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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 Ezoplanet Survey Satellite (TESS). For two
stars on opposite sides of the transition (88 Leo and p CrB), we independently assess the mean activity
levels and rotation periods previously reported in the literature. For the less active star (p 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 p 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.

Keywords: Stellar activity; Stellar evolution; Stellar oscillations; Stellar rotation; Stellar winds
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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 (Bohm-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 (Pt ~ 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 83 Leo has a rotation period near
14 days and exhibits clear activity cycles, while the less
active star p 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 p 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 p 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 Ezoplanet
Survey Satellite (TESS, Ricker et al. 2014). In Section 2,
we reanalyze the complete MWO data sets for p 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 p 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
p 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 p 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 A cores of the Ca 11 H & K lines
to the sum of two nearby 20 A pseudo-continuum band-
passes (Vaughan et al. 1978). Such measurements are
routinely used in studies of magnetic activity cycles and
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Figure 1. Time series and Lomb-Scargle periodograms for p CrB (top two panels) and 88 Leo (bottom two panels) showing the
recovered rotation signals of 20.3 days and 15.0 days, respectively. Red lines in the periodograms indicate the 5% false alarm
probability calculated from a Monte Carlo process. (The data used to create this figure are available).



4 METCALFE ET AL.

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 p 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 log Rk [Tes] = —5.177 £0.015 for
p 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 p 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 p 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 p CrB is ~2¢ 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 Oléh et al. (2009) from the complete
MWO time series.

2.2. TESS photometry

TESS observed p 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 x 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 z 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 Strémgren uvby mag-
nitudes from Paunzen (2015), the JH Kg magnitudes
from 2MASS, the W1-W4 magnitudes from WISE, and
the G Gpp Grp magnitudes from Gaia. Together, the
available photometry spans the full stellar SED over the
wavelength range 0.2-22 pm (see Figure 2).
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Figure 2. Spectral energy distributions for p 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 (Teg) 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: Teg = 5833+78 K, [M/H] =
—0.18 £ 0.07 dex for p CrB, and Teg = 6002 £ 78 K,
[M/H] = +0.04 & 0.07 dex for 88 Leo. The extinc-
tion (Ay) was fixed at zero due to the proximity of the
stars to Earth. The resulting fits (Figure 2) have a re-
duced x? between 1-2 for both stars. Integrating the
(unreddened) model SED gives the bolometric flux at
Earth (Fyo). Taking this Fy, together with the Gaia
EDR3 parallax, with no systematic adjustment (e.g.,
see Stassun & Torres 2021), yields bolometric luminosi-
ties for p CrB and 88 Leo of Ly = 1.746 + 0.041 Lg
and Ly, = 1.482 £ 0.088 L), respectively. In addi-

tion, the Ly, together with the T.g yields stellar radii
for p CrB and 88 Leo of R = 1.295 + 0.025 R and
R = 1.127 £ 0.037 Rg, 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 Mg and M = 1.14+0.07 M, for p CrB
and 88 Leo, respectively.

2.4. X-ray data

We obtained a Chandra observation of p CrB using
the High Resolution Camera imaging detector (HRC-I)
on 2020 Apr 19 starting at UT 14:59 for a net exposure
time of 11870s. This instrument was chosen because it
has the best available low-energy sensitivity for imag-
ing observations. An earlier observation of p CrB had
also been obtained (PI: S. Saar) several years earlier
on 2012 Jan 17 beginning at UT 13:12 using the Ad-
vanced CCD Imaging Spectrometer spectroscopic array
(ACIS-S) on the back-illuminated CCD (“s3”) for a net
exposure of 9835s.

Both observations were downloaded from the Chan-
dra archive and reprocessed using the Chandra Interac-
tive Analysis of Observations (CTAO) 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 p 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 p 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 software'! version 4.11 to convert the

Table 1. Summary of Chandra results for p CrB

Parameter HRC-I ACIS-S
Chandra ObsID 22308 12396
Net exposure (s) 11870 9835

p CrB count rate (count ks™) 2.85+0.51 0.77 £0.31
Isothermal plasma temperature (1.58 4 0.32) x 10° K
(9.1 4+ 1.9) x 10%¢ erg s™!

X-ray Luminosity L%

“Best 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 x 1018 cm—2.

