What causes downflows In
magnetic flux concentrations?
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To obtain a quantitative estimate of the buoyancy force, consider a flux tube of 100
gauss at a depth of 2 X 10* km in the sun. At this level p, >~ 2.5 X 10~* gm/cm?,
T.>~2°5 X 10°K. Equation (5) gives p, — pi=>~ 2 X 107" gm/cm? which is only
10~7 of the density p.. A temperature variation of 0702 K would produce the same
fluctuation in the density. We see, then, that magnetic buoyancy will be negligible for
the general solar field. Consider, however, a relatively intense strand of field of, say, 103
gauss, produced by an abrupt shearing in the turbulent convective motions at a depth of
only 10® km. Now p, =~ 0.8 X 108 gm/cm?® and 7T, ~ 1°5 X 10* K; equation (5) gives
pe — pi~ 3 X 108 gm/cm?® Hence p, — p; is now 0.04 p, and is equivalent to heating
the region by 600° K; if the rope is not swept back down into the convective zone by
some violent convective flow, it will rise to the surface of the sun.

F1G. 2.—The development of a toroidal flux tube into a sunspot. a, indicates in a rough way how the
tube might look after being borne to the surface by the magnetic bouyancy; b, shows the concentration
just under the photosphere due to cooling; ¢, indicates splitting of the tube as a consequence of the abrupt
tapering above the cool region.




Need for hydraulics
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ABSTRACT

The remarkable concentration of the general field of the Sun into isolated intense flux tubes
at the visible surface must be a direct consequence of conditions immediately beneath the surface.
It is pointed out that the convective heat transport in the magnetic field swept into the down-
drafts in the junctions of supergranule boundaries is strongly suppressed by the magnetic field.
The net heat transport is reduced to such a degree that the temperature of the downdraft within
the field increases nearly adiabatically below the visible surface, and hence is significantly cooler
than the surrounding ambient gas. The reduced temperature enhances the downdraft within the
field and permits the gravitational field to evacuate the flux tube. The magnetic field is then
strongly compressed by the external gas pressure, leading to the extraordinary observed strengths

of 1500 gauss or more. It is suggested that the magnetic knots found in active regions are formed
wholly or partly by the same effect.

Near-surface concentration < —> deeply roted tubes



Sunspots fromm downdrafts
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ABSTRACT

The heat flux in the familiar Boussinesq convective cell with free upper and lower boundaries
is plotted to show the suppression of the upward heat flow by a downdraft. Application to the
solar convective zone shows that downdrafts of 1-2 km s~ at depths of 1-4 x 10° km beneath
the visible surface of the Sun are sufficient to reduce the upward heat flux to a small fraction of the
ambient value. Hence the downdraft that is postulated to operate beneath the sunspot, to account
for the gathering of flux tubes to form the spot, would be sufficient to reduce the heat flux to
values comparable to those observed in sunspot umbrae. This greatly relieves the demands on

cooling by the convective generation of Alfvén waves i order to form the observed intense
fields of 3000 gauss or more.

As a final comment, then, we emphasize that the subsurface downdraft to which we appeal (Parker 1979a) for
the bunching of flux tubes to form a sunspot remains an hypothesis, neither supported nor contradicted by the
fluid motions observed at the surface of the Sun. The outflow that sometimes appears at the outer edge of the
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P — vertical velocities are always of the order of a few meters

per second, causing timescales of the order of the solar
Move to th e cycle for the rising through the whole convection zone.
Thus there is enough time for the fields to be amplified by
a differential rotation and a-effect in order to build up an
bottom of CZ  waynamo.
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ABSTRACT

The magnetic field appearing as bipolar magnetic regions at the surface of the Sun represents the lines of
force from a general azimuthal field of the order of 10* gauss somewhere beneath the surface. The amplification
time, as a consequence of the nonuniform rotation, is of the order of 10 vears. But magnetic bunyancy brings
the azimuthal field up through much of the convective zone in a time rather less than 10 years, raising the
question of where the azimuthal field can be retained long enough to be amplified.

We show that magnetic ficlds can be retained for long periods of time in the stable radiative region beneath
the convective zone, but unfortunately the solar dynamo cannot function there because turbulent diffusion
is an essential part of its operation.

