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ABSTRACT

Context. Observations of large-scale solar emergence events indicate that the magnetic field is already twisted prior to its emergence.
However, the nature of twist of the pre-emergence field is largely unknown.
Aims. By testing two different twist profiles for subsurface magnetic flux tubes, we aim to identify any differences in the emergence
process of the field and its atmospheric signatures that occur as a result of the twist. Given that differences do occur, future comparisons
of these emergence results with observations should reveal specific properties of the twist of the subsurface magnetic field.
Methods. Using a 3D numerical MHD code, we consider a simple stratified model, comprising of one solar interior layer and three
overlying atmospheric layers. We set a horizontal, twisted flux tube in the lowest layer and prescribe the central protion along the
tube’s length to be buoyant so that it will rise towards the surface. We test two different non-constant twist profiles for the tube and
perform a parameter study for each profile, looking for differences and similarities during the rise, emergence and expansion stages
of the tube’s evolution.
Results. We find that, irrespective of the tube’s twist profile, if the tube initially has a low tension force then it will experience greater
expansion and consequential weakening of its field strength during the rise through the solar interior. Thus, upon reaching the solar
surface it will fail to undergo a magnetic buoyancy instability and will not emerge into the atmosphere. For those tubes that do emerge
into the atmosphere, there is little distinction between the atmospheric field and few indicators as to the initial twist profile of the tube.
In general, tubes with stronger tension forces have a faster growth rate of the magnetic buoyancy instability, while tubes with weaker
tension forces expand to a greater degree in the horizontal direction post-emergence. Synthesised magnetograms at the solar surface
do vary between the two tested twist profiles but only in cases with initially low tension forces.
Conclusions. Upon emergence, it appears that most of the specific details of the tube’s initial twist are lost. The field must initially
be sufficiently twisted such that it is able to undergo a magnetic buoyancy instability but such a level of twist subsequently results in
the emerging flux having generic atmospheric characteristics. Only in cases with an initially low tension force is it possible to make
some distiction post-emergence by considering magnetograms at the solar surface.
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1. Introduction

Sunpots have long been observed and their general development
is well documented (for a detailed discussion see Solanki 2003,
and references therein). The growth of a pair of sunspots be-
gins with the emergence of individual arched strands of flux or
loops in a confined area (Zwaan 1985). Over time, the distance
between the footpoints of each loop increases as the loop rises
higher into the atmosphere, with the direction of the footpoint
separation being similar for all of the individual loops. The foot-
points appear to collect in two distinct regions that develop into
dark pores and, subsequently, into a pair of sunspots. For such
large amounts of flux to be emerging in a concentrated region, it
seems plausible to assume that the flux resides in some accum-
mulated state before emerging. Thus, it is taken to be fact that
sunspots mark the location where a section of a large subsur-
face bundle of flux has erupted through the surface, leaving its
footpoints rooted in the solar interior.

In addition, it is widely believed that the magnetic field of
the subsurface flux bundle is twisted and intertwined, prior to
emergence. The observational evidence in support of the theory
that flux ropes exist in a sheared state pre-emergence has devel-
oped substantially since it was first proposed (Babcock 1961;

Piddington 1975). Firstly, the orientation of newly emerging
field changes with respect to the polarity inversion line of the
active region (Frazier 1972; Lites et al. 1995; Schmieder et al.
1996). The first loops to emerge are perpendicular to this line,
while the orientation of successively emerging loops appears to
rotate such that the final loops are practical parallel to the inver-
sion line. The rate at which the loops rotate is far greater than
typical photospheric motions of ∼0.5 km s−1 (Lites et al. 1995)
and flows around sunspots are radially outwards over the moat
rather than rotational (Piddington 1981). Secondly, there is no
significant delay between the emergence of the new field and the
detection of currents in the photosphere (Leka et al. 1996). Thus,
the current must be associated with the field before it emerges
since motions in the photosphere would take too long to tan-
gle the field and generate the current. Thirdly, comparisons of
Hα and X-ray structures with potential (Leka et al. 1996) and
linear force-free (Schmieder et al. 1996) field extrapolations do
not agree, indicating that the emerging field is in a non-potential
state. All of these points strongly support a model in which the
field of the rope is twisted prior to its arrival in the photosphere.

To date, there have been a limited number of observational
studies carried out that aim to determine the level of twist
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associated with large-scale emerging flux. Assuming the field
is force-free, these studies use vector magnetogram data to de-
termine the value of a twist parameter, αp, by satisfying ∇× B =
αp B (see Canfield et al. 1993 for calculation details). The re-
sults reveal that each hemisphere has an associated dominance in
the sign of αp of emerging active regions (Pevtsov et al. 1995).
Estimates of the value of αp are reported to be O(10−2 Mm−1)
(Green et al. 2002; Burnette et al. 2004).

Previous flux emergence simulations have considered hor-
izontal flux sheets with uniformly directed magnetic fields
(Kaisig et al. 1990; Shibata et al. 1992; Matsumoto et al. 1993;
Yokoyama & Shibata 1995; Miyagoshi & Yokoyama 2003;
Isobe et al. 2005) and twisted flux tubes as the seed magnetic
field. Of these, only the simulations that use a flux tube as
the seed magnetic field have been able to create variation in
the orientation of the field as further flux emerges. However, the
majority of the simulations using flux tubes for emergence con-
sider a constant twist flux tube for simplicity and to aid compar-
ison between experiments (Magara 2001, 2004, 2006; Magara
& Longcope 2001, 2003; Fan 2001; Archontis et al. 2004, 2005,
2006, 2007; Manchester et al. 2004; Galsgaard et al. 2005, 2007;
Leake & Arber 2006; Murray et al. 2006; Murray & Hood 2007).
Prescribing constant twist yields a flux tube whose fieldlines ro-
tate about the axis through the same angle over the same set
length in the axial direction, irrespective of radius.

