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Evidence for the emergence of twisted flux tubes into the solar atmosphere has, so far, come from indirect
signatures. In this work, we investigate the topological input of twisted flux tube emergence directly by
studying helicity and winding fluxes. In magnetohydrodynamic simulations with domains spanning from
the top of the convection zone to the lower corona, we simulate the emergence of twisted flux tubes with a
range of different initial field strengths. One important feature of this work is the inclusion of a convectively-
unstable layer beneath the photosphere. We find approximately self-similar behaviour in the helicity input
for the different field strengths considered. As the tubes rise and reach the photosphere, there is a strong
input of negative helicity since we consider left-handed twisted tubes. This phase is then followed by a
reduction of the negative input and, for low initial field strengths, a net positive helicity input. This phase
corresponds to the growing influence of convection on the field and the development of serpentine field
structures during emergence. The winding flux can be used to detect when the twisted cores of the tubes
reach the photosphere, giving clear information about the input of topologically complex magnetic field into
the solar atmosphere. In short, the helicity and winding fluxes can provide much information about how a
magnetic field emerges that is not directly available from other sources, such as magnetograms. In evaulating
the helicity content of these simualtions we test numerous means for creating synthetic magnetograms,
including methods which acount for both the evolving geometry and the finite extent of the photosphere.
Whilst the general qualitative behaviours are same in each case, the different forms of averaging do affect
the helicity and winding inputs quantitatively.

Keywords: Magnetohydrodynamics, Magnetic helicity, Field line winding, Magnetic topology, Flux
emergence

1. Introduction

The idea of magnetic flux tubes rising through the convection zone to form bipolar active
regions is long-standing (e.g. Cowling 1946, Jensen 1955, Parker 1955). The magnetic field lines
in a rising flux tube are considered, generally, to be highly twisted, for the simple reason that
a tube needs to survive the destructive effects of convection (e.g. Fan et al. 2003, Abbett et al.
2004, Bushby and Archontis 2012). Apart from this requirement, there is some observational
evidence that suggests twisted flux tube emergence may be responsible for the formation
of certain active regions (Poisson et al. 2015, 2016). In this paper we will assume that solar
active regions are formed by twisted flux tubes that reach the photosphere and we will describe
procedures that can be used to test this assumption. For an alternative theory on active region
formation see, for example, Brandenburg et al. (2010), Kemel et al. (2013) and Mitra et al.
(2014).

Another appealing aspect of active regions being formed by twisted flux tubes is that twisted
flux tubes provide an obvious source of magnetic helicity, which is important for the formation
of eruptions. Since we cannot measure the magnetic field directly in the solar atmosphere, we
require a robust method of indicating if strongly-twisted magnetic field emerges. In this paper,
we show that direct evidence of twisted flux tube emergence can be found by considering two
quantities related to magnetic field topology: helicity flux and winding flux. The first of these
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quantities, the helicity flux, describes the amount of relative magnetic helicity passing through
the photosphere and is used widely in both theoretical and observational studies (e.g. Berger
1984, 1988, Démoulin and Berger 2003, Prior and MacTaggart 2019, Pariat 2020). The second
quantity, the winding flux, is a purely topological quantity that represents the average winding
of magnetic field lines. It is identical in form to the helicity flux except that the magnetic field
weighting is removed. The winding can be used to quantify reconnective activity in magnetic
fields (Prior and Yeates 2018). We will describe these quantities in more detail later.

Simulations of twisted flux tube emergence have typically led to single signs for both the
helicity rate and the total helicity input through the photosphere (e.g. Yang et al. 2013,
Moraitis et al. 2014, Sturrock and Hood 2016). However, helicity input time series calculated
from photospheric vector magnetograms have typically shown a far more mixed behaviour.
For example, there are cases of bipolar emergence whose net helicity input has a consistent
sign but whose input rate can vary in sign, as in Kusano et al. (2002) and Chae et al. (2004),
or even the case where the total helicity input varies in sign, such as in Chae (2001) and
Vemareddy and Démoulin (2017). There is a clear need to attempt to explain this disparity
through flux emergence simulations.

On this front, Prior and MacTaggart (2019) simulated the emergence of both twisted and
‘mixed helicity’ magnetic fields (fields with balanced but spatially varying negative and positve
twisting). First, it was shown that in both cases mixed helicity input rates were possible. In
the twisted tube case this was due to the core of the flux rope becoming trapped at the
photosphere. In the mixed helicity case, it was due to a combination of the field’s inherently
mixed topology as well as emergence and subergence events. A second important aspect of
the results of Prior and MacTaggart (2019) was to demonstrate that an examination of the
winding, both the time series and density maps, in conjunction with the helicity, allows for a
much more detailed interpretation of behaviour at the photosphere. One particular result was
a clear jump in the winding time series indicating the emergence of the twisted core of the flux
tube above the photospheric boundary. This result is important as it provides a clear signal
that magnetic field of substantial twist has entered the solar atmosphere, something that is
not clear from only examining the helicity data or other sources, such as magnetograms.

In this paper, we extend the work of Prior and MacTaggart (2019) by including a
convectively-unstable solar interior. Since our focus is on the emergence of twisted flux tubes,
we will be able to test if this field line topology, in conjunction with the effects of convection,
is enough to lead to mixed-sign helicity signatures. We also aim to describe what clear sig-
natures (if any) arise in the helicity and winding data that can give a clear indication that
significant twist has entered the solar atmosphere.

The outline of the paper is as follows: first, the main equations and simulation setup are
described. This section is followed by a description of the helicity and winding fluxes. Then the
analyses of the simulations are presented in detail and the paper concludes with a summary
and a discussion.

2. Simulation and initial condition setup

2.1. Main equations

To model the large-scale behaviour of an emerging active region, we solve the compressible and
ideal MHD equations using a Lagrangian remap scheme (Arber et al. 2001). In dimensionless
form, the MHD equations are

0
(at + u-V) p=—pV-u, (1)
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0
p(m—ku-V)u:—Vp—k(VxB)><B+V-0'+pg, (2)
0
(at + u-V) B = (B-V)u— (V-u)B, (3)
3—l—uV = —pVu + Quige — —— (4)
P o1 E=—D visc s
with specific energy density
p
E= ———. 5
(y—="1p ®)

The basic variables are the density p, the pressure p, the magnetic induction B (referred to as
the magnetic field) and the velocity u. The gravitational acceleration is denoted g (uniform
in the z-direction) and = 5/3 is the ratio of specific heats. The dimensionless temperature
T can be found from

T=(y—1)e. (6)

The variables are made dimensionless against photospheric values, namely, pressure pp, =
1.4 x 10* Pa; density Pph = 2 X 10~* kg m~3; scale height Hy, = 170 km; surface gravity
gph = 2.7 X 102 m s~2; speed uph = 6.8 km s7L: time toh = 25 s; magnetic field strength
By, = 1.3 x 10> G and temperature Ton = 5.6 X 10® K. In the non-dimensionalization of
the temperature we use a gas constant R = 8.3 x 10> m? s7? K~! and a mean molecular
weight i = 1. This last quantity and the use of an ideal gas law throughout the domain are
simplifying approximations in our model, whose main focus is on fundamental magnetic field
dynamics and not on reproducing thermodynamic observables.

The fluid viscosity tensor and the viscous contribution to the energy equation are respec-
tively

1
o=2u [D - 3(trD)I] and  Qyisc = 0 : Vu, (7)
where
1
D= 3 (Vu + Vaul) (8)

is the symmetric part of the rate of strain tensor and I is the identity tensor. We take = 1074
and use this form of viscosity primarily to aid stability. The code accurately resolves shocks
by using a combination of shock viscosity (Wilkins 1980) and Van Leer flux limiters (Van Leer
1979), which add heating terms to the energy equation. From now on, values will be expressed
in non-dimensional form unless explicitly stated otherwise.

