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ABSTRACT

The injection of magnetic helicity with solar cycle 24th has been calculate based
on the analysis of a series of magnetic synoptic charts. During the cycle, the injective
magnetic helicity is mainly contributed by the magnetic field in active regions. It is
hard to find the helicity near the polar regions due to the eruption of the helicity
into the interplanetary space from the solar surface. The mean values of the injective
magnetic helicity flux is consistent with the hemispheric sign rule of current helicity
of solar active regions, i.e. the negative (positive) sign tends to be in the northern
(southern) hemisphere. Significant fluctuations of the injected magnetic helicity from
the subsurface layers probably reflect the complex process of how the twist from the
convection zone ejects magnetic fields through a series of active regions on different
temporal and spatial scales at the solar surface.
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1 INTRODUCTION

Helicity is an important quantity that reflects the topology
of the field, such as linkage, twist, and writhe of the field lines
(Woltjer 1958a,b; Taylor 1986). It is an integral measure of
the topological properties of the field in a closed volume V :

H f =

∫

F · ∇ × FdV, (1)

where F can be the magnetic vector potential A, the mag-
netic field B, or the velocity field V, which is assumed to be
confined to the volume V .

In the solar atmosphere, the magnetic and velocity fields
are observable quantities with vector magnetographs, while
the magnetic potential A and the electric current density J
(

= ∇ × B/µ0
)

are derived quantities under some assumptions
(cf. Zhang 2000, 2019; Zhang et al. 2003). The computation
of helicity in the Sun requires the knowledge of the full vec-
tor field in a 3D volume, but observations of the magnetic
fields are usually taken in a shallow layer of the solar atmo-
sphere (typically, in the photosphere). Due to the limitation
of the observations of vector magnetic fields in a single layer
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of the solar atmosphere, it is difficult to construct the real
distribution of all components of the current density in the
solar photosphere (Xu et al. 2015). This means that we still
cannot get all components of the current density, not even in
the lower solar photosphere. The similar case is also for the
magnetic potential A. This means that the completeness of
the helicity has been lost from the calculations by means of
the observations of vector magnetograms.

Nevertheless, the magnetic helicity density hm = A·∇×A,
current helicity density hc = B · ∇ × B, and velocity helicity
density hv = V · ∇ × V are still important detectable quan-
tities. For example, one can calculate a part of the current
helicity density hc = 3(B)z · (∇ × B)z inferred from observed
photospheric vector magnetograms under the isotropic as-
sumption (Xu et al. 2015) and the injection rate of mag-
netic helicity from the solar subsurface regions (Chae 2001)
based on the photospheric magnetograms. This implies that
the analysis of helicities involves observable quantities in the
solar atmosphere only. In addition, it is normally believed
that the complex distribution of magnetic (current) helicity
density in the solar active regions relates with the trigger of
powerful flares and CMEs (cf. Bao et al. 1999; Liu & Zhang
2006; Zhang et al. 2008).

The helical topology of magnetic fields in active re-
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gions was firstly observed from the handedness of sunspot
penumbral configurations by Hale et al. (1908) and statis-
tically with respect to hemispheres by Ding et al. (1987).
The hemispheric sign rule of helicity was subsequently ana-
lyzed by Seehafer (1990), who found that the current helicity
density and twist in solar active regions follows the hemi-
spheric helicity rule with predominantly negative values in
the northern hemisphere and positive values in the south-
ern hemisphere. It is noted that a violation of the magnetic
helicity sign rule in the beginning of each solar cycle was
discovered by Bao et al. (2000) based on observations of a
series of vector magnetograms at Huairou Solar Observing
Station and a reversal of the helicity sign rule with time by
Hagino & Sakurai (2005) from the observations at National
Astronomical Observatory of Japan. The distribution of cur-
rent helicity of active regions in solar cycles 22 and 23 was
presented by Zhang et al. (2010), the injection of magnetic
helicity by Yang & Zhang (2012) and Zhang & Yang (2013),
and also the magnetic helicity by Pipin et al. (2019) for solar
cycle 24 based on the vector field synoptic maps.