The simulations that use non-constant twist flux tubes trans-
port the flux from the solar interior into the atmosphere kinemat-
ically and are concerned only with the subsequent development
of the coronal magnetic field (Fan & Gibson 2003, 2004; Fan
2005; Gibson & Fan 2006). Thus, to date, there have been no
self-consistent models of flux emergence where the flux tube has
not been initially prescribed with constant twist. There is no rea-
son to assume that flux tubes formed in the solar interior should
have constant twist and, therefore, in this paper we will investi-
gate whether changing the twist of the tube to be non-constant
modifies the emergence process.

The degree of twist associated with the magnetic field of a
flux tube is a key parameter in deterimining the tube’s overall
evolution. The level of twist is directly related to the magnitude
of the tube’s tension force, which is responsible for maintaining
the cohesion of the tube. Previous studies have shown that as a
flux tube with low twist rises through the solar interior it will suf-
fer from distortion (Moreno-Insertis & Emonet 1996; Emonet &
Moreno-Insertis 1998). Hughes et al. (1998) have carried out a
study of constant twist flux tubes rising through the solar interior
in comparison with non-constant twist tubes. They found that, in
the latter case, the maximum strength of the tube’s transverse
field needed to prevent distortion was smaller. For the levels of
twist we will be considering, we do not expect to find the dis-
tortion described by Hughes et al. (1998), which results in the
tube developing side lobe structures. Finally, emergence simu-
lations of constant twist tubes have found that the flux will not
be susceptible to the buoyancy instability upon entering the pho-
tosphere if the level of twist is initially too low (Murray et al.
2006). In the case of non-constant twist flux tubes, we believe
that there will also be a minimum level of twist required to en-
sure emergence.

We will be testing two different flux tube profiles that give
decreasing and increasing twist with radius. For each of these
profiles, we will also perform a parameter study in order to un-
derstand the importance of the rate of change of the twist with
radius.

The structure of this paper is as follows: Sect. 2 will intro-
duce the numerical code used for the simulations and the setup

of the domain model. In Sect. 3, we will present the results from
the simulations, highlighting the similarities and differences of
the tube’s evolution that are consequences of the twist profiles
and their associated parameter spaces. Finally, in Sect. 4 we
will summarise our findings and consider whether observational
studies can use our results to determine the exact twist of the
subsurface pre-emergence field.

2. Model setup

2.1. Equations and numerical code

For the experiments in this paper, we solve the three-
dimensional, time-dependent, resistive MHD equations numer-
ically. These equations are:

∂ρ

∂t
= −∇ · (ρu) , (1)

∂ (ρu)
∂t

= −∇ · (ρuu + τ̂) − ∇p + ρg + J × B, (2)

∂e
∂t
= −∇ · (eu) − p∇ · u + QJoule + Qvisc, (3)

∂B
∂t
= −∇ × E, (4)

E = −u × B +
J
σ
, (5)

J = ∇ × B
µ
, (6)

p = ρT
R
µ̃
, (7)

with density ρ, velocity u, viscous stress tensor τ̂, gas pressure
p, acceleration due to gravity g, electric current density J , mag-
netic field B, thermal energy per unit volume e = p/(γ−1), Joule
dissipation QJoule, viscous dissipation Qvisc, electrical resistivity
σ, magnetic permeability µ, temperature T , gas constant R, av-
erage atomic mass per particle µ̃, respectively. γ is the ratio of
specific heats and is taken to be 5/3.

We use the three-dimensional code developed by Nordlund
& Galsgaard (1997), which solves the MHD equations on
staggered grids using a sixth order accurate method to evalu-
ate spatial derivatives and a fifth order interpolation method for
shifting variables between the different grids. An explicit third
order predictor-corrector method is used to advance the solution
in time.

A grid of 148 × 160 × 218 points is used to model an inte-
gration box with a dimensionless domain (−60, 60)× (−70, 70)×
(−22, 70) in the (x, y, z) coordinate system. This corresponds to a
domain of 20.4 Mm× 23.8 Mm× 15.6 Mm on the Sun. The grid
has uniform spacing in the horizontal plane but is stretched in
the vertical direction. The numerical resolution is highest over
the region from just below the initial location of the flux tube
to just above the transition region. The gridspacing represents a
physical distance of 4.77×104 m at its smallest and 2.49×105 m
at its largest.

The boundaries of the box are periodic in the horizontal di-
rections and closed on the top and bottom. A damping region
is included at both the top and bottom of the box to limit the
reflection of waves there.

2.2. Hydrostatic atmosphere

The background stratification of the domain models four distinct
regions of the Sun, which are initially in hydrostatic equilibrium.
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In the base of the non-dimensional domain, −22 ≤ z ≤ 0, resides
the adiabatic solar interior, with a linearly increasing tempera-
ture profile with depth such that it is marginally stable to the
onset of convection. Above the solar interior lie two isothermal
regions. The lower isothermal region, 0 ≤ z ≤ 10, represents
the photosphere and the upper isothermal region, 20 ≤ z ≤ 70,
represents the corona. The corona is chosen to be 150 times
hotter than the photosphere. Hence, in the intermediary region,
10 ≤ z ≤ 20, there is a rapid increase in temperature to ensure the
temperature profile is continuous across adjacent regions. This
region characterised by a rapid temperature increase is termed
the transition region.

