rZ003ASPC. Z286. ~I55V

Current Theoretical Models and High Resolution Solar Observations: Preparing for ATST
ASP Conference Series, Vol. 286, 2008
A. A. Peuvtsov and H. Uitenbroek, eds.

Physics of Photospheric Magnetic Field

A.A. van Ballegooijen

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street,
MS-15, Cambridge, MA 021588, USA

S.S. Hasan
Indian Institute of Astrophysics, Bangalore 560034, India

Abstract. The magnetic field on the quiet sun is continually swept
into the intergranular lanes where it is amplified by interactions with
the surrounding cool downflows. The resulting kilogauss flux tubes have
typical sizes of about 100 km and magnetic field strengths of around
1500 G in the photosphere. A model of the magnetic field strength as
function of depth is presented. It is shown that the Reynolds stress due
to the downflows are sufficient to explain the observed kilogauss field
strengths. We also present simulations of vorticity in intergranular lanes
and the dynamics of flux tubes in response to such vortical motions. The
simulations predict that flux tubes rotate with angular velocity ~ 5x 1073
rad/s. If true, this would likely result in a significant flux of Alfvén waves
into the solar atmosphere that would contribute to the heating of the
chromosphere and corona.

1. Introduction

The magnetic field on the quiet sun is highly intermittent, and contains kilo-
gauss flux elements (Howard & Stenflo 1972; Frazier & Stenflo 1973). Sanchez
Almeida & Lites (2000) argue that weak polarization signals account for most
of the total (unsigned) magnetic flux, suggesting that a significant fraction of
photospheric flux remains undetected. The magnetic field emerges in the form of
ephemeral regions (Harvey & Martin 1973; Harvey 1993) and intranetwork fields
(Livingston & Harvey 1975; Zirin 1987; Wang et al. 1995; Zhang et al. 1998).
The field strength of intranetwork fields is ~ 500 G, less than that of the kilo-
gauss flux elements (Keller et al. 1994; Lin 1995; Lites 2002). Lin & Rimmele
(1999) identify a pattern of weak fields that is closely associated with the so-
lar granulation. Hanle measurements indicate the presence of weak “turbulent”
fields that are ubiquitous and have field strengths in the range 4-40 G (Sten-
flo, Keller, & Gandorfer 1998). This wide range of field strengths is the result
of interactions of the magnetic field with mass flows in the convection zone.
Convective flows occur on a range of spatial scales, ranging from 30,000 km
for supergranules down to 100 km or less for downflows in intergranular lanes.
Subsurface magnetic fields are continually stretched and distorted by these con-

155

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/2003ASPC..286..155V

rZ003ASPC. Z286. ~I55V

156 VAN BALLEGOOIJEN & HASAN

vective flows (e.g., Cattaneo 1999; Emonet & Cattaneo 2001). The resulting
flux bundles rise up to the solar surface and emerge in the photosphere.

The quiet solar corona consists of a complex network of magnetic loops
known as the “magnetic carpet” (Title & Schrijver 1998; Handy & Schrijver
2001). The newly emerged fields are swept towards the boundaries of granules
and supergranules, where they interact with pre-existing magnetic fields. These
interactions depend strongly on the polarity of the fields involved: like-polarity
magnetic elements will merge into larger elements, whereas opposite-polarity
elements may fully or partially “cancel” each other, leading to removal of mag-
netic flux from the photosphere (Livi, Wang, & Martin 1985). The continual
emergence and disappearance of magnetic fields causes recycling of the photo-
spheric magnetic flux. In mixed-polarity regions with mean flux density of a
few Gauss the recycling time scale is about 40 hours (Title & Schrijver 1998).
The physical processes associated with flux cancellation are not well understood.
Harvey et al. (1999) suggest that magnetic flux is retracting below the surface
at most, if not all, cancellation sites. Others have argued that flux cancellation
involves the rise of U-loops through the photosphere (e.g., Spruit, Title, & van
Ballegooijen 1987). In most cases the magnetic flux elements involved in the
cancellation were not previously connected to each other, so magnetic reconnec-
tion is required above or below the surface to established the required loop-like
connections between the cancelling features.

