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« The model
Context. Stellar winds are an integral partof the underlying dynamo, the motar of stellar activity. The wind controls the star's angular
momentum loss, which depends on the magnetic field geometry which, in tum, varies significantly in time and lati tude

Aims. Here we study basic properties of a sell-consistent mode] that includes simple representations of both the global stellar dynamo
in a spherical shell and the exterior in which the wind sccelerates and bevomes ¢ mic,

Methods. We numerically solve an axisymmetric mean-field model for the mducuun. momentum, and conlinuity equations using
an isothermal equation of state. The model allows for the 1 of a mean magnetic field and the development of
a Parker wind. The resulting flow is transonic at the eritical point, which we arrange 1o be between the inner and outer radii of the
model. The boundary conditions are assumed 1o be such that the magnetic field is antisymmetric about the equator, ie., dipolar.
Results. At the solar rotation rate, the dynamo is oscillatory and of o type. In most of the domain, the magnetic field corresponds
1o that of a split monopole. The magnetic energy Quxis largest between the stellar suface and the critical point. At rpid rotation of
up o 50 times the solar value, most of the magnetic field is lost along the axis within the inner tangential cylinder of the model.
Conclusions. The model reveals unexpected features that are not generally iml.mgulcd from models that are designed 1o reproduce
the solar wind: highly variable angular momentum Qux Quxes even from justan o dynamo in the star. For rapid rotation, magnetic
fields are ejected mostly along the axis, where the wind speed is reduced.

e Results

Key words. Sun: sunspols — Sun: dynamo — urbulence — magnetohydrodynamics (MHD) - hydrodynamics

e Conclusion

“1. Introduction [2014 [Kiipy [ etall 2014, i.e., the equatorspins slower than the
‘ . poles. Stellar winds can also be important for the dynamo it-
The emergence of a wind around stars is aremarkable and some- g iy that Ihey can transport magnetic helic'ny away from the
* what counter-intuitive phenomenon. The existence of the solar  gynamo region, and thereb alleviate what is known as catas-
wind waxalreadysugge.‘tedbythe f.'l:t that the tails of comets al- truphn: quenching; see Mitra et all (2011 for mean-field mod-
: Ways point away from the Sun (Biermannl [1951). Nevertheless. ol and Del Sordo etal] (2013) for computations of the magnetic
. the wind was thought to be arelamrely slow p CNOMENON &550-  helicity flux in simulations in a turbulent wind. Magnetic winds
. ciated with an evaporation of the corona { (19600 4150 affect the density and dynamics of cosmic rays in the helio-
« The physical nature and nmhemucal theory of the solar wind sphere. C; ing selfconsi v the dy generated mag-
. was first understood by (1958 His theory showed that  peric field evolution in the heliosphere is therefore crucial and
the wind starts off as a zub.wmc flow some distance above the g, \nodeling the ic shielding of Galactic cosmic rays on
“corona. It gradually gains in speed as the gravitational force e By, N -
_diminishes and the effective outward pull resulting from the The theary of tized stell ind by [Weber & Dav
- quadratic increase of the cross-sectional area in Bernoulli’s law. e theory of 4 magnetized siefiar wi y—
_ This is a purely hydrodynamic phenomenon, unlike what was empluyes aprescribed and time-independent stellar mag-
suggested by the popular notion of the solar corpuscular radia-  Petic field. so any feedback on the underlying dynamics was
tion at the time. %s is_also true of the recent numerical models of
Stellar winds play a crucial role in a star’s life. Without the I initial nd‘r'wmdﬁmpnm?dd:ﬁ‘#fnmhmghn:;medmm?-
wind, the Sun would still be spinning rapidly and magnetically poles as Initial conditions et e s has changed onty
. ’ . B in recent years. Given that the wind normally dominates over the
superactive. A proper understanding of the rotational evolution magnetic field, one can separate the dynamics of the wind from
of a star through magnetic bresking via a wind is important (2018).