The last term in equation (4) represents the non-adiabatic contribution to the energy of
the plasma. Following Leake and Arber (2006), we model this complex collection of physical
phenomena using a simple Newton cooling term throughout the domain above the photosphere
(see below for how the photospheric boundary is defined). The purpose of this term is to
preserve the photosphere from being destroyed by the solar interior, which is convectively-
unstable (we will return to this point shortly). At ¢ = 0 of the simulation, ¢ = ¢y and the
Newton cooling term forces the energy profile above the photosphere to return to this initial
state on a fast time scale of 7 = (.5.
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2.2. Initial conditions
2.2.1.  Background atmosphere and convective perturbation

At the start of the simulations, the computational domain is filled by a plane-parallel at-
mosphere that represents the solar atmosphere ranging from the top of the solar interior
(convection zone) to the corona. The temperature profile above the lower boundary of the
photosphere (z = 0) is given by

1, 0<z<10,
T(z) = ¢ 150[(>=10)/10] 10 < » < 20, (9)
150, z > 20,

where the three rows in equation (9) correspond to the photosphere/chromosphere, the tran-
sition region and the corona respectively. The other state variables, pressure and density, are
found by solving the hydrostatic equation in conjunction with the ideal equation of state

dp

£ __ — oT. 1
% pg, DP=p (10)

The initial atmosphere described above is common to many idealized flux emergence simula-
tions (Hood et al. 2012). In this study, we also consider a solar interior that is convectively-
unstable. To achieve this in our idealized setup, the Schwarzchild condition (e.g. Archontis
and Hood 2009, Priest 2014) states that a convective instability will set in for an adiabatic
fluid if the following criterion (written in our notation) is satisfied,

dI"  ~-1

B SO S 11
= (11)
In the solar interior (z < 0) we consider an initial temperature profile of
-1
Ta(z) =1 620—, (12)
v

where § is a non-dimensional parameter used to satisfy condition (11). In this paper we take
d = 1.3 as this value leads to convection that has velocity magnitudes that are close to those
of solar convection.

Our purpose here is to investigate, incrementally, the effect of convection on topological
signatures and compare the results to previous work in Prior and MacTaggart (2019) where
convection is not included. We excite a stable mode of convection with hexagonal cells based
on the solution in Christopherson (1940) (see also Chandrasekhar (1961)). At ¢t = 0, the
velocity is perturbed as

3 1 1
us =75 exp(—(z + 5)%) <EA\/§ cos(2mx) cos(2my) + R cos(47ry)> . (13)
This perturbation acts below the photospheric boundary at z = —5 and the hexagonal cells
of Christopherson’s solution develop quickly to fill the solar interior (an example of this will
be displayed shortly in section 4.1.1). The numerical parameters in equation (13) are chosen
to produce convection cells with typical solar values, i.e. speeds of O(1) km s~! and sizes of
O(1) Mm.

2.2.2.  Magnetic field

To model a magnetic flux tube, we adopt the standard profile for a cylindrical flux tube with
uniform twist (e.g. Fan 2001). In cylindrical coordinates (r,6,%), with r? = 2% + (2 — Zaxis)?,
the magnetic field components are

B, =0, B,=Byexp(—r*/d*), Bg=arB,, (14)
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where By is the axial field strength, d is the flux tube radius and « is the field line twist.
In this paper, we fix d = 3 and o = —0.4 (left-handed twist). We consider a range of field
strengths By = 3, 5 and 7.

The magnetic field in (14) is not force-free and is balanced by a pressure gradient (when
there is no flow), i.e.

Vpm =(V x B) x B, (15)

where p,, is an additional pressure compared to the background hydrostatic pressure p; such
that p = pp + pm. For the magnetic field in (14), the additional pressure has the form

1
DPm = ZBS exp(—2r?/d*)(a?d* — 2 — 2a*r?). (16)
In order to make the flux tube rise up buoyantly towards the photosphere, we introduce a

density deficit within the tube of the form

P = B oxp(—y/32), (17)
Pb Do
where the p,, is the density deficit, p, is the background hydrostatic density and A is a
parameter that allows the flux tube to rise in the shape of an Q-loop. Here we fix A = 20.

The flux tube is placed initially at z.xs = —15. Since the density deficit is proportional to
B2, the rise times will vary for the values that we consider. The initial position of the tube
axis is deep enough, however, for the flux tube to encounter fully developed convection before
reaching the photosphere.

There are clear modelling reasons for setting up the initial conditions as described above.
First, as stated in the Introduction, we are assuming that a strongly-twisted flux tube reaches
the photosphere - an assumption that is common in solar physics studies and worthy of testing.
Therefore, we do not insert a flux tube deep into a well-developed convection zone as the
subsequent deformation of the magnetic field would complicate our analysis of the topological
signatures of twisted tube emergence. Secondly, we are interested in how convective motions
affect the helicity and winding inputs. In order to identify the direct effects of convection on
these signatures we need to compare closely to the setup of non-convective simulations (e.g.
Sturrock and Hood 2016, Prior and MacTaggart 2019) by introducing convection incrementally
in the numerical model.

2.2.3.  Simulation parameters

All the simulations we present have a computational domain of size (z,y, z) € [—80,80] x
[—80,80] x [—30,80] with a uniform resolution of 4323. These values are suitable for studying
the initial emergence of the flux tubes and their growth into the corona. The simulations
are stopped before the expanding magnetic field reaches the side boundaries. The boundary
conditions are periodic on the side boundaries and closed on the top and bottom boundaries.
A damping layer is placed near the top boundary to help prevent the reflection of waves
generated by convection at the photosphere.

3. Helicity and winding fluxes

3.1. Basic definitions

The winding flux dL/d¢ measures the input of magnetic field line entanglement through a
planar boundary,
dr. 1

dé
== . 2(az)— d2a; d? 1
dt o PXPO’ (al)a (ag) ai as, ( 8)

dt
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where
1 if B,(x) >0,
o.(x)=¢ —1if B,(x) <0, (19)
0 if B,(x) =0,

and the angle 6 between points ai, as € P is

(az — al)'ey}

6 = arctan [
(az - al)‘ew

(20)
and {e, ey, e} is a basis of Cartesian space with e, normal to P. The position a of a magnetic
field line intersecting P and satisfying ideal MHD is given by

da U, da
U g B <dz) ; (21)

where u and B) are the projections of w and B onto P. The angle § measures the extent
to which points in the plane P of a pair of field lines intertwine as the field undergoes ideal
motion.

Analogous to results in Prior and Yeates (2014, 2018), the rate of change of magnetic helicity
H through a planar boundary P can be defined as the flux-weighted winding,

dH 1

de
&= B.(a1)B.(as)— d2a; das. 22
dt 2T PxP (al) ((12) “ @2 ( )

dt

We prefer this topologically motivated definition of helicity, as opposed to the more standard
definition of relative helicity with arbitrary vector potentials and reference fields, since it
highlights that helicity can be derived from a more fundamental quantity L whose definition
follows from purely geometric considerations of the field line curves (Berger 1986, Berger and
Prior 2006). In particular, it can be shown that L can be used to uniquely categorize classes of
magnetic field topology which H cannot. Therefore, deriving H from this more mathematically
fundamental quantity is a logical step. Equation (22) is equivalent to the rate of change of
relative helicity through P when making use of a specific choice of gauge, namely the winding
gauge discussed by Prior and Yeates (2014), and has been used in observational studies (e.g.
Vemareddy and Démoulin 2017).

To understand the difference between L and H, consider a section of magnetic field with a
complex field line topology but very weak field strength. The helicity contribution from this
magnetic field could be low but its winding contribution high since the winding does not ‘read’
the field strength.

Although the winding can pick up more topological detail than the helicity, there is the
danger it that picks up weak field with complex topology that does not play a significant
dynamical role (such field would be essentially ignored by helicity due to the weak field
strength). In practice, it is important to test winding results against cut-off values in order to
determine if results are dynamically important. Therefore, equation (19) is modified to

1 if B,(x) > 0 and |B| > ¢,
o.(x) =4¢ —1if B,(x) < 0 and |B| > ¢, (23)
0 ifB.,(x)=0or |B|<g,

where € is a chosen cut-off. In this paper, we will consider a cut-off of € = 0.01.