The importance of the magnetic helicity for the so-
lar dynamo has been noticed (cf. Pouquet et al. 1975;
Kleeorin & Ruzmaikin 1982; Brandenburg & Subramanian
2005) after the development of the solar dynamo theory with
the turbulence of velocity field in the solar convection zone
(i.e., the early stage of the mean field dynamos). By means
of a flux transport dynamo model, Choudhuri et al. (2004)
explained that the hemispheric helicity could reverse sign at
the beginning of each cycle, as seen in the observations of
Bao et al. (2000). A similar work has been proposed based
on the analytical solution of the mean field dynamo model
by Xu et al. (2009), who found that a reversed sign of mean
hemispheric helicity can also occur in the decaying stage of
a cycle. While the more complex distribution of magnetic
helicity with the solar cycle can be found from the butter-
fly diagrams of mean current helicity of solar active regions
in solar cycles 22 and 23 (Zhang et al. 2010), and also con-
firmed from the injection of global magnetic helicity from the
solar surface by Yang & Zhang (2012) and Zhang & Yang
(2013).

Section 2 presents the injection of magnetic helicity dur-
ing solar cycle 24 inferred by the large-scale magnetic fields.
Section 3 describes the magnetic helicity and the relation-
ship with evolution of magnetic field in the individual active
regions. Section 4 discusses our findings.

2 INJECTION OF MAGNETIC HELICITY IN

SOLAR CYCLE 24

It is generally believed that the magnetic fields and the cor-
responding helicity in the solar surface are important param-
eters to understanding possible effects on the solar dynamo
process in the solar convection zone where the α effect is
one of the key parameters in this process (e.g. Parker 1955;
Steenbeck et al. 1966; Zeldovich et al. 1983). The magnetic
(current) helicity is an important ingredient in the α effect;
see Brandenburg & Subramanian (2005) for a review.

The collective effect of the active regions on the contri-
bution of magnetic (current) helicity with the solar cycle has
been studied from observations (such as Zhang et al. 2010;
Yang et al. 2012; Zhang, Brandenburg and Sokoloff 2016)

and also with solar dynamo models (see, e.g., Kleeorin et al.
2003; Choudhuri et al. 2004; Xu et al. 2009; Pipin et al.
2013, for example).

In the following, we study the injection of mag-
netic helicity during solar cycle 24, using the method of
Yang & Zhang (2012) and Zhang & Yang (2013). We also
study the distribution of the magnetic helicity flux in the
butterfly diagram.

2.1 Method

The transfer of magnetic helicity is accompanied with the
dynamo process within the Sun. Corresponding discussions
have been provided by Kleeorin & Ruzmaikin (1982) and
Kleeorin et al. (1995). The variation of the mean value of
the fluctuating small-scale magnetic helicity, hm = 〈a · b〉,
can be written in the form

∂hm

∂t
= − 2〈(u × b) · B〉 − 2ηm〈(b · (∇ × b)〉

− 〈(∇ · [a × (u × b)]〉,

(2)

where b, u, and B are the fluctuating magnetic
field, the fluctuating velocity field, and the mean mag-
netic field, respectively. The effective electromotive force
Eeff ≡ 〈(u × b)〉 = αB − η(∇ × B) is give by
Moffatt (1978); Parker (1979); Zeldovich et al. (1983);
Brandenburg & Subramanian (2005), so equation (2) be-
comes

∂hm

∂t
=2[ηB · (∇ × B) − αB

2 − η〈(b · (∇ × b)〉] − ∇ · Fhel,

(3)

where α = αv + αm and η = ηm + ηT . The integrals of the
magnetic helicity in the northern and southern hemispheres
are, even if the total magnetic helicity is normally conserved,
can be written

dHm

∂t
=

∫

V
2[ηB · (∇ × B) − αB

2 − η〈(b · (∇ × b)〉]dv

−

	
S

Fhel · ds,

(4)

where the helicity flux Fhel = 〈a ·b〉V−〈(V ·a)b〉+ 〈a×u〉×B+

〈a × (u × b)〉 · · · , and a is the fluctuating magnetic potential
and V is the mean velocity field (Kleeorin & Rogachevskii
1999; Brandenburg & Subramanian 2005). The first term in
the right-hand side of equation (4) relates to the generation
of magnetic helicity field inside the domain V (such as the
Sun) and the second to the injection of helicity flux from the
surface S in the exterior of the solar dynamo.

