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Abstract

On the main sequence, low-mass and solar-like stars are observed to spin down over time, and magnetized stellar
winds are thought to be predominantly responsible for this gignt angular momentum loss. Previous studies

have demonstrated that the wind torque can be predicted via formulations dependent on stellar properties, such as
magnetic eld strength and geometry, stellar radius and mass, wind mass-loss rate, and stellar rotation rate.
Although these stars are observed to experience surface differential rotation, torque formulations so far have
assumed solid-body rotation. Surface differential rotation is expected to affect the rotation of the wind and thus the
angular momentum loss. To investigate how differential rotation affects the torque, we use the PLUTO code to
perform 2.5D magnetohydrodynamic, axisymmetric simulations of stellar winds, using a colatitude-dependent
surface differential rotation prte that is solar-likg(i.e., rotation is slower at the poles than the eqliatbie
demonstrate that the torque is determined by the average rotation rate in the wind so that the net torque is less than
that predicted by assuming solid-body rotation at the equatorial rate. The magnitude of the effect is essentially
proportional to the magnitude of the surface differential rotation, for example, resulting in a torque for the Sun that

is 20% smaller than predicted by the solid-body assumption. We derivet ansemianalytic formulation that

predicts the torque as a function of the equatorial spin rate, magnitude of differential rotation, and wind
magnetization{depending on the dipolar magnetield strength and mass-loss rate, combined

Uni ed Astronomy Thesaurus conceg@sellar winds(1636); Stellar evolution(1599; Stellar magnetic elds
(1610; Stellar rotation1629; Magnetohydrodynamical simulatio(t5966; Main sequence sta(4000; Low
mass star§2050); Solar mas$1506

1. Introduction development of formulations that predict the torque and include
, . , all of the important physical processes in stellar winds.
onTtEEe: algilgtlsc:ar:qafeﬁgflso)nisr?ecsoﬁ:;I:)(I)(\e/\>1< :‘Tjisc?ig:%fs?rﬁ:r“;i\?sars Early and analytic models of stellar winds and angular
) : : momentum losée.g., Parket 958 Schatzmani962 Parkerl965
and age, as |Ilustrated,.for example, by rotation-peniacss Weber & Davis1967 Mestel1968 Kawaler1988 Sauty et al.
diagrams from observations of large stellar clustses, €.9., 019 studied thermal-pressure-driven winds in the presence of
Barnes2003 Irwin & Bouvier 2009 Meibom et al.201% magnetic elds, demonstrating thaitially subsonic stellar winds
Bouvier et al. 2014 pp. 433450; Stauffer et al.2016  sccelerate beyond the sound speed and beyond the magnetic
Davenport2017. Generally, these stars are observed to spin plfyén wave speeght the Alfvén radius The angular momentum
down with tlme(SkumanICh1973, due to the extraction of loss is enhanced by the presence of a magnﬁld' and
angular momentum by magnetized stellar wi(Riarker1958 magnetocentrifugal processes in rapid rotators can even enhance
Schatzmari962 Weber & Davis1967 Mestel196§. Models the overall wind speed. Weber & Dayi€67) also demonstrated
for this rotational evolutioife.g., Kawalerl988 MacGregor & that the stellar-wind torque depends on the square of the Alfvén
Brenner1991 Bouvier et al.1997 Bouvier2008 Denissenkov  radius, which by mechanical analogy is often referred to as the
et al.201Q Matt et al.2012 Reiners & Mohant®012 Gallet & “magnetic lever artn length. More recently, stellar-wind
Bouvier 2015 van Saders & Pinsonneau013 Gallet & dynamics have been studied numerically via magnetohydro-
Bouvier 2013 Lanzafame & Spad2015 Matt et al. 2015 dynamic (MHD) simulations, allowing for the comparison
Blackman & Ower2016 Gondoin2017 Garraffo et al2018 between self-consistently compdtvalues of stellar-wind torque
Amard et al.2019 Breimann et al202]) rely on theoretical ~ and those predicted via paranigions of the Alfvén radius.
formulations for stellar-wind torques, which depend on a variety Matt & Pudritz (200§ investigated how the torque depends on
of stellar properties, such as masses and radii, magretic =~ Magnetic dipole eld strength and mass-loss rate around slow
strengths and topology, coronal temperatures, and mass-log®tatorgsee also Washimi & Shibat893 Cohen & Drake2014.
rates. Due to the importance of magnetized stellar winds forSubsequent works explored how the torques depend on

understanding MS rotational evolution, there is a need for theMagnetocentrifugal effects around fast rotatvatt et al.
2012, magnetic elds with more complex magnetic geometries
(Matt & Pudritz2008 Réville et al.2015 Garraffo et al2016

Original content from this work may be used under the terms .
s o Y Finley & Matt 2017 2018, coronal temperatur@Pantolmos &

of the Creative Commons Attribution 4.0 licendeny further - = -
distribution of this work must maintain attribution to the aut§and the title Matt. 2017, and _magnetlc cycle varlatlor@l%lnlley et al.2018
of the work, journal citation and DOI. Perri et al2018 Finley et al2019. So far, studies that have been
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used to derive formulations fae#lar-wind torques have assumed such as the mas®w rate, the torque, and the unsigned magnetic
that the stellar surfader more specically, the base of the wind- ux. In Sectiord, we introduce a torque formulation for the stellar
emitting regiol rotates as a solid body. wind that accounts for the differential rotation peoinvestigated

Stars behave as rotatingids, and so the surface rotation rate in this parameter study. In Sectidnwe discuss and conclude our
of a star is not always uniform, but instead can vary as a function ndings.
of colatitude(see, e.g., Kitchatinov & Rudigd999 Kiiker et al.
2011). Common trackers of surface differential rotation for the 2. Numerical Method
Sun include sunspots and Doppler measuremgsas, e.g., ;
Beck 2000 for further discussion and comparison between 2.1. Numerical Setup
measuremenjts Typical measured values show the poles to be The simulations in this study are solved numerically
spinning 30% slower than the equatofSnodgrass &  governed by the following MHD equations:
Ulrich 1990. For other F, G, and K MS stars, the surface sS
differential rotation has beerfémred from, for example, Doppler —
imaging (see, e.g., Collier Cameron et ab02, spectral line 8
Fourier transformgsee, e.g., Reiners & Schmiz0023, and S
photometric measurements of stellar perigée, e.g., Reinhold
et al. 2013. A commonly used prescription to describe the
surface rotation rate as a function of colatitude, is

(» el RBcOZ 1), where 4¢qis the anddilar rotation
rate at the equator, and the relative differential rotation rate is ‘ B @) O q
de ned as = / deq ( 8eqS é.pole)/ aeq where &,pole '
is the angular rotation rate hetpoles. Thus, for the Sun, 0.3. (1)
This relative differential ration rate is observed to be ) o
approximately correlated withotation period, with the vast ~Which represent the mass continuity, momentum, energy, and
majority of F, G, and K MS stars having< 0.3, and most  magnetic induction equation, respectively. Herepresents the
observed samples of rapidly rotating stafthat rotate mass densityy the velocity eld, p the thermal pressurB, the
faster, on average, than the PBushowing 0 (see, e.qg., magnetic eld,| the identity matrix, ang (GM/R)Rthe
Collier Cameror2002 Reiners & SchmitR002h Barnes et al.  gravitational acceleratiof@ is the gravitational constaritly is
2005 Reiners 200§ Collier Cameron 2007, Balona & the stellar mass, arilis the spherical radijsThe total energy
Abedigamba2016. Most stars appear to be undergoing solar- density is written as
like rotation, where the equator spins faster than the poled).

