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Abstract

Weakened magnetic braking (WMB) was originally proposed in 2016 to explain anomalously rapid rotation in old
Aeld stars observed by the Kepler mission. The proximate cause was suggested to be a transition in magnetic
morphology from larger to smaller spatial scales. In a series of papers over the past 5 yr, we have collected
spectropolarimetric measurements to constrain the large-scale magnetic Aelds for a sample of stars spanning this
transition, including a range of spectral types from late F to early K. During this time, we gradually improved our
methods for estimating the wind braking torque in each of our targets, and for evaluating the associated
uncertainties. Here, we reanalyze the entire sample with a focus on uniformity for the relevant observational
inputs. We supplement the sample with two additional active stars to provide more context for the evolution of
wind braking torque with stellar Rossby number (Ro). The results demonstrate unambiguously that standard spin-
down models can reproduce the evolution of wind braking torque for active stars, but WMB is required to explain
the subsequent abrupt decrease in torque as Ro approaches a critical value for dynamo excitation. This transition
is seen in both the large-scale magnetic Aeld and the X-ray luminosity, indicating weakened coronal heating. We
interpret these transitions as evidence of a rotational threshold for the inDuence of Coriolis forces on global
convective patterns and the resulting inefAciency of the global stellar dynamo.

Uni�ed Astronomy Thesaurus concepts: Solar dynamo (2001); Stellar evolution (1599); Stellar magnetic Aelds
(1610); Stellar rotation (1629); Stellar winds (1636)

Materials only available in the online version of record: machine-readable table

1. Introduction

In astronomy we are fond of dividing stars into classes.
Some categories are even useful, and the broad principles
behind them are tied to fundamental astrophysics. Rotation,
and its time evolution, is one such case. One of the most
fundamental divisions in stellar astrophysics—between high-
and low-mass stars—is clearly seen in the evolution of their
rotation rates (e.g., see R. P. Kraft 1967, their Figure 1). The
median high-mass star rotates much faster than the median
low-mass star. High-mass stars, as a rule, do not spin down
due to magnetized winds. Low-mass stars do. Exceptions to
these rules are important, because they test our assumptions
and lead to deeper physical understanding. This Letter is about
weakened magnetic braking (WMB) in low-mass stars, and its
consequences for the origin and evolution of stellar magnet-
ism, and for rotation as an age diagnostic.

The standard model of stellar spin-down is a natural starting
point because magnetized winds are efAcient engines for
angular momentum loss. The physical model is straightfor-
ward: the wind corotates with the star to a characteristic
Alfvén radius, which is much larger than the radius of the star.

E. J. Weber & L. J. Davis (1967) demonstrated that the solar
wind could remove enough angular momentum to explain the
slow solar rotation. However, extrapolating beyond the Sun
was difAcult. Both of the key ingredients—the large-scale
magnetic Aeld strength and the mass-loss rate—are extremely
difAcult to measure in other stars, and this was even more true
in the 1960s than it is today. The next key development in the
Aeld was the careful collation of empirical data by A. Skumanich
(1972). He demonstrated that activity diagnostics, the surface
lithium abundance, and the rotation rate of stars all scale with age
as t−1/2. Lithium appears here because it can be destroyed by
rotationally induced mixing (M. Pinsonneault 1997), and the
destruction rate is expected to be proportional to the rotation rate.
When coupled with the Weber–Davis model, the Skumanich
relations can be explained if the magnetic Aeld strength is
proportional to the rotation rate.
By the 1990s there was a wave of new data. EfAcient

spectrographs with CCDs could measure rotational line broad-
ening, which uncovered a population of young cluster stars with
a wide range of rotation rates (D. R. Soderblom et al. 1983;
J. R. Stauffer & L. W. Hartmann 1987). Time domain surveys
yielded rotation periods from spot modulation, beginning with
the pioneering Mount Wilson survey (S. Baliunas et al. 1996)