The injective magnetic helicity from the surface con-
taining twist or linkage of magnetic fields can be written in
the form (Berger & Field 1984; Demoulin & Berger 2003)

Fm =
dHm

dt
=

d

dt

∫

V
hm dv

= −2

	
S
[(Vt · Ap )Bn − (Ap · Bt )Vn] · ds,

(5)

where the magnetic field B and the velocity field V are ob-
served quantities in the solar atmosphere, and the boundary
value of the magnetic vector potential Ap of the potential
of the reference field reference field can be inferred from the
vertical component of the magnetic field Bn.
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where the magnetic field B and the velocity field V are
observed quantities in the solar atmosphere, and the bound-
ary value of the magnetic vector potential of the potential
reference field, Ap, can be inferred from the vertical compo-
nent of the magnetic field Bn. The subscripts n and t indicate
the normal and transverse component, respectively.

The first term in the right hand side of equation (5) pro-
vides the contribution from the horizontal motion of foot-
points of magnetic field at the solar surface, while the sec-
ond one reflects the contribution from the vertical motion of
magnetic flux at the surfaces of the integral.

Both equations (3) and (5) have been used to analyze
the evolution of magnetic helicity from different perspec-
tives. The former equation has been used in the study of the
magnetic helicity with the dynamo process, and latter on
the injective flux of magnetic helicity from the enveloping
surface, such as the solar surface. Agreement between the
two methods can be taken as an indication of the validity of
the analysis concerning the evolution of large-scale magnetic
fields over the solar cycle.

The three components of the velocity field in the photo-
sphere can also be derived from the Differential Affine Veloc-
ity Estimator for Vector Magnetograms (DAVE4VM; Schuck
2008). As one neglects the second term in the right hand side
of equation (5), there is an error of about 10% in the calcu-
lation of the injected magnetic helicity as compared with the
method DAVE4VM, as pointed out by Liu & Schuck (2012)
from their calculated results.

According to the analysis of Demoulin & Berger (2003),
one finds that

dHm

dt
= −2

	
S

(U · Ap )Bn · ds, (6)

where

U = Vt −
Vn

Bn
Bt .

This implies that the influence of the second term in equa-
tion (5) has been neglected because only the line of sight
magnetograms have been used. It has been used in our fol-
lowing calculation, as the one ignores the influence of some
errors discussed above.

It is noticed that equation (6) with the local correlation
tracking (LCT) method (Chae 2001) for calculating the hor-
izontal velocity field of magnetic features has been used to
analyze the large-scale injective magnetic helicity at the so-
lar surface of cycle 23 by means of MDI magnetic synoptic
charts (Yang & Zhang 2012) and the MDI 96min full-disk
magnetograms (Zhang & Yang 2013). It also shows the sim-
ilar tendency on the large-scale reversal of the sign distribu-
tions of magnetic helicity with solar cycles in the northern
and southern hemispheres as compared with the calculation
of the mean current helicity of active regions by Zhang et al.
(2010).

In the following, we study the injective helicity in solar
cycle 24 and its possible latitudinal distribution with time.

2.2 Distribution of injective magnetic helicity in

solar cycle 24

In this study, 122 HMI magnetic synoptic charts in the pe-
riod between 2010-June-02 and 2019-March-26 have been
used in the calculation to obtain the longitudinal butterfly

diagrams in Fig. 1a. It includes the most part of the mag-
netic fields in solar cycle 24. It is noticed that most of the
magnetic field migrates toward the equator, and also some
to the polar regions (Wang et al. 1989) along the meridional
flow in the solar convection zone (Zhao et al. 2013).

For analyzing the transfer of the magnetic helicity con-
tributed from the magnetic fields, Fig. 1b shows the butter-
fly diagram of mean injective magnetic helicity inferred by
a seres of HMI synoptic charts by means of equation (6).
It shows the mean values of injective helicity with the lati-
tude at various solar Carrington rotation cycles. This result
reflects the contribution of large temporal and spatial scale
magnetic fields to the magnetic helicity in the magnetic syn-
optic charts. This means that the results reflected in Figs 1a
and 1b show similar temporal and spatial scales.