« - (8) O,

@
w
w
w
w

ol alh m’
(0]
o)

However, it is possible that sorséars are undergoing antisolar E u su %_B 2
rotation, where the poles are faster than the eqgator0), or 2 8Q

more complex prdes such as cylindrical-banded rotation, which whereu is specic internal energyper unit mass We use a
consists of alternating zonal jé&ee, e.g., Brun et 2017 and polytropic wind, with an equation of state of the form= p/

references therein for a dission of solar-like and antisolar ( §1), where is the adiabatic index. We numerically solve
differential rotation Equations(1)~(2) using the PLUTO cod€Mignone et al.

We expect a priori that differential rotation will imence the k .
rotation of the wind, hence the stellar torque. In order to quantify ﬁr?g;rizzgdlaé (gsEngiZerﬁvgg\r/re](eRcJGeog;g%V \S/\(/:QelTsee 8;?12 a

and be able to predict the effects of differential rotation on the _ .
torque, we perform 74 2.5D axisymmetric stellar-wind simula- constra!ned transport mefhod to control the divergence-free
tions, changing e, (restricted to solar-like cageand the ~ constraint -B= 0 (see Toth et al2009. .
dipolar magnetic eld strength. We show that the stellar-wind _ All simulations are 2.502D computational domain, with
torque is simply predicted in terms of the aver@igdfective) 3D vector componerfsand adopt the(R, ) spherical
rotation rate of the wind material. Because the wind emanate§00rdinate system. Axisymmetry is assumed about the stellar
from a region surrounding the poles, tleffective rotation rate  'otation axis. We dee the cylindrical radius using
is slower than that of the stellar equator, and so the net torquerif Rsin R where R is the spherical radius. We use a
smaller than would be predicted assuming a solid-body rotatio ogarithmic grld_ for the radial d|rect|pn, consisting Of 256 grid
at the rate of the equator. Wed a formulation for predicting €l and coveringl, 60Rs, whereRy is the stellar radius. We
this*“ effective rotation ratdand thus the torq)i@s a function of ~ US€ @ uniform grid for the direction, consisting of 512 grid
the differential rotation rate, and other stellar and wind cells and covering0, |.
parameters. In this study, we purely investigate how differential
rotation can modify the rotation rate at the base of the wind and
how this affects global angular momentum loss. We are We initialize the computational domain with a stellar corona
concerned only about the rotation rate of open magnetit and a magneticeld con guration. The steltecorona is initialized
lines, independent of the effects on the coronal dynamics andvith a 1D spherically symmetrigsotropic, polytropic Parker
small-scale magneticeld structure. wind solution, which is dened by the ratio of the stellar surface
In Section 2, we describe the numerical setup for our sound speeds; ( p/H f)l/ 2 t8 the stellar surface escape
simulations, the initial conditions andhal solutions, boundary  velocitywes: (2GM /R )'/2, whereps and 4 are pressure and
conditions, normalizations, andrapeneter space explored in this density at the stellar sud@, respectively. We set= 1.05 (near
study. In Section3, we list our simulations, present their isothermg, so the wind is heated during expansion without
qualitative behavior, and introciel the global quantities we use, requiring explicit heating terms in the energy equation from

2.2. Initial Conditions and Final Solutions

2
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Equation (1) (see the discussion in Finley & Ma2018 and
references therginThe magnetic eld con guration is initially
purely dipolar and aligned with the axis of rotation. Fhend
components are described by

R 3
Br(R ) By —! coR (3
and
lg Riy
B{R ) ZBf = SiR, (4

respectively, whereBsy represents the polar stellar surface
magnetic eld strength.

We run each simulation until it reaches a steady state or, in

some cases, an oscillating stés described in Pantolmos &
Matt 2017, which we regard as thenal wind solution. The
winds are characterized by a continuous and ubiquitowsfrom

the lower radial boundaryhe“stat’), through the grid, and out of
the outer radial boundary, at speeds that exceed all information
carrying-wave speeds. Thus, theal solutions are insensitive to
the initial conditions but are insteagkentially entirely determined

by the lower radial boundary conditiongand somewhat

in uenced by the axial boundary, at 0 and ), described in

the following section.

2.3. Boundary Conditions

The computational domain is enclosed by a boundéegt with
ghost cells, allowing for the implementation of boundary

Ireland et al.

where 3¢qis the angular rotation rate at the stellar equator,
and / aeq ( é,eqS é,po@/ aeq where a,pole is

the angular rotation rate at the poles. This rotation lpris
kept xed throughout the computation. At the outer boundary,
all quantities have vanishing derivatives, ey dR= 0,
allowing them to ow outward from the computational domain.

2.4. Simulation Parameters

We investigate a parameter space where we systematically
vary the following quantities:

1. Surface polar magneti@ld strengthBs; in practice, this
is controlled via the input parametay vey, i.€., the ratio
of the surface polar Alfvén velocity,  B;/(4Q $/2
and the stellar escape velocity. (2GM /R )2
2. Stellar equatorial rotation rate, expressed as a fraction of
the breakup ratdeq= 5 edRa/ Vi a. .
3. Relative differetial rotation rate, = ( 5eqS apod/ aeq

Where se¢q and spole are the equatorial and polar stellar
rotation rates, respectively. Wex = 1.05 and the stellar-
wind sound speed at the stellar surfacesfo= 0.25/.¢for all
simulations.

2.5. Units and Normalization

We perform simulations in dimensionless units; here, we list
normalization factors required tmnvert quantities into physical
units representative of different types of stars. We express length in

conditions. At the inner boundary, the density and thermal-pressurginits ofRs, density in units of its value at the base of the corgna

pro les from the Parker wind solution are kepted. TheR
magnetic eld component is keptxed to conserve the total stellar

ux, but the /f magnetic eld components are free to change via a
linear extrapolation. The poloidal velocity is imposed to be
parallel to the poloidal magnetield B, as well as the continuity
of the mass ux per magnetic ux (an axisymmetric MHD
invariany,

S - By

L : (5
along magnetic eld lines, which ensures smooth aw of the
stellar wind (see, e.g., Ustyugova et d999 Keppens &
Goedbloed2000. The stellar rotation at the inner boundary is
set via the toroidal velocity,