3.2. Related quantities

The helicity and winding rates of equations (22) and (18) respectively provide time series
data. Time series of the actual helicity and winding input can be produced from the time
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integration of the rates, i.e.

dH
—dt' H(t) = —dt/, 24
/to dt’ ()= /to dt’ (24)

Spatial information about the distribution of helicity and winding can be found by determining
the contribution of one point ag € P to the rate. Since ag represents the intersection of a
field line with P, this quantity represents the contribution of one field line to the helicity or
winding input rate. Repeating this calculation for a large set of ag produces a map of how the
helicity or widing rate is distributed spatially. For helicity, the field line helicity input rate is

f;[(ao) %Bz(ao) /P Bz(a)j—i(ao,a) d2a. (25)

A similar quantity was first introduced by Berger (1988). In the solar physics literature,
dH(ap)/dt is often labelled as Gy (e.g. Dalmasse et al. 2014). For the winding rate, the
analogous quantity is

de 2w de

There are a number of additional analyses that we could potentially perform on the distribu-
tions (25) and (26), such as combining components through field line connectivity. However,
they do not feature in our analysis here for reasons discussed in detail in Prior and MacTaggart

(2019).

9L o) = — L 0. (o) /P (@)Y (ag, ) 2. (26)

3.3. Accounting for a changing photosphere

Following Prior and MacTaggart (2019), we calculate approximate helicity and winding fluxes
by projecting values from a non-planar and evolving photosphere onto P. This process is
intended to mimic what observations are recording, assuming that there is some variation in
height in the locations where the magnetic field is recorded. In Prior and MacTaggart (2019),
the photospheric boundary was taken to be the surface where p = 1, which represents the
photosphere in the initial condition. As the simulation evolved and the flux tube emergence led
to the rise and churn of dense plasma from below the location of the initial p = 1 surface, the
surface became deformed. The field was sampled on this evolving surface and then projected
onto P to represent the production of planar vector magnetograms used in observational
helicity studies.

Due to the inclusion of convection in this study, this simple approach is no longer applicable
as the p = 1 surface can become multi-valued. To account for this multi-valued structure and
the fact that the photosphere is really a thin volume instead of a surface, with a depth of
approximately 100 km (e.g. Muller 1975), we calculate ‘photospherically averaged’ magnetic
field values as

J2m= exp[=2(p — 1)°)B(z, y, 2) dz
[Fexp[—2(p — 1)6]dz

Zmin

B(z,y) = (27)
and similarly for the velocity field. The idea is that the above average is calculated for a range
of values whose density is suitably close to p = 1. The exponential weighting is chosen so
that the density values that affect the average significantly are those that, with respect to the
initial condition (determined by equation (9) in conjunction with equations (10)), correspond
(approximately) to a vertical extent of 100km which contains p = 1 at is centre. The domain
[Zmin, Zmax] 18 chosen here to be [—7.5,7.5], i.e. suitably large to always contain the required
density range. Whilst the photospheric domain deforms (and its vertical width varies) it
corresponds to a consistent range of densities. When calculating the helicity and winding
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rates, the averaged magnetic field B and velocity field u are projected onto a horizontal plane
(as indicated in equation (27) where the averaged quantity is only a function of x and y).

We should be clear that using averaged fields means that the winding rates d£/dt and
dH /dt do not measure the exact winding and helicity input of the field, since B and @ will
not (generally) be tangent to the actual fields’ integral curves. This procedure allows us to
study how recording the magnetic field at different heights, and then projecting these values
onto a plane, affects the topological signatures. As this procedure is likely to be present in
actual observations, it is important to consider it in our calculations. To demonstrate the
efficacy of our averaged measure, we perform two checks:

(i) We directly link features of the distributions and time series of £ and H (and hence L
and H) to features of the magnetic field’s development.

(ii) We compare calculations with a moving photosphere to those assuming a fixed and
horizontal photosphere.

A similar comparison between moving and fixed vector magnetogram production proecedures
has already been utilized succesfully in Prior and MacTaggart (2019) to validate the moving
boundary helicity calculations. A final point to make on this matter is that some progress
has recently been made with regard to defining helicity inputs on moving boundaries (Schuck
and Antiochos 2019). We do not adopt this approach here as it does not currently match
observational practice and our aim is to use flux emergence simulations to provide insight to
observational findings.

In what follows we drop the hat notation from equation (27). Any quantities obtained using
the moving-average fields calculated using (27), i.e the winding and helicity rates (22), (18),
(24) and the distributions (25) and (26), are labelled with a superscript v for varying (e.g.
H"). For example, the varying (photosphere) helicity rate would be

dH" 1

dev
N BY(a1)B"(ay)— d%ay d? 28
i 27 Jop Y(a1)B}(as) g Yardaz, (28)

where BY and u" are determined from equation (27) and are used to find BY and d6V/dt
(where all of these quantities are coplanar due to projection onto P). The same quantities
calculated using the fixed plane fields B(x,y,0) and u(z,y,0) are labelled with a superscript
f for fixed (e.g. HY).

4. Simulation analysis

We now present a detailed analysis of the simulations, considering each initial field strength
in turn. Since there are similarities between the cases, we will describe the By = 7 case in
detail and only focus on specific highlights and differences for the By = 3, 5 cases. For the
basic properties of flux emergence, we refer the reader to the reviews by Hood et al. (2012)
and Cheung and Isobe (2014). Our focus here is on how to interpret the topological signatures
associated with emergence.

4.1. Bo = 7, a=-04
4.1.1. Initial rise

As we will be comparing the results of this work to those of non-convective simulations,
we briefly describe how the tube interacts with convection initially. Figure 1 shows maps of
uy at z = 0 for times (a) ¢ = 15 and (b) t = 20, which are before the flux tube reaches the
photospheric boundary. The flux tube rises at the centre of the domain, where the largest
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(a) (b)

Figure 1. Maps of u, at z = 0 at times (a) ¢ = 15 and (b) t = 20.

positive values of u, are present. Even before emergence, the tube is interacting with the
convection cells. The tube is being buffeted by the cells (the plasma 8 = 2p/|B|> > 1 in
this region) and is causing the cells directly above it to expand. The effect of the former
feature will be made clear in figures that we present later. The latter feature is also found
in simulations of convection that include radiative transfer (e.g. Cheung et al. 2008, Tortosa-
Andreu and Moreno-Insertis 2009). Later, it will be shown that as the flux tubes weaken and
convection can deform them more easily, convection will be responsible for pulling mangetic
field back down into the convection zone. Again, this this a feature that is found in convection
simulations with radiative transfer (e.g. Tortosa-Andreu and Moreno-Insertis 2009, Cheung
et al. 2010). The effects of convection on emergence into the atmosphere will be described
throughout the paper.

4.1.2. Helicity and winding - general features

The helicity input rates dH"/dt and dH7 /dt are shown in figure 2(a). In both cases, for
most of the emergence period shown, the input is negative. This result is to be expected for
a left-handed twisted flux rope. After ¢ = 65, however, the rates are overall positive. This
input pattern has the obvious effect of injecting overall negative helicity into the atmosphere
as indicated in figure 2(b). The peak in the negative input rate for the flat measure occurs
before the peak of the varying measure. As we will see shortly, this is due to the fact that
the p = 1 surface is (generally) pushed upwards above z = 0 due to the flux rope bringing up
dense plasma.

The winding input rates dL”/dt and dLf/dt are shown in figure 2(c) and are consistently
negative in all cases. The result is a net input of negative winding consistent with the field’s
structure (see the time series of L(t) in figure 2(d)). In both cases the winding time series
with and without and the cut-off ¢ = 0.01, are shown. The cut-off series are qualitatively
similar to those without the cut-off and, in both cases, the magnitudes of values in the series
with the cut-off are smaller.

Before investigating what causes the particular features in the time series in figure 2, we
will compare these results to those of Prior and MacTaggart (2019) where twisted flux tube
emergence was studied in an atmosphere with a convectively-stable solar interior. Making this
comparison will help us assess the effects of convection on the topological signatures.