It is pointed out by Zhang, Brandenburg and Sokoloff
(2016) that around the solar maximum the magnetic energy
and helicity spectra are steeper, emphasizing the large-scale
field. This tendency can also be found in Fig. 1, where the
large-scale structures are the result of smaller elements of
magnetic field and helicity of the same sign tend during the
maximum of the solar cycle.

From Fig. 1, it is found that the injected magnetic he-
licity at the solar surface shows a trace to the equator with
the migration of the large scale magnetic field and also shows
a tendency toward the northern and southern poles, but it
is hard to find the helicity in the polar regions. It reflects
that most of the helicity has been erupted with the evolu-
tion of magnetic fields of active regions and cannot reach the
solar polar regions. Figure 1b shows the injected magnetic
helicity with the variation of magnetic features correspond-
ing to temporal and spatial scales calculated from a series
of synoptic magnetic charts.

Figure 1c shows the smoothed injective helicity with so-
lar cycle 24 for displaying the mean contribution of magnetic
helicity. It is easy to see that the relatively strong large-scale
positive injective helicity patterns occur near Carrington ro-
tation (CR) 2155 in the southern hemisphere and that near
CR 2175 in the northern hemisphere, and negative one oc-
curs between CRs 2115 and 2135 in the northern hemisphere
etc. It also needs to be emphasized that the accuracy of the
calculation of the magnetic helicity in high latitudes is low
due to the influence of projective effects on the observed
magnetograms and the corresponding synoptic charts.

A similar pattern of the butterfly diagram of mean
current helicity of active regions has been presented by
Zhang et al. (2010) using the 6205 observed vector magne-
tograms of 984 solar active regions at Huairou Solar Ob-
serving Station (most of the large solar active regions in so-
lar cycle 22 and 23 have been included). From a theoretical
point of view, consistence between equations (5) and (3) can
be found, because the variation of mean magnetic helicity
density ∂hm/∂t in equation (3) relates to the current helic-
ity and also the α factor of the solar dynamo statistically.
This means that the transfer of magnetic helicity (twisted
magnetic flux loops) brings the current helicity from the
subsurface to the solar surface, and the latter can be de-
tectable from the photospheric vector magnetograms. The
correlation between the change of magnetic and current he-
licity in individual solar active regions has been discussed
by Liu & Zhang (2006) and Zhang et al. (2008).

Figure 2 shows the mean injective rate of magnetic he-
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Figure 1. a) Butterfly diagram of magnetic fields in solar cycle 24th. The white (black) in positive (negative) polarity. b) The distribution

of the injective rate of magnetic helicity in the both hemispheres. The white (black) shows positive (negative) sign. c) The injective rate
of magnetic helicity in the both hemispheres after the smooth. The red (blue) contours show the relative injective rates of 1, 5, 20, 50
×1032(Mx)2/s in the positive (negative) signs.
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Figure 2. The mean injective rate of magnetic helicity with the

latitude in solar cycle 24th. The error bars show the relative devi-
ation of the mean values only. The red line marks the distribution
of injective magnetic helicity after the smooth.

licity with latitude. It is found that the dominant sign is
negative in the northern hemisphere and positive in the
southern hemisphere. This tendency can also be found from
the smoothed result in Fig. 1c. It is consistent with the
hemispheric sign rule of magnetic helicity (Seehafer 1990)
and also the result for the solar cycle 23 by Yang & Zhang
(2012) and Zhang & Yang (2013), and for the solar cycle
24 by Pipin et al. (2019). Some slight difference relative to
the results of Pipin et al. (2019) for solar cycle 24 is prob-
ably caused by the use of different methods. The result of
Pipin et al. (2019) provide additional magnetic (current) he-
licity in the solar atmosphere.

Figure 3 shows the mean injective rate of magnetic he-
licity in the northern and southern hemispheres with solar
cycle 24 based on the calculation of a series of HMI synop-

tic magnetic charts. The mean values in the northern and
southern hemispheres are −83.7 Mx2, s−1 and 66.6 Mx2 s−1,
respectively. It provides a rough estimation on the distri-
bution of the injective magnetic helicity in the solar atmo-
sphere. The total flux of injective magnetic helicity flux in
this calculation is on the order of 1044Mx2 in the whole solar
cycle 24, while it is lower than 5× 1046 Mx2, as estimated by
Zhang & Yang (2013), because this calculation is based on
the magnetic synoptic charts, some short temporal and spa-
tial magnetic flux and its contribution for the helicity flux
have been ignored.