and continuing to studies of rotation in open clusters, such as the
Hyades (R. R. Radick et al. 1987). X-ray data from ROSAT and
ultraviolet data from IUE added a wealth of knowledge about
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coronal and chromospheric activity. This was complemented by
the development of theoretical models for angular momentum
evolution (M. H. Pinsonneault et al. 1989, 1990). By the end of
the 1990s, a coherent model for angular momentum evolution
had been developed (A. Krishnamurthi et al. 1997). The range
of initial rotation rates arose from star–disk interactions
(A. Koenigl 1991; F. H. Shu et al. 1993). The magnetic Aeld
strength increased with rotation rate, as inferred by Skumanich,
until it saturated at a critical level (K. B. MacGregor &
M. Brenner 1991). A transient phase of core–envelope
decoupling, with a timescale of tens of Myr, was needed for
solar-type stars (P. Charbonneau & K. B. MacGregor 1993).

Time domain surveys from space then arose, and they
utterly transformed stellar astrophysics. The Kepler mission
(W. J. Borucki et al. 2010) yielded tens of thousands of
rotation periods for Aeld stars (A. McQuillan et al. 2014).
Rotation was now a viable chronometer for large stellar
samples, giving rise to the Aeld of gyrochronology
(S. A. Barnes 2007). The limitations of purely solar-scaled
models also became apparent. In response, there was a burst of
new work on magnetized winds (S. P. Matt et al. 2012;
A. Reiners & S. Mohanty 2012; F. Gallet & J. Bouvier 2013;
J. L. van Saders & M. H. Pinsonneault 2013; C. Garraffo et al.
2018; F. Spada & A. C. Lanzafame 2020). A central insight
was the governing role of the Rossby number (Ro), or the ratio
between rotation period and convective overturn timescale. In
these models, both the magnetic Aeld strength and the mass-
loss rates were explicitly tied to Ro, and the results were much
more successful at explaining the underlying mass trends.
However, the new generation of models all used indirect
proxies for the magnetic Aelds and the mass loss, scaling them
relative to global stellar properties.

In stubborn contradiction to theory, stars less active than the
Sun failed to slow down at the expected rate (J. L. van Saders
et al. 2016, 2019). Furthermore, this weakened braking also
appeared to be tied to Ro; it occurs at a shorter rotation period for
F stars than for G, and the threshold for K stars is slower still.
Motivated by these results, we have engaged in a systematic
campaign to bypass activity proxies and more directly
measure large-scale magnetic Aeld strengths (T. S. Metcalfe
et al. 2021, 2022, 2023, 2024, 2025). We are also using
X-raymeasurements, as opposed to abstract scalings with global
properties, to infer mass-loss rates. Finally, we have comple-
mented the new data with a new generation of theoretical torque
calculations (A. J. Finley & S. P. Matt 2018).

In this Letter we engage in a systematic reanalysis, placing
the measurements and models on a common scale. With the
new data and modeling, we are now in a position to address
several key questions. Is Ro a unique predictor for the onset of
weakened braking? Is the transition instantaneous or gradual?
To what extent does a change in Aeld morphology, rather than
decreasing Aeld strength, matter? Is there evidence for an
anomaly in the magnetic Aeld strength, the mass-loss rate, or
both? We summarize our uniform sample of stellar properties
in Section 2; we describe our homogeneous approach to stellar
modeling in Section 3; and we analyze and discuss the results
in Section 4.

2. Observations

In our previous work, we adopted stellar properties from a
variety of sources in an effort to make the resulting estimates
of wind braking torque as reliable as possible. For this Letter,

we shift the focus to uniformity across the sample to ensure
that our inferences of the onset and magnitude of WMB are
robust. In this section we describe our adopted sources for
global stellar properties (Section 2.1), as well as our updated
approach to constrain the magnetic morphology (Section 2.2)

and the mass-loss rate (Section 2.3) for each of our targets.