We choose the non-dimensional temperature, density, and
pressure scale-height to be Tph = 1, ρph = 1, Hph = 1, re-
spectively, at the base of the photosphere. Physical units are
obtained by multiplying the dimensionless quantities by Tph =

5.6 × 103 K, ρph = 3 × 10−4 kg m−3, Hph = 1.7 × 105 m.
From these values we define a photospheric gas pressure unit
pph = 1.4 × 1011 erg m−3, a velocity unit V ≡ (pph/ρph)1/2 =

6.8 × 103 m s−1, a time unit tph = 25 s and a magnetic field unit
Bph = 1.3 × 103 Gauss. Surface gravity is 2.7 × 102 m s−1 and
µ̃ = 1.

2.3. Magnetic flux tube

In the cylindrical coordinate system, (r, θ, y), we define the mag-
netic field of the flux tube as B =

(
Br, Bθ, By

)
, where

Br = 0, (8)

Bθ = αrBy, (9)

By = B0e−r2/R2
. (10)

We set B0 = 3.0, for the maximum axial field strength, and
R = 2.5, for the radius of the tube at which the field strength
has decreased to 37% of its axial value. We will vary α over
nine experiments but the axial component of the tube’s magnetic
field, By, will be the same in all of the simulations at t = 0.

The twist of the flux tube is given by

Φ =
Bθ

r By
= α. (11)

In order to create a non-constant twist profile with radius, αmust
be a function of r. We will investigate two different profiles given
by the functions α1 and α2, where

α1(r) = c exp (−r2/k2
1), (12)

α2(r) = c(1 − exp (−r2/k2
2)). (13)

α1 and α2 give twist profiles that decrease and increase with ra-
dius, respectively. We choose c = 0.5 and will be investigating
the parameter spaces of k1 and k2.

The values of k1 and k2 determine the rate of change of the
twist with radius. As k1 → ∞ and k2 → ∞, we retrieve the
constant twist profiles with α1 = 0.5 and α2 = 0.0 respectively.
On the other hand, as k1 → 0 and k2 → 0, δ functions develop at
the axis that give α1 = 0.5 and α2 = 0.0 there and α1 = 0.0 and
α2 = 0.5 everywhere else.

Table 1 summaries the values of k1 and k2 under considera-
tion and Fig. 1 illustrates the twist profiles of α1 and α2 for these
values of k1 and k2.

In the case of α1, the values of k1 = 1.75, 2.5 result in the
fieldlines at the periphery of the tube being untwisted, while all
values of k2 for α2 result in the fieldlines around the axis being

Table 1. Summary of the k1 and k2 parameter spaces under investigation
and information regarding the line used to represent each in the figures
of this paper.

k1 k2

1.75 (blue solid) 1.0 (red solid)
2.5 (blue dashed) 1.75 (red dashed)
5.0 (blue dot-dashed) 2.5 (red dot-dashed)
10.0 (blue triple dot-dashed) 5.0 (red triple dot-dashed)
10 000.0 (black solid)

untwisted. Untwisted fieldlines allow for the distortion of the
tube as it rises through the solar interior and the severity of the
distortion in these cases will be discussed in Sect. 3.1. It can be
seen that a value of 10 000.0 for k1 is sufficiently large to yield a
constant twist profile for α1. We will use this case as the common
case against which to make comparisons between the two twist
profiles.

Although the twist profiles are sufficiently different to each
other, the Bθ component of the magnetic field is relatively sim-
ilar. By considering (9), we can see that this similarity is due
to the scaling with r, which gives Bθ = 0 at the axis, and
the Gaussian By component, which gives a smooth decrease to
Bθ = 0 at the edge of the tube.

The tension force of a magnetic field is given by (B · ∇)B/µ.
Using (8)–(10), we find that the tension force of the tube acts
radially inwards with magnitude Bθ2/µr. This is dependent on
the form of α, as shown in Fig. 2. However, in both the k1 and
k2 parameter spaces we can divide the cases into two categories,
namely low and high tension. We note that for increasing val-
ues of k1 and decreasing values of k2, the flux tubes have in-
creasingly strong tension forces. For example, the lower tension
cases are given by k1 = 1.75, 2.5 and k2 = 2.5, 5.0. If the tension
is sufficiently low in these cases then, from the results of previ-
ous studies, we would expect to see some distortion to the shape
of the tube during its rise through the solar interior and, upon
reaching the photosphere, the flux may fail to initiate a magnetic
buoyancy instability.

When discussing the results from the simulations, in addi-
tion to considering the two profiles individually, we will divide
the simulations generally into cases with an initially low or high
tension force, as specified above. In this way, we hope to be able
to identify the individual properties of the tube’s magnetic field
that are important for emergence rather than specific to the indi-
vidual twist profiles. When referring to the high and low tension
cases, the word “initially” will be omitted but it is implied unless
otherwise stated.

The axis of the flux tube is initially at a height of z = −10,
positioning it within the solar interior. We set the tube to be in ra-
dial force balance with the surrounding medium at t = 0 in order
to prevent a sudden radial expansion or compression of the tube
once the simulation begin. Additionally, we choose the central
portion of the tube, at y = 0, to be in thermal equilibrium with
the environment but decrease the temperature in the tube away
from this region. This variation in temperature results in the cen-
tral portion of the tube being the most buoyant, with decreasing
buoyancy towards the ends of the tube. The total buoyant length
of the tube in the axial direction is ∼100 units. The differential
buoyancy will aid the development of an Ω-shaped loop along
the tube’s axial length when the simulation starts.
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Fig. 1. Non-constant twist profiles,
(left) α1 and (right) α2, as functions of
radius for the values of k1 and k2 listed
in Table 1.