The difference on the estimation of the total mag-
netic helicity from the solar surface between that by
Zhang & Yang (2013) with the MDI 96 minute full-disk
magnetograms and our calculation with the magnetic syn-
optic charts is of the order of 5 × 102. The difference on the
temporal intervals of the data series of the magnetic field
for the calculation of the injected helicity by us and that by
Zhang & Yang (2013) is a order of 4 × 102. This means that
a certain mount of injected helicity has been lost in our cal-
culation. This also means that the results of Zhang & Yang
(2013) provide a lower estimate of the injective helicity from
the solar surface during the solar cycles, because the contri-
bution from short time scales of less than 96 minutes has
been neglected.

Figure 4 shows the distribution of the mean magnetic
field with longitude in the northern and southern hemi-
spheres in solar cycle 24 and the corresponding injective
rate of magnetic helicity inferred from the magnetic synop-
tic charts, which are contributed by the magnetic fields of a
series of active regions. In Figs 4a and d, it is easy to see the
slanted arrangement of a series of magnetic field structures
like scratches in both hemispheres caused by the differential
rotation of the Sun. One can also see a large-scale pattern of
the injective helicity after the data are smoothed in Fig. 4c
and 4f. It is consistent with the idea that the dominant sign
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Figure 3. The injective rate of magnetic helicity in the northern
(red) and southern (black) hemisphere along the latitude in solar
cycle 24th.

of the injective helicity shows a negative sign in the northern
hemisphere and a positive one in the southern hemisphere. It
is also true of Fig. 1c and 2. The relatively strong large-scale
negative injective helicity patterns occurs near CR 2135 in
the northern hemisphere and positive ones near CR 2155 in
the southern hemisphere. This is consistent with the result
in Fig. 1c.

3 MAGNETIC HELICITY FROM INDIVIDUAL

ACTIVE REGIONS

Although the injection of magnetic helicity in the solar atmo-
sphere has been presented from photospheric vector magne-
tograms (such as Zhang 2001; Liu & Zhang 2006), the com-
parison between the averaged magnetic helicity and the in-
dividual contributions from active regions is also useful for
understanding the contribution of magnetic helicity from
the solar surface. To analyze the magnetic helicity in the
lower solar atmosphere, we introduce a sample of active
regions such as active region NOAA12673 and the subse-
quent relative active regions. Active region NOAA12673 was
observed in September 2017 by the Heliospheric Magnetic

Imager (HMI) and Atmospheric Imaging Assembly (AIA)
on board the Solar Dynamics Observatory (SDO). This ac-
tive region was a typical fast developing δ region with 4
X-class and 27 M-class flares during its passage across the
visible solar disk (cf. Yang et al. 2017; Sun & Norton 2017;
Romano et al. 2019).

The magnetic field in active region NOAA 12673 and
the possible topology of overlapping magnetic lines of force
in the top of view are shown in Fig. 5. The newly emerg-
ing magnetic flux is marked by red arrowed lines and the
existing magnetic field by green ones. Comparing with the
evolution of the large-scale magnetic field, it is found that
the new magnetic flux emerges near the photospheric inver-
sion line of the active region to form highly sheared magnetic
field in the solar atmosphere. This probably reflects the in-
teraction of two different systems of magnetic lines of force,
i.e., the new reversed magnetic lines formed in the deeper
layer of the sub-atmosphere occurred in the developed active
region to reverse the distribution of the magnetic field in the

photosphere from Hale’s rule (Getling 2019). This probably
means that the local evolution of the magnetic field at the
solar surface is controlled by the magnetic field formed in
different layers of the convection zone.

The statistical analysis of the emergence of magnetic
flux with twisted magnetic loops from the subsurface was
proposed by Longcope et al. (1998). Although it is favor-
able to compare with observations in both mean value and
statistical dispersion, it is also very important to track the
evolution process of magnetic flux with helicity in individual
active regions.