2.1. Stellar Properties

We began by adopting a uniform set of spectroscopic
parameters from J. A. Valenti & D. A. Fischer (2005),
including the effective temperature Teff, surface gravity glog ,
metallicity [M/H], and projected rotational velocity v isin . All
of our targets were included in this catalog, while the more
recent catalog of J. M. Brewer et al. (2016) contains only a
subset.
We used these parameters to obtain empirical constraints on

the stellar luminosities and radii from an analysis of the
broadband spectral energy distribution (SED) for each star,
following the approach described by K. G. Stassun &
G. Torres (2016) and K. G. Stassun et al. (2017, 2018). This
analysis relies on far-ultraviolet and near-ultraviolet magni-
tudes from the Galaxy Evolution Explorer, UBV magnitudes
from J. C. Mermilliod (2006), Strömgren ubvy magnitudes
from E. Paunzen (2015), JHKS magnitudes from the Two
Micron All Sky Survey, and W1–W4 magnitudes from the
Wide-Aeld Infrared Survey Explorer, in some cases spanning
the full stellar SED from 0.2 to 20 μm. We At the available
data for each target using Kurucz stellar atmosphere models
with the adopted spectroscopic parameters and the extinction
AV Axed at zero for these nearby stars. We integrated the
resulting model SED to determine the bolometric Dux at
Earth, and we combined this with the Gaia DR3 parallax
(Gaia Collaboration et al. 2021) to calculate the bolometric
luminosity Lbol. The values of Lbol and Teff yield the stellar
radius R from the Stefan–Boltzmann relation, while the stellar
mass M was derived from the spectroscopic parameters using
the eclipsing-binary-based empirical relations of G. Torres
et al. (2010).
There is no single source that includes rotation periods Prot

for all of our targets, but the largest uniform compilation
comes from the Mount Wilson survey (S. Baliunas et al. 1996;
E. K. Simpson et al. 2010). We adopted these values for 12 of
our 17 targets, with the rest derived from Zeeman–Doppler
imaging (ZDI; P. Petit et al. 2008; J. D. Alvarado-Gómez
et al. 2018; C. P. Folsom et al. 2018) or asteroseismology
(O. J. Hall et al. 2021). The uniform properties for the sample
are listed in Table 1.

2.2. Magnetic Morphology

For the 10 targets with existing ZDI maps, we followed the
procedures described by T. S. Metcalfe et al. (2024) to derive
equivalent polar Aeld strengths for the dipole, quadrupole,
and octupole components of the large-scale magnetic Aeld
(Bd, Bq, Bo). We adopted these values without revision for
18 Sco (P. Petit et al. 2008; T. S. Metcalfe et al. 2022), 61 UMa
(V. See et al. 2019; T. S. Metcalfe et al. 2023), 51 Peg
(T. S. Metcalfe et al. 2024), as well as ε Eri, σDra, 107 Psc,
and HD 219134 (S. V. Jeffers et al. 2014; C. P. Folsom et al.
2018; T. S. Metcalfe et al. 2025). For HD 76151 we analyzed a
new ZDI map obtained in 2024 January near its mean activity
level (S. Bellotti et al. 2025), which showed better agreement
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with the rotation period determined by S. Baliunas et al.
(1996). To provide additional context, we also analyzed ZDI
maps for the active stars ιHor (J. D. Alvarado-Gómez et al.
2018) and κ

1 Cet (J. D. do Nascimento et al. 2016).
For the seven targets with circular polarization (Stokes V )

proAles obtained at a single rotational phase, we made the
conservative assumption that all of the Aeld was in the dipole
component—maximizing the resulting torque estimate. Follow-
ing the procedures described by T. S. Metcalfe et al. (2022), we
modeled each Stokes V proAle with an axisymmetric dipole Aeld
assuming a Axed stellar inclination. For τCet the inclination
was Axed from the orientation of its debris disk (S. M. Lawler
et al. 2014), while for 16 Cyg A and B the inclinations were
Axed at the asteroseismic values derived by O. J. Hall et al.
(2021). For the remaining targets we used the adopted stellar
properties (v isin , Prot, R) to calculate a posterior distribution for
the inclination following B. P. Bowler et al. (2023), and we
adopted the median value. In one case (88 Leo) the observed
Stokes V proAle was clearly nonaxisymmetric, so we modeled it
with a tilted dipole following the procedures described by
A. R. G. Santos et al. (2025).