First, we point out that the magnetic field model used in this paper is different to that
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Figure 2. Helicity and winding time series for the By = 7, &« = —0.4 case. Panel (a) shows the helicity input rates
dH?/dt and dHY /dt. The vertical lines indicate times for which helicity rate distributions are plotted in other figures.
Panel (b) shows the integrated helicities H"(t) and HY (t) over the same period. Panel (c) displays the winding input

rates ALV /dt (solid lines) and dL /dt (dashed lines) with no cut-off dL¥/f /dt and with the cut-off ¢ , dLg/f/dt. Panel
(d) displays the total winidng inputs LY (t) and L”(t) with the same format of (c).

used in Prior and MacTaggart (2019). Here, a cylindrical tube is used rather than a toroidal
tube. Although the emergence behaviours of these two magnetic field models are different
(MacTaggart and Hood 2009), we will show that convection plays a fundamental role in
determining the shape of the time series. For the benefit of the reader, let us recap briefly the
main results for twisted tube emergence from Prior and MacTaggart (2019) (see their figure
11 in particular). First, the helicity rate exhibited an oscillatory character that was due to the
flux rope core oscillating at the photosphere. The helicity input continued to become more
negative in time. The winding rate was generally quite smooth, containing small oscillations
and one significant spike. The winding input had a ‘step function’ profile meaning that once
most the twisted core of the flux tube emerged, there was little new topological complexity
input into the atmosphere after this event. With the above picture in mind, we will now
investigate how the time series in figure 2 differ from this picture.

Snapshots of the field at various times during its emergence are shown in figure 3. At ¢t = 30
(figures 3(a) and (b)) the field is seen to have only just emerged above the p = 1 surface.
By t = 50, the field has emerged much further into the atmosphere. Figure 3(c) shows a
sheared arcade and figure 3(d) indicates that convection has begun to affect the flux tube
field lines significantly. At ¢t = 80, in figures 3(e) and (f), we see that the field has developed
a strong ‘serpentine’ structure with field lines submerging and re-emerging at several points.
This behaviour is commonly observed in nonlinear force-free coronal field extrapolations (e.g.
Pariat et al. 2004, Pariat et al. 2009, Harra et al. 2010, Valori et al. 2012) and is highlighted
in figure 3(e) which shows seed points at one side of the region and field lines, emanating from
these point, submerging and emerging throughout the active region. The serpentine behaviour
is further indicated in figure 3(f) where the field lines are coloured by field strength and several
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(e) t =80 () t = 80

Figure 3. Field line renderings for the By = 7, & = —0.4 case at various points in its evolution. Panels (a) and (b)
depict the field at ¢ = 30. The surface shown is that of the plasma density p = 1. Panels (c) and (d) depict the field at
t = 50. Panel (e) depicts field lines in the emerged field at ¢ = 80. The spheres shown are the starting points for the field
line integration. Panel (f) depicts field lines side-on, with lighter colours indicating increased field strength.

loops of significantly strong field strength are present below the photosphere. Such behaviour
is not found in non-convective simulations.

Magnetograms (of BY) of the emerging field, at the times shown in figure 3, are displayed
in figure 4. These magnetograms exhibit many features that are similar to those from non-
convective simulations. There are, however, some important differences due to convection.
At t = 30 in figure 4(a), the field has just reached above the photosphere and there is no
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Figure 4. Varying field (BY) magnetograms for the times shown in figure 3.

clear signal of twisted field. There is some disruption of the field due to convection cells.
By ¢t = 50 in figure 4(b), the sigmoidal pattern (e.g. Fan and Gibson 2004, Archontis et al.
2009) of the twisted field has emerged and some disruption due to convection is evident
(particularly around the edge of the region). At ¢ = 80 in figure 4(c), we see many more
smaller-scale positive and negative flux features surrounding the sigmoid, indicative of the
serpentine behaviour displayed in figure 3.

To summarize the results so far, as the field emerges through the photosphere and expands
into the atmosphere, it becomes more susceptible to deformation by convection (since the
field strength is, overall, becoming weaker). The action of convection is to create a serpentine
structure by pulling loops of magnetic field beneath the photosphere. Evidence for this be-
haviour is shown in field line plots (figure 3) and magnetograms (figure 4). The question now
is how to relate this behaviour to the topological information given in figure 27 To proceed,
we will focus on the helicity first and then the winding.

4.1.3. Helicity evolution

The varying helicity time series in figures 2(a) and (b) differ substantially from those for non-
convective simulations (e.g. Sturrock and Hood 2016, Prior and MacTaggart 2019). Whereas
for the non-convective case helicity continues to become more negative, despite an oscillation
about this mean trend, the helicity input in the convective case eventually stops becoming
more negative and changes direction, becoming more positive. The time scale of this turning
point in the helicity flux coincides with the development of serpentine field lines driven by
convection. By examining specific features in detail, we will now show that convection is
ultimately responsible for the turning point in the helicity time series.

Figure 5 shows the field line helicity rate distributions dH"(ag)/dt for times representing key
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Figure 5. Varying helicity input rate distributions dH"(ao)/dt at the times indicated by vertical lines in the helicity
rate time series shown in figure 2(a), i.e. (a) t =27, (b) t =44, (c¢) t = 62 and (d) t = 76.

phases in the helicity evolution. Figures 5(a)-(c) reveal an evolution that is similar qualitatively
to that found in non-convective simulations. As the magnetic field first reaches the photosphere
(figure 5(a)), there is an approximate balance of positive and negative helicity. Later (figure
5(b)), as emergence of the tube with left-handed twist proceeds, the helicity rate distribution is
dominated, naturally, by negative helicity. Later still (figure 5(c)), the twisted core of the flux
tube reaches the photosphere and this feature dominates the negative helicity rate signature.
Although the band of negative helicity rate density, representing the twisted core, follows the
sigmoidal polarity inversion line clearly, it also shows locations of disruption, particularly near
(0,0).

At t =76 (figure 5(d)) the band of negative helicity rate density has been distorted signifi-
cantly, although the regions of positive helicity rate density at y = +40 persist. To investigate
what causes the features in the helicity rate map in figure 5(d), we need to investigate the
behaviour of other quantities in the locations of particular helicity features. Before doing so,
however, we briefly consider the equivalent distributions in the flat case dHf(ag)/dt in figure
6. At each stage there is significant qualitative similarity between the two sets of distributions.
In particular, at ¢ = 76 the regions of strong positive helicity rate present in the varying case
are also present in the flat case. The distribution in the middle of the domain differs signifi-
cantly with much small-scale helicity rate structure present in the flat case which is not there
in in the varying case. It is the large positive regions which ensure that the helicity time series
in figures 2(a) and (b) have very similar magnitudes (if slightly offset temporally).

Figure 7 displays slices (the z-z plane) of various quantities at y = 30 and ¢t = 76, cor-
responding to a region of strong positive helicity rate (as shown in figure 5(d)). Figure 7(a)
displays a map of e,V x B, vector arrows of the in-plane magnetic field and photospheric
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Figure 6. Flat helicity input rate distributions dHf (ap)/dt at the times indicated by vertical lines in the helicity rate
time series shown in figure 2(a), i.e. (a) t =27, (b) t =44, (¢) t = 62 and (d) t = 76.

boundaries corresponding to p = 1 (green) and p =0.8, 1.2 (cyan). The twisted core of the
emerged flux tube can be seen far above the photospheric boundary in figure 7(a). Just below
the photospheric boundary at x ~ —15, there are strong currents of both signs. Further left
at x &~ —20, there is a thin region of strong downward-pointing magnetic field, indicative of
the serpentine behaviour visualized in figure 3(f).

Figure 7(b) shows a map of the plasma /3 and vector arrows of the in-plane magnetic field.
In the region just below the photosphere at © ~ —15, the plasma [ varies between 2 and
8, with a complex mixing pattern that suggests a competition for dominance between the
plasma and magnetic forces. The plasma [ is significantly low for part of the region in which
there is a strong downward-pointing field at z &~ —20. This value, however, quickly shifts to a
much higher plasma [ even where the magnetic field is still strong. This suggests that plasma
motions (due to convection) are pulling down magnetic loops.

This conclusion is backed by the behaviour displayed in figure 7(c), which displays a map
of u, and the in-plane B-vectors. In the thin region of downward-pointing field at x ~ —20,
there are strong downward flows coincident with the location where the plasma S rises sharply.
In the mixed current region at x ~ —15, there is a strong correlation between the vertical
component of the magnetic field and the sign of u,, where 8 =~ 5. This evidence points strongly
to plasma motions in the convectively-unstable layer generating the structural complexity of
the later-stage magnetic field evolution.