L https:/ /heasarc.gsfc.nasa.gov/docs /software/tools/pimms.html
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observed HRC-I and ACIS-S count rates to the incident
X-ray flux. Since we are lacking counts in the ACIS-S
data to estimate a coronal temperature, we made the
flux conversion for a range of isothermal plasma tem-
peratures. We adopted the APEC optically-thin plasma
radiative loss model (Foster et al. 2012), the metallic-
ity of [M/H]=-0.18 from Brewer et al. (2016), and the
solar abundance mixture of Asplund et al. (2009), to-
gether with an intervening hydrogen column density of
1.95x10'® cm~2. This column density was estimated by
interpolation within the compilations of column density
measurements of Gudennavar et al. (2012) and Linsky
et al. (2019), for the Gaia EDR3 distance of 17.51 pec.

The X-ray luminosities in the ROSAT 0.1-2.4keV
band corresponding to the observed HRC-I and ACIS-S
count rates are illustrated as a function of isothermal
plasma temperature in Figure 3. Shaded regions illus-
trate the range of uncertainties based on the uncertain-
ties in the extracted count rates. Sensitivity of the re-
sults to the adopted absorbing column was determined
by repeating the luminosity calculations for lower and
higher values of Ny by a factor of two. Sensitivity to
metallicity was also checked in a similar way, by varying
metallicity by a factor of two, and found to be negligible.

Table 1 summarises the Chandra results for coronal
luminosity and plasma temperature under the isother-
mal approximation. Final values were determined by the
intersection of the HRC-I and ACIS-S Lx-T loci and un-
certainty ranges. By far the largest uncertainty is in the
estimate of the X-ray count rates. The final estimate of
the X-ray luminosity for p CrB, (9.141.9) x 10?6 erg s~ 1,
is very similar to that of the quiet Sun (e.g. Judge et al.
2003), while the temperature is similar to the peak of
the quiet Sun emission measure distribution (e.g. Bro-
sius et al. 1996).

For 88 Leo, we start with the X-ray luminosity
log Lx = 27.77 from Wright et al. (2011), which was
derived from ROSAT PSPC data. This value was
computed using the observed count rate (0.0306 +
0.0102 counts s~!, Voges et al. 2000) and the hardness
ratio (HR = —1) calibration of Schmitt et al. (1995) with
a distance of d = 23.0 pc and Lyo = 1.50 Lg. Adjust-
ing for the updated properties from Section 2.3, we find
Lx = (6.1 £2.1) x 10%" erg s7! and log Lx/Lpol =
~5.967015. Adopting the SED radius from Section 2.3,
the surface flux is log Fxy = 4.907075. As a check,
we used PIMMS with the above count rate, a column
of Ng = 10 ecm™2 (based on the star’s presence
in the NGP cloud, Linsky et al. 2019), solar abun-
dance and APEC models. We find log Fixy = 4.92 at
Tx = 1.04f8:gg x 10 K, which is reasonable given the
hardness ratio. The ROSAT observations were obtained
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Figure 3. The X-ray luminosity of p CrB for isothermal,
collision-dominated, optically-thin plasma radiative loss as
a function of plasma temperature implied by the observed
Chandra HRC-I and ACIS-S count rates. Shaded regions in-
dicate the uncertainties arising from the count rate measure-
ments and a 100% error in the assessment of the intervening
neutral hydrogen column density.

in late 1990, when the Ca HK emission was slightly be-
low the average level, so the X-ray observations should
represent below average coronal conditions for 88 Leo.

3. ASTEROSEISMOLOGY OF p CrB
3.1. Global oscillation parameters

The expected frequency of maximum power (Vyax) for
p CrB based on the TESS Asteroseismic Target List
(ATL, Schofield et al. 2019) is ~2000 pHz, with a de-
tection probability of ~65%. The top panel of Figure 4
shows a power spectrum of the TESS light curve from
Section 2.2. The spectrum displays a low signal-to-noise
power excess around 1800 pHz, which is consistent with
the ATL given uncertainties in predicted vpmax values.

To test whether the power excess is consistent with
solar-like oscillations, we calculated an autocorrelation
of the power spectrum between = 1400-2100 uHz (inset
in the top panel of Figure 4). The autocorrelation shows
a peak at ~89 pHz, close to the expected value for the
characteristic large frequency separation (Av) for solar-
like oscillations in this frequency range (Stello et al.
2009). We furthermore calculated an échelle diagram
(bottom panel of Figure 4) by dividing the power spec-
trum into equal segments with length Av and stack-
ing one above the other, so that modes with a given
spherical degree align vertically in ridges (Grec et al.
1983). The offset of the visible ridge in the échelle dia-
gram, which is sensitive to the properties of the near-
surface layers of the star (e.g. Christensen-Dalsgaard
et al. 2014), is consistent with expectations for a ridge
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Figure 4. Top panel: Power density spectrum of the TESS
light curve for p CrB. The inset shows an autocorrelation
of the power spectrum, with the expected large frequency
separation marked by a vertical dashed line. The red shaded
area marks the measured large separation. Bottom panel:
Echelle diagram of the power spectrum in the top panel.

of dipole (I = 1) modes based on Kepler measurements
of stars with similar Av and Teg (White et al. 2011).