The magnetic field is continually swept into the intergranular lanes where it
is amplified by interactions with the surrounding cool downflows. The resulting
kilogauss ”flux tubes” have typical sizes of about 100 km and magnetic field
strengths of around 1500 G at the base of the photosphere. Figure 1 illustrates
the structure of a flux tube and the surrounding flows. The flux tubes are less
dense than their surroundings, so they are buoyant. This buoyancy keeps the flux
tubes nearly vertically oriented in the photosphere despite the perturbing flows.
The flux tubes can be modeled either as monolithic magnetic structures (e.g.,
Spruit 1976; Frutiger & Solanki 2001), or as micro-structured magnetic atmo-
spheres (MISMAs) that contain fine structure on scales far below the resolution
of present telescopes (Sanchez Almeida et al. 1996). The physical processes that
determine the observed field strengths in flux tubes are discussed in section 2.
We argue that the observed field strengths are determined by dynamical forces
in the downflows near the solar surface.

The flux tubes follow the intergranular lanes as the convective pattern
evolves. They continually split up and merge due to interactions with flows inside
the lanes and with each other (e.g., Berger & Title 1996). It is unclear whether
this splitting and merging leads to significant changes in field strength within
the flux tubes. The motions of flux tubes within the intergranular lanes are
likely to generate transverse MHD waves that propagate upward along the flux
tubes and dissipate their energy in the chromosphere and corona (e.g., Huang,
Musielak, & Ulmschneider 1995; Hasan & Kalkofen 1999; Hasan, Kalkofen, &
van Ballegooijen 2000; Musielak & Ulmschneider 2002). At present there are
no observational constraints on the properties of transverse waves (such as wave
power spectra). Obtaining such knowledge is important for understanding the
non-thermal heating of the upper solar atmosphere, and is one of the main goals
of the Advanced Technology Solar Telescope (ATST).
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Figure 1. Magnetic flux tube with downflows in local surroundings.

In section 3 we present a simple model of the interaction between flux tubes
and the flows associated with the solar granulation. We find that the vorticity
of the flow plays an important role in the dynamics of the flux tubes. Like the
magnetic flux, the vertical vorticity is concentrated in the intergranular lanes
and therefore interacts strongly with the magnetic flux tubes (Schiissler 1984,
1986). The model predicts rotational motions of flux tubes with angular velocity
of around 5 x 1072 rad/s. Such motions would have important effects on the
dynamics of magnetic field in the upper solar atmosphere.

2. Magnetic Field Strength of Flux Tubes

A large fraction of the magnetic flux on the quiet sun consists of highly con-
centrated kilogauss fields (e.g., Howard & Stenflo 1972; Frazier & Stenflo 1973).
The formation of kilogauss flux tubes by convective collapse (CC) of an initially
weak magnetic field has been investigated by many authors (see Rajaguru &
Hasan 2000, and references therein). The CC is due to the unstable stratifica-
tion of the convection zone. A flux tube with weak magnetic field in thermal
and hydrostatic equilibrium with its surroundings is unstable against vertical
displacements of plasma within the tube. If the displacements are downward,
the flux tube is evacuated and may reach a new equilibrium state with higher
field strength (Parker 1978; Spruit 1979; Spruit & Zweibel 1979). Rajaguru &
Hasan (2000) found that the CC of a flux tube is strongly influenced by radiative
heating from the surroundings and cooling due to losses in the vertical direction.
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Flux concentrations with magnetic fluxes in excess of 10!® Mx collapse unhin-
dered, attaining field strengths greater than 1160 G, but for smaller magnetic
fluxes the CC is inhibited by radiation transport effects.