2.3. Mass-loss Rate

We followed the procedures described by T. Ayres (2025) to
obtain a uniform set of X-ray luminosities LX, and we adopted
the empirical relation of B. E. Wood (2018) to estimate mass-
loss rates M from the resulting X-ray surface Duxes FX. Our
approach to determine an X-ray luminosity for each target
involved reconciling all of the available measurements from
ROSAT, Chandra, and XMM with the adopted stellar proper-
ties. Count rates from each of these missions were converted to
X-ray Duxes at Earth using an optimization scheme based on a
grid of coronal emission-measure models, including a model-
based determination of optimum energy conversion factors for
each instrument. We adopted the mean from the available

X-ray measurements to obtain a representative value of LX,
with the standard deviation serving as a proxy of the long-term
variability from stellar cycles and the systematic differences
between the various instruments.
To estimate mass-loss rates we have previously adopted the

empirical relation of B. E. Wood et al. (2021) for GKM
dwarfs, which covers a broader range of FX and has a
shallower dependence ±

M FX
0.77 0.04. This is the more

conservative choice because it predicts a slower decline in
M at low FX near the onset of WMB. However, the scatter in
the B. E. Wood et al. (2021) relation is large, particularly at
high activity levels. By contrast, the scatter in the B. E. Wood
(2018) relation for GK dwarfs is roughly plus or minus a factor
of 2, which is consistent with the systematic noise Door
estimated by B. E. Wood et al. (2005). Having previously
demonstrated that our conclusions do not depend on this
choice, we adopted the steeper relation ±

M FX
1.29 0.16 from

B. E. Wood (2018). We combined the quoted factor of 2
systematic error in quadrature with the errors on LX, R, and the
power-law exponent to determine the total uncertainty in our
estimated mass-loss rates.

3. Modeling

The ultimate goal of our analysis is to determine empirically
how the wind braking torque changes with the Rossby number
across the transition to WMB. In this section we deAne a
homogeneous Ro scale from detailed evolutionary modeling
(Section 3.1) and we update our estimates of the wind braking
torque (Section 3.2), drawing from the uniform observational
inputs described in Section 2.

3.1. Rossby Scale

We deAned a uniform Ro scale using the model grids
described by T. S. Metcalfe et al. (2025), extended to cover the

Table 1
Uniform Stellar Properties for the Magnetic Braking Sample

Star Name |Bd| |Bq| |Bo| M Prot M R Torque Ro

(G) (G) (G) (M ) (days) (M⊙) (R⊙) (1030 erg) (Ro⊙)