Fig. 2. Tension force as a function of
radius at t = 0 for (left) α1 cases and
(right) α2 cases.

Fig. 3. Scaled axial vertical veloc-
ity plotted against the square root of
the distance travelled, h, measured at
(x = 0, y = 0) for (left) α1 cases and
(right) α2 cases.

3. Results

3.1. Rise towards the solar surface

At the start of the experiments, the only force acting on the tubes
is a buoyancy force in the positive vertical direction. The tubes
with a lower tension force have a lower density at their centre
in order to accommodate a lower gas pressure. Thus, these tubes
are initially more buoyant. Given that an explicit expression for
the initial buoyancy force is known, it should be possible to scale
the vertical velocity of the tube by this force and retrieve a profile
that can then be used to predict the vertical velocity for any value
of k1 or k2 for α1 or α2 respectively. A similar approach has
been used successfuly by Murray et al. (2006) when changing
the tube’s field strength parameter, B0.

Rather than considering the whole tube, we will consider the
axis of the tube at (x = 0, y = 0) since this is a well defined point.
At the axis, r = 0, the buoyancy force is proportional to

Q1 =
c2d1

2

2
− 1, (14)

Q2 = c2

⎛⎜⎜⎜⎜⎜⎜⎝R2

2
+

d2
2

2
− 2R2d2

2(
R2 + d2

2
)
⎞⎟⎟⎟⎟⎟⎟⎠ − 1, (15)

for twist profiles α1 and α2 respectively. The new constants are
defined as

d1
2 =

R2k1
2

R2 + k1
2
, (16)

d2
2 =

R2k2
2

R2 + k2
2
· (17)

Thus, the initial acceleration should also be proportional to Q1
and Q2 for cases with α1 and α2 respectively. Firstly, for the α1
cases we have
∂vz
∂t
∝ Q1, (18)

or, alternatively,

∂

∂h

(
vz

2

2

)
∝ Q1, (19)
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Fig. 4. Field strength, |B|, as a
function of height, z, measured at
(x = 0, y = 0), at two distinct times
in each case (t0 and t1) for (left) α1

cases and (right) α2 cases. The t0 lines
are the original profiles of the field
strength at t = 0, shifted in height such
that the axis is at z = −6.3 (indicated
by the dashed vertical line). The t1

lines represent field strength profiles
at one individually selected later time
for each experiment when the axes of
the tubes are at a height of z = −6.3.
For the α1 cases, the t1 lines represent
k1 = 1.75, 2.5, 5.0, 10.0, 10 000.0
at t = 18, 20, 24, 26, 27, respec-
tively. For the α2 cases, the t1 lines
represent k2 = 1.0, 1.75, 2.5, 5.0 at
t = 27, 26, 21, 18, respectively, and
k1 = 10 000.0 at t = 27.

where h has units of length and measures the distance the axis
has travelled from its initial height. Integrating (19) with respect
to h yields

vz/
√

Q1 ∝
√

h, (20)

where the constant of integration is zero. Using the same analysis
for the α2 cases, we find

vz/
√

Q2 ∝
√

h. (21)

Using (20) and (21), we can now scale the vertical velocity of
the axis with respect to the square root of the distance travelled
by the axis. The results are shown in Fig. 3 for the α1 and α2
cases, where the axis of the tube has been identified as the point
measured at (x = 0, y = 0) where Bx reverses sign. The above
scaling is correct for the initial rise of the tube but, after rising
only a short height, the scaling begins to fail. This failure occurs
when the initially balanced radial Lorentz force and the gradi-
ent of the pressure deficit in the tube fall out of balance with
each other. Thus, the buoyancy force is no longer the only force
determining the rise of the tube. Both of the initially balanced
forces reduce in size as the tube rises but, at the rear of the tube
the pressure gradient decreases quicker than the Lorentz force,
while at the front of the tube it decreases slower than the Lorentz
force.

The differential buoyancy of the tube’s plasma, in the x − z
plane, causes parts of the magnetic field to want to rise faster
than others. In cases where the tension force is weak, we see an
evacuation and accumulation of the magnetic field which distorts
the tube from its initial cylindrical structure. This redistribution
of field can be seen in the asymmetric field strength profiles of
Fig. 4. In all cases the axis has moved away from the rear of
the tube, which was less buoyant, and in the cases with a weak
tension force the axis has moved towards the front of the tube,
which also lacks buoyancy. In the cases with a strong tension
force, the distance between the axis and the front of the tube has
been approximately maintained.

In cases where the movement of the magnetic field is limited
by the strong tension force, the imbalance in the radial forces
remains smaller for all time. At the rear of the tube, the lack
of evacuation of field maintains the gradient of the gas pressure
deficit and, thus, the gradient decreases more slowly than for the
cases with low tension forces. At the front of the tube, the lack
of accumulation maintains the magnetic pressure gradient here

and, thus, the imbalance is smaller than in the cases with low
tension forces.

As the tube rises, it moves into regions where the external gas
pressure and density are smaller. The reduction in the gas pres-
sure gradient between the internal and external medium causes
the tube to expand horizontally. Hence, there is a corresponding
decrease in the axial component of the tube’s magnetic field, By,
so as to maintain conservation of flux. In order to evaluate the
degree of expansion suffered by the different tubes, we consider
the axes of the tubes as an example location. For the α1 cases,
the decrease in By with respect to distance travelled by the axis
is independent of k1, as shown in Fig. 5. However, for the α2
cases, we find that there is a greater decrease in By with distance
travelled as k2 increases. Thus, the α1 cases experience the same
degree of expansion as they rise irrespective of k1 but the α2
cases experience a greater degree of expansion as k2 increases.

