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A paradigm shift for magnetic evolution
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Rotation Period (days)

Weakened magnetic braking suspected
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* Older Kepler field stars
rotate more quickly than
expected from theory

* Discrepancy appears at
critical Rossby number,
RO — ( Prot/Tc) -~ RO@

* Models with weakened
magnetic braking beyond
Ro. reproduce the data

van Saders+2016
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Weakened magnetic braking confirmed

* Distribution of rotation
periods in the Kepler field
shows long-period edge
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 No detection bias: rotation
from asteroseismology
shows similar distribution
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* Pile-up confirmed: sample
s AR with precise Ter shows
6500 6000 5500 5000 4500 range of ages near edge
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van Saders+2019, Hall+2021, David+2022



1. slow rotation becomes non-differential
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Activity level evolves continuously with age

— . A: M li [M/H]=+0.06 N7/

- hith Sl MHI=+0.07 * Activity of solar analogs
C:{Tuc [M/H]=-0. : ;

= e R and asteroseismic Itargets
e —4:6 E: 94 Agr [M/H]=+0.23
g4 ) Scicar W m decline continuously
> G:pCrB [M/H]=-0.18
2 4.8 * Solar dipole field is ~1 G
o while unstructured quiet
£ 5o o £p Sun has (B) ~170 G
S
S + » Disruption of large-scale
c —5.21 . . . .
O <t—|  organization is irrelevant

to integrated activity level

0 2 4 6 8 10
Stellar Age (Gyr) Huber+2022



Variability 1s Sun-like before disappearing
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* Variablility in young solar

analogs is multi-periodic,
often appears irregular

Sun-like cycles appear

at high Rossby number,
evolving to “flat activity”

Grand minima could be
Intermittency as activity
evolves across threshold

Egeland+2017, Tripathi+2021, Kitchatinov 2022



Cycles grow longer and weaker In old stars
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In hotter and cooler stars
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transitional

* Solar cycle appears to be
In the transition, and may
disappear in a few Gyr
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Direct estimates of wind braking torque

Relative Wind Braking Torque

61 UMa 76151
> 88 Le0—+—

0.11

-

A 0.7<Ggp—Grp<0.8
0.8 < Ggp—Grp<0.9
O 0.9<Gpp—Grp<1l.1

Standard moge

e CrB
Ll 0 18 Sco
16 Cyg 51 Peg

I

|

I

|

I

|

I

: T Cet

I

I
] I 1 II 1 1 I T
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Ro/Ro o

* Braking torque weakens
by ~300x between Ro of
61 UMa and t Cet

* Empirical value of critical
Ro (shaded) constrained
by HD 76151 and 16 Cyg

* Larger uncertainties when
we only have upper limits
on the large-scale field

Metcalfe+2023



Summary of conclusions

At a critical Rossby number comparable to the solar
value, magnetic field loses large-scale organization

At constant rotation period, the magnetic cycle grows
longer and weaker on stellar evolutionary timescales

As stars evolve below a critical activity level, cycles
can become intermittent — producing grand minima

Subgiant rotation slows further and cycles disappeatr,
but then CZ deepens and reinvigorates the dynamo
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