Sun ⋯ 1.54 1.07 2.74 1.00 25.4 1.00 1.000 +
0.351 0.151

0.249 1.000

HD 10476 107 Psc 4.24 2.77 1.37 +
0.64 0.46

0.76 35 ± 0.5 0.86 ± 0.05 0.811 ± 0.017 +
0.311 0.169

0.211 +
0.935 0.064

0.073

HD 10700 τ Cet +
0.86 0.34

0.34
⋯ ⋯

+
0.10 0.08

0.13 34 ± 0.5 0.82 ± 0.05 0.836 ± 0.020 +
0.030 0.023

0.041 +
1.054 0.081

0.093

HD 17051 ι Hor 2.13 3.89 3.91 +
89.5 66.5

144 +
7.7 0.67

0.18 1.19 ± 0.07 1.161 ± 0.017 +
51.52 33.75

72.96 +
0.562 0.123

0.162

HD 20630 κ
1 Cet 16.0 15.6 11.1 +

118. 88.9

198 9 ± 0.5 1.05 ± 0.06 0.914 ± 0.014 +
96.01 55.94

88.30 +
0.339 0.034

0.043

HD 22049 ε Eri 14.6 8.78 5.90 +
22.4 16.3

34.4 12 ± 0.5 0.86 ± 0.05 0.694 ± 0.014 +
11.85 6.646

10.25 +
0.303 0.023

0.025

HD 76151 ⋯ 5.98 2.15 0.28 +
29.2 19.8

39.4 15 ± 0.5 1.05 ± 0.06 0.964 ± 0.018 +
12.98 6.654

9.933 +
0.613 0.068

0.087

HD 100180 88 Leo +
4.03 0.00

0.53
⋯ ⋯

+
6.44 4.49

8.68 14 ± 0.5 1.12 ± 0.07 1.132 ± 0.032 +
6.969 3.795

7.269 +
0.887 0.184

0.265

HD 101501 61 UMa 11.5 12.0 6.12 +
29.8 19.0

36.3 17 ± 0.5 0.97 ± 0.06 0.855 ± 0.014 +
14.71 6.992

10.22 +
0.542 0.046

0.052

HD 103095 ⋯
+

0.61 0.04

0.03
⋯ ⋯

+
0.05 0.04

0.07 31 ± 0.5 0.60 ± 0.04 0.641 ± 0.016 +
0.008 0.005

0.007 +
0.933 0.062

0.068

HD 143761 ρ CrB +
1.28 0.46

0.46
⋯ ⋯

+
0.24 0.20

0.32 17 ± 0.5 1.05 ± 0.06 1.300 ± 0.025 +
0.529 0.409

0.701 +
0.965 0.210

0.314

HD 146233 18 Sco 1.34 2.01 0.86 +
0.36 0.23

0.39 22.7 ± 0.5 1.07 ± 0.06 1.009 ± 0.019 +
0.231 0.110

0.147 +
0.985 0.121

0.172

HD 166620 ⋯
+

2.81 0.94

0.95
⋯ ⋯

+
0.53 0.34

0.58 43 ± 0.5 0.83 ± 0.05 0.771 ± 0.019 +
0.135 0.087

0.156 +
1.033 0.065

0.071

HD 185144 σ Dra 5.68 4.82 4.76 +
4.17 3.01

5.91 27 ± 0.5 0.86 ± 0.05 0.769 ± 0.013 +
1.232 0.666

0.932 +
0.762 0.052

0.060

HD 186408 16 Cyg A +
0.46 0.44

0.45
⋯ ⋯

+
1.30 0.78

1.37 +
20.5 1.1

2.0 1.10 ± 0.07 1.231 ± 0.024 +
0.358 0.327

0.768 +
1.036 0.215

0.308

HD 186427 16 Cyg B +
0.88 0.73

1.04
⋯ ⋯

+
0.42 0.26

0.46 +
21.2 1.5

1.8 1.05 ± 0.06 1.157 ± 0.019 +
0.283 0.254

0.708 +
0.919 0.157

0.246

HD 217014 51 Peg 0.77 0.44 0.65 +
0.20 0.17

0.27 21.9 ± 0.4 1.10 ± 0.07 1.174 ± 0.023 +
0.168 0.113

0.125 +
1.073 0.196

0.290

HD 219134 ⋯ 2.39 4.05 1.19 +
0.31 0.16

0.31 42.2 ± 0.9 0.80 ± 0.05 0.724 ± 0.014 +
0.073 0.028

0.044 +
0.892 0.057

0.058

Note. A machine-readable version of this table includes additional columns ( [ ]/T g v i R P L L, log , M H , sin , log , , ,eff HK cyc X bol) that are not displayed here.

(This table is available in its entirety in machine-readable form in the online article.)
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(represented by Bd) for stars near Rocrit. As we have noted
before, the solar RHK is dominated by a B 170 G
contribution from the unstructured quiet Sun, which dwarfs
the ∼1 G dipole component of the Aeld inferred from ZDI
maps (T. S. Metcalfe et al. 2019). The dipole Aeld can
disappear entirely with negligible impact on RHK, but with
severe consequences for the wind braking torque.