. . . that of the solar dynamo. In recemt work of [P
not only for sellar evolution, but it also plays a role in under- this was modeledu'.mg two separate codes that are magnetically

standing the diversity of magnetic activity as a function of rota- pled .
tion rate and age % . As the star reaches through a £ at the solar surface.

the age of the Sun, the magnetic field either chnn%es its %e- The purpose of the present paper is to explore some basic

ometry such that sellar breaking is reduced properties of siellar winds in the presence of dynamo-generated
[200%) or it can cunnrn.le to break and the  magnetic fields. It is appropriate to adopt a mean-field model,
star’s differential rotation b lar-like (Gastine et al].  where we solve the equations for the azimuthally averaged mag-
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Solar wind

https://science.howstuffworks.com/dictionary/astronomy-terms/solar-wind-info.htm https://en.wikipedia.org/wiki/Heliospheric_current_sheet#/media/File:Heliospheric-current-sheet.gif
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C(r,u) = 2u° —Inr® —Inu — —.

r
308 \% ==

Contours of C(r, u)

Parker E. N., 1965
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The model

Basic equations:

- evolution equation for the mean vector potential
- evolution equation for mean velocity

- evolution equation for logarithmic mean density

- mean current density

- strain tensor of the mean flow
- quenching function for alpha effect

- radial profile function

X - = =

'?9—t =UxB+aB—-npd,

E — _cgvlﬂ'ﬁ—ﬂi‘-l-;j}(ﬁ—UT@:
Dt i p

BE == -

D/Dt =d/ot+U -V

J=V xB/u
-Q=V?U +3:VV-U +25 - Vin(vrp)
Sij =3Ui; +U;0) — 305V -U

g fa(r)cosf sin™ @

a(r,8, B) = —
1+ Q.B’/B2,

fa(r) = ©((r — R)/wa)

(1)
(2)

(3)

(4)

(3)

(6)



The model

3 distinct layers:
Pin < R <Te < Fout s (T)

where 15, < r < R is the dynamo region (modeling the stellar
envelope), R < r < r. is the wind acceleration region (model-
ing the locations of the solar corona and the Alfvén point), and
r, <1 < roy is the supersonic wind region with r, = G'M/2¢?
being the critical point.

0.0 05 1.0 15 2.0
Boundary conditions:

air =Ag=A3=0 onr=ry, - 0.30

0.25_
Er:aa—%Jr%:ai“E_f:“ O T = Ty 9) 0.0
3£r =Ayg=A;=0 on =0, T .
aﬂzﬂr S % =0 on 6=90° (11 o101

0.05

o.00L.
0.00

0.05

'y 13
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The model

Wind solution as initial condition

Bernoulli equation: %uz +c2lnp — GM /r = const,

Mass loss rate: M = 4mr?pu

tu? — cflnu — g lnr? — GM/r = &,

TET*,H=C5T/T‘¢Z Cf]llui_;_l(?“):% - CE nr —Gﬂ‘fjfrf‘—"ﬁg,

> ey Up = 265 -

z H_l(?“)—lf Inu; + ¢ Inr? + GM /r + ®q.

(12)

(13)

(14)

(15)



The model

Wind solution as initial condition

https://www.nordita.org/~brandenb/teach/PencilCode/MixedTopics.html

Parker Wind

— Working material: ParkerWind/, ParkerWind.tar.gz [untar this file by typing tar zxf ParkerWind.tar.gz]

The isothermal Parker wind is a solution of the equations

u dufdr = -c5™2 dlnrho/dr - GM/r™2 and
d{r*2 rho ur)/dr = 0

There is a critical point at =GM/2cs”2. The numerical solution approaches the wind after some equilibration process. The inital condition
was just ur=1.

Jorn Warnecke and
Dhrubaditya Mitra, 2012



https://www.nordita.org/~brandenb/teach/PencilCode/MixedTopics.html

The model

Effective solar wind potential

1D Bernoulli equation: https://en.wikipedia.org/wiki/Siphon#/media/File:Lappo.svg

2 i 2 _ _d‘i’eﬁ
(u f‘f) P nu® = s

Effective gravitational potential:
bg=—c Inr’ - GM/r,

-the effective potential experienced _ /7.
by the siphon flow in the isothermal o AL Effect . ar® — GM /e (black
Parker W|nd ig. A.l. ective potential @y = —cllnr” — /7 (black), to-

gether with the Bernoulli term —cf Inr? (red), and the gravitational
potential —G M /r (blue).




The model

Sun parameters:
e =100 e~ = 100 king,,

GM = GMg ~ 1.3 x 10%° cm3s72,

r. = GMg/2c2 ~ 7 x 10" cm =~ 10R ~ 0.05 AU. r, = cs = My = ty =1
(=3 x10-%"2 0 = r.Qfc, = GMQ/2c® ~ 0.2,
e ~ : = EL"TC' .
VT""urmsg/:}NlUHszS : D = RO Y, ln—b
2 - b I GME} ]

My =~ 6 x 1012 gg~1

[p] = My/er? =~ 1.2 x 107 ¥ gem =

[B] = (polp])/?es = 0.04G
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Results

Model ¥ Qr_t ﬂ Gu_- Cﬂ B max -H".‘.j."f..'
A 0.05 107° 02 12 75 6-13  41.0
B 0.1 10°% 1 250 375 16.0 —
C 0.1 107" 10 250 3750 8.8 —