Vg I (6)
where g( ) is the stellar rotation rate at a given colatitude
By using Equation(6), we impose the differential rotation to

the rate of rotation of the magnetic surfaces. The toroidal speed t,

of the plasma(which determines, e.g., the Doppler shifts

slightly deviates from this and therefore actually contains some

very small degree of differential rotatiqeven for a solid
rotato). On the other hand, becaugg(the injection speed of
the wing is smaller tharr 4 (at least for faster rotatgrand
B/ B, should be also reasonably small, the two spgaldsma
and eld) almost coincide. We adopt the following simple
differential rotation prole for the stellar surface rotation rate:

(B fefl RCE ) (7

B

and velocities in units of the stall surface Keplerian velocity,
vk, (GM /R)Y? (where; My is thes stellar mags The
following normalizations can then be derived from the aforemen-
tioned base dimensionalizations: time in unitstef Ra/ Vi a,
magnetic eld strength in units d, (4 Q 8¢ p'/2 mass ow
rate in units oMo SR%V f, torque inunits oy SR® ¢,
and magnetic ux in units of ¢ (4Q R* ¢, /2
By adopting solar values for radiuBs = 6.96x 10°cm,

massM. = 1.99x 10*3g, and density at the base of the corona

e = 2.46x 10°'® g cnt? (see sectio), we can make direct
comparisons with main-sequence solar-like and low-mass stars
using the following normalizations:

f

1/ 2 12
VK, f 437M— R kms?t, f
M R :
1/ 2 1/ 2 12
Bo 243 3 M R G, f
S M R
1/ 2 32
0.018a M_ R days, f
M R
1/ 2 32
M R
My 8.26 1013 = M.yt f
0 % M R '
2
M K
1.58 162 2 I erg, f
¥ gq e
1/ 2 1/ 2 32
M R
118 108 1 - =0 MX. f
0 o4 s v R (9
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Furthermore, assuming the solar fraction of the equatorialhand, for the low-mass star cases, our parameter space includes
breakup ratefy eq= 4.73x 10°3 (using a typical measured the relatively fast-rotation side of the observed rotation rate
value of the solar equatorial sidereal rotation period, 24.47distributions, but it does not extend to rotational periods as long
days: Snodgrass & Ulrich990), the equatorial stellar rotation s observed in the oldest st@@®uvier et al.2014. However,

eriod(Ps..= 2 / 2 R (f can be expressed as  Stars with longer rotation periods than those covered by our
period(Ps eq &.eq Re/ (feqvk,3)) P parameter space should still be compatible with our torque

f 1 12 32 formulations because they are in they are in the slowly rotating
Preq 24.47 eq M R days. ( }; regime, where changes in angular momentum are linear with
e eq M R : stellar rotation rate.
3.1. Morphology of Stellar-wind Systems
3. Simulations of Stellar Winds In this section, we demonstrate the qualitative properties of

This study consists of 74 simulations in total, exploring the these stellar-wind simulations, focusing on the effects differ-
parameter space outlined in Sectio Each simulation is ran ~ ential rotation have on the dynamical behavior of the stellar
for a period roughly corresponding to 16 stellar rotation periodsWind. Figurel shows the poloidal velocity distribution for the
for foq= 0.05(to = 2000. Typically, this corresponds to weeks computational domains of three stellar-wind simulations:
or months in simulated time, where changes in the stellarmodel 46(feq= 0.05, = 0), model 14(feq= 0.001, = 0),
rotation rate are negligible, justifying our use o®d feq Al and model 34(fq=0.05, =0.79. These are taken at
simulations evolve to a quasi-steady state in this simulationsimulation times corresponding to the middle of their
time period. Simulation input and output parameters can be'espective time-median domains. Theures show the
found in Tablel. magnetic eld lines(white), the ejection of stellar winfhreer)

In Table 2, we make direct comparisons between our @long open eld lines, the sonic Mach surfaftdack), and the
simulations and examples of solar-like and low-mass stars byAlfvén Mach surfaceblue). For the rapid solid-body rotator
dimensionalizing our numerical simulation units using normal- (model 4§, centrifugal effects become increasingly noticeable
izations shown in Sectio®5. For Mg/ M, = (0.10, 0.25, 0.50,  in the stellar wind, enhancing wind speeds at mid-to-high
]_OQ, we list the range of surface magnetmd Strengths and colatitudes and Cau$lng the Wlnd to self-collimate ,and bend
stellar rotation periods that are covered by our parameter spacéoward the poles; this results in an elongated Alfvén surface
For each stellar mass, we also list the ranges of mass-loss ratéee, €.g., Sakura@i985 Washimi & Shibatal993 Matt &
torque, and open magneticux that result from these Balick 2004. For the slow solid-body rotatofmodel 14,
simulations. The stellar radius for each mass is taken fromcentrifugal effects are negligible, therefore the dynamics of the
the grid of low-mass stellar models produced by Amard et al. wind are predominantly determined by the stelkid strength
(2019 (at 5 Gy). For theMs = M, case, we pick a value of and t_he mass,—loss rate in the wmq; thls.results in a more
so that the mass-loss rate of mode|(tﬂ]e closest to a Spherlcal Alfvén surface. For the d|fferent|a_| rOtamOdel )
regresentative solar cdss M M. 1.78 x10%4 M, q 34, even though the equator rotates as quickly as the rapid
yr>1, which is a reasonable value for the SuRor Ma= solid-body case, the rotation of the wind it{effiginating from
0.1M., we pick a value of 5 so that the range dBs in our low colatitude}p is much slower, reducing centrifugal effects
simulations ranges from 16800 G, which is within the range an(_j resulting in dynamical behavior similar to that of the slow
bracketed by Zeeman-Doppler magnetogram observdsieas  Solid-body case. ) . ) )
e.g., Morin et al.201Q See et al20193 2019H.° For the In addition, we probe differences in the rotation of the wind
intermediate masse#)s= 0.25-0.50 M., we choose inter- between solid-body and differential rotation models, by
polated values ofs assumingg r M f3 (given the three orders calcul_atmg the effective rotation rate across the computational
of magnitude decrease ing for one order of magnitude domain:
increase in stellar mastor simplicity.

There are relatively few observational constraints on the o8 1 Vo Bl _ (10
mass-loss rate of low-mass and solar-like stars. However, for Rsin R S
example, Wood et a(202]) show that stars within our mass
range in Tabl& have mass-loss rates of the order of the solar In order to calculate accurate stellar torque values, this quantity
value, with a potential scatter of a few orders of magnitude. Wejs required to be conserved within some tolerance along

nd that the range d¥l shown in Table? is bracketed by the  magnetic eld lines(as shown in Zanni & Ferreira009. In
observational range suggested by Wood et (@D23. practice, we check its convergence by calculatiggin each
Regarding the rotation rates, we chose a range 10 COVer @4 cell and tracing the eld line at this point back to its
parameter space that is well within the slowly rotating reglmefootpoint on the stellar surface. We then compare this quantity to

and also pushing into the rapidly rotating regime. Conse- . . .
quently, the range of rotation periods in TaBléor the solar the stellar surface rotation rate at that given footfmint

case includes the range typically obser(see, e.g., Bouvier ~colatitude, 1, L.e., a( ) full conservation of this quantity is

et al. 2014 pp. 433450) but it also extends to much longer Satised when (R, )= 4( ). In Figure2, we plot
periods than what is applicable for solar-like stars. On the othefnormalized by the equatorial spin rate,e) as a function of

the angle on the stellar surface between the footprint colatitude
4 This solar mass-loss rate is the mean of 27 day averages via measuremenand its closest pole, for the same rapid solid-bgdgdel 46

of the solar-wind speed and density from the Advanced Composition Explorer ; ; ; ;
(ACE) spacecraftsee Finley et al2018. and differential rotatiofmodel 34 cases from Figurgé. We plot