The expansion of a tube ceases once the horizontal gas pres-
sure gradient at the new height balances the Lorentz force. For
tubes with a larger inwardly directed tension force, the degree of
expansion will be smaller and, therefore, the rate of decrease in
By with distance travelled will also be smaller. Figure 2 shows
the differing tension forces acting on the tubes at t = 0. For
the α1 cases, there is the same non-zero gradient in the tension
force surrounding the axis and, thus, these tubes undergo the
same degree of expansion. However, for the α2 cases there is a
zero gradient in the tension force at the axis and, away from the
axis, this force increases at varying rates dependent on k2. As
k2 increases, the tension force increases more slowly with radius
and, thus, there is a greater degree of expansion for the tube.

The expansion of the tube and the compression of the field at
the front of the tube result in a decrease in the axial field compo-
nent and an increase in the azimuthal component, respectively.
This modification in the ratio of the field components causes the
pitch of the tube’s fieldlines to change. The pitch of a fieldline is
defined as the angle, φp, it makes with the axis and is given by

tan
(
φp

)
=

Bθ
By
· (22)

At t = 0, all of the tubes have a maximum pitch angle above that
prescribed by Emonet & Moreno-Insertis (1996) that is required
to avoid a tube splitting apart during its rise in the solar interior.

For the α1 profile, we find that in each case the pitch in the re-
gion around the axis remains unchanged as the tubes rise through
the solar interior. However, for the α2 cases, the pitch increases
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Fig. 5. Field strength at the axis, By,
as a function of distance travelled, h,
measured at (x = 0, y = 0) for (left) α1

cases and (right) α2 cases.

Fig. 6. Pitch of the fieldlines, φp, as
a function of height, z, at t = 30,
measured at (x = 0, y = 0) for (left) α1

cases and (right) α2 cases.

in magnitude for all of the cases. These variations between the
two twist profiles are as a result of the differing manner in which
the axial component of the field decreases, which was discussed
above. However, away from the axis, there is an increase in
the pitch of the fieldlines in all of the cases due to the expan-
sion and compression of the tube described earlier. Irrespective
of the twist profile, the low tension cases, which initially have
the smallest overall pitch, see the largest increase in pitch. The
different increases in pitch experienced by the tubes are due to
the variation in the tan profile at small and large Bθ/By ratios.
Changes in Bθ or By cause a much greater change in the pitch
if the pitch is initially small but will have only a marginal effect
when the pitch is already large.

Upon reaching the photosphere, there is little difference in
the pitch profiles between the α1 andα2 cases, as shown in Fig. 6.
The three α1 cases characterised by a decreasing pitch profile at
outer radii have undergone two significant modifications in or-
der to have pitch profiles that look like the other cases’ profiles.
Firstly, there has been an increase in pitch throughout the tubes,
such that there is no longer a gentle decrease to zero pitch at
the tubes’ fronts but a steep gradient. This result has previously
been noted by Emonet & Moreno-Insertis (1998), who consider
flux tubes rising through the solar interior, which are defined by
non-constant twist profiles. Secondly, the location of the maxi-
mum pitch has migrated towards the front edge of the tube. This
is inline with the work of Hughes et al. (1998), who found that
after only a short rise through the solar interior, tubes with ini-
tially decreasing twist profiles actually had pitch profiles much
the same as tubes prescribed with constant twist. Furthermore,
they suggest that it is the maximum value of the transverse field
component, Bθ, that is important for maintaining a cohesive tube
structure, free from the development of side lobes. We do not
see this level of distortion here and, thus, cannot comment on

whether the maximum value of the transverse field is a key pa-
rameter for cohesion.

In summary, we find that the initial vertical velocities of the
tubes are well defined by the different buoyancy forces of the
α1 and α2 twist profiles. However, an imbalance quickly devel-
ops between the radial pressure excess gradient and the Lorentz
force of the tubes, causing the scaling of the vertical velocity
with respect to the buoyancy to fail. The imbalance is largest for
the cases with a low tension force due to the greater degree of
evacuation and accumulation of magnetic field they experience.
We see differing rates of change in the field strength of the axis
for the two twist profiles. For the α1 cases, the tension force sur-
rounding the axis is the same and, thus, the tubes experience the
same amount of expansion and decrease in By with distance trav-
elled. For the α2 cases, the tension force increases more slowly
with increasing k2 and, therefore, the tubes experience different
rates of expansion and decreases in the axial field component.
Once the tubes reach the photosphere, their pitch profiles are
relatively similar. There is no longer a smooth decrease in the
pitch at outer radii for the three α1 cases with the lowest ten-
sion forces. The rate of change of the pitch with radius will be
an important characteristic of the magnetic field once it expands
into the atmosphere and, thus, we shall consider this in detail in
Sect. 3.3.

3.2. Emergence through the Photosphere

As the top of the tube passes through the solar surface, it
is forced to reduce its vertical velocity due to the change in
stratification of the background medium. The solar interior is
marginally stable to the convective instability and, therefore,
when the tube became over dense compared with the surround-
ing it still continued rising. However, the photosphere is strongly
subadiabatic and the overdense tube cannot proceed without
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Fig. 7. Gas pressure (solid lines) and
magnetic pressure (dashed lines) at t =
46, measured at (x = 0, y = 0) for (left)
k1 = 10 000.0 (black) and k1 = 1.75
(blue) cases and (right) k1 = 10 000.0
(black) and k2 = 5.0 (red) cases.