In the CC model the horizontal variations of temperature in the external
medium are ignored, and the medium is assumed to be in hydrostatic equilib-
rium. However, we know that the flux tubes are located in cool intergranular
lanes where the temperature T4(z2) is less than the average temperature T,(z)
at depth 2z in the convection zone. Moreover, there are strong downflows that
cause deviations from hydrostatic equilibrium. These deviations can be de-
scribed in two complementary ways. Sanchez Almeida (2001) focuses on the
temperature deficit of the downflows. He assumes that the downflows are in
pressure balance with the mean atmosphere, py(z) = pe(z), and that the mean
atmosphere is approximately in hydrostatic equilibrium, dp. /dz =~ p./H., where
H.(z) = RT,/ 19 is the pressure scale height, p.(z) is the molecular weight, and
g is the acceleration of gravity. Since Ty < T, the pressure gradient in the down-
flow is less steep than necessary to compensate gravity, i.e., there are negative
buoyancy forces that drive the downdrafts in intergranular lanes. To determine
the temperature of the downflows, Sanchez Almeida (2001) used simulation re-
sults from a realistic three-dimensional model of solar convection by Stein &
Nordlund (1998). Another approach is to consider the momentum equation for
the downflow (Hasan & van Ballegooijen 1998):

d 2\ _ _ Pd
e (Pd + pavi) = pag = o, (1)

where v4(z) is the average downward velocity, py(z) and pg4(z) are the average
pressure and density of the downflow, and Hy(z) is the pressure scale height that
would exist if the medium were in hydrostatic equilibrium (Hy = RTy/149).
The advantage of this approach is that it makes no assumptions about the mean
stratification of the convection zone. Equation (1) is an approximation that can
be derived by averaging the vertical component of the momentum equation over
the downflow region (indicated by dashed lines in Fig. 1). The cross-sectional
area of the downflows is assumed to be independent of depth.

The deviations from hydrostatic equilibrium in the downflows have im-
portant consequences for magnetic flux tubes that are embedded in such flows
(Hasan & van Ballegooijen 1998; Sanchez Almeida 2001). The gas inside the
flux tube is assumed to be in hydrostatic equilibrium along the field lines:

dp; Di
5 P9 = (2)

where p;(2) and p;(z) are the internal gas pressure and density, and H; =
RT;/pig. Furthermore, we use the thin tube approximation (Roberts & Webb
1978; Spruit 1981), which implies that the flux tube is in pressure balance with
its surroundings:

B2

where B(z) is the magnetic field strength. This approximation is valid when the
radius of the flux tubes is less than the pressure scale height (H; =~ 100 km in
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Figure 2.  Filling factors, velocities, temperatures and densities for
upflows (dashed curves), downflows (thin solid curves), and the fraction
of area with the strongest downflows (thick solid curves), as derived
from the convection simulation by Stein & Nordlund (1998).

the photosphere). Combining the above equations yields

1 1 1 d

d
7 In(l+¢) = (ﬁd- - E) T padz (PdU§> ) (4)

where ¢ = B?/(87p;) is the ratio of magnetic pressure to gas pressure (the
inverse of the plasma parameter ). It follows that the magnetic pressure inside
flux tubes is determined by two effects: (1) the temperature deficit or excess of
the flux tube relative to its surroundings; and (2) the Reynolds stresses in the
surroundings. The temperature effect is described by the first term in equation
(4). A temperature deficit (7; < Ty) can occur due to radiative cooling at the
solar surface, but this effect is expected to be important only for relatively thick
flux tubes (with radii r larger than the pressure scale height, which is about 100
km at z = 0), and then only for depths z < r (Spruit 1976). Then H; < Hy,
so the first term in equation (4) is negative. However, very thin flux tubes are
expected to be in thermal equilibrium with their surroundings (H; ~ Hg), so
that the first term in equation (4) vanishes.