We used several independent methods (Huber et al.
2009; Mosser & Appourchaux 2009; Mathur et al. 2010;
Campante 2018) to extract global oscillation parameters
from the power spectrum, which yielded broadly consis-
tent results. Estimates of vy, showed a large spread,
as expected for a low signal-to-noise detection (Chaplin
et al. 2014), so we did not adopt a constraint for our
subsequent analysis. We adopted Av = 89.3 +£ 1.1 pHz
as measured by the SYD pipeline, which was consistent
with measurements from other methods.

We also searched for oscillations in 88 Leo, which
yielded a null detection. The star is not included in the
ATL, but based on the stellar properties from Section 2
it is less evolved than p CrB with an expected vpax of
~ 2700 pHz and a detection probability ~26%. Given
the low S/N detection in p CrB, the fainter apparent
magnitude of 88 Leo, and the fact that oscillation am-
plitudes decrease with increasing vp.x and with higher
activity (Garcia et al. 2010; Chaplin et al. 2011; Mathur
et al. 2019), we conclude that the null detection is con-
sistent with expectations.

3.2. Grid-based modeling

Grid-based modeling of p CrB was performed using
the Yale-Birmingham pipeline (Basu et al. 2010, 2012;
Gai et al. 2011) with Ay, [M/H], Teg, and luminosity as
inputs, and the results are listed in Table 2. The search
was conducted on a grid containing two sub-grids—one
with the solar-calibrated mixing length parameter, and
the second using a metallicity-dependent mixing length,
with the dependence given by Viani et al. (2018). Both
sub-grids assume a linear relation AY/AZ =~ 1.5 that
was obtained using a calibrated solar model assuming a
primordial helium abundance of 0.248 (Steigman 2010).
The grids have models with masses between 0.7 Mg and
3.3 Mg in intervals of 0.025 My, evolved from the zero-
age main-sequence to nearly the tip of the red-giant
branch. The models were constructed with metallicities
ranging from [M/H]=-2.4 to +0.5. The metallicity grid
has a spacing of 0.1 dex between —2.0 and +0.5, and a
spacing of 0.2 dex at lower metallicity. The metallicity
scale is that of Grevesse & Sauval (1998), i.e., [M/H] =0
corresponds to Z/X = 0.023.

The grids were constructed using the Yale Stellar Evo-
lution Code (YREC, Demarque et al. 2008) for con-
sistency with the rotational evolution modeling in Sec-
tion 5. The models were constructed using OPAL opac-
ities (Iglesias & Rogers 1996) supplemented with low
temperature opacities from Ferguson et al. (2005). The
OPAL equation of state (Rogers & Nayfonov 2002)
was used. All nuclear reaction rates were obtained
from Adelberger et al. (1998), except for that of the
M N (p,v)*50 reaction, for which we adopted the rate of
Formicola et al. (2004). All models included gravita-
tional settling of helium and heavy elements using the
formulation of Thoul et al. (1994), with the diffusion
coefficients smoothly decreased for stars more massive
than 1.25 M. The large separation Av for the mod-
els were calculated from the frequencies of their radial
modes, which in turn were calculated with the code of
Antia & Basu (1994). The large separations were cor-
rected for the surface term by applying the correction
obtained by Viani et al. (2019).

4. MAGNETIC EVOLUTION
4.1. Activity-age relation

Considering the stellar properties determined above,
we can now evaluate how the age expected from the
chromospheric activity level compares to other age in-
dicators. To facilitate this comparison, in Figure 5 we
show the activity-age relation for a sample of spectro-
scopic solar twins from Lorenzo-Oliveira et al. (2018).
The ages for this sample (gray circles) were determined
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Figure 5. Chromospheric activity versus stellar age for a
sample of spectroscopic solar twins from Lorenzo-Oliveira
et al. (2018) with ages determined from isochrone fitting
(gray circles). The asteroseismic age of p CrB from TESS
is overplotted as a solid square, while updated ages from
gyrochronology for both stars are shown with open squares.

from isochrone fitting, and the chromospheric activ-
ity scale was calibrated using T.g rather than B—V
color. The derived activity-age relation with uncertain-
ties (gray lines) should be applicable to stars that have
a mass and metallicity similar to the Sun. We can place
other stars on this same activity scale using their spec-
troscopic T and average S-index, with a small cor-
rection for non-solar metallicity (0.213x[M/H], Saar &
Testa 2012). The horizontal error bars indicate the age
uncertainty, while the vertical error bars reflect the un-
certainties in Tog and [M/H].