Figure 8 shows the same quantities (in the same format) as figure 7 for y = 10. This slice
corresponds to a region of strong negative helicity rate density, as shown in figure 5(d). In
figure 8(a), the flux rope core is found at the photospheric boundary at x ~ —13. Below
the photospheric boundary, there are strong currents of both signs, similar to the situation



March 6, 2020

Geophysical and Astrophysical Fluid Dynamics helicity winding arxiv

MacTaggart € Prior 15

N o /’ o 00y .
N 0 \ | o il
MR RN S ! 10

R \\\;\
RN x\\\\
x\\\\ \\\

-5 '1930 -25 -20 _15

X

(b)

~10307-25 -20 -15 -10 -5

Figure 7. Slices at t = 76 taken in the z-z plane at y = 30 which intersects a region of strong positive helicity input rate
dH"(ap)/dt in figure 5(d). In (a) a map of the y-component of V x B is shown and the vector field arrows represent the
projection of the B-field onto the plane. The green curve represents the intersection of the p = 1 surface and the plane
and the cyan curves are the same but for p = 0.8,1.2. In panel (b) a map of the plasma f is displayed with the B-field
vector arrows superimposed on top. In panel (c) a map of u. is displayed, again with the vector arrows of the B-field
superimposed on top.

at y = 30 in figure 7. At z =~ —25 and below the flux tube core there is a strong upward-
pointing magnetic field (more distorted and with more complex current structure than in the
y = 30 case) that is another example of the serpentine loop structure. In figure 8(b), there is
a ‘pocket’ of very strong plasma 3 at the base of the flux tube core at the photosphere. In
figure 8(c), the vertical direction of the magnetic field correlates strongly with the direction
of u,. Also, to the left of the twisted core, magnetic field is being pulled down in a similar
way to the case at y = 30. These results add weight to our claim that convection is primarily
responsible for the increased (serpentine) structural complexity with time. Further, the flux
rope core itself behaves in a serpentine manner, being both fully emerged and submerged at
various locations.

4.1.4. Significant convective action

We see in figure 7 that the p = 1 surface is pulled down in the region where the field is
being dragged down. As shown in figure 9, there are regions where this effect is extreme with
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Figure 8. Slices at ¢ = 76 taken in the x-z plane at y = 10 which intersects a region of strong negative helicity input
rate dH"(ap)/dt in figure 5(d). In (a) a map of the y-component of V x B is shown and the vector field arrows represent
the projection of the in-plane B-field. The green curve represents the intersection of the p = 1 surface and the plane
and the cyan curves are the same but for p = 0.8,1.2. In panel (b) a map of the plasma f is displayed with the B-field
vector arrows superimposed on top. In panel (c) a map of u. is displayed, again with the vector arrows of the B-field
superimposed on top.

two regions of much lower density (on the z = 0 plane) compared to the surrounding area (at
y = 14). These two regions indicate downward spikes in the photospheric boundary exactly
where the serpentine field enters and leaves the photosphere.

Figure 10 displays slices at y = 14 and has exactly the same format as figures 7 and 8.
In figure 10(a), the photospheric boundary dips significantly around the central twisted core,
which is almost completely below the photospheric boundary. The surface p = 1 is also far
below the z = 0 plane indicating this effect features strongly in both measures of the helicity
input. From figure 10(b), the plasma § at the twisted core is high compared to the two dips
either side of it, where there is very low plasma (8 and relatively strong upward and downward-
pointing magnetic field. Figure 10(c) confirms that the dips on either side of the core are being
pulled down. In figure 6(d) (the flat distribution at ¢ = 76), we see this leads to a bipolar
signature in the helicity rate maps which can be understood with reference to the field line
emergence velocity in equation (21), namely —u.B)/B.. With [Bj| > 0 and u, < 0 for both
dips, the changing sign of B, in the dips results in the observed bipolar structure.
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Figure 9. A distribution of density in the plane z = 0 at t = 76. Regions of low density correspond to downward spikes
in the surface of p = 1.

All of the features that we have investigated in this section point strongly towards convection
deforming the magnetic field and changing the behaviour of the helicity input. At the start
of emergence, the tube is affected by convection but is still strong enough to resist significant
deformation. Later, as the field expands into the atmosphere, it becomes weaker and thus more
prone to deformation by convection (in combination with other common effects associated with
emergence, such a plasma drainage).

4.1.5. Winding series and distributions

In figure 2(c), the flat winding input series dL/ /dt has a much larger peak of negative input
than that of dL”/dt. This results in an initially larger net input of L/(t) in comparison to
L"(t). A second substantial difference is that, in the flat case, the input rate drops to almost
zero whilst it does not for the varying case. To see how this difference occurs, we observe in
figure 11 that the surface p = 1 is, generally, significantly above the z = 0 plane. Also we see
that the core of the flux rope is at or about the p = 1 surface, which is to be expected as
this region of the photosphere is where the tube cannot continue to rise by buoyancy alone
(e.g. Hood et al. 2012). Thus the flat measure views the flux rope as ‘fully emerged’ as its
core moves (approximately) with the p = 1 surface which rises above the z = 0 plane. The
varying measure, however, tracks this varying density structure and its input instead reflects
the motion of the flux rope relative to the surface. We might expect that this would lead to a
larger net winding input in the flat case, as the majority of the flux rope has emerged in the
flat case, whilst it only partially emerges in the varying case. However, we see in figure 2(d)
that over the whole simulation there is actually higher total input for the varying case.

In figures 2(c) and (d) it is clear that including the cut-off in the calculations changes the
winding inputs quantitatively but not qualitatively. We note here that the effect of utilising
the cut-off is simply to exclude the winding input of regions outside the main emergence
domain where convection dominates the input pattern. This effect is indicated in figure 12 for
the varying case, but it is found to be true of the flat distributions also. The distinction will
not be critical in what follows and the distributions we present are those with the cut-off (for
the sake of clarity).

In figures 13(a) and (b) we see comparative snapshots of the distributions d£"(ag)/dt and
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Figure 10. Slices at ¢ = 76 taken in the z-z plane at y = 14 which intersects a region of bipolar helicity input rate
dH"(ap)/dt in figure 5(d). In (a) a map of the y-component of V x B is shown and the vector field arrows represent
the projection of the in-plane B-field. The green curve represents the intersection of the p = 1 surface and the plane
and the cyan curves are the same but for p = 0.8,1.2. In panel (b) a map of the plasma f is displayed with the B-field
vector arrows superimposed on top. In panel (c) a map of u. is displayed, again with the vector arrows of the B-field
superimposed on top.

dLf(ag)/dt at t = 31, when the net input rates are almost identical (see figure 2(c)). In both
cases the central region is dominated by negative winding as a result of the flux rope structure
protruding into each surface. There is also a contribution from the convective cells which
are directly above the emerging flux rope. The averaged varying distribution is somewhat
smoother than the flat counterpart. A final observation is that a number of small islands of
positive winding, present in the main flux rope regions for the flat distribution (b), are absent
in the varying case (a). In figures 13(c) and (d) we see the distributions d£"(ag)/dt and
dLf(ap)/dt at t = 37, approximately the time when the flat input rate shows its peak and the
net input rate dL//dt significantly exceeds that of the varying case dLV/dt (see figure 2(c)).
Both dL¥(ag)/dt and dLf (ag)/dt still have very similar distributions qualitatively, however,
the relative strength of the negative input regions is consistently larger for the flat distribution.
It was confirmed that the centre of the flux rope core is at (or around) the z = 0 plane at this
point. Once again the averaged varying distribution is somewhat smoother and there are also
more regions of positive density in the flat case.
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Figure 11. Planar slices of the distribution of |B|2 for the By = 7 case at (a) t = 40 and (b) ¢t = 70. Also shown is the
curve intersection of the surface p = 1 with these planes. In (a) and (b) the slices are taken in the y-z plane at x = 0.
The p = 1 surface is generally significantly above the z = 0 line In (c), ¢ = 40 and (d), ¢ = 70, the slices are taken in the
z-z plane at y = 0 (cutting across the flux rope). Once again the p = 1 curve is generally well above the z = 0 line. The
vector field shown is the projection in the plane of the magnetic field, clearly revealing the magnetic field’s core to be at
or above the p = 1 surface.