© Astronomical Society of the Pacific * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/2003ASPC..286..155V

rZ003ASPC. Z286. ~I55V

160 VAN BALLEGOOIJEN & HASAN

100.00 ' A ' W 102 ' -
10.00F
% =z
(@]
—
2 100} =
a a.
[5%) L
0.10k E
0.01 " [ , 1078 X , .
-1 0 1 2 3 4 0.1 1.0 10.0 100.0
DEPTH (Mm) DEPTH (Mm)
6000 106 =
© ©
T T
= =
% O
& 4000} &
x @
= =
w (73]
o [a)]
- —J
s Ll
[ [
& 2000} S
] ]
& &
3 s
1 i i 1 102 N A, 1
-1 0 i 2 3 4 0.1 1.0 10.0 100.0
DEPTH (Mm) DEPTH (Mm)

Figure3.  The ratio of magnetic- and gas pressure, €(z), and magnetic
field strength, B(z), as functions of depth in the convection zone.

The Reynolds-stress effect is described by the second term in equation (4).
Since pdv?i increases with depth, its effect is to make €(z) a decreasing function
of depth. To determine the magnitude of the Reynolds stress, we derive average
properties of the downflows from the convection model by Stein & Nordlund
(1998). Using a snapshot from their simulation model, we determine the aver-
age velocity, temperature and density as functions of depth for (1) upflows, (2)
downflows, and (3) the 10% fraction of the total area with the strongest down-
flows. The latter is a measure of the local surroundings of the flux tubes, which
presumably are located in the core of the downflow plumes. The results of this
analysis are shown in Fig. 2, together with the area-filling factor as a function
of depth for each region. Note that the strongest downflows occur at a depth
of about 200 km and have a velocity of about 6 km/s. To extend these results
to greater depth (z > 2000 km), we use a model for the mean stratification of
the convection zone (Spruit 1977) and a two-component model of convective en-
ergy transport based on downward directed plumes embedded in a gentle upflow
(Hasan & van Ballegooijen 1998). The parameters of this plume model are ad-
justed to match the numerical results from Stein & Nordlund (1998) at a depth
z = 2000 km.
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To determine the magnetic field strength as a function of depth, equation
(4) is solved numerically by integrating upward from the base of the convection
zone, assuming H;(z) = Hy(z). Three different values for the field strength at the
base are used, By = 30, 100, and 200 kG. The results for the pressure ratio €(z)
and magnetic field strength B(z) are shown in Fig. 3. Note that €(z) increases
with decreasing depth from € ~ 1075 at large depth in the convection zone to
€ ~ 5 in the photosphere. Most of the increase in € occurs close to the solar
surface (—300 < z < 4300 km) where the Reynolds stresses are relatively large.
The value of €(z) in the upper part of the convection zone is nearly independent
of the assumed field strength at the base. The predicted field strength at z = 0
is about 1380 G, consistent with the observed values in flux tubes on the quiet
sun (e.g., Zayer et al. 1990; Grossmann-Doerth, Keller, & Schiissler 1996). This
implies that Reynolds stresses due to downflows are sufficient for reproducing
the observed field strengths, and there is no need to invoke temperature deficits
of the flux tubes relative to their local surroundings.

Note that the predicted field strength (1380 G) is significantly larger than
the “equipartition” value B¢y ~ 400 G in the photosphere (equipartition between
magnetic and kinetic energy densities). This is due to the cumulative effect of
the downflows over several pressure scale heights. Therefore, incompressible
magneto-convection simulations (e.g., Emonet & Cattaneo 2001) do not neces-
sarily give an accurate view of the formation of kilogauss flux elements.

3. Simulation of Granulation Flow and Flux Tube Motion

The motions of photospheric flux tubes are mainly determined by the evolving
granulation flow. The buoyancy of a flux tube guarantees that it remains nearly
vertical, hence its position on the solar surface is determined by the average
horizontal velocity acting upon the flux tube in the upper part of the convection
zone. To follow a large number of flux tubes we need to know the velocity field,
v = [vg(z,y,t),vy(x,y,t)], where z and y are coordinates on the solar surface,
and t is the time. In principle this velocity field can be estimated from a time-
series of granulation images. However, the spatial resolution of present telescopes
is insufficient to track small features within granules and intergranular lanes.
To derive a flow field from granulation images additional information about the
velocity is required. In previous work we assumed for simplicity that the vorticity
of the flow vanishes, so that the velocity can be approximated by v = —V¢,
where ¢(z,y,t) is the flow potential (van Ballegooijen et al. 1998, hereafter paper
I). The quantity ¢ is assumed to be well correlated with the granulation intensity
(positive in the bright granules and negative in the intergranular lanes), so that
—V ¢ represents the radial outflow from the cell center to the lanes. However,
in reality the vorticity of the flow may not be negligible.

