-Oliveira et al. 2018), and we estimate
the magnetic braking torque using a simple wind model-

ing prescription. In Section 5, we attempt to match the

observations with rotational evolution models that as-

sume either standard spin-down or weakened magnetic

braking. Finally, we summarize and discuss our results

in Section 6, concluding that the asteroseismic age of

ρ CrB is consistent with the expected evolution of its
mean activity level, and that weakened braking models

can more readily explain its relatively fast rotation rate.

2. OBSERVATIONS

2.1. Mount Wilson HK data

Both ρ CrB and 88 Leo have synoptic S-index time

series from the MWO HK Project, ranging from near

the beginning of the program in 1966 to its termination

in 2003 (see Figure 1). The MWO S-index measures the

ratio of emission from 1 Å cores of the Ca ii H & K lines
to the sum of two nearby 20 Å pseudo-continuum band-

passes (Vaughan et al. 1978). Such measurements are

routinely used in studies of magnetic activity cycles and
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stellar rotation (e.g. Baliunas et al. 1996; Donahue et al.
1996). Our analysis of the complete MWO time series

gives a mean S-index of 0.1508 for ρ CrB and 0.1655

for 88 Leo, in agreement with previous averages from

the subset of data analyzed in Baliunas et al. (1995).
Adopting the spectroscopic temperatures from Brewer

et al. (2016) and the activity scale from Lorenzo-Oliveira
et al. (2018), we find logR′

HK
[Teff ] = −5.177± 0.015 for

ρ CrB and −4.958± 0.015 for 88 Leo (see Section 4).

We applied the Lomb-Scargle periodogram to the en-

tire time series as well as seasonal bins in order to search

for rotational signals. We took signals with a false alarm

probability (FAP) less than 5% to be statistically sig-

nificant. The FAP is defined as the probability that

a peak in the periodogram is due to Gaussian noise

(Horne & Baliunas 1986), and we have calculated the

FAP using that definition explicitly in a Monte Carlo

simulation of 100,000 trials. In each trial, synthetic

data of the same sampling cadence and standard de-

viation as the observational data are randomly drawn
from the Gaussian distribution, and the Lomb-Scargle
periodogram is computed. The fraction of random trials
generating periodogram peaks higher than the one ob-

tained from the observational data is the FAP. The un-

certainty in the period is found by a similar Monte Carlo

process where the observational data are moved within

their 1% uncertainty (Baliunas et al. 1995) and the stan-
dard deviation of peak periods is computed. Using this

method, we find a rotation period of 20.3 ± 1.8 days

for ρ CrB (FAP=4.2%) and 15.0± 0.3 days for 88 Leo

(FAP=1.2%) from the complete time series. Figure 1

shows the time series and Lomb-Scargle periodograms
for both stars, with the 5% FAP line computed from the

Monte Carlo shown as a red line. Single season analyses
returned no significant peaks for ρ CrB (which is not

unusual for “flat activity” stars, Donahue et al. 1996),

and one season with a significant peak for 88 Leo, giving

a rotation period of 14.3 ± 0.8 days (FAP=1.4%) and

confirming the global result.
Our rotation period for ρ CrB is ∼2σ longer than the

17 days found by Baliunas et al. (1996), who used a
subset of the MWO data and did not provide an uncer-

tainty. However, our result agrees with Henry et al.

(2000) who used a longer subset of the MWO data

(〈Prot〉 = 19 ± 2 days, with seasonal values between

17–20 days), and with Fulton et al. (2016) who found

18.5 days from Keck observations. For 88 Leo, we find
good agreement with the 14 day rotation period deter-
mined by Baliunas et al. (1996) and the 14.32 day pe-

riod determined by Oláh et al. (2009) from the complete

MWO time series.

2.2. TESS photometry

TESS observed ρ CrB in 2-minute cadence for a total

of approximately 52 days during Sectors 24 and 25 of

Cycle 2 (2020 Apr 15 – 2020 Jun 08). We downloaded
the PDC-MAP SPOC light curve (Jenkins et al. 2016),

but also derived our own light curve following the proce-

dure described in Nielsen et al. (2020) and Buzasi et al.