Fig. 8. Height of the top and axis
of each tube over time, measured at
(x = 0, y = 0) for (left) α1 cases and
(right) α2 cases. The dotted horizontal
line at z = 0 indicates the height of the
solar surface.

the occurrence of a magnetic buoyancy instability (Shibata
et al. 1989a,b; Matsumoto & Shibata 1992; Kusano et al. 1998;
Archontis et al. 2004; Leake & Arber 2006; Murray et al. 2006).

We find that in the cases with a low tension force, the mag-
netic buoyancy instability fails to occur and flux remains trapped
in the photosphere. The criterion governing the instability is
(Newcomb 1961; Yu 1965; Thomas & Nye 1975; Acheson 1979;
Archontis et al. 2004; Leake & Arber 2006; Murray et al. 2006)

− Hp
∂

∂z
(
log B

)
> −γ

2
βδ + k̃‖

2

⎛⎜⎜⎜⎜⎜⎝1 + k̃⊥
2

k̃z
2

⎞⎟⎟⎟⎟⎟⎠ , (23)

with the pressure scale-height, Hp, the ratio of specific heats, γ,
the plasma-β and perturbations with wavevector k (where k̃‖ and
k̃⊥ are the horizontal components parallel and perpendicular to
the magnetic field and k̃z is the vertical component). The supera-
diabatic excess, δ is given by δ = ∇ − ∇ad, where ∇ is the actual
logarithmic temperature gradient in the equilibrium stratification
and ∇ad is its adiabatic value.

Here, we find that as soon as the plasma-β is less than 1,
the instability criterion becomes satisfied and flux can freely rise
into the atmosphere. This is also found by Magara (2001). For
all of the α1 emerging cases, we find that the instability occurs
at ∼44 time units but, for the α2 emerging cases, the instabilities
occur over the range of 44–48 time units.

For the low tension cases, k1 = 1.75 and k2 = 5.0, the
plasma-β fails to fall below 1 for two reasons. Firstly, the dis-
tance between the front edges and axes of the tubes decreases
quickest for these tubes due to their low tension forces and sub-
sequent accumulation of magnetic field. Thus, at the time of
these tubes’ fronts entering the photosphere, their axes are at
a higher location in the solar interior. Therefore, the tubes have
experienced greater expansion that results in their field strengths
being smaller. Secondly, these tubes fail to penetrate as high into

the photosphere as the others and, therefore, are surrounded by
fluid with a higher gas pressure. These points are illustrated in
Fig. 7, where we have compared the magnetic pressure and gas
pressure for these cases and the k1 = 10 000.0 emerging case.

Of the cases where the instability does occur, we find there is
variation in the growth time of the instability. This is illustrated
in Fig. 8 where we can see that the time between the instabil-
ity criterion first being satisfied and the fastest rise phase of the
top of the tube increases as k1 decreases and k2 increases. For
long perturbation wavelengths, as is the case here, Parker (1979)
states that the growth time of the instability is inversely propor-
tional to the Alfvén speed, VA = B0/

√
ρ. As shown in Fig. 9, we

find that as k1 decreases and k2 increases, the Alfvén speed re-
duces as required to correspond to increasing growth times. The
smaller Alfvén speed for the cases with a lower tension force is
as a result of these tubes having a lower field strength at the time
of the instability. As discussed above, the field strength is lower
because the axes of these tubes are higher at this time and, there-
fore, the tubes have experienced a greater degree of expansion.

When the tubes first pass through the solar surface, they
cause gravity or buoyancy waves to be generated there. The
Brunt-Väisälä frequency for gravity waves, ωg, is given by

ωg
2 =

g

H∗0
− g

2

cs
2
, (24)

where g is gravity, H∗0 is the local density scale height and cs is
the local sound speed (Roberts 1991). In our dimensionless do-
main, the Brunt-Väisälä frequency is

√
2/5 and, thus, we should

find oscillations with a period of 9.9 time units if gravity waves
are indeed being generated. By examining the vertical velocity
of the flux at the front of the tubes, shown in Fig. 10, we can see
that there is a clear oscillation with this period prior to the sud-
den increase in the vertical velocity associated with the growth
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Fig. 9. Square of the Alfvén velocity as
a function of height, z, at t = 46, mea-
sured at (x = 0, y = 0) for the emerg-
ing (left) α1 cases and (right) α2 cases.

Fig. 10. Vertical velocity at the front
of the tube over time, measured at
(x = 0, y = 0) for (left) α1 cases and
(right) α2 cases. The star on each line
indicates the time at which a mag-
netic buoyancy instability is satisfied
for each case. The instability is never
satisfied for the k1 = 1.75 and k2 =
5.0 cases. The dashed vertical lines in-
dicate the approximate troughs in the
oscillating vertical velocity, which has
a period of ∼10 time units. This is
inline with the dimensionless period
expected from the Brunt-Väisälä fre-
quency for gravity waves.

Fig. 11. Area of the x−z plane at y = 0
(for z > 5) with flux passing through it
as a function of the height of the top of
the tube for (left) α1 cases and (right)
α2 cases.

of the magnetic buoyancy instability, which eclipses the gravity
waves.

In summary, during the occurrence of the buoyancy instabil-
ity at the base of the photosphere, the variations in the two twist
profiles seem to be of little consequence. Of more importance,
is the initial tension force associated with the tubes, since the
degree of distortion determines whether the buoyancy instability
will occur at all and the growth rate of the instability when it
does occur. For both profiles, the cases with a low tension force
fail to undergo the magnetic buoyancy instability and those just
above the required tension threshold initially rise more slowly
into the atmosphere.