To study the role of vorticity in the dynamics of flux tubes, we add a
random vorticity source to the model described in paper I. The flow velocity v
is computed from the following equation:

0
8—¥+V-Vv:—Vp+iXVq+Vv2V_;v (5)
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Figure 4.  Divergence and vorticity of horizontal flows.

where p(z,y,t) is proportional to observed granulation intensity:

p(x,y,t) = ClIObS(xayat)a (6)

and q(z,y,t) is a random vorticity source (we use v = 70 km?/s and 7 = 500 s).
The granulation images were obtained at the Swedish Vacuum Solar Telescope,
La Palma, on 1995 October 5 (see Lofdahl et al. 1998; Berger et al. 1998).
The random vorticity source ¢(z,y,t) has a correlation length of 600 km and
correlation time of 71 s. We experimented with different values of the strength
of the vorticity source as measured by the rms value of the parameter ¢q. In
each case the constant ¢; was determined by comparing the rms values of v,
and v, with those predicted by the 3D hydro-dynamical simulations of Stein &
Nordlund (1998), similar to the procedure described in paper I. Here we present
results only for one value of the vorticity source, ¢rms = Prms = 3.2 km?/s%.
Figure 4 shows the spatial distribution of divergence and vorticity for frame
50 of the time series. Note that the vorticity is strongly concentrated in the
intergranular lanes (dark lines in divergence image), despite the fact that the
vorticity source was much more evenly distributed. This is due to the “bathtub
effect”: vorticity fluctuations are advected into narrow downflow regions, leading
to spin up of the flow (Schiissler 1986). The presence of vortical flows around
flux tubes may help to stabilize the flux tubes against interchange instability
(Schiissler 1984).

We now consider the dynamics of flux tubes in this evolving flow pattern.
The flux tubes are represented by 200 finite-size corks (radius 60 km) that move
with the granulation flow. The corks are not allowed to overlap; this simulates
the incompressibility of kilogauss fields in the photosphere (for details, see paper
I). Initially, the corks are randomly distributed in a square with a size of 5000
km. Figure 5 shows their positions at later times. Unlike in paper I, the corks
have rotational motions given by the local vorticity of the granulation flow,
Q(t) = (V x v),/2. We find that the rotation rates are quite large, Q,pns ~
5 x 1072 rad/s, i.e., a rotation over 1 radian in only 200 s.
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Figure 5.  Cork positions at times ¢ = 9.4, 19.2, 30.0 and 38.8 min.

If such rotational motions of flux tubes indeed occur on the Sun, this could
have important consequences for the dynamics of magnetic fields and plasma
in the upper solar atmosphere. The magnetic field is frozen into the plasma,
hence any rotational motions imposed from below will propagate up along the
flux tubes in the form of Alfvén waves. Since the flux tubes fan out with height,
the rotational velocity is enhanced by the expansion factor. To estimate the
magnitude of this effect, we now simulate the motions of magnetic field lines
attached to the corks using potential-field extrapolation. Each cork is replaced
by a magnetic source located at depth z = 160 km below the photosphere (all
sources have the same strength and polarity). Each source consists of a magnetic
monopole and a vertically oriented bipole; this produces a magnetic “canopy”
located at a height of 1000 km above the level z = 0 (see paper I). The total
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Figure 6.  Potential field derived from cork simulation (¢ = 19.2 min).

magnetic field B is computed as the sum over all magnetic sources:
B(I‘, t) = ZBk(rat)' (7)
k

Flux tubes are defined by tracing field lines downward from a height of 1500
km in the chromosphere. The flux tubes are pushed up against each other in
the chromosphere, but there are “field-free” regions below the canopy. Figure 6
shows selected field lines at time ¢ = 19.2 min.