5 See et al(2019h give a range of dipolareld strengths averaged over the the qﬁferent'al rotathn prde (expressed in Equauc(ﬂ)) asa
stellar surface By ; therefore, values d are likely to be within a factor of 2. function of ¢ (normalized by ;g for comparison, where the

4



Table 1
Variable Input Parameters and Outputted Global Variables for All Simulations

A B M J ' open TAeq 8 A B M ' open TAeq §

Model  f. T R 2 gpen ey A o Model  f, » 8= e Taeg . o

K : B 408y a0 ° O ad P K : B0y ady R 109 g
1 0001 0 1 141 215 0102 287 689 026 0946 38 005 025 2 283 21 895 52 923 106
2 0001 0O 2 283 167 0184 444 105 134 0943 39 005 025 4 566 169 171 83 142 53
3 0001 0 4 566 121 0321 644 163 741 0946 40 005 025 8 113 143 323 131 213 25
4 0001 0 8 113 088 0628 972 266 403  1.05 41 005 05 1 141 237 336 307 533 0236
5 0001 025 1 141 215 00816 287 616 026 0757 42 005 05 2 28 195 636 497 807 114
6 0001 025 2 283 167 0145 444 932 134 0744 43 005 05 4 566 149 115 768 124 5099
7 0001 025 4 566 121 025 644 144 741 0736 44 005 05 8 113 123 224 122 191 291
8 0001 025 8 113 0886 0484 974 234 403 0808 45 005 075 1 141 227 22 208 441 0246
9 0001 05 1 141 215 00612 287 534 026 0568 46 005 075 2 283 182 384 474 649 123
10 0001 05 2 283 167 0106 444 797 134 0544 47 005 075 4 566 135 647 745 978  6.62
11 0001 05 4 566 121 0178 643 122 741 0526 48 005 075 8 113 105 119 11 151 342
12 0001 05 8 113 088 034 975 196 403 0568 49 01 0 1 141 412 146 406 595 0135
13 0001 075 1 141 215 00409 287 436 026  0.38 50 01 0 2 283 375 293 695 884 0596
14 0001 075 2 283 167 00671 443 634 134 0344 51 01 0 4 566 313 536 111 131  2.85
15 0001 075 4 566 121 0107 644 944 741 0315 52 01 0 8 113 257 903 17 186  13.9
16 0001 075 8 113 0885 0196 9.74 149 404 0327 53 01 025 1 141 355 115 385 568  0.157
17 001 O 1 141 217 103 288 688 0257 0948 54 01 025 2 283 321 23 657 848  0.696
18 001 0 2 283 171 191 453 106 13 0969 55 01 025 4 566 259 405 104 125  3.46
19 001 0O 4 566 124 331 658 164 722 0961 56 01 025 8 113 228 744 165 181 157
20 001 O 8 113 0941 667 102 266 38  1.08 57 01 05 1 141 304 823 359 52  0.184
21 001 025 1 141 216 0821 288 616 0258  0.76 58 01 05 2 28 266 161 602 779 0839
22 001 025 2 283 171 15 452 939 131 0763 59 01 05 4 566 212 284 943 116 421
23 001 025 4 566 124 265 67 147 722 0773 60 o1 05 8 113 182 526 152 17 19.6
24 001 025 8 113 0915 494 10 234 39 082 61 01 075 1 141 263 525 333 446 0213
25 001 05 1 141 216 0615 287 534 0259 057 62 01 075 2 283 22 954 541 658 101
26 001 05 2 283 17 1.1 45 804 132 0558 63 01 075 4 566 173 169 853 987 515
27 001 05 4 566 123 180 667 124 727 0551 64 01 075 8 113 139 28 13 142 256
28 001 05 8 113 0905 345 989 196 395 0574 65 02 0 1 141 104 424 552 452 00538
29 001 075 1 141 215 0411 287 437 0259 0381 66 02 0 2 283 977 89 963 663 0229
30 001 075 2 283 168 0681 446 637 133 0348 67 02 0 4 566  7.97 147 15 964 112
31 001 075 4 566 121 111 656 957  7.39 0325 68 02 0 8 113 626 238 229 139 571
32 001 075 8 113 0892 182 925 143 40 0302 69 02 05 1 141 611 249 489 451 00914
33 005 0 1 141 266 585 328 662 021 098 70 02 05 2 28 55 477 829 659  0.406
34 005 0 2 283 229 11.8 547 101 0974  1.05 71 02 05 4 566 42 759 127 953 213
35 005 O 4 566 18 227 88 155 476  1.09 72 025 0 2 283 148 126 108 583  0.151
36 005 O 8 113 161 426 141 23 222  1.08 73 025 0 4 566 119 211 169 846  0.749
37 005 025 1 141 25 458 317 605 0223 0794 74 03 0 4 566 17.8 299 187 754 0502
Note.

@By is not a fundamental input parameter, but it is simply derived frgha.sc.and tabulated here, for convenience.

827
859
D.865
“0.598
«0.607
90.609
.642
o
+0.399
20.378
io.se
D.366
N1.02
£1.05
£1.03
D.912
530.856
0.887
0.846
0.811
0.656
0.672
0.643
0.63
0.444
0.431
0.419
0.376
1.04
1.07
0.978
0.853
0.748
0.739
0.649
1.08
0.967
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Table 2
Example Ranges of Global Properties in Physical UfatisOur Parameter Spgcier Mg = 0.1S 1 M. (5 Gy1)
Ma Ra VK,él é“3 Bs Pé,eq M 51 J open
(Me) Re) (km $>%) (g e © (days Me yr>h) (erd (Mx)
0.10 0.117 404 2.48 10°% 100S 800 0.048% 14.7 9.23x 10°%4- 1.85x 10°%? 8.84x 10°° - 6.46x 10° 1.35x 10°*- 1.08x 10%°
0.25 0.255 432 1.5% 10°* 27.28 218 0.09955 29.8 3.02¢ 10°%*- 6.06x 10°*3 6.75x 10°% - 4.93x 10* 1.74x 10%% - 1.39x 107
0.50 0.455 458 1.9% 10°%° 10.25 81.5 0.1685 50.3 1.27x 10°** - 2.55x 10°*3 5.37x 10°° - 3.92x 10° 2.07x 10°% - 1.65x 107
1.00 1.00 437 2.48 10°%° 3448 275 0.3865 116 7.32x 10°%°- 1.47x 10°*° 6.48x 10°% - 4.73x 10* 3.37x 10°%- 2.69x 107
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Figure 1. Poloidal velocity color maps, showir(teft) model 46(feq= 0.05, = 0), (cente}y model 14(f,q= 0.001, = 0), and(right) model 34(fsq= 0.05,