Figure 6 shows a series of synoptic charts of the mag-
netic field at different CRs and the corresponding time dif-
ference. It provides an opportunity to analyze the large-scale
magnetic fields for the detection of a possible evolution of
magnetic fields from the subsurface. This is a sequence of
solar active regions NOAA 12670, 12673, 12682, and 12685.
It is found that the leading and following polarities of the
large-scale magnetic bipoles change in time before and after
the emergence of active region NOAA 12673. This provides
evidence for a reversed variation of the observed large-scale
magnetic bipole of active regions due to the emergence of
negative magnetic helicity flux from the deeper solar con-
vection zone. This is similar for the highly sheared magnetic
field occurred in the active region NOAA12681 in the south-
ern hemisphere with the injection of magnetic helicity.

Figure 6 also shows the injective rate G=−(Vt · Ap )Bn

calculated from the synoptic magnetic charts and the corre-
sponding horizontal velocity Vt by LCT after some smooth-
ing. The horizontal velocity arrows due to the evolution of
the large-scale magnetic fields in the solar surface are in-
ferred from LCT. The consistency in the direction of the
velocity field with the evolving direction of the large-scale
magnetic fields can normally be found, for example in the
active regions NOAA 12670, 12673, and 12682. It is also no-
ticed that the contribution of the helicity in the quiet Sun
is negligible.

It is found that a major contribution of the magnetic
helicity G = −(Vt · Ap )Bn comes from the active regions,
even if this only provides the variation of magnetic fields on
the synoptic scale, while the relatively small temporal scale
ones have been ignored. However, comparing with all solar
cycles, it can also be presented as the contribution from the
fluctuated magnetic fields. From the evolution of the large-
scale magnetic fields in Fig. 6, we suggest that these reflect
the local exchange between the poloidal and toroidal fields
emerging from in the subsurface.

In Fig. 6 it is seen that the contribution of the hori-
zontal velocity with the injective magnetic helicity occurs
in local areas of active regions. This occupy only a relative
small amount in the magnetic charts due to the smaller con-
tribution from the quiet Sun.

Since we use the LCT method to obtain the horizontal
velocity, there may be a loss of some magnetic helicity sig-
nal. Here we use the auto-correlation function to evaluate
the lost. As an example, Fig. 7 shows the auto-correlation
function for different latitudes along the time direction of
CR 2193 in Fig. 6a. It is found that the auto-correlation
function is much sharper at the region without sunspots.
While using the LCT method, this may cause a low cor-
relation and underestimates the movements at small scales.
Thus, we obtain a relatively small amplitude of magnetic he-
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Figure 4. Left: mean magnetic field with the longitude in the northern (a) and southern (d) hemisphere in solar cycle 24. Middle: the

corresponding injective rate of magnetic helicity in the both hemispheres (b and e). Right: injective rate of magnetic helicity in the both
hemispheres (c and f) after smoothing. Red (blue) contours show the injective rates of 1, 5, 10, and 20×1032 Mx2 s−1 in positive (negative)
signs.
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Figure 5. Left: The interaction between the existed magnetic
fields in active region NOAA 12673 (the green line with arrow)
and the reversely emerging magnetic flux (red one) from deep
convection zone in the top of view on September 4, 2017. Size is
125′′ × 125′′. Right: The relationship between the magnetic field
between active region NOAA 12673 and 12674 in the large scale
field of view. Size is 750′′ × 750′′. The top is the north and left is

east.

licity fluxes compared with previous results, such as those of
Yang & Zhang (2012) and Zhang & Yang (2013). However,
this could still reflect helicity flux characteristic at the spe-
cific spatial resolution and temporal cadence. This is also
consistent with the local contribution of injective helicity
from the large-scale field distributed in Fig. 6a.

4 EXPLANATION OF INJECTIVE MAGNETIC

HELICITY WITH SOLAR CYCLES

As one follows the theoretical analysis of the solar dynamo
and comparing with the observations, the magnetic field can
be separated to the mean field component and fluctuation

field one. The formal one relates to the mean field dynamo
with large scale helicity (Kleeorin et al. 2003; Zhang et al.
2012), while second one to the fluctuated helicity, probably
with some exchange of the signs of the helicity in the solar
surface. The emergence of magnetic field brings the magnetic
helicity from the solar convection zone into the solar surface.
It is usually believed that in this process the total magnetic
helicity tends to be conserved in the approximation of large
Reynolds number, and the fluctuation contribution of the
different scale magnetic helicity is neglected in many studies
of the solar cycle.