In figures 14(a) and (b) we see comparative snapshots of the distributions d£"(ag)/dt and
dLf(ap)/dt at t = 50, when the net input rate of the flat measure dLf/dt is significantly
smaller than at its peak, whilst the net varying input rate dLf /dt is still similar to its peak
value (see figure 2(c)). We now see a much larger area for the winding input in the varying case.
That said, the qualitative nature of the distributions (varying and flat) are similar, with both
exhibiting the development of two regions of significant positive winding input surrounded by
larger negative input. It is noticeable that the relative sizes of the negative and positive input
regions are larger in the case of the varying distribution.

In figures 14(c) and (d) we see comparative snapshots of the distributions d£"(ag)/dt and
dL/(ag)/dt at t = 75, when the net input rate of the flat measure dL//dt¢ has dropped
close to zero but the varying distribution is still significant. The distribution in the flat case
(d) is negligible, coherent with the evidence in figure 11 that the flux rope structure has
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Figure 12. Distributions of d£V(ag)/d¢ at t = 40: (a) without the cut-off and (b) with the cut-off. The significant
difference between (a) and (b) is the removal of structure associated with the convective motion.

60F

40;

207

0_

=20¢

-40}

-60

60f

40;

20;

0_

=20¢

-40}

-60

20 40 60
(a)

60 —40 —20 0

60 -40 -20 0 20 40 60
©

25.0
17.5
10.0
2.5
-5.0
-12.5
-20.0
-27.5
-35.0

32.5
25.0
17.5
10.0
2.5
-5.0
-12.56
-20.0
-27.5
-35.0

60f

40¢

201

0_

=20}

-40}

-60

60f

40¢

20}

0_

=20}

-40}

-60

(b)

60 -40 -20 0 20 40 60
(@)

25.0
17.5
10.0
2.5
-5.0
-12.5
-20.0
-27.5
-35.0

32.5
25.0
17.5
10.0
2.5
-5.0
-12.5
-20.0
-27.5
-35.0

Figure 13. Distributions of d£?(ao)/dt and dLf (ag)/dt at t = 31, (a) and (b) respectively, and t = 37, (c) and (d)
respectively.



March 6, 2020

Geophysical and Astrophysical Fluid Dynamics

helicity winding arxiv

MacTaggart & Prior 21
607 60F
325 32.5
40y 250 40 25.0
17.5 17.5
20y 10.0 20 10.0
_ 2.5 _ 25
0 -5.0 0 -5.0
_20! -125  _gpl -125
-20.0 -20.0
_40! —275 _aol -275
-35.0 . ~35.0
-60L. .. . e ] Y| ... ... S
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
(a) (b)
60F i T 60F
i ‘v 32.5 32.5
40 £4-8 250 40y ik 25.0
o I 17.5 _ 17.5
20 e g - 10.0 20 10.0
i £ 25 (7 AN 25
0r 0t ; i
=5 -5.0 i e AL -5.0
-20/ NSRS -125  _ol -12.5
_@ - -20.0 . -20.0
_40/ -y -275 _aol Q% L -275
y ﬂ L —35.0 s -35.0
-60L .. . e ] -60b .. . .. ]
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60

() (d)

Figure 14. Distributions of d£?(ao)/dt and dLf (ag)/dt at t = 50, (a) and (b) respectively, and t = 75, (c) and (d)
respectively.

largely risen above the z = 0 plane. The varying distribution (c) is also relatively weak
compared to earlier times, but there are still regions of significant winding input. There are
now multiple interspersed sub-regions of positive and negative winding input, consistent with
the development of the magnetic field’s serpentine structure.

The mixture of positive and negative winding rate regions can be understood with reference

to the behaviour of upward and downward flows. Figure 15 shows the distributions of u} and

ul at t = 50, which are cotemporal to the winding rate distributions in figures 14(a) and

(b). By comparing figure 14 to figure 15, it is clear that the positive winding input rates
occur in regions which contain (relatively) strong upward and downward flows, an example of
which is highlighted on the velocity distribution ul. We can see that the flows is this region
are significantly weaker in the varying case, as is generally true for the convective motions
also. This feature is consistent with the evidence of convective down flows reversing the sign
of the helicity input rates discussed above. The difference in the winding case is that the
winding measure is not weighted by magnetic field strength and the regions described above
have relatively strong magnetic field (see figures 7-10). Therefore, these regions affect the
helicity inputs far more than the winding rate inputs. This is why the winding distribution
correctly identifies the underlying initial topological nature of the emerging field, emphasising
the benefit of calculating both winding and helicity inputs.
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Figure 15. Vertical velocity distributions at ¢ = 50. Panel (a) shows u? and panel (b) uz. In (a), the varying case,
the convective cell velocities are weaker than in (b), the flat case. In (a) the strongest regions of negative velocity are
around the edge of the emerged structure. In (b), there are significant down flows in the core of the emerging region.
The highlighted region contains both (relatively) strong up and down flows.

4.1.6. Differing net winding inputs

The last significant issue to address is the fact that the total winding input L(t) is sys-
tematically less in magnitude for the flat case (see figure 2(d)), despite the apparent total
emergence of the majority of the flux rope above this plane (which is not the case for the
varying surface as we have seen above). There are two key factors that influence this result:

e As indicated in the analysis of the helicity time series, the field line plots (figure 3) and
above in the winding rate analysis, convective motion is acting to pull down regions of
the magnetic field. Convective motion is stronger at the lower z = 0 plane and hence we
should expect the effect to be more significant there. This is evidenced by the relatively
large proportion of positive winding rate in the flat input rate distributions in figures 13
and 14, by comparison to the varying distributions.

o If there is significant variation in both the B and w fields in height, the averaging
procedure that we have adopted can capture more complex winding patterns, not found
on only one plane. In this application of flux emergence, the result is an enhanced (varied)
winding input compared to the flat case.

In Section 4.3 we consider a third field-sampling method that tracks the varying p = 1 surface
but averages over a much smaller domain. It will be shown that the effect of spatial averaging
can be significant for affecting the magnitudes of quantities whilst the qualitative behaviours
of helicity and winding found with different averages are similar.

4.2. Bo = 5, a=-04

The helicity time series in figures 16(a) and (b) are qualitatively similar to those of the By = 7
case. The bulk of the input is negative, corresponding to the left-handed twisted flux tube,
with a switch to positive input around ¢t = 70. Also, as in the By = 7 case, we see the flat
input series has slightly larger and earlier peaks than the varying time series. This can again
be traced to the fact that the p = 1 surface rises significantly above the z = 0 plane and the
flux rope’s core tracks it. We will show that the turning point in the sign of both the helicity
input series is due to the effects of convection.

The winding time series, in figures 16(c) and (d), are qualitatively similar to those for the
By = 7 case. The input is generally negative for both cases. As with the By = 7 case, the flat
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Figure 16. Helicity and winding time series for the Bg = 5, « = —0.4 case. Panel (a) shows the helicity input rates

dHv /dt and dH7 /dt. The vertical lines indicate times at which maps of dH"(ao)/dt are plotted in figure 18. Panel (b)
shows the integrated helicities H? (t) and H () over the same period. Panel (c) displays the winding input rates dLV /dt
and dLf/dt both with the cut-off (blue) and without it (red). Panel (d) displays the total winding inputs L?(t) and
L¥(t) and has the same format as (c).

input rate series show a much larger peak input than that of the varying case (figure 16(c)).
Also, its input rate drops to nearly zero whilst that of the varying case remains non-zero for
the time span of the simulation. Again, this feature leads to more net input in the varying
series, in contrast to the helicity input where the flat series has a larger total input.

Figure 17 displays snaphots of magnetic field lines during various stages of emergence (the
format is the same as figure 3). The general evolution, at first glance, is very similar to that of
the By = 7 case. The development of serpentine field lines is particularly clear in figure 17(f).