(2015) in hopes of improving on the noise level in the

SPOC product. We treated sectors individually, mask-
ing cadences with nonzero quality flags. We then built

a collection of single-pixel light curves for each pixel in
the 25 × 25 pixel postage stamp. Our figure of merit

for the quality of a light curve was the sum of the ab-

solute values of the first-differenced light curve, gener-

ally a good proxy for high-frequency noise (Nason 2006).

Starting from the brightest pixel, we then added pixels
one at a time to the light curve, choosing in each case

the pixel that produced the largest decrease in our noise
figure of merit, and continuing until light curve quality
no longer improved. This process resulted in a some-

what larger aperture than that derived by the SPOC

(114 pixels vs. 59 for Sector 24 and 108 pixels vs. 51

for Sector 25). The resulting light curves were then de-

trended of instrumental effects by fitting a second-order
polynomial in x and y pixel location. We compared the

resulting light curve to the SPOC product; improvement
was modest but noticeable (∼6% decreased noise) at fre-

quencies above 1 mHz, so we chose to use our light curve
for the asteroseismic analysis in Section 3.1.

We applied a similar photometric reduction algorithm

to 88 Leo. TESS observed this star in 2-minute cadence
for a total of approximately 27 days during Sector 22
of Cycle 2 (2020 Feb 18 – 2020 Mar 18). Once again,
the process resulted in a somewhat larger aperture than

that derived by the TESS SPOC (71 pixels vs. 36). After

extraction and detrending, the noise level was lowered

by approximately 15% above 1 mHz.

2.3. Spectral Energy Distribution

In order to provide an initial, empirical constraint

on the stellar luminosities and radii, we performed an

analysis of the broadband spectral energy distributions

(SEDs) together with the Gaia EDR3 parallaxes fol-
lowing the procedures described in Stassun & Torres

(2016) and Stassun et al. (2017, 2018). We pulled the

FUV and NUV fluxes from GALEX, the UBV magni-

tudes from Mermilliod (2006), the Strömgren uvby mag-

nitudes from Paunzen (2015), the JHKS magnitudes
from 2MASS, the W1–W4 magnitudes from WISE, and

the GGBP GRP magnitudes from Gaia. Together, the
available photometry spans the full stellar SED over the

wavelength range 0.2–22 µm (see Figure 2).
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Figure 2. Spectral energy distributions for ρ CrB (top) and
88 Leo (bottom). Red symbols are the observed photomet-
ric measurements, where the horizontal bars represent the
effective width of the passband. Blue symbols are the model
fluxes from the best-fit Kurucz atmosphere model (black).

We performed a fit using Kurucz stellar atmosphere

models (Castelli & Kurucz 2004), adopting the effec-
tive temperature (Teff) and metallicity ([M/H]) from

the spectroscopically determined values of Brewer et al.

(2016). Uncertainties were inflated to account for a real-

istic systematic noise floor: Teff = 5833±78 K, [M/H] =

−0.18 ± 0.07 dex for ρ CrB, and Teff = 6002 ± 78 K,
[M/H] = +0.04 ± 0.07 dex for 88 Leo. The extinc-

tion (AV ) was fixed at zero due to the proximity of the

stars to Earth. The resulting fits (Figure 2) have a re-

duced χ2 between 1–2 for both stars. Integrating the

(unreddened) model SED gives the bolometric flux at

Earth (Fbol). Taking this Fbol together with the Gaia

EDR3 parallax, with no systematic adjustment (e.g.,

see Stassun & Torres 2021), yields bolometric luminosi-
ties for ρ CrB and 88 Leo of Lbol = 1.746 ± 0.041 L⊙

and Lbol = 1.482 ± 0.088 L⊙, respectively. In addi-

tion, the Lbol together with the Teff yields stellar radii

for ρ CrB and 88 Leo of R = 1.295 ± 0.025 R⊙ and

R = 1.127 ± 0.037 R⊙, respectively. Finally, we can

estimate the stellar mass using the empirical eclipsing-

binary based relations of Torres et al. (2010), which gives
M = 1.09±0.07 M⊙ and M = 1.14±0.07 M⊙ for ρ CrB

and 88 Leo, respectively.