3.3. Atmospheric expansion

In this section, we will only be concerned with the cases that
emerge. Thus, we will not be discussing the results from the k1 =
1.75 and k2 = 5.0 cases any further.

As the magnetic field of the tube advances into the atmo-
sphere, the field undergoes rapid horizontal and vertical expan-
sion due to the lower atmospheric gas pressure. As a measure of
this expansion, we evaluate the area of the x−z plane at y = 0 (for
z > 5) with field passing through it. The results for the various
cases are shown in Fig. 11, where the area of the plane contain-
ing flux has been plotted against the height of the top of the tube.
We can see that when the tubes’ tops are at the same height, the
cases with lower tension forces occupy a greater area of the plane
and have, therefore, experienced a greater degree of horizontal
expansion. This is not surprising since a tube with a low tension
force lacks the ability to constrict its expansion. The initial levels
of twist and buoyant length of the tubes result in their fieldlines
having a maximum of two emerged rotations, with the concave
sections of the fieldlines residing below the solar surface, within
the time constraints of the simulations.

Figure 12 shows the amount of flux measured in the same
x−z plane as a function of time. We can see that the time at
which the first flux is seen in the plane increases as we move
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from the high to low tension cases. This is as a result of the
slower growth rate of the buoyancy instability for the lower ten-
sion cases, which occurred when the fronts of the tubes were at
a height of z < 5 and, thus, the different rates at which the tubes’
fronts advance into the atmosphere.

If all of the emerging plasma had a vertical velocity match-
ing that of the tube front, then we could expect to see a simi-
lar increase in the gradient of the time-flux profile as we see in
the vertical velocity of the tubes’ fronts. However, as shown in
Fig. 12, we see an approximately linear increase in all cases, in-
dicating that the new flux entering the plane is the same at each
time step but different for each case since the constant gradients
are not prescribed by the same value. We find that the flux ac-
cumulates more slowly in the atmosphere for the cases with a
low tension force and, therefore, flux is being transported into
the atmosphere more slowly in these cases.

The different constant gradients illustrate that as each new
flux layer of an individual tube satisfies the instability, it experi-
ences the same instability growth time. Thus, at any given height,
here z = 5, a constant amount of flux will pass over the thresh-
old with time, as found in these simulations. As a consequence
of the differing growth rates between the tubes, when the tubes’
fronts are at the same height, different amounts of flux have been
transported into the atmosphere.

As discussed in Sect. 3.1, the pitch of the tubes’ fieldlines
change as the tubes rise through the solar interior, with the
biggest increases seen in the α1 cases with a low tension force.
However, at the time of entering the photosphere, there are still
clear differences between the pitch of the fieldlines for the cases
with high and low tension forces, as shown in Fig. 6. At the
fronts of the tubes, there is a noticeable difference in the pitch
of the emerging α1 cases but no difference in the emerging α2
cases. As we move from the high to low tension cases, there is a
steeper fall in the pitch as the axis is approached from the tube
front. This is as a consequence of the shorter distance between
the axis and the front of the tube but, when the gradient of the
pitch is measured as a function of the fractional radius, we find
that the α1 cases have the same gradient and the α2 cases do not.
The fractional radius is calculated as the distance between the
axis and front of the tube measured at (x = 0, y = 0) as a propor-
tion of this distance at t = 0.

As the tubes rise into the atmosphere, it is the field at the
front of the tubes that experiences expansion. The expansion is
both vertical and horizontal, which causes decreases in all of
the components of the field and changes in the fieldline pitch.
Figure 13 shows the fieldline pitch once the tubes’ fronts have
reached a certain height in the atmosphere. We find that there is
little difference in the pitch of the α2 cases but a more signif-
icant difference can be seen in the pitch of the α1 cases. This
would suggest that the actual pitch angle and not the gradient in
the pitch of the pre-emergence field are key in determining the
resulting pitch of the atmospheric field.

At the solar surface, it is possible to identify differences be-
tween the two twist profiles by constructing synthesised magne-
tograms, as shown in Fig. 14. At t = 76, emergence is well under
way for each of the cases depicted and, thus, in the centre of the
emergence region it is fieldlines closest to the axis that are in-
tersecting the solar surface. In the weaker tension cases, we find
that a larger proportion of the emergence area contains horizon-
tal field. For the α1 cases, the twist decreases with radius and the
outer fieldlines initially have smaller pitch. Hence, the horizon-
tal field in the magnetogram is located towards the outer edge of
the emerging region. For the α2 cases, the twist increases with
radius and the pitch of the fieldlines immediately surrounding

Fig. 12. Sum of the flux passing through the x − z plane at y = 0 (for
z > 5) plotted against time.

the axis increases more slowly than in the α1 cases. Hence, the
horizontal field is situated in the centre of the emerging region
in the magnetograms.

The level of twist of emerging flux is often calculated
from observations by assuming the field is force-free during
emergence. At the start of the simulations, the flux tubes we ini-
tialise in the solar interior are far from being force-free. This
chosen property gives rise to an internal density that varies from
that of the surrounding environment and results in buoyancy for
the cases here. While each tube’s flux is passing through the
solar surface during emergence is it still not force-free, with
(J × B)z taking values O

(
100 Gauss2 m−1

)
. Hence, we do not

find a meaningful value for αp at the photospheric plane, z = 0,
and the variations we find in the value of αp between the various
twist profiles only indicate how far from force-free the emerging
fields are. However, we do find a positive dominance in the sign
of αp that follows from the right-handed twist in the definition
of the tubes.