It is noticed that the obvious fluctuations of injective
helicity occurred at the surface comparing on solar cycle
scales; see, for example, Figs 1b, 4b, 4e, and 6, as well as the
findings by Zhang & Yang (2013). This reflects the genera-
tion of magnetic fields in the convection zone is a complex
process, i.e., the helical magnetic field probably formed at
the different layers in the deep solar convection zone and
with different helical tendencies probably.

It is interesting that the amount of magnetic flux in-
jected from the convection zone into the solar atmosphere
during the solar cycle is provided by means of equation (6),
and this is roughly compatible with the description of the

second term −

	
S

Fhel · ds in the right-hand side of equa-

tion (5).

For analyzing the distribution of magnetic helicity with
the cycle, the simplest case of a solar dynamo by Parker
(1955) has been used to compare with the behavior of an
αω dynamo wave near a given latitude θ, and the equations
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a Syn. 2193 (17.08.02)

b Syn. 2194 (17.08.30)

c Syn. 2195 (17.09.26)

d Syn. 2196 (17.10.23)

AR12670
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G+V 2194-2193

G+V 2195-2194

G+V 2196-2195
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Figure 6. Left: Evolution of large scale magnetic fields of active region NOAA 12673 and the relationship with active regions NOAA
12670, 12682, and 12685 in the synoptic charts of different Carrington rotations 2193-2196. The blue dashed lines with arrows mark
the regular direction of magnetic fields in the convection zone according to the Hale polarity low of magnetic fields. The contour levels

(black/white) of the smoothed magnetic fields are ±5, 20, 50, 100, and 200 G. Right: Injective rate G = −(Vt · Ap )Bn (white (black)
shows the positive (negative) sign), and the horizontal velocity (arrows) inferred by LCT.

assume the form (Kleeorin et al. 2003)

∂B

∂t
+ V
∂B

∂θ
= D
∂A

∂θ
+ λ
∂2

B

∂θ2
,

∂A

∂t
+ V
∂A

∂θ
= αB + λ

∂2
A

∂θ2
,

(7)

where V is the large-scale flow, D is the dynamo number
(D ∼ Ω(θ, r)), where is the angular velocity and r is in the
direction of the solar radius) and λ is the turbulent dif-
fusivity. D(Ω) and α are topologically important parame-
ters relative to the stretch and twist of the magnetic field
in the solar dynamo model. The solar differential rotation

is related to the quantity D(Ω). The spectral analysis of
α effect has been presented in the theory of solar dynamo
(such as Moffatt 1978; Parker 1979; Zeldovich et al. 1983;
Brandenburg & Subramanian 2005). The contribution of the
different typical scales of the velocity and magnetic fields is
a notable question.

As one follows the Figs 1-6 and the variation of the
magnetic field with the depth, we can assume the form of
a traveling wave in equations (7) in the form of the Fourier
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Figure 7. Auto correlation function distribution of the different latitude along the time direction of CR2193 (labeled by two straight

white horizontal solid lines in the figure 6a.) Left: relative to active region, the low line and right: the quiet Sun, the top line in figure 6a.
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Figure 8. The schematics on the relationship between the magnetic field and injective helicity with the solar cycle. Left: large scale
magnetic field with the solar cycle. The solid (dotted) lines show the positive (negative) polarity. Middle: the large-scale magnetic field
overlapped by the mean values of large scale injective magnetic helicity, the blue is negative and green is positive sign. Right: the large-
scale magnetic field overlapped by the small-scale dispersed helicity from fluctuating magnetic fields to morphologically compare Figs 1b

and c.

components (such as Zeldovich et al. 1983)

B =

∑

m

bm · exp(γmt + iκmθ + ϕm)

A =

∑

n

an · exp(γnt + iκnθ + ϕn),
(8)

where B and A are composed of different time and spatial
scale components bm and an, respectively.