Figure 18 displays maps of the field line helicity input rate dH"(ag)/dt at various times
during emergence. Again, the overall evolution is very similar to the By = 7 case, as shown
in figure 5. Compared to the By = 7 case, the flux tube has weaker field strength and takes
longer to reach the photosphere. Both these facts allow convection to deform the magnetic
field to a greater extent than the By = 7 case.

4.2.1. Winding inputs

Further analysis of the winding input time series, similar to that performed in Section 4.1.5
for the By = 7 case, leads to similar conclusions and so we do not detail these results here for
the sake of brevity. Our conclusion as to how the net winding input LV is larger than that of
LS is the same as before.

4.2.2.  Partial emergence of the Serpentine core

As for the By = 7 case, the core of the By = 5 case flux tube also develops a serpentine
structure. In figures 18(c) and (d), the negative sigmoidal band corresponding to the twisted
core appears much weaker near the centres of these maps at (0,0). The reason can be seen
to be due to serpentine emergence by examining slices through the domain. Figure 19 shows
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(e) t =80 () t = 80

Figure 17. Field line renderings for the Bgp = 5 a = —0.4 case at various points in its evolution. Panels (a) and (b)
depict the field at ¢ = 35. In (a) the surface shown is that of the plasma density p = 1. Panels (c¢) and (d) depict the
field at ¢t = 55. Panel (e) depicts field lines in the emerged field at ¢ = 80. The spheres shown are the starting points for
the field line reconstruction. Panel (f) depicts field lines side-on, with lighter colours indicating increased field strength.

two such slices. In figure 19(a) a slice at y = 0 displays a map of e,-V x B and a projection
of B-field vectors onto the plane. The main part of the twisted core is seen clearly above the
photospheric surface (indicated by the red line). In figure 19(b), the same variables are shown
but now at y = 10. Here, the twisted core is held at the photospheric boundary, as suggested
by figures 18(b) and (c).
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Figure 18. Varying helicity rate distributions at the times indicated by vertical lines in the helicity rate time series
shown in figure 16(a), i.e. (a) t = 36, (b) t = 55, (¢) t = 65 and (d) t = 75.

4.3. By=3,a=-04

In this section we include an additional test for the effect of choosing a particular form of field
sampling. We introduce the following new magnetic field average,

B S exp[~2000(p — 1)°] B(x, y, 2) dz
(l') y) - fzmax eXp[—2000(p . 1)6] dZ 9

Zmin

(29)

which we refer to as the ‘varying fine’ average. The various helicity quantities calculated using
this average will be labelled H?/, L*f 2{*f and £/, for ‘varying fine’. As the name indicates,
this measure will sample the field based around the evolving p = 1 surface but average over a
domain that is significantly smaller compared to the previous measure. This measure will be
used to try to separate the effect on topological quantities of averaging the field over a finite
domain from the effect of sampling the field on a moving surface.

The helicity input rates dH?/dt, dH'/dt and dH"/dt for the By = 3 case are shown in
figure 20(a). At first we focus on dH?/dt and dH/ /dt in order to compare to the By = 5,7
cases. They are qualitatively similar to the By = 5,7 cases in that there is a negative helicity
input rate associated with the initial emergence of the negatively twisted flux rope, which
later changes to positive input. However, in this case the positive input period is much more
significant than the negative input stage, as indicated by a positive net helicity input over
the simulation period (figure 20(b)). The varying fine input rate dH"/ /dt¢ has the intriguing
property that its magnitudes are comparable to those of the flat input rate, but its peaks are
shifted temporally. This second property is in line with the narrative that the core of the flux
rope reaches this surface after passing through the z = 0 plane. The fact that the magnitude of
the averaged varying measure is significantly smaller than the two other measures is indicative
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Figure 19. Slices of the By = 5 case at t = 55 in the z-z plane. The density plotted is the y-component of V x B.
The red curves represent the intersection of the slices with the p = 1 surface. In (a) the intercept with the y-axis is at
y = 0 and the tube’s core is above the p =1 line. In (b) the intercept with the y-axis is at y = 10 and the tube’s core is
centered at the p = 1 line.

of the averaging, in this case, weighting the helicity calculation with weaker magnetic field that
is higher up in the atmosphere (and is not recorded by the flat and varying fine cases). This
property will be confirmed shortly when we show that the winding input for the varying case
is larger than the other two, hence it is recording more topological complexity but weighted
with a weaker field strength.

The winding rates dL¥/dt, dL /dt and dL*//dt (no cut-off) are shown in figure 21, whilst
the cut-off rates dL?/dt, dLg/dt and dLgf/dt are shown in figure 22. As expected, the mag-
nitudes are larger for the non-cut-off cases, but the qualitative picture is basically the same.
Therefore, most of the following comments apply to both sets of plots. As with the By = 5,7
cases the input is dominantly negative leading to a net input of negative winding. Comparing
the varying and flat measures we see that the peak in the flat case dL7/dt occurs before the
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Figure 20. Helicity time series for the By = 3, o = —0.4 case. Panel (a) shows the helicity input rates dH?/dt, dHf /dt
and dHVf /dt. Panel (b) shows the integrated helicities H"(t), H (t) and H'?(t) over the same period.
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Figure 21. Winding time series for the By = 3, a = —0.4 case. Panel (a) shows the winding input rates dLV/dt, dLf /dt
and dL¥f /dt. Panel (b) shows the integrated winding LV (t), Lf (t) and L (t) over the same period.
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Figure 22. Winding time series with cut-off € for the By = 3 o = —0.4 case. Panel (a) shows the winding input rates

dLY/dt, dLEf/dt and dLgf/dt. Panel (b) shows the integrated winding L?(t), ! (t) and L (t) over the same period.

peak in both the varying fine and varying cases. Interestingly, when the cut-off is applied the
input rate is largest for the flat case, whilst without the cut-off the highest input rate is found
in the varying case. This contrasts with the By = 5,7 cases where the flat measure has a
significantly higher rate with and without applying the cut-off (see figure 21(a), figure 16(b)
and figure 2(b)).

It is interesting to compare the winding rates dLV/dt and dL*f /dt. Early in the simulation
(up to about t = 58) the rates are very close to each other. At ¢ = 60 the varying fine measure
dL?f /dt peaks and then begins to decline whilst the varying measure dL?/dt¢ continues rising
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(e) t =098

Figure 23. Field line renderings for the Bg = 3, & = —0.4 case at various points in its evolution. Panels (a) and (b)
depict the field at ¢ = 55. The surface shown is that of the plasma density p = 1. Panels (¢) and (d) depict the field at
t = 75. Panels (e) and (f) depict the emerged field at ¢t = 98. In panels (b), (d) and (f), the field lines are coloured by
field strength with lighter colors indicating increased strength.

for a little while longer. After about t = 65 both are in decline at a similar rate, however, the
drop from the peak value is more pronounced in dL?/dt. As a consequence dL*7 /dt drops to
nearly zero by the end of the simulation whilst dL"/d¢ does not.

In figures 23(a) and (b), corresponding to ¢t = 55, we see visualizations of field lines when the
helicity rate has its most negative value. Here, the twisted core has reached the photosphere
but the magnetic field does not emerge into the atmosphere as much as for the two stronger
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Figure 24. Helicity input distributions: (a) dH?/dt at t = 56, (b) dH/ /dt at t = 53 and (c) dH?//dt at ¢t = 59. The
times are when each respective spatial average is found to peak in figure 20(a).

cases. This slower emergence has also been found in non-convective models (Murray et al.
2006).

At t = 75 (figures 23(c) and (d)) we see the formation of serpentine structures in the
emerging field, similar to the By = 5,7 cases. By t = 98 (figures 23(e) and (f)) the field has
emerged much more extensively into the transition region and retains a significantly complex
serpentine-like structure. In figure 23(f), regions of strong field strength can been seen clearly
beneath dips in the photospheric surface. These features are clear signatures of how convection
deforms the magnetic field, particularly for this weaker tube. These field line plots indicate
that the dominant net positive helicity signature observed in figure 20(b) is a result of the
fact that the magnetic field fails to emerge fully (compared to the By = 5,7 cases) before the
serpentine field structures develop.