2.4. X-ray data

We obtained a Chandra observation of ρ CrB using

the High Resolution Camera imaging detector (HRC-I)

on 2020 Apr 19 starting at UT14:59 for a net exposure

time of 11870 s. This instrument was chosen because it

has the best available low-energy sensitivity for imag-

ing observations. An earlier observation of ρ CrB had
also been obtained (PI: S. Saar) several years earlier

on 2012 Jan 17 beginning at UT13:12 using the Ad-

vanced CCD Imaging Spectrometer spectroscopic array

(ACIS-S) on the back-illuminated CCD (“s3”) for a net

exposure of 9835 s.

Both observations were downloaded from the Chan-

dra archive and reprocessed using the Chandra Interac-
tive Analysis of Observations (CIAO) software version

4.13 and calibration database version 4.9.4. While the
ACIS-S data in principle have energy information for
each photon from which a low-resolution X-ray spec-
trum can be derived, the ρ CrB data contained only

a handful of photon counts. The HRC-I data have no
useful energy resolution. Analysis for both detectors
therefore proceded similarly, by examining the photon

counts attributable to ρ CrB and using the instrument
effective area to infer the implications for the X-ray flux.

A summary of the observational results is presented in

Table 1.

In order to provide insight into the source X-ray lu-

minosity giving rise to the HRC-I and ACIS-S signals,
we used the PIMMS software1 version 4.11 to convert the

Table 1. Summary of Chandra results for ρ CrB

Parameter HRC-I ACIS-S

Chandra ObsID 22308 12396

Net exposure (s) 11870 9835

ρ CrB count rate (count ks−1) 2.85± 0.51 0.77± 0.31

Isothermal plasma temperature (1.58± 0.32)× 106 K

X-ray Luminosity La

X (9.1± 1.9)× 1026 erg s−1

aBest estimate of the X-ray luminosity assuming an isothermal

optically-thin plasma radiative loss model with a solar mixture

of abundances scaled by a metallicity [M/H]= −0.18, and an

interstellar absorbing column of 1.95× 1018 cm−2.

1 https://heasarc.gsfc.nasa.gov/docs/software/tools/pimms.html
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larger due to geometric cancellation effects. An identi-
cal analysis of the same LBT data yields an upper limit

on a pure axisymmetric octupole field of |Bo| ≤ 19.6 G.

However, the LBT observations also showed that the

disk-integrated line-of-sight magnetic field in ρ CrB is
about 64% as strong as in 88 Leo, which agrees well

with the relative chromospheric activity levels listed in
Table 2. Given the upper limit on the dipole compo-

nent, the global field of ρ CrB appears to be dominated

by quadrupolar and higher-order components to account

for its relative line-of-sight field and activity level.

Observationally, the mass-loss rate is one of the least

certain quantities required by the wind modeling pre-

scription. If we initially fix the mass-loss rate to the

solar value for both stars (Ṁ⊙ = 2× 10−14 M⊙/yr) and

adopt the stellar properties from Table 2, we find that

the magnetic braking torque for ρ CrB is .20% as strong

as for 88 Leo. This estimate does not depend strongly on
whether we adopt the asteroseismic or other estimates

of radius and mass for ρ CrB, so we adopt the aster-
oseismic properties for further analysis. The mass-loss

rate generally decreases with stellar age, so we might ex-

pect it to be larger than the solar value at the updated

gyrochronology age of 88 Leo (2.4 Gyr), and smaller by

the asteroseismic age of ρ CrB (9.8 Gyr).
If we adopt the scaling relation Ṁ ∝ F 0.77

X from Wood

et al. (2021) and calculate the X-ray fluxes from the
luminosities in Section 2.4, the mass-loss rate changes

from 2.0 Ṁ⊙ to 0.36 Ṁ⊙ between the ages of these two

stars2, and the magnetic braking torque for ρ CrB be-

comes .8% as strong as for 88 Leo. We can estimate

the relative contributions to this total reduction in mag-
netic braking torque by changing the parameters of the

88 Leo wind model one at a time to the values in the
ρ CrB model. The largest factor that contributes to

the reduction in magnetic braking torque is the shift

in morphology towards quadrupolar and higher-order

fields (−67% from shifting the field from pure dipole to

pure quadrupole), followed by the evolutionary change

in mass-loss rate (−60%), with smaller contributions

from the weaker magnetic field (up to −34% from chang-
ing the strength of a quadrupole field from 5 G to 2.4 G)

and slower rotation (−26%). The slightly lower mass

(+4%) and evolutionary change in the radius (+58%)

actually increase the relative magnetic braking torque,

masking some of the other effects.