As the phase difference between ϕm and ϕn and the in-
teraction of the different temporal and spatial scales of mag-
netic fields and their potentials are negligible (i.e. ϕm = ϕn,
γm = γn and κm = κn), the magnetic helicity density can be
written in the form (see Xu et al. 2009; Popova & Nefedov
2010)

Hm = A · B =
∑

n

anbn · exp(2γnt + 2iκnθ) + ...., (9)

where the magnetic helicity consists with different temporal
and spatial scale helicity components. Thus the flux change
of magnetic helicity can be written in the form

∂Hm

∂t
=

∑

n

anbn2γn · exp(2γnt + 2iκnθ) + .... (10)

and it can be written, after some calculation (Zhang 2012)
in the form

∂Hm

∂t
=

∑

n

2γn

(

αn

κn |Dn |

)1/2

exp

(

2γnt + 2iκnθ +
iπ

4

)

. (11)

Figure 8 shows the schematics of the distribution of
magnetic field and injective helicity with solar cycles. The
mean large scale magnetic helicity tends to show a negative
(positive) sign in the northern (southern) hemisphere, while
the reverse of large-scale magnetic helicity in the decaying
phase of the solar cycles was analytically demonstrated by
(Xu et al. 2009; Popova & Nefedov 2010; Zhang 2012). For
analyzing in more detail, the small-scale fluctuating com-
ponents of magnetic helicity have been overlaid with the
large-scale ones. It is roughly consistent with the distribu-
tion of the observed injective helicity in the form of but-
terfly diagrams in Fig. 1 and consistent with the butter-
diagram of the observed current helicity of active regions by
Zhang et al. (2010) (i.e. dHm/dt ∼ anbn in equation (10)).
This also probably can be used to reflect the formation and
transformation between the large scale toroidal and poloidal
fields inside of the Sun.
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5 DISCUSSIONS AND CONCLUSIONS

In this paper, the collective effect of injective magnetic he-
licity during solar cycles and individual samples of magnetic
helicity with the evolution of magnetic field in active regions
have been presented. To analyze the helicity formation in the
solar subsurface, the collective effect of the injective mag-
netic helicity with the magnetic fields of solar cycle 24 has
been presented based on the analysis of a series of magnetic
synoptic charts. The sign distribution of injective magnetic
helicity shows the dispersed form contributed from individ-
ual local regions (such as active regions) with solar cycles,
and it is hard to find the helicity in the polar regions, due
to the eruption of magnetic field from the sub-atmosphere
into the interplanetary space.

For presenting the evolution of magnetic helicity with
solar cycles, a morphological analysis of the helicity patterns
with butterfly diagram has been proposed, which are com-
posed of different scale fluctuating components, such as char-
acterized by solar active regions. This probably reflects the
complex process of twisted magnetic field inside of the con-
vection due to the interaction the Coriolis force and merid-
ional circulation on the formation of magnetic lines of force.

We have analyzed the evolution of the magnetic helicity
in active region NOAA 12673 and the relationship with the
sequence of solar active regions NOAA 12670, 12682, 12685
in different solar Carrington rotation cycles. The reversal
magnetic helicity occurs in the solar surface with emergence
of newly emergence of magnetic flux in the active region.
This probably reflects the interaction the existed magnetic
field of the active regions with the new magnetic flux formed
in the deep convection zone with the injection of the mag-
netic helicity, with the exchange of the local poloidal and
toroidal fields.

We have formally tried to reproduce the helicity dis-
tribution in the solar surface in Fig. 8 by means of equa-
tion (10). There is still the related fundamental question on
the generation of magnetic fields of the different scales with
velocity fields in the deep convection zone, while the strong
magnetic flux loops are mainly characterized by the solar
active regions.

Although the calculation of the injective magnetic he-
licity flux with the synoptic magnetic charts has been calcu-
lated based on the corresponding temporal and spatial scales
of magnetic fields, the detailed analysis of the contribution
of the evolution of the magnetic field with the solar cycle still
needs to be based on the observed full disk magnetograms.
It is noticed that as the different temporal and spatial scale
observed solar magnetic fields have been used in the analy-
sis, the statistical results probably has some difference, while
the trend probably is the same.
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