Using these procedures to place p CrB and 88 Leo
on the chromospheric activity scale for solar twins, we
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Table 2. Stellar Properties of p CrB and 88 Leo
p CrB
Asteroseismic Other 88 Leo Source

log Ry [To] (dex) —5.177 £ 0.015 —4.958+£0.015 (1)

Prot (days) - 20.3 £ 1.8 15.0£0.3 (1)

Tos (K) 5817132 5833 £ 78 6002 + 78 (2)

[M/H] (dex) ~0.19£0.06 —0.18 £0.07 +0.04£0.07  (2)

log g (dex) 4190 £0.008  4.29 +0.08 4.38 £0.08 (2)

Radius (Rg) 1.304 £0.012  1.295 + 0.025 1.127 £ 0.037 (3)

Luminosity (Le) 1.74975:036 1.746 +0.041 1.482 4 0.088 (3)

Mass (Mg) 0.96 £ 0.02 1.09 + 0.07 1.14 + 0.07 (3)

Age (Gyr) 9.8787 35406 24404 (4)

Lx (10*" erg s™h) 0.91+0.19 6.14+2.1 (5)

References—(1) §2.1; (2) Brewer et al. (2016); (3) §2.3; (4) Barnes (2007); (5) §2.4
-4.4 can evaluate their ages from asteroseismology and gy-
rochronology. The asteroseismic age for p CrB from
—4.6 Table 2 is shown as a solid square in Figure 5, which
= falls directly on the activity-age relation for solar twins.
ll:q: Although we were unable to determine an asteroseis-
\§,§ —4.8 mic age for 88 Leo, the age from gyrochronology should
@ . be reliable for this star because it is not yet below the
g —5.01 8;?_;0 0] critical activity level where weakened magnetic braking
is inferred (van Saders et al. 2016; Brandenburg et al.
_5.2 o agé ........................................ Py 201?). The upd-ated gyrochronology ages for both St.ars
are indicated with open squares (Barnes 2007), showing
. : : . ; a reasonable agreement for 88 Leo considering its higher
0 2 4 6 8 10

mass (Miso = 1.10 M, Valenti & Fischer 2005) but re-
vealing a strong disagreement for p CrB. In Section 5,
we examine this tension in greater detail.

4.2. Magnetic Braking Torque

We can estimate the strength of magnetic braking for
p CrB and 88 Leo by combining the wind modeling pre-
scription of Finley & Matt (2017, 2018) with the con-
straints on magnetic morphology from Metcalfe et al.
(2019). Given the polar strengths of an axisymmet-
ric dipole, quadrupole, and/or octupole magnetic field,
along with the mass-loss rate, rotation period, stellar
mass and radius, this prescription yields an estimate
of the magnetic braking torque based on analytical fits
to a set of detailed magnetohydrodynamic wind simu-
lations. Although 88 Leo exhibits a nonaxisymmetric
polarization profile, the amplitude of the signal can be
reproduced with an axisymmetric dipole having a polar
field strength By = —5 G. For p CrB, Metcalfe et al.
(2019) cite upper limits on the polar field strength as-
suming a pure axisymmetric dipole (|Bq4| < 0.7 G) or
quadrupole field (|Bq| < 2.4 G), with the latter being
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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 |B,| < 19.6 G.
However, the LBT observations also showed that the
disk-integrated line-of-sight magnetic field in p 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 p 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 (Mg = 2 x 10~ M, /yr) and
adopt the stellar properties from Table 2, we find that
the magnetic braking torque for p 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 p 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 p CrB (9.8 Gyr).

If we adopt the scaling relation M o FQ™ 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 Mg, to 0.36 Mg, between the ages of these two
stars?, and the magnetic braking torque for p 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
p 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.

21f we adopt the steeper scaling relation M o F)lf'29 of Wood
(2018) derived from GK dwarfs only, the mass-loss rate estimates

become 3.1 Mg for 88 Leo and 0.18 Mg, for p CrB.