= 0.75. All simulations above have a surface polald strengtiBs/ Bo = 2.83. Magnetic eld lines(white), velocity vectors normalized hx 5 (greer), the sonic
surface(black), and the Alfvén surfacblue) are included. We include a secondary color bar that gives poloidal velocity in physicgkuméts’) for the 0.11 M,
cases in Tabl&. As vk 4 for these cases only varies by a maximum @6 from the mean valuaik 5 = 432.75 km §*, we adopt this to produce a single color bar
that approximately represents the entire mass range.
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Figure 2. i/ zeqas a function of the angle on the stellar surface between the footprint colatitude and its closest pole(lsftpwiadel 46(f.q= 0.05, = 0)

and (right) model 34(feq= 0.05, = 0.75. Both simulations have aeld strengtrBs/ B, = 2.83. The red dotted line shows the stellar differential rotationlgpro
a( r) adopted at the inner boundary of the computational do(agimation(7)), normalized by 3. The color map illustrates the divergence gf from the stellar
differential rotation prole z( ). The white(gray) area illustrates the region on the stellar surface in which the mage#tics open(closed.

color map illustrates the divergence qf; from this prole® In the stellar windwhere ¢/ a( ) 1), and the rotation of the
both cases, the white area represents the area on the stellaind is roughly constant. For differential rotatione is also
surface in which the stellar wind is being ejected, i.e., where thewell conserved in the wind, but the rotation of the wind
magnetic eld lines are open. It is evident that the stellar-wind decreases with decreasing colatit(tdevard the polés

region decreases with increasing differential rotation. For solid-

body rotation, ¢ appears to be well conserved in the region of 3.2. Global Flow Quantities and Efiencies

The main aim of this paper is to investigate how the stellar
5 Divergence between ox and ( 1) typically occurs at the transition W'nd. Interacts W|th_a star that is qndergomg differential
between open and closeeld lines, due to increasing numerical diffusion. rotation. By integrating over a spherical shell of surf&ce
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perpendicular to the poloidalow at a given radiu®}, we aoym—1n| [
express the radial prées of the stellar-wind massow rate, <« > < B./By=283 )
torque, and unsigned magnetiax as ¢ ® ° * OB/B=56 o
que, 9 9 B./Bo =113
10~ kbt ok etk -
M T §p - dS, (11 - . - "
s - 0.50
J T§p - dS, (12 "t .
s
10725 o o
and A feq = 0.001 0-25
O feq = 0.01
. Q feq =0.05
' B-dS, (13 & fug =01
S O fea =02
o | < fea =025 0.00
- 107395 7 — 0 a
respectively, where B> feq = 0.3
Bs 10° 10* 107 10
- RsinRw i (19 T,
Figure 3. feq as a function of 4 for all simulations. To differentiate between
is a quantity related to the angular momentwn F ay = V. different input parameters, we use differing symbol style&fomarker colors

. . for , and marker edge colors 8.
In practice, we determine global values Mfand J for all

simulations by taking the median values over all spherical 4 Torque Formulation for Simulations of Stellar Winds
shells atR> 7.68Ry (corresponding to the outer half of the ) . . o
logarithmic radial griylin order to avoid numerical effects near ‘ Tr;]rough” dlmen;:lonal analystl)s, a_general parameterization
the inner boundary. The unsigned magnetia for a system or the stellar-wind torque can be written as
with dipolar topology initially falls as /R but reache_s a J M uind a8, § - §16)
constant value that represents the opgxin the stellar wind, _ _ _

open OUtside the Alfvén surface, i.e., when the thermal and Wheré wina represents aheffective’ stellar rotation rate in
hydrodynamic wind pressure exceeds the magnetic pressure. [fe stellar-wind region, and, is a characteristic length scale

practice, we determine global values 0fypen for all that represents .théeffective magnet_ic lever atmand
simulations by taking the median values over all sphericaldquanti es the efciency of the stellar-wind torqusee, e.g.,
shells atR> 40Rs;. Values of M, J, and gpe, for all Weber & Davisl967). The Alfvén radiugnormalized byRy) is
simulations can be found in Tahle determined by rearranging Equatigir):
We de ne a“wind magnetizatioh parameter that encapsu- N 1/2

lates the magnetic and mass-loss stellar-wind properties, based ra § J 17
on properties at the stellar surface: Ry M ~ &iind §2f

s _2; (15 (following Washimi & Shibatal993 Matt & Pudritz 2008.

f 4@%M\ésc’ However, ing iS not known a priori, so we instead

normalize the angular momentum loss in the stellar wind using

' 2 H —
where ; BR%Byis the total stellar ux ( = 2 for our the equatorial rotation rates e giving

dipolar surface corguratior). Values of 4 for all simulations

can be found in Tabl&. In Figure3, we illustrate the extent of TAeq 8J 1z YIS

the parameter space explored by our simulations, in terfgs of R M 8. R2 w X R, (18

and s Symbol shapes, colors, and borders demonstrate how f fed™ f f

each parameter in our study varies. Increasiggoticeably where we dene

increases s (at xed foq and ). For slower rotation rates . .

(feq 0.01), changes ifieqand or  have a negligible effect on % _ Sind 8 fwind , § 19
a (at xed By); therefore, simulations with changing(for 8 feq feq

xed By andf.y) are seen to overlap in thiggure. For more o .
rapid rotation(f., 0.09, increasing.q and or decreasing where fying represents ateffectivé stellar breakup fraction
decreases 5 (at qxed B.). a in the stellar wind. Values 0f a o / Ry for all simulations can

Equation (15 demonstrates that these simulations are P€ found in Tablel. Therefore, we rewrite Equatiqd6) in
degenerate iB%/M. This means that for a real star, the range €rms of simulation parameters:
of s shown in Figure3 can be taken to represent a rang8:0f 3 M 8, .2 ~ § (20
for some xed value ofM, a range oM for some xedBj, or fea PAeq

for any combination of the two. TabRshows the range d3; We adopt the stellar-wind torque formulation developed by
and M in physical units for a few representative MS star Mmatt et al.(2012:

masses and choices of coronal-density normalization. Simi-

larly, the range of.q shown in Figure3 represents a range of [ . omy
equatorial rotation periods, where example physical values are A |§ f1 _t (21)
given in Table2. R G



The Astrophysical Journal, 925:100(13pp, 2022 January 20 Ireland et al.
A feq = 0.001 (] Table 3
O feq = 0.01 Best- t Dimensionless Parameters from Scaling Laws in Sedtion
© foq = 0.05 F0.75
2% 10" { # foq=0.1 Parameter Value Equations
O feq =02
< feq =025 Ka1 0.932 (21
D foq =03 oo Ka,2 0.263
x O
S om me 0.258
= . K 1.06 (31
g 10y *q K 1 1.16
& 025 K 2 0.0111
m $0.165
6 x 100 O B./Bo = 141
B./Bo = 2.83
O B./Bo — 566 0.00 parametergKs 1, Ka 2, andmg):
4% 100 *@ B./Bo =113 5 2§
v r v ra R
10% 10* 10° %om __eq Ry (24)
K 4(y/C)mr
Y*/ﬂ* ,1( f/ ) f f

Figure 4. raeq/Rg as a function of 4/ 5 ( xing = 1) for all simulations.
The black line shows the solid-body Taeq /R § 0.93% ;/ C)%258 (with
Ka2= 0.263.