In summary, for the cases with low tension forces, we
find that the field experiences a greater degree of expansion.
Although flux is transported into the atmosphere at a constant
rate in each experiment, the rate of transport is slower for the
tubes with low tension forces due to their associated longer in-
stability growth time. The pitch of the fieldlines are very similar
in all of the α2 cases but for the α1 cases there appears to be some
difference in the pitch angle as a function of height between the
high and low tension tubes. Only the synthesised magnetograms
at the solar surface appear to show any distinction between the
two different twist profiles but the differences appear solely for
cases with low tension forces.

4. Conclusions

We have carried out emergence simulations of magnetic flux
tubes with two different non-constant twist profiles. The α1 and
α2 twist profiles are characterised by decreasing and increasing
twist with radius, respectively. For each profile we considered a
parameter space which varied the rate at which the twist profile
increased or decreased with radius. When the twist profile in-
creases quickly with radius towards a constant twist value of 0.5
and decreases slowly away from this value, the flux tubes have an
associated high tension force. When the twist profile increases
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Fig. 13. Pitch of the fieldlines as a
function of height, z, measured at
(x = 0, y = 0) for (left) α1 cases and
(right) α2 cases. The times at which the
lines are plotted is different for each
case and have been chosen such that
the top of the tubes are at the same
height of z = 30 and z = 25 for α1

and α2 cases respectively.

Fig. 14. Synthesised magnetograms at the horizontal plane z = 0, with maximum absolute scaling |Bz| = 0.5, for the emerged cases (top row, left
to right) k1 = 2.5, 5.0, 10.0, 10 000.0 and (bottom row, left to right) k2 = 1.0, 1.75, 2.5.

slowly from 0.0 and decreases quickly towards this value, the
flux tubes have a low tension force.

Although the twist profiles are sufficiently different from
each other, our results have shown that there are both similar-
ities and differences in the rise, emergence and expansion stages
of the emergence of non-constant twist flux tubes.

The similarities encompass events where, regardless of the
twist profile, the low tension cases act similarly and the high
tension cases act similarly. During the tubes’ rise through the
solar interior, we find there is a redistribution of the magnetic
field away from the initial perfectly cylindrical structure towards
a “magnetically top-heavy” structure, whereby the flux at the
rear of the tube reduces but increases in the front portion. This
redistribution of field occurs to a greater degree for the lower
tension cases due to the inability of a low tension force to main-
tain the structure of the tube. Although the vertical velocity of
the tube is initially well prescribed by the buoyancy force, an
imbalance in the radial forces grows and is most exaggerated for
the low tension cases due to the reorganisation of the field. Once
the tubes surface in the photosphere, a magnetic buoyancy insta-
bility will occur if the plasma-β falls below 1. However, the in-
stability does not occur for the low tension cases since they have
experienced greater horizontal expansion during their rise to the
surface and, therefore, have a weaker magnetic field and higher

plasma-β. Post-instability, the growth rate increases as we move
towards higher tension cases and, thus, these tubes rise into the
atmosphere quicker. The tubes with the faster growth rate trans-
port more flux into the atmosphere as a function of time and
height of the top of the tube, while the tubes with the lower ten-
sion force, and longer growth time, experience greater horizontal
expansion in the atmosphere.

The differences in the twist profiles arise when the nature
of the tension force becomes important as opposed to solely its
magnitude. For the α1 cases, the non-zero tension force is the
same size in the immediate vicinity of the axis and, thus, the
tubes experience the same horizontal expansion and decrease in
the axial field strength as they rise. However, the tension force
increases at varying rates with radius in the α2 cases and, there-
fore, these tubes experience different degrees of expansion and
rates of decrease in the axial field strength depending upon their
individual tension profiles. All of the cases see an increase in the
pitch of the fieldlines but the α1 cases, with initially decreasing
pitch at outer radii, see the largest increase. At the time of emer-
gence, all of the tubes have non-zero pitch at their front edges.
However, the magnitude of the non-zero pitch angle at the front
varies in the α1 cases and, thus, we see differences in the pitch
profiles of the atmospheric field with height, while the α2 cases
have no significant differences.
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From our results, it appears that the twist profile of the tube
bears little significance in determining whether the field will
emerge and that the strength of the magnetic field is actually of
key importance. The field strength is determined by the degree
of horizontal expansion of the tube while it rises through the so-
lar interior and this, in turn, is governed by the height of the axis
and the tension profile in the vicinity of the axis. In terms of
these quantities, neither profile appears to be significantly better
than the other for instigating emergence. Considering the over-
all profile of the transverse component of the field, Bθ, we find
that the k1 = 1.75 and k2 = 2.5 cases have approximately the
same maximum value for Bθ. However, the former case does not
emerge while the latter does and this indicates that the location
of the maximum Bθ is more important than the actual maximum
value. Perhaps, therefore, the amount of flux in the tube is the
key factor governing emergence.

In terms of observations, there is very little discernable dif-
ference between the pitch angle of the fieldlines once the ten-
sion force is reasonably high but the degree of horizontal ex-
pansion may give some indication as to the level of twist in the
tube. From our results, we find that magnetograms at the solar
surface provide the greatest key for distinguishing between the
different twist profiles. Future observational studies of emerg-
ing active regions will be important in determining whether it is
possible to identify such differences in solar magnetograms and,
thus, whether twisted emerging flux favours either of the non-
constant twist profiles described in this paper. Additionally, the
results from this study and those of Murray et al. (2006) imply
that the strength of the field at the time of emergence influences
the rate of rise of the flux into the atmosphere. We believe that
an observational study of large-scale emerging flux events is re-
quired in order to substantiate this theory.
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