5. ROTATIONAL EVOLUTION

We modeled the rotational evolution of p 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, Rogi; 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 Rociy = 0.92 Rog 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 (cm? s=1)
of 10g 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 Teg 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 (1.84+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 p CrB, while the weakened braking
model with Rogit = 0.92 Rog 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 p 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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Figure 6. Predictions from a standard spin-down model
(purple), weakened braking model (orange), and weakened
braking model with a mass prior of 1.094+0.07 Mg (pink) for
the rotation period of p CrB. The observed rotation period
from Section 2.1 is shown with black vertical lines.

1991) the surface rotation rate tends to be slower than
a solid body model, because wind-driven loss drains an-
gular momentum from the smaller, decoupled reservoir
of the convective envelope. This star is also still hot
enough (~5800 K) that assumptions about the convec-
tive mixing length have a comparatively mild effect on
the predicted period.

An underestimated stellar mass would result in pre-
dicted rotation periods that are too long, and indeed
there is moderate tension between the asteroseismic
mass and the empirical mass scale from eclipsing bina-
ries. If we instead adopt a mass prior of 1.09 £0.07 My
(while also adopting an uninformative age prior) we pre-
dict a period of 2375 days for the weakened magnetic
braking case. The inferred mass is 1.00 £ 0.03 My (con-
sistent with the isochrone mass, Valenti & Fischer 2005;
Brewer et al. 2016), with predicted properties within 1o
of the observed L, R, Teg, and surface [M/H]. The in-
creased mass does require an age younger by about 2 Gyr
(also consistent with isochrone estimates), but this is
unsurprising: on the subgiant branch (SGB) near the
turnoff, the age is tightly correlated with model mass.
The ages of such stars are essentially equal to the main-
sequence lifetime, and their rotational evolution shifts
from being strongly dependent on time to strongly de-
pendent on the structural evolution across the SGB.

We applied the same modeling techniques to 88 Leo,
and find excellent agreement with the observed rotation
period in both standard and weakened braking prescrip-
tions. The predicted period is 1542 days for both mod-
els: they do not differ significantly because the Rossby
number of 88 Leo is approximately equal to our adopted

critical Rossby number (Ro = 1.040.1 Rocyit). Both the
standard and weakened braking models are identical un-
til the critical Rossby number is exceeded, and thus both
predict the same rotation period for 88 Leo.

6. SUMMARY AND DISCUSSION

By combining archival stellar activity data from MWO
with asteroseismology from TESS, we have probed the
nature of the transition that appears to decouple the
evolution of rotation and magnetism in middle-aged
stars. We characterized two stars (p CrB and 88 Leo)
with activity levels on opposite sides of the proposed
mid-life transition—verifying their mean activity lev-
els and rotation periods (Section 2.1), quantifying their
X-ray luminosities to estimate mass-loss rates (Sec-
tion 2.4), and deriving precise asteroseismic properties
for the post-transition star p CrB (Section 3). Analy-
sis of the resulting observational constraints reveals that
the asteroseismic age of p CrB agrees with the expected
evolution of its mean activity level, while the age from
gyrochronology does not (Figure 5). No such tension ex-
ists for 88 Leo, suggesting a divergence in the evolution
of rotation and magnetism between 2.4 and 3.5 Gyr for
stars with shallower convection zones than the Sun.

Using a simple wind modeling prescription with pre-
viously published spectropolarimetric constraints on the
global magnetic fields (Metcalfe et al. 2019), we find
that the magnetic braking torque for p CrB is more
than an order of magnitude smaller than for 88 Leo,
primarily due to a shift in morphology toward smaller
spatial scales but reinforced by the evolutionary change
in mass-loss rate and other properties (Section 4). Ro-
tational evolution models adopting standard spin-down
can match the observational constraints for 88 Leo, but
they fail for p CrB. By contrast, models with weakened
magnetic braking can more readily explain the fast rota-
tion of p CrB, particularly if the asteroseismic properties
are slightly biased from the relatively low S/N detection
(Figure 6).

Future TESS observations may allow refinement of
the stellar properties for p CrB, and could yield an
asteroseismic detection for 88 Leo. Both targets will
be observed with 20-second cadence during Cycle 4,
which yields a 20% longer effective integration time due
to the absence of onboard cosmic ray rejection, and
also avoids significant attenuation of signals near the
Nyquist frequency of 2-minute sampling (Huber et al.
2021). The latter is particularly important for 88 Leo
(Vmax =~ 2700 pHz), which will be observed during Sec-
tors 45-46 (2021 Nov/Dec) and Sector 49 (2022 Mar),
further improving the detection probability. Although
88 Leo has a K-dwarf companion separated by 1575, it
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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 p 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 Av, a se-
cure determination of vy, 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, X Ser, and HD 126053. The
latter appears to be a transitional star like @ 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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