Equation(24) is a transcendental equatifdue to the factor
present in aJ, therefore, we solve this iteratively. Values of
emp fOr all simulations can be found in Takle
In order to predict the stellar-wind torque as a function of the
stellar surface properties, we must adopt a formulation for
The“effectiveé rotation rate in the wind, as deed by , is a

where 3 is the“magnetization parameteof the stellar wind
based on properties at the stellar surfdegpressed in

Equation(15)), torque-averaged rotation rate over all opefd lines carrying
12 wind material. Because our adopted differential rotationlpro
Xeq 2 is a simple function of colatitude on the stellar surface, we can
G 1 K (22 de ne the colatitude on the star that happens to rotate at the

same rate as théeffectivé rotation of the wind, .

. _ _ Equationq7) and(19) thus de ne the"effective rotation rate
is a “magnetocentrifugal correctionterm for the wind

in terms of this colatitude:
ef ciency (expressed in the form adopted by Réville et al.
2019, and Kgi, Kso,, and mg are best-t dimensionless 1 X cos en. B (23 R
parameters. The Alfvén radius is inversely proportional to theBecause the rotation rate increases from pole to equator, and
stellar-wind mass-loss rate. Using Equat{@8), we rewrite because the integrated torqaad thus'effectiveé rotation in
Equation(21) in terms of raeq/ Ra: the wing is dominated by ow from the highest colatitudes, we
expect that s will have a similar value and similar scaling to
the maximum colatitude on the stellar surface that emits a wind
(as opposed to the higher colatitudes where there is a dead
zong, which we call g5, In practice, we explored a few
different possible relationships betwees and open Given
the functional form of Equatiof25), we found that a relatively
simple form and acceptablet to the data is obtained by
assuming thatos B is proportional tccos Byen leading to

1 X KRCO§ open B ( 26 R

rA,et;

§\ m,
= KL %2 (23
Ry G

In Figure4, we plot raeq/Rs as a function of &/ s,
( xing =1 for the 5 term). By solely tting the
solid-body rotating cases, wend the best-t dimen-
sionless parameters to g ;= 0.932,K;,= 0.263, and
my = 0.258. For convenience, all of the bestdimension-
less parameters presented in Sectdogan be found in th

Table3. The cases with solid-body rotation are wetlby whereK is a best-t dimensionless parameter. By evaluating

the power law represented by Equati@1), illustrated by Equation(13) atRs across the average area enclosing the stellar
the small amount of scattef those cases around the best-  \ying ie. for 0 open@nd( S open) , using the

line. However, the cases with differential rotation exhibit a dipolar de nition for Bg (Equation(3)), one can write
systematic deviation of the points toward smalf@req / Rs ’

vaI_ues for larger amounts of d_ifferential rotat(dmge_r ). o€ Boen 1 "open ' (27
It is clear that any stellar-wind torque formulation that '
assumes solid-body rotatioifi.e., one that uses the .
; : I . giving
equatorial rotatio rate and assumes= 1) will increasingly
overestimate the efiency of the stellar-wind torque for " open
1 XKgr1l : B (28

increasing solar-like diffential rotation. We can dee an th
empirical value for the normalizé@ffective rotation rate f
in the wind, emp as being the deviation of the simulated for our dipolar conguration. Therefore, when 0, the
values from the simple power-law relationship of the solid- “effectivé rotation rate of the wind(normalized by the
body-rotator case. That is, theffective rotation rate inthe  equatorial stellar rotation ratés a function of and the
wind can be measured using Equati®B8) and the t fraction of open ux in the stellar wind.
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In previous stellar-wind simulations, it has been shown that O 5. /By 111
the fraction of openux increases with the wind mass-loss rate B./By =2.83 o
(at xedfeq Ba); more specically, oped a Scales inversely o Ziﬁii’fi
with s (see, e.g., Réville et 2015 Finley & Matt2017 2018 R G T S S .
Pantolmos & MatR017). Therefore, we parameterizgoed 1070 =0 W WL T
using the following functional t: '*"-;————-L*___f_.____' _____ " 0.50
' N m. = ° ° - o A
open K. 1 f ’ (29) 35 R * . o *x N ) s
N C - B 1 ‘ 0.2
A feq = 0.001 i
where O feq = 0.01 * .
) 4x1071{ O feq=0.05 o a
1/ #* foq =01 o]
(1 Bfy? =0
G 1 = (30 st0 QT 0 !
K2 D> feq =0.3
. . . 2 3 4 5
is the“magnetocentrifugal correctioterm for the fraction of 10 10 10 10

open ux in the stellar wind, anl 1, K ,, andm are best-t Ts/Ba

dimensionless parameters_ By So|e|ying the SOnd_body Figure 5. emp @s a_function_of B f(.)l’ all simulations. Dotted lines
rotation cases, wend the bestt dimensionless parameters 'cPresent the theoretical solutiop, for a given .

to be K ;=1.16, K ,=0.0111, andm = $0.165/ In

Equation (29), we assume (1S ) in the term for A feq =0.001
simplicity to avoid producing a transcendental equation for the Sf:igﬁgé S 0.75
full parameterization of ; this approximation gives simulation 25101 Ja =01
. . oy X . O foa=02
points that lie within 10% of the formulation if was used. o A foq =025
Therefore, one can rewrite Equati#8) as s B e =03 0.50
< om 5
1 XKgl K I'B 3 = :
th R ey . (39 = 10'7
5 0.25
We determine the best-dimensionless parametér= 1.06 =
by tt?ng the ¢mp values Wit_h the exp_ressiorj for i, o100 I —
(equation (31)). Conceptually, given the differential pile B./Bo=2.8 -
used in this study, qpen COrresponds to the colatitude of the DZ-/Zoi-lﬁg '
eld line with the maximum stellar rotation rate in the stellar 4x10° , , S
wind. Our value oK demonstrates that ,;,q acts along a 108 104 10°
eld line connected at a colatitude that is near, but lower than, Y./ Bs

open In other words, the location 9” the SFeHar surface that Figure 6. (raeq /R P %182 as a function of 4 4 for all simulations. The
rotates at the same rate as tieffective’ rotation rate of the  piacy jine shows thet ( raes /R) 82 0932 [ X )02® (with Ky, =
wind is located within the wind-emitting region and near the ¢.263. '

last open eld line, as expected.