The change in the observed X-ray luminosity shown in
Figure 3(b) may represent a decrease in the mass-loss rate that
is captured by the empirical relation of B. E. Wood (2018).
Three of the targets in our sample (ε Eri, HD 219134, τCet)
have direct inferences of the mass-loss rate from Lyα
measurements (30, 0.5, 0.1 M ), which broadly agree with
the values predicted from their X-ray surface Duxes

( + + +
M22.4 , 0.31 , 0.1016.3

34.4
0.16
0.31

0.08
0.13 ). This suggests that the

observed decrease in wind braking torque is not an artifact of
the empirical relation used to scale the X-ray luminosity.
Instead, it may reDect a genuine decrease in the mass-loss rate.
Furthermore, the observed changes in Bd and LX can both be
understood as consequences of a near-critical dynamo and the
resulting decrease in Poynting Dux. As a star approaches Rocrit,
its internal dynamo becomes less efAcient. This leads to a
weaker large-scale magnetic Aeld and a subsequent decrease in
the outward-propagating Poynting Dux, or magnetic energy
Dow. The resulting reduction in Poynting Dux directly affects
two key processes: it provides less energy for coronal heating,
which lowers the X-ray luminosity, and it reduces the
magnetic pressure that accelerates the stellar wind, which in
turn reduces the mass-loss rate.

In hindsight, a rotational threshold for the excitation of a
global stellar dynamo is understandable considering the role of
the Coriolis force, which imposes a tilt on emerging bipolar
magnetic regions and imprints organizing Dows on the
convective patterns (W. Roland-Batty et al. 2025). A smaller
Joy’s law tilt yields enhanced cancellation before the weaker
differential rotation can separate the leading and trailing
polarities. InefAcient meridional circulation then transports
less residual magnetic Dux to the polar regions, stunting the
dipole Aeld for the subsequent cycle. In addition, weaker
differential rotation operating on a weaker dipole Aeld is less
efAcient at winding up the poloidal Aeld to produce toroidal
Dux tubes near the base of the convection zone, inhibiting Dux
emergence and leading to a downward spiral of the dipole Aeld
strength. The lower mass-loss rate appears to be a consequence
of the diminishing magnetic energy that is available from the
global dynamo. The increase in high-order magnetic complex-
ity might also throttle the stellar wind, which escapes along
open magnetic Aeld lines (C. Garraffo et al. 2015; M. Shoda
et al. 2023).

The Rossby number plays a central role in theoretical models
of stellar winds, and it has been implicitly invoked in empirical
studies. Our results strongly reinforce this hypothesis. Across a
wide range of spectral types, Ro-scaled models predict reliable
torques for the active stars. For less active stars, a dramatic
decrease in torques is seen. WMB emerges at a consistent Ro
across a wide range of stellar metallicities and convective
overturn timescales. At higher Ro, we see unexpected decreases
in both large-scale magnetic Aeld strength and coronal heating.
We caution that our observations do not reach the fully
convective domain. We therefore cannot draw conclusions
about the similarity of the dynamo mechanism in stars with
radiative cores versus fully convective stars.

Future observations from ESA’s PLATO mission could help
expand the current sample of bright stars with measured
rotation periods and stellar properties from asteroseismology
(H. Rauer et al. 2025). Although a speciAc target list has not
yet been released, the footprint of the Arst 49° × 49° Aeld
contains more than 100 bright stars with measured chromo-
spheric activity levels (T. J. Henry et al. 1996). About half of
these potential targets are in the low-activity range
( Rlog 4.9HK ) where the effects of WMB start to become
apparent, and dozens are also bright enough for spectro-
polarimetry to be feasible with HARPSpol. The Galactic
longitude of the Aeld is well within the German half of the
eROSITA all-sky survey (eRASS; P. Predehl et al. 2021), so
X-ray surface Duxes might be available from eRASS DR2
(mid-2026) or ultimately DR3 (late 2028). With patience and
some luck, the current sample of bright solar-type stars that
probe the WMB regime will be expanded substantially over
the coming years, providing a broader context for our
understanding of magnetic stellar evolution during the second
half of main-sequence lifetimes.
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