Dynamo numbers:

C, =agR/npr and Cq = AQR?/yr. (20)

_ i



Results

.8 < 30° (a) -
30° < 8 < 60° E

e Mass loss

Local mass loss density:

/M,

M(r,0,t) = 4mrp(r,0,8) U, (r,0,1),

Cumulative mass: 0.0 05 1.0 1.5 5 0
M,(r,ﬂ,t):/ 4mr™p(r',0,t) dr’, o e A A A A 7% T
T 3 E_ n
E-: ]_D — o=
. = 5
The mass above the surface is : 10% -
about 10, so 99.9% of the total v
. . E lD—E_
mass in the computational
domain |s_conta|ned in the stellar 0.0 05 P .5 50
envelopeinr <r<R r/r,

Fig. 1. Radial dependence of M (a) and M, (b) for Model A.
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Oscillatory model at solar rotation rate

Fig. 2. Time series of the three magnetic field components at one point for Model A.
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Results
Magnetic field geometry

We overplot the

2.0 i 2.0 B 2.0 S - _
e, % surfaces where U _is
: transonic (solid white
1.0 1.0 1.0 T A . . .
// lines), i.e., where U
0.5 0.5 0.5

exceeds the Alfvén

0.0L 0.00 0.0 &v: 0878
00 05 10 15 20 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20 Speed§2/ 1/
2.0 ' i ' 2.0 ' ‘ ' 2.0 : ' ’ 2.0 i ' i vV, = .
_t=830 . t=834 - 1=838 e, (=842 A ( “0 p)

We also shows the
ol b4 | surfaces where U is

transmagnetosonic,
l.e., where U

1.5 1.5

A
il

0.5

0.0k . 008 0.0k 0.0
00 05 10 1.5 20 00 05 1.0 15 20 00 05 1.0 15 20 00 05 10 15 20 axceeds the fast
2.0 Bl 2.0 B 2.0 Bl 2.0 B ' :
t=846 t=850 t=854 t=858 magnetosonic speed
15 1 15 1 15 ! 15 P, ]

c_. (dash white line),

which obeys
2 — 2 2.
C_°=cCc’+V 2

i 0.0 = oo K=
0.0 05 1.0 15 20 0.0 05 1.0 15 20 00 05 1.0 15 20 0.0 05 10 15 20

Fig. 3. Color representation of TZBQI, (v, @) for different times for Model A. The nearly concentric white solid lines show the surfaces where U .- is
transonic and the dashed ones show the surfaces where it is transmagnetosonic.
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Results

0.3 0.0

Fig. 5. Similar to Figure 3, but this time with a color representation of B (r, #) showing only the region close to the center.

-periodicity
with the period
P,=41
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Magnetic field geometry

1800 1850 1900 1950 1800 1850 1900 1950
t GE/T'* L CE/T,

Fig.4. Butterfly diagrams of By (r, #)) and B, (r, ) for Model A at r/r, = 1.9.
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Poynting flux

Fpuy(?'_, t) = f{ﬁ b4 E,’Jﬁ-[]) . dS1 (29)
0.1000 0.1000
Mean electric field: 5, 00100 FERTIERN 0.0100
E 00010 0.0010

e 0.0001 0.0001

:E‘:H[]T]Tj—ﬂ'ﬁ—ﬁ)fﬁ

Magnetic energy loss:

Ey(r.6,t)

EM = 4TT?‘EFPU}“

Ey(re.0)

Eyfr0.t)

-latitudinal dependence

energy loss

Fig. 6. Latitudinal dependence of the magnetic energy loss at different times for Model A.

0.1000

00100 - = -

0.0010
0.0001
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Results

Poynting flux

Il

Kinetic energy loss: Ex = 4nr’ (,ﬁﬁz /2) u,, (30)

Magnetic energy loss:  Fy = 4m*2[§2/2,u”) iy, (31)

E, and Ey,

k¢ and ky

k. and Ey

iy
-kinetic energy loss %
IS more dominant <§ 0.0p % :
.. 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
at the large radi /. /.