2 If we adopt the steeper scaling relation Ṁ ∝ F 1.29

X
of Wood

(2018) derived from GK dwarfs only, the mass-loss rate estimates
become 3.1 Ṁ⊙ for 88 Leo and 0.18 Ṁ⊙ for ρ CrB.

5. ROTATIONAL EVOLUTION

We modeled the rotational evolution of ρ CrB us-

ing the methodology laid out in Metcalfe et al. (2020).

We assumed solid body rotation, and used the rotevol
(Somers et al. 2017) tracer code to track the angular

momentum evolution as a function of time, given a set

of YREC evolutionary tracks and interpolation tools in

kiauhoku (Claytor et al. 2020). We used the same model

grid as that in Metcalfe et al. (2020) and adopted the
same braking law parameters, with minor changes that

we describe here. We scaled the critical Rossby num-
ber, Rocrit in terms of the solar value, since the van

Saders et al. (2016) model grid and our current grid

have slightly different solar calibrations due to differing

input physics. We adopted Rocrit = 0.92 Ro⊙ as es-

timated in van Saders et al. (2019). Second, although

unimportant for the late time rotational evolution, we
chose a constant specific angular momentum (cm2 s−1)

of log jspec = 16.3 dex at 10 Myr (Somers et al. 2017) as

our initial condition.

We utilized the same Monte Carlo approach as in Met-

calfe et al. (2020) in which the mass, initial metallicity,
age, and mixing length are parameters of the model,

with the asteroseismic radius and the spectroscopic sur-
face [M/H] and Teff as the observables. We adopted

strict Gaussian priors on the mass (0.96±0.02 M⊙) and

age (9.8± 0.8 Gyr) from the asteroseismic analysis, and

a broader prior on the mixing length (1.8±0.3). In both

cases, the rotation period is a prediction of the model,
rather than a parameter we use in the fit itself. We used

8 walkers, each running for 100,000 steps.
The standard spin-down model predicts a rotation pe-

riod of 52±5 days for ρ CrB, while the weakened braking

model with Rocrit = 0.92 Ro⊙ predicts a rotation period

of 28 ± 2 days. We show in Figure 6 the posteriors on

the predicted rotation distributions for both the stan-
dard spin-down and weakened magnetic braking cases

in comparison to the observed period: both models pre-
dict longer periods.

We verified that changing the initial angular momen-

tum is insufficient to relieve the tension, as in Metcalfe

et al. (2020). Similarly, allowing the model to deviate

from purely solid body rotation is also unlikely to result

in more rapid rotation: in both the Sun and asteroseis-

mic samples the rotation with depth is consistent with

a solid body (Deheuvels et al. 2020). The convection

zone of ρ CrB has not yet begun to deepen at its cur-

rent position in the HR diagram, and it is unlikely to be

dredging up higher angular momentum material from a

differentially rotating interior, even if such radial shear

exists. Furthermore, when the core and envelope are al-
lowed to decouple rotationally (MacGregor & Brenner
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only dilutes the signal from the primary by ∼10%, and
any solar-like oscillations in the K-dwarf are expected

at a higher frequency and much lower amplitude. Ad-

ditional observations of ρ CrB will be obtained during

Sector 51 (2022 May), and they can be combined with

the Cycle 2 data to improve the S/N of the detection,

potentially yielding a more precise value of ∆ν, a se-
cure determination of νmax, and perhaps some individ-

ual oscillation frequencies for detailed modeling. This

may allow us to resolve the tension between the aster-

oseismic properties derived in Section 3 and the eclips-

ing binary mass scale, and possibly probe the impact of
the observed non-solar abundance mixture for this star

(Brewer et al. 2016).