4.3.1.  Helicity distributions and the effect of averaging

In figure 24 we see the helicity distributions at the peak of each time series: (a) t = 56
for dH?/dt, (b) t = 59 for dHf /dt and (c) t = 52 for dH7 /dt. In all cases it is notable
that there is no clear sigmoidal structure or dominance of negative helicity input as there
is in the By = 5,7 cases (see, for example, 5(b)). It is also notable that there is much less
structure in the dH"/dt distribution compared to the other two, with only the clear bipolar
distribution at © = 0,y = +18 standing out. In figure (25) is displayed the distribution of
e, -V x B/|B| in the y-z plane at = 0 (a slice across the flux rope’s length). This quantity
is a measure of the local twisting of the field and, hence, indicative of the local magnetic field
topology (a significant contributor to the helicity calculations). Three curves are indicated on
this distribution, the yellow curve is the intersection of the p = 1 surface and the black curves



March 6, 2020

Geophysical and Astrophysical Fluid Dynamics helicity winding arxiv

30 Helicity and winding fluzes in flur emergence

5
4
3.
2
1
o

QO O O O O O O

20 30
y

Figure 25. Distribution of ey, - V x B/|B| in the y-z plane at = 0. The yellow curve is the intersection of the surface
p = 1 with this plane and the black curves the surfaces of p = 0.5 and 1.5. Vertical averages at many points in this plane
would cross both negatively and positively rotating field structures.

are the intersections of the p = 0.5 and p = 1.5 surfaces. The varying average gives significant
weight to the magnetic field between these surfaces. It is clear that there is often significant
vertical variation in the sign of this local topology. This indicates why the vertical average
associated with the dH"f /dt measure records less field topology compared to dHV /dt.

4.3.2. Winding spikes and topological events

The noticeable peaks in all three winding input rate series (in both figure 21(a) and figure
22(a)) can be shown to coincide with significant emergence events. We begin by analysing the
peak in the flat series which we find is the first indicator of a significant emergence event. In
figure 26 we see the flat winding distributions d£/(ag)/dt at (a) t = 51, (b) t = 53 and (c)
t = 55 covering the major peak in the net input rate dL//d¢ seen in figure 22. From figure
26(a) to (b) there is a general increase in the magnitude of the distribution as a whole, which
leads to the peak. Then, from figure 26(b) to (c), two significant patches of positive winding
emerge at the distribution’s centre, thus lowering the input rate.

In figure 27 we see slices of the distribution of e, - V x B/|B| in the y-z plane at = 5
for t = 50 and t = 55, i.e. before and after the peak in dL//dt seen in figure 22(a). Two
circled regions indicate respectively a region of significant negative twisting (solid circle) which
emerges into and above the plane z = 0, and a region of positive twisting (dashed circle) which
submerges back down beneath the plane z = 0 and which causes the positive winding inputs
that appear in figure 26. Therefore, the winding rate spike is indicative of current-carrying
field structure emerging/submerging through the surface at which the field is sampled. This
is similar to a phenomenon found in ‘mixed helicity’ flux emergence simulations in Prior
and MacTaggart (2019) and reinforces the conclusion in that paper that the winding series
can be used for event detection in photospheric helicity input studies (the events being the
emergence/submergence of helicity-carrying structures).

In figure 28 we see a set of changes in the varying fine winding rate d£%/(ag)/dt in a set
of distributions at (a) t = 57, (b) ¢t = 59 and (c) t = 61 covering the major peak in the net
input rate dL/ /dt (figure 22). Form figures 28(a) to (b) there is a (relatively) large increase
in the general magnitude of the distribution and then from figures 28(b) to (c), the emergence
of a set of positive winding rate islands towards the centre of the distribution. Again, it was
checked that these islands develop further in the proceding evolution. It can be confirmed
that these changes result from similar emergence/submergence events as indicated in figure
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Figure 26. Distributions of d£f (ag)/dt at (a) t = 51, (b) t = 53 and (c) t = 55.

27. Finally, in figure 29, a similar transition is found in the varying winding rate d£"(ag)/dt
in a set of distributions at (a) t = 61, (b) t = 63 and (c) t = 65 covering the major peak in
the net input rate dL*f /d (figure 22).

With all of the above results, we have been able to track the temporal development of a
particular topological structure rising into the solar atmosphere. This emphasizes that whilst
the differing means of field specification can affect the net input, they are consistent in their
diagnosis of the large-scale topological development of the field.

5. Summary and discussion

In this work we have analyzed helicity and winding fluxes in simulations of twisted flux tube
emergence with a range of different initial field strengths. In particular, we have developed
a model where a strongly-twisted flux tube reaches the photosphere in order to determine
what the helicity and winding signatures would be for this commonly assumed scenario. We
have focused on the effect of convection on the topological quantities and have compared the
results to those of other work that does not include convection. In the present study, we can
select some general results:

1. Convective flows act to pull down sections of the emerging field, leading to a more
complex serpentine field line connectivity at the photospheric surface than typically
observed for non-convective flux rope simulations. This effect also leads to a reversal
in sign of the rate of helicity input dH/dt. In the case of the weaker magnetic field
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Figure 27. Distributions of ey - V x B/|B| in the y-z plane at = 5 for times (a) ¢ = 50 and (b) ¢t = 55, before and
after the peak in dLf /dt seen in figure 22(a). The line z = 0 is shown. Two structures are circled in (a). The first (solid)
is a small region of negative out of plane rotation. In (b) this is seen to have distorted and expanded both sideways and
vertically into and above the z = 0 line. In (a) the second circle (dashed) is at the edge of a region of positive out of
plane rotation. In (b) this is seen to have submerged below the z = 0 line.

strengths, this effect further acts to lead to a change in sign of the net helicity input
H(t). Thus mixed helicity input time series can be produced by single-sign helicity flux
ropes if convection is accounted for. The strength of the field appears to dictate the
degree of this serpentine structure and its effect on the helicity input series (compare,
for example, figures 2, 16 and 20 and also the field line structures in figures 3, 17 and
23).

. As was found in Prior and MacTaggart (2019), the winding input rate time series tend to

exhibit spikes when structures of significant topology pass into the photospheric region
(see the discussion in section 4.3.2). With the inclusion of convection in the model, the
winding signature still provides a clear signature for the arrival of elements of helicity-
carrying field structure through photosphere. A combination of winding time series and
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Figure 28. Distributions of d£¥f(ag)/dt at (a) t = 57, (b) t = 59 and (c) t = 61.

distributions can be used to establish such signatures.

3. The winding input rate dL/d¢t and net input L(¢), which are independent of any mag-
netic field strength weighting, are not so influenced by the general downward pulling of
the field by convective flows. Thus the winding series generally show a steady input of
negative winding, concordant with the flux tube’s initial structure.

4. Analyzing helicity and winding signatures together provides a detailed picture of the
initial stages of active region emergence into the solar atmosphere.

5. Taking into account how the magnetic field readings are produced in real magnetgorams
could be crucial for interpreting the amount of helicity injected into solar atmosphere.
For example, for the By = 3 field, which develops significantly complex serpentine
structure, the effect of averaging along the line of sight (which likely occurs to some
degree in actual magnetograms) results in a significant drop in the magnitude of helicity
input.

6. Despite the quantitative differences arising from averaging and varying the location
where the magnetic field is measured, the qualitative results for both the helicity and
the winding are consistent in all cases. The results of this work, therefore, provide clear
signatures for the emergence of strongly-twisted flux tubes.

We plan to extend this work in three directions. The first is to analyze the helicity and wind-
ing rates in observations and, in particular, determine early-warning signatures for possible
eruptions. The second is to study the topological signatures of the emergence of magnetic field
structures different from twisted flux tubes, such as ‘mixed helicity’ fields (Prior and Mac-
Taggart 2019). The third avenue that we will pursue is to examine how helicity and winding
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Figure 29. Distributions of d£V(ap)/dt at (a) t = 62, (b) t = 64 and (c) t = 66.

signatures can be used to interpret more advanced stages of emergence, including the onset
of eruptions.

Results were obtained using the ARCHIE-WeSt High Performance Computer (www.archie-
west.ac.uk) based at the University of Strathclyde.
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