Fig. 7. Radial dependence of the magnetic and kinetic energy losses at different times for Model A. Note that £y has been multiplied by a factor
of 20.
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v 1070 \ 107°¢ 1072 107
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° 107 e 107 107%¢ 10°°

T —g“;‘ggf” { 107 107} 107
1078t b | = - . 107 107® 107°

00 02 04 06 08 1.0 0.0 02 04 06 08 10 0.0 0.2 04 06 08 1.0 0.0 02 04 06 0B 1.0

L 10° 10° 10°F =842 ‘
= oot 107! 1071
T 1078 1078 1078F L, o m—
fin] 1[’—3 ID—S .I.D_Er --------
&£ 1074 107 107

1078 107" 107°

00 02 04 06 08B 1.0 00 02 04 06 08 1.0 00 02 04 06 0B 1.0

L 10 10°F 10°F; —g54 T3 10%F o
= 1o 107! 107"k 107 -kinetic and
° 107* 107 107%} 107 :
c magnetic
¢ 1p® 107® 1072 107 g |
,[x? 10— lD—‘I- 10—4r 10—4 'I:.'II energy Osses
107" L LU 107° : 107> LIt 1077 L Ll are equal
00 02 D4 0B 0B 10 OO0 02 04 06 OB 10 00 D2 04 06 08 10 00 02 04 08 0B 10 z
/T, r/r, /7, r/r, at Alfven
pomt

Fig. 8. Similar to F1gurc 7, for a semilogarithmic representation, without having rescaled . Blue (red) lines indicate kinetic (magnetic) energy
losses. Note that Eyy &~ Ex at r/r. =04, 19




Res
Angular momentum flux

FAN{ = ﬁmgﬂﬁ - Eﬂﬁtﬁﬁfﬂ.[] - ﬁ!f’]‘mzvﬂ

(33)

Angular momentum loss:  j — 4g2pAM,

107!

J(r.8)

J(r.8)

J(r.6)

J(r.8)

Fig.9. Latitudinal dependence of the angular momentum loss .Jj(r, f, ) at different times for Model A. The blue (red) lines refer to kinetic
(magnetic) contributions, and the black lines denote the turbulent viscous contribution. Positive (negative) values are shown as solid (dotted) lines.

-sign changes
in latitude
and time
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Results

Rapid rotation

For rapid rotation, the
magnetic field lines and
contours of the toroidal
magnetic field are much
more concentrated to

the bottom of the dynamo
region, r=r,_.

At faster rotation,

the contours become more
cylindrical. This is an effect
of the Taylor—Proudman
theorem and results
generally in small
variations along the
rotation axis.

1.0

Fig. 10. Angular velocity contours superimposed on a color represen-
tation of {7,.(r, ) for Model B (a) with £2 = 1 and Model C (b) with
=10
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Results

Rapid rotation

0.25

0.15

0.20

0.10

0.05

0.05
0.00
0.00 0.05 0.10 0.15 -
0.00 oo |
0.00 0.05 0.10 0.15
B
Fig. 11. Magnetic field lines superimposed on a color representation of ’
Eqb (T, 5&} for Model B with ﬁ ] Fig. 12. Similar to Figure 11, but for Model C with €2 = 10.
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Results

Rapid rotation

107

The magnetic activity
is confined 3 B e
to a narrow cone :
with an opening
angle of about 15° .
Noticeable magnetic = g-io
energy losses are
found only near the
rotation axis.

1

H{T:E)

10—12

1[}—14

Fig.13. Latitudinal dependence of the magnetic energy loss for
Model B.
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Results

Rapid rotation

E, (1) has a maximum
somewhereinR<r<r _,

which is where the Alfvén
point lies. Model B has a
much smaller magnetic
energy loss at large radii
than Model A

L l_:;:,fl-. " ¥ y . . . ~
el i I - :
B S| =]
1.5F Eiin _ 30°< 8 < 60° -
= F Sigm - e > 60° :
=P :
- E ]
0.5 g =
[ 33 .
oot & oo o oo oo oy g % 5 .2 -
0.0 0.5 1.0 1.5 2.0
2.0F :
o5 15F .
E 1.0 ]
o B ]
« 0.5F “
Ty : E
0.0
0.0 0.5 1.0 1.5 2.0

Fig. 14. Radial dependence of M (a) and Ey (b) for 0 < # < 30 (close
to the axis) as blue dotted lines, 30 < # < 60, as black solid lines, and
60 < # < 90 (close to the equator) as red dashed lines for Model B.
The radial dependence of FE) is shown as green solid lines.
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Conclusion

* simplified realization of a dynamo with a stellar wind

* the assumption of an isothermal equation of state has
simplified matters conceptionally

* relatively large turbulent magnetic diffusivity and viscosity -
mainly needed to resolve shocks that develop within the
wind

Future work:

* inclusion of a A effect (Rudiger,1980, 1989), which would
allow for the development of differential rotation in the
stellar envelope and might allow us to model the stellar
dynamo more realistically, allow us to study dynamos in
the aQ regime
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