Additional spectropolarimetic observations will pro-

vide new opportunities to test the mid-life transition hy-

pothesis across a range of spectral types. Data recently

obtained from the LBT include Stokes V measurements

of 18 Sco, 16 Cyg A & B, λ Ser, and HD126053. The

latter appears to be a transitional star like α Cen A
(Metcalfe & van Saders 2017), but with a rotation pe-

riod and activity cycle very similar to the Sun. Such

targets may offer the best constraints on the timescale

for a shift in magnetic morphology, which must play

out relatively quickly to explain the sudden reduction in

magnetic braking torque suggested by observations (van

Saders et al. 2016). By contrast, evolutionary changes
in the mass-loss rate, mean activity level, and rotation

period (as a star expands on the main-sequence) should

take place more gradually. Aside from 18 Sco (which

has a ground-based asteroseismic detection, Bazot et al.

2011), all of these targets will be observed by TESS
with 20-second cadence in Cycle 4, and most of them

have well-defined X-ray fluxes to constrain the mass-
loss rates. Consequently, we should be able to extend
the methodology applied above to a well-characterized

sample of solar-type stars in the near future.
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Réville, V., Brun, A. S., Matt, S. P., Strugarek, A., &

Pinto, R. F. 2015, ApJ, 798, 116,

doi: 10.1088/0004-637X/798/2/116

Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2014, in

Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series, Vol. 9143, Space Telescopes

and Instrumentation 2014: Optical, Infrared, and

Millimeter Wave, ed. J. Oschmann, Jacobus M.,

M. Clampin, G. G. Fazio, & H. A. MacEwen, 914320,

doi: 10.1117/12.2063489

Rogers, F. J., & Nayfonov, A. 2002, ApJ, 576, 1064,

doi: 10.1086/341894

Saar, S. H., & Testa, P. 2012, in Comparative Magnetic

Minima: Characterizing Quiet Times in the Sun and

Stars, ed. C. H. Mandrini & D. F. Webb, Vol. 286,

335–345, doi: 10.1017/S1743921312005066

Schmitt, J. H. M. M., Fleming, T. A., & Giampapa, M. S.

1995, ApJ, 450, 392, doi: 10.1086/176149

Schofield, M., Chaplin, W. J., Huber, D., et al. 2019, The

Astrophysical Journal Supplement Series, 241, 12,

doi: 10.3847/1538-4365/ab04f5

See, V., Matt, S. P., Finley, A. J., et al. 2019, ApJ, 886,

120, doi: 10.3847/1538-4357/ab46b2

Skumanich, A. 1972, ApJ, 171, 565, doi: 10.1086/151310

Somers, G., Stauffer, J., Rebull, L., Cody, A. M., &

Pinsonneault, M. 2017, ApJ, 850, 134,

doi: 10.3847/1538-4357/aa93ed

Stassun, K. G., Collins, K. A., & Gaudi, B. S. 2017, AJ,

153, 136, doi: 10.3847/1538-3881/aa5df3

Stassun, K. G., Corsaro, E., Pepper, J. A., & Gaudi, B. S.

2018, AJ, 155, 22, doi: 10.3847/1538-3881/aa998a

Stassun, K. G., & Torres, G. 2016, AJ, 152, 180,

doi: 10.3847/0004-6256/152/6/180

—. 2021, ApJL, 907, L33, doi: 10.3847/2041-8213/abdaad

Steigman, G. 2010, JCAP, 2010, 029,

doi: 10.1088/1475-7516/2010/04/029

Stello, D., Chaplin, W. J., Basu, S., Elsworth, Y., &

Bedding, T. R. 2009, MNRAS, 400, L80,

doi: 10.1111/j.1745-3933.2009.00767.x

Strassmeier, K. G., Ilyin, I., Järvinen, A., et al. 2015,

Astronomische Nachrichten, 336, 324,

doi: 10.1002/asna.201512172

Thoul, A. A., Bahcall, J. N., & Loeb, A. 1994, ApJ, 421,

828, doi: 10.1086/173695

Torres, G., Andersen, J., & Giménez, A. 2010, A&A Rv,
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