The only possible conclusion appears to be that the dynamo operates principally in the very lowest levels of
the convective zone at depths of 1.5 x 10°% km or more, where the gas density is 0.1 gcm™~?, and the fields are
limited to 50 gauss, rather than the usually estimated 10 gauss.




magnetic buoyancy not a problem
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Cosmic Magnetic Fields:

From Planets, to Stars and Galaries
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Paradigm shifts in solar dynamo modeling
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Abstract. Selected topics in solar dynamo theory are being highlighted. The possible relevance
of the near-surface shear layer is discussed. The role of turbulent downward pumping is men-
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generated near the bottom of the convection zone, m the tachochne. However, there

1s a number of theoretical and observational problems with justifying the deep-seated

dynamo models. This leads to the idea that the subsurface angular velocity shear may

play an important role in the solar dynamo. Using helioseismology measurements of the

internal rotatton and meridional circulation, we investigate a mean-field MHD model

of dynamo distributed in the bulk of the convection zone but shaped in a near-surface
7
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through the convection zone. Here, however, we are envisaging
the production of sunspots much closer to the surface, so the
notion of flux tubes rising through a major portion of the con-
vection zone 1s not invoked. Indeed, local helioseismology sug-
gests a picture quite compatible with sunspots being a shallow
surface phenomenon (Kosovichev et al. 2000, Kosovichev
2002). The actual sunspot formation might then be the result of
convective collapse of magnetic fibrils (Zwaan 1978; Spruit &
Zweibel 1979), possibly facilitated by negative turbulent mag-
netic pressure effects (Kleeorin et al. 1996) or by an instability
(Kitchatinov & Mazur 2000) causing the vertical flux to concen-
trate into a tube.
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The MHD instability due to ‘effective’ negative magnetic
pressure in the interval & < kg may also provide a mechanism
of the large-scale magnetic ropes formation in the solar con-
vective zone (see also Kleeorin et al. 1989, 1990; Kleeorin &
Rogachevskii 1990). At a depth ~ 10°cm (from the sun’s sur-
face) the magnetic coefficient (), ~ —1.8 and the ‘effective’
magnetic pressure is negative. The magnetic instability devel-
ops on a time scale 1p ~ 2.5 - 10°s. It apparently determines
the formation of the magnetic flux tubes in the solar convec-
tive zone. These magnetic ropes float up from under the sun’s
surface leading to the onset of the observed sunspots.




Need for mean-field treatment

 Sunspot umbra turbulent, - scale separation

* Dynamos: Laminar picture not possible
— Would be slow (large Rm)




Counter-inturtive turbulence

Theories of the solar cycle : a critical view
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This striking behavior is the opposite of diffusion. To force it into a diffusion
picture, one would have to reverse the arrow of time. Instead of opposite polarities
decaying by diffusing into each other, they segregate out from a mix. The MHD
equations are completely symmetric with respect to the sign of the magnetic field,
however. There are no flows (no matter how complex) that can separate fields of
different signs out of a mixture. This rules out a priori all models attempting to
explain the formation of sunspots and active regions by turbulent diffusion. For

recent such attempts. which actually ignore the observations they are trying to ex-
plain, see Kitiashvili et al. (2010), Brandenburg et al. (2010). The observations,

instead, demonstrate that the orientation and location of the polarities seen in an
active region must already be have been present in the initial conditions: in the
layers below the surface from which the magnetic field traveled to the surface.
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Analogy: dynamo -2 spot
mean-field modeling
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Sunspot
formation
that sucks

Typical
downflow
speeds
Ma=0.2...0.3
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Flux tubes in global
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Synthesis
» Something else than NEMPI?

* Need mean-field description
 Connect with conv. dynamo

tu, ko= 1644.



AR & sunspots
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of the dynamo

Can we ever distinguish?
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erachical convection?
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Figure 1. Vertical magnetic field. The images are clipped at 1.7 kG, but the actual range is 3 kG, The x-axis is the east-west axis. The field entered in the upflows
at the bottom at an angle 30° to the x-axis. The active region pproximately maintains this orientation. The separation of the pores is approximately the size of the
supergranule-scale convective cells near the bottom of the domain.
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Figure 2. Continuum intensity image with horizontal magnetic field vectors superimposed. The images are clipped at 2.3 > 1/(I) > 0.5. The actual range is
[0.2, 2.5]. In the initial emergence the granules are elongated transverse to the horizontal field. Thereafter the granules appear elongated along the magnetic field

direction.

Tao et al (1998)

t= 206.215
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Isothermal NEMP convection
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Downflows <-> spot formation
Mean-field description
Predictive model

Analogy with dynamo
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