In Figure5, we plot cynpas a function of o/ . When the
differential rotation increases, i.e., as increases, the
“effectivé rotation rate in the wind is smaller. For a given
differential rotation prole, the trend with & illustrates that
the “effectivé rotation rate in the wind is sensitive to the
fraction of open ux in the wind. Specically, if there is more

the ef ciency of the stellar-wind torque. Finally, by combining
Equations(20), (23), and(31), we express a fully parameter-
ized estimate for the stellar-wind torque, for a wide range of
differential rotation rates and stellar surfaedd strengths:

~ 2m
fractional open ux (which occurs for smaller &/ ), the J  K2.M R2 _f 8f
“effectivé rotation of the wind is faster because it includes f1 fea™f
more ow from higher colatitudes. We superimpose lines o
representing the fully parameterizeg for each explored in T HKrl K., _ (32
our study(Equation(31)). The scatter present for= 0 cases is T C

solely due to deviations in the relationship betweagn, / Ry
and s 3 whereas for > 0 cases, the scatter is likely a
combination of this and from our parameterization of 5. Discussion and Conclusions

In Figure 6, we plot ( raeq /R X%.8% as a function of

s a (using  in the expression of g). We nd all
simulation points to lie within 10% of the tting function.
Therefore, our adoptiofand parameterizatipoof appears to
strongly account for the stellar differential rotation effects on

In this work, we perform 74 2.5D axisymmetric MHD
stellar-wind simulations to investigate how the stellar-wind
torque experienced by the star is impacted by differential
rotation and the dipolar stellar surface magnegic strength.

We create a torque formulation that encapsulates these effects,
7 Note,K » Kao TheKa, term captures the combined effects of the wind allowing for the investigation of the rotational evolution of MS

acceleration and the fact that the opem is changing, wheredé , captures stars US.inQ 1'_3 stellar eV0|Uti_0n codes. We_Chose a siegli
only the latter. setup, including a purely dipolar magnetield, thermadl

10
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polytropic wind driving, and a monotonic differential rotation of differential rotation on the rotation rate at the base of the
pro le. wind, and how this affects global angular momentum loss,
independent of coronal dynamics. In this case, we are
concerned only about the rotation rate of open magnetit
5.1. How Differential Rotation Affects Stellar-wind Torques lines (i.e., single footprinds rather than connected footprints
undergoing shear. In a 3D domain, differential rotation can
redistribute the open magnetiax of a nonaxisymmetriceld
(e.g., a tilted dipolg hence, the assumed initial magnetiox
distribution changes in time and the solution cannot be
stationary. On the other hand, the timescales to establish a
wind solution are much shorter than the differential rotation

We determine a stellar-wind torque formulation through the
parameterization of the effective Alfvén radius, based on the
formulation employed by Matt et al(2012. Our solid-
body rotation simulations follow ar, — g relationship
(Equation(21)) with a power-law index ofny = 0.258, which

is comparable to that found in previous stellar-wind studies . A .
(with an initial dipolar conguration within systematic and magnetic eld reorganization timescales. Therefore, our

uncertaintiegsee, e.g., Matt et a012 Réville et al.2015 axisymmetric results represent the solution for a wind in which
Finley & Matt 2017 Pantolmos & Mate017 Pantolmos et al.  the timescale of reorganization is much longer than the time to
2020. In addition, our magnetocentrifugal correction term for €Stablish thequasijsteady-state conditions in the wind. We
the wind efciency, s has a large tting constant of @ISO note that assuming a dipolar magnetic garation is a
Ks»= 0.263, suggesting that rotation has an impact on theSimMpli cation, and real solar-like and low-mass stars exhibit
wind acceleration only for our most-rapid cases. This value iszma:ler—scale magnetlcelg strchjrfs, (;“ ag(l)t(l)on lt—? their
slightly larger than that determined by Réville et (@015 ipolar componentge.g., Donati & Landstree2009. How-

( 0.2, but much larger than that determined by Matt et al. €Ver: various works have suggested that the open hence

(2012 (0.07): as discussed in the former, these discrepanciesth® angular momentum loss, is dominated by the dipolar

; ; : s tic eld component(Jardine et al.2016 See et al.
might be due to differences in boundary conditions. magne . : .
For cases undergoing surface differential rotation, the2018 2017 Finley & Matt 201§. Our simulation results

effective Alfvén radius now depends on treffective stellar ~ Snould apply to any real star, under the condition that the
rotation rate in the wind, wing , which is not known a priori differential rotation of the openeld lines is similar to the
1 WIN 1

(Equation(17)). We renormalize the Alfvén radius using the Pro lés we explored. Future studies should consider more
equatorial stellar rotation rate,se, introducing the term reahstlc'magnetlc eld geometries and dlfferentlal rotation
= wind/ aeqinto the formulétion(Equation(18)). We pro les, in order to explore whether magnetic topology, closed-

nd that decreases with the magnitude of surface differential 9P shearing, and other coronal dynamics affect the differ-
rotation (measured via ). Furthermore, increases with the ~€ntial rotation in the wind.
fraction of open ux in the wind (for a given ); this
corresponds to the stellar wind occupying a larger area of the 5.2. Variations during a Solar Magnetic Cycle
domain, allowing for the inclusion of fasteow from higher
colatitudes. The fraction of openux in the wind itself
inversely scales with the wind magnetization; for rapidly
rotating cases, it is also sensitive to magnetocentrifugal effect
on the wind acceleration and the opax combined, . Our
simulations follow a gped s~ & relationship with a power-
law index of m = S0.165, which is again comparable to
previous open ux stellar-wind studieésee, e.g., Réville et al.
2015 Finley & Matt2017 Pantolmos & MatR017 Pantolmos

et al. 2020. Our term has a proportionality constant of ; .
K ,= 0.0111, suggesting that the opemx is more sensitive tory (SDQ HMI). The estimated dipolareld strength(at the

to fotation compared to the effects on wind acceleration solelyP°® vlaries in the ralng:a 0.39f8.14 2(37(3verage: 1.54 )5 The
(encapsulated by our term). mass-loss rate is calculated from ay averages via measure-

Overall, for our solar-like differential rotation cases, i.e., ments of th_e solar-wind speed and density from the ACE

<1, we nd the rotation in the wind to be decreased SPacecraft, i.e.M. 4 RA(RQ (R o7 day The§8§’ﬂnated
compared to a solid-body case with identical stellar propertieg25s-10ss rate varies ggfﬁ‘e ran@go7s 4.30 x 10" Me
(rotating at 5¢qwWith @ xed mass-loss rgtedecreasing the yr" (average: 1.78 1 M. yr )- A typ|cal m.eas.ured
stellar-wind torque by approximately a factor of(ignoring value of the solar eqL_JatonaI S|d_ereal rotation period is 24.47
centrifugal effects® We note that the parameterization of ~ days(Snodgrass & Ulricti990; this corresponds to a rotation

— 6 1 i —
used in our formulation is sped to the differential rotation ratveg Of ¢ .eq= 2.97X _1OS _rad SS_ » QVINg fe oq= 4.73x
pro le adopted; however, it is likely that one can deriveor 10°3. We adopt a relative differential rotation rate gf= 0.3.