The chromospheric field-line velocity is computed by using the frozen-in
condition, E 4+ v x B = 0, in combination with Faraday’s law:

0B 0By
VXE——E——; 5 _ijVxEk, (8)

where Eg(r,t) is the electric field from a single source:
Ex(r,t) = — [vi(t) + Q(t) 2 x (r — rx(t))] X Br(r,t). (9)

Here rj(t) is the source position, vi(t) = dry/dt is its velocity, and §2;(t) is the
rotation rate. Then the electric field can be written as

E(r,t) = ) Ei(r,t) — VO, (10)
k

where ®(r,t) is determined by the requirement that E-B = 0:

B-V®=> B-E. (11)
k

Equation (11) is solved by integrating downward along the field lines and set-
ting ®(z,y,0,t) = 0 in the photosphere. This yields the function ®(r,t) in the
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Figure 7. Field-line velocity at height 1500 km in the chromosphere
as predicted by potential-field extrapolation and the assumption that
the magnetic field is frozen into the plasma. (a) Horizontal component
of velocity for ¢ = 19.2 min. The thick arrows correspond to velocities
in excess of 15 km/s. (b) Magnetic domains associated with each cork.

chromosphere, from which the electric field E(r,t) and the field-line velocity
v(r,t) = E x B/B? can be computed. Figure 7a shows the field-line velocity for
time ¢ = 19.2 min of the simulation (Fig. 6). Note the rotational pattern associ-
ated with the flux element in the center of Fig. 6. Figure 7b shows the magnetic
domains associated with each cork. Note that these domains are elongated for
corks near the boundaries between flux bundles where the largest velocities oc-
cur. It was previously suggested that local enhancements of field-line velocity
near separatrix surfaces between neighboring flux tubes are the cause of spicules
(van Ballegooijen & Nisenson 1999).

Figure 8 shows histograms of the horizontal and vertical velocity compo-
nents. The velocity distributions are fit by exponential distributions with 1/e
widths of 5.4 and 3.7 km/s, respectively. Such velocities are consistent with
observed non-thermal line broadening of spectral lines formed in the chromo-
sphere and transition region (Dere & Mason 1993). However, it should be kept
in mind that the rate of vorticity input in our model is rather arbitrary and is
not constrained by actual observations of vorticity.

4. Conclusions

The observed kilogauss fields in the photosphere are due to deviations from
hydrostatic equilibrium in the local surroundings of flux tubes (Hasan & van
Ballegooijen 1998; Sanchez Almeida 2001). These deviations are due to the
strong downdrafts (v, ~ 6 km/s) as predicted by hydro-dynamic convection
models (Stein & Nordlund 1998). Here we use simulation results from Stein &
Nordlund’s model to estimate the Reynolds stress in the downflow, and we find
that the observed field strength can be reproduced without invoking temperature
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Figure 8.  Histograms of horizontal and vertical velocity in the chro-
mosphere (frame 50, height z = 1500 km).

deficits of the flux tubes relative to their local surroundings. The predicted
field strength (1380 G at z = 0 in the photosphere) is much larger than the
“equipartition” value; this is due to the cumulative effect of the downflows over
several pressure scale heights. The downflows are also needed to account for the
observed Stokes-V profile asymmetries (e.g., Frutiger & Solanki 2001).

Little is known about the vorticity of granulation flows on length scales
comparable to the width of an intergranular lane (~ 200 km). Here we simulate
the effects of vorticity on the dynamics of flux tubes by adding a random vorticity
source to the granulation model developed in paper I. This model is based on
a time-series of granulation images obtained with the SVST at La Palma. We
find that the flux tubes may have significant rotation rates, Q ~ 5 x 1073 rad/s.
It is unclear whether such rapid rotational motions indeed occur on the Sun;
a more systematic search for vorticity in intergranular lanes is needed to settle
this issue. We also extrapolate the predicted velocities to larger heights in the
solar atmosphere, and predict field-line motions in the chromosphere with mean
velocities of several km/s.
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