different proles and follow the framework of this paper to _USiNg these observations, we determine corresponding
predict the torque. values of . (via Equation(31)) as a function of time. In the

Differential rotation, in general, can shear small-scale (0P panel of Figure, we illustrate theeffectivé rotation of
magnetic eld structures and affect the coronal dynamics 1€ Winds sensitivity to the stellar-wind area by plotting the
(see, e.g., Lionello et a200§ Morgan 2011 Lionello et al. colatitude of the openingeld line (determined with . via

2020). However, in this study, we solely investigate the effects Equation(26)) as a function of time for solar cycles 23 and 24
' ' (black ling. Gray lines are interpolated values, due to

8 For xed mass-loss rate, one can shiiss  ( .saC;)2" >, whgre the missing data for these periods. We superimpose a color

subscript“SB’ represents the solid-body value. Fgg= Kso, i.e., when map of ¢( opene = ) (determined by substituting into
centrifugal effects are negligiblé/ ks x X Equation (26)), which demonstrates the distribution of its

We use our modied prescription to illustrate the potential
effect differential rotation could have on predicting the wind
dorque of the Sun, using time-varying solar proper¢meer
solar cycles 23 to J4alculated in Finley et a{2018. Dipolar
magnetic eld strength is calculated using synoptic magneto-
grams of the surfaceeld strengtifrom solar cycles 23 to 34
from two sources: the Michelson Doppler Imager at the Solar
and Heliospheric Observato(OHQ MDI), and the Helio-
seismic and Magnetic Imager at the Solar Dynamic Observa-
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0 — 1" primarily due to the fact thate ¢q> ¢ sg IN this extreme
T  Foss case, where a large fraction of surfaedd is opened into the
b /81 _O_QOQIT wind, the open region engulfs surface regions that are rotating
E b AU, Loss @ faster than the solid-body value, and thus the torque is
= T/41 VV\M 2 increased.
3 [080 = This analysis makes use of only the axisymmetric dipole
© 3m/81 Lors 5 eld, which may be a reasonable approximation for most of the
Loro solar cycle except for at solar maximum, where global
/2 ; ; , . - magnetic eld con gurations are often nonaxisymmetric and
2000 2005 2010 2015 multipolar(DeRosa et aR012. However, this work could be a
S 5 foundation for a more detailed analysis in which the average
o el rotation rate of the openeld regions is calculated during the
= solar cycle, i.e., accounting for nonaxisymmetry and multipolar
é —51 magnetic elds. Some observations and theoretical work
- suggest that while the solar photosphere rotates as described,
?:’o —107 )‘NW the solar corongand thus the base of the solar wimmay in
= _ 154 fact be rotating differently, or even potentially as a solid body
g 15 W Wr‘w“"‘“’ (see, e.g., Insley et all995 Giordano & Mancuso2008

, — , — Bagashvili et al2017 Pinto et al.202]). It is likely that the
2000 2005 ?010 2015 rotation of the solar corona determines the rotation rate of the
Year wind, therefore it is possible that these systems are much more
Figure 7. Estimated opening colatitude of the solar witap), and estimated  complex than anticipated by these formulations and that surface
percentage change in predicted solar to@otton), as a function of timén differential rotation may not be noticeably responsible for any
year$ over solar cycles 23 and 24. . . .
torque discrepancies between observations and theory.

theoretical value for a given colatitude of the openielgl line.
At the solar minima, where the stellar-wind region is at its
smallest (corresponding to lower opening colatituges

e 0.8, i.e., the'effectivé rotation of the wind is roughly Most F, G, and K MS stars are observed to have a relative
80% of the equatorial rotation rate. At the most extreme differential rotation rate simila¢o or smaller than the Sun, i.e.,
snapshot of the solar maxima, where the stellar-wind region is < 0.3, and most rapidly rotating stars are observed to be rotating
at its largesfcorresponding to the highest opening colatijude almost as a solid body, i.e., 0 (see, e.g., Collier Camer&002

e 0.99, ie., the“effectivé rotation of the wind is Reiners & Schmitt2002h Barnes et al2005 Reiners2006§
determined predominately by the most-rapmvs close to Collier Cameron2007 Balona & Abedigamb&01§. For the
the equatorial value. cases similar to the Sun, differehtiatation could affect the stellar

We determine the change in the predicted solar torque usingorque on the order of tens of percent according to our prescription
our modi ed prescription, compared to the solid-body predic- (as discussed in Secti@). The effect of differential rotation on
tion. For the solid-body approximation, we adopt the wind torques is expected to be even smaller for more rapidly
Carrington sidereal rotation period of 25.4 days, which rotating stars, as is observed to decrease with rotation period. In
corresponds to the period it takes fored features on the the case of antisolar rotatign < 0), which we did not explicitly
solar surface at a colatitude of°6@ypical for sunspots and explore in our parameter study, our formulation show® be
other solar activity to rotate to the same apparent position inversely proportional to the fractional opeux (i.e., proportional
when viewed from EartfCarrington1863 pp. 221, 24% this to 4 ), suggesting that MS antisol rotators actually spin
corresponds to a rotation rate of sg= 2.86x 10°°rad $'*, down more efciently. Finally, depending on the method used for
giving fe sg= 4.56x 10°3. Using Equatior(32) and assuming  determining rotation rates, it is likely that the observed rates are not
magnetocentrifugal effects on the solar-windcefhcy are generally equal to the maximéequatorial rate, but rather to some
negligible ( efe oq fe,se= Kao), the ratio of our torque intermediate rate. The observethtion rates can thus be closer to
prediction and the solid-body prediction for the solar case canthe“effectivé rotation of the wind, which would reduce the error
be interpreted as in using solid-body stellar torque predictions.

Generally, depending on the precision required, models
using solid-body rotatiorfand indeed using observations of
rotation rates where the colatitude of the rotation rate observed
is not knowr) are probably acceptable for studying stellar spin-

In the bottom panel of Figurg we plot the percentage change down, especially because other uncertainties in the modeling

in the predicted solar torque as a function of time. At the solar(e'gizkkTOWing the tr)l?ass-:oss ratﬁs or magfnﬁlc: progertie)s rat
minima, our formulation predicts a solar torque that is roughly are likely comparable or Jarger. However, for stars demonstrat-

: L ing relative differential rotation comparable to, or stronger than,
0 -
18@ §ma||er than the solid-body prediction. Therefore, for thethat of the Sun, the results presented in this paper should be
majority of the solar cycle, the open magneteld extends

h ’ - - ~considered.
over a region that is rotating slower than the solid-body rotation

rate, resulting in a weaker torque. However, at the most | .G.I. and S.P.M. acknowledge support from the European
extreme snapshot of the solar maxima, our formulation actuallyResearch Counc{ERC) under the European UnitHorizon
predicts a solar torque that is roughly 2.5% larger, but this is2020 research and innovation prografgrant agreement

5.3. Signicance of Differential Rotation for Main-sequence
Stellar Spin-down

J. 8:,eq

J.se 8:.sm
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