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Abstract. In recent years, solar observers have discovered a striking pattern in

the distribution of coronal magnetic structures: northern hemisphere structures

tend to have negative magnetic helicity, while structures in the south tend

to have positive magnetic helicity. This hemispheric dependence extends from

photospheric observations to in situ measurements of magnetic clouds in the solar

wind. Understanding the source of the hemispheric sign dependence, as well as its

implications for solar and space physics has become known as the solar chirality

problem. Rotation of open fields creates the Parker spiral which carries outward

1047Mx2 of magnetic helicity (in each hemisphere) during a solar cycle. In addition,

rough estimates suggest that each hemisphere sheds on the order 1045Mx2 in coronal

mass ejections each cycle. Both the α effect (arising from helical turbulence) and

the Ω effect (arising from differential rotation) should contribute to the hemispheric

chirality. We show that the Ω effect contribution can be captured in a surface integral,

even though the helicity itself is stored deep in the convection zone. We then evaluate

this surface integral using solar magnetogram data and differential rotation curves.

Throughout the 22 year cycle studied (1976 -1998) the helicity production in the

interior by differential rotation had the correct sign compared to observations of coronal

structures — negative in the north and positive in the south. The net helicity flow into

each hemisphere over this cycle was approximately 4 × 1046 Mx2. For comparison,

we estimate the α effect contribution; this may well be as high or higher than the

differential rotation contribution. The subsurface helicity can be transported to the

corona with buoyant rising flux tubes. Evidently only a small fraction of the subsurface

helicity escapes to the surface to supply coronal mass ejections.

1. Introduction

Observations of helical magnetic structure in the photosphere, corona, and solar wind

have attracted considerable interest (for recent reviews, see Brown et al. [1999]). This

paper addresses the balance of magnetic helicity in the Sun and in the heliosphere.

At present this balance is poorly known, even though the helicity balance may have

important consequences for solar activity.
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Activity in the Sun and cool stars originates in the magnetic fields generated

by motions inside the convection zone. Regular motions, such as the differential

rotation, and correlated contributions from random motions, such as the kinetic helicity,

generate a regular, mean magnetic field. This process is called the mean-field dynamo,

although fluctuating magnetic fields always accompany the mean field [Moffatt 1978,

Krause & Rädler 1981, Zeldovich et al. 1983]. The dynamo does more than simply

provide the solar magnetic field with flux and energy. It also gives the solar field a rich

topological structure. Magnetic helicity, the best known index of topological complexity,

measures twisting and linking of fields[Moffatt 1978, Berger & Field 1984]. Magnetic

helicity is believed to play an important role in many areas of solar activity, for example,

in coronal mass ejections[Low 1994, Rust 1994, Rust 1997, Martin & McAllister 1997].

The helicity of magnetic fields below the surface can be carried into the corona by newly

emerging flux loops. After emergence the loops can gain more helicity via rotational

motions at the photosphere. If an active region field as a whole continues to build up

helicity over time, the active region may lose stability, resulting in a mass ejection.

Several different measurements of coronal structures show a hemispheric

dependence. Spiral patterns are often observed in the plasma surrounding sunspots;

in the north these tend to be counterclockwise, while in the south they tend to be

clockwise [Richardson 1941, Ding et al. 1987]. Vector magnetograms of photospheric

fields show negative current helicity in the north and positive in the south [Seehafer 1990,

Pevtsov et al. 1995]. Prominence structures also have a hemispheric dependence:

northern prominences again tend to have negative helicity (these have been called

‘dextral prominences’) [Martin et al. 1992, Rust & Kumar 1994, Rust 1994].

Meanwhile, the solar wind carries helicity outward in many forms. On the largest

scales, helicity flows outward in the shape of the Parker spiral [Bieber et al. 1987a].

This helicity arises predominantly from the mean rotation of the Sun twisting the open

field lines. Again, northern magnetic fields tend to have negative magnetic helicity,

while southern magnetic fields tend to have positive helicity. In addition to the helicity

of the Parker spiral, magnetic fluctuations carry further helicity away from the Sun

[Bieber et al. 1987b]. Coronal mass ejections (CMEs) can eject helicity which may be

found in magnetic clouds [Rust 1994, Kumar & Rust 1996]. Estimates give a helicity

flow due to CMEs of the order 1045Mx2 each 11 year cycle.

This paper investigates where the helicity originates. We will be primarily

concerned with magnetic helicity buildup in the solar dynamo. However, we briefly

discuss whether there are other possibilities. Many theorists [e.g., Parker, 1993] have

placed the solar dynamo deep at the base of the convection zone, near r = 0.7RS.

Toroidal fields generated in this region can become buoyant and rise to the surface to

form active region fields. One might ask whether the fields acquire additional helicity

as they rise through the convection zone.

Coriolis forces will distort a rising magnetic flux tube into a kinked shape

[Rust 1997]. In addition, the coriolis forces twist the field lines within the tube. Both

kinks and internal twist carry helicity [Berger & Field 1984, Moffatt & Ricca 1992]. By
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helicity conservation no net helicity is produced; the kink helicity and twist helicity

must be equal in magnitude and opposite in sign. Coriolis forces in the north create

positive kink helicity. Thus one might hope that the negative twist helicity might be

observed in coronal loops. Unfortunately for this idea, when the tube emerges into

the low beta corona, it takes a form consistent with its total helicity, rather than the

separate contributions of twist and kink. If the total helicity were zero, for example, the

tube would simply unkink and untwist as it emerges. In other words, because magnetic

forces dominate in the corona, a coronal loop forgets the shape it once had below the

surface where fluid forces dominate.

Various attempts have been made to see how large-scale surface motions (such as

differential rotation) affect preexisting coronal fields [van Ballegooijen & Martens 1990,

Priest et al. 1996]. Unfortunately, this process generates helicity of the wrong sign

more often than the correct sign [van Ballegooijen et al. 1998]. For example, if the

polarity inversion line of a polar crown prominence is oriented north-south, differential

rotation yields the correct sign, but an east-west orientation yields the wrong sign.

The negative results of these studies suggest most of the hemispheric asymmetry must

originate below the photosphere. In this context, models are being developed for

the formation of prominences from rising subsurface fields already carrying helicity

[Low 1994, Low & Hundhausen 1995, Priest et al. 1996].

Of course, on smaller scales the generation of helicity in preexisting coronal fields

can be important for determining the structure of individual coronal loops. The

random rotation of photospheric foot points of loops will inject a root-mean-square twist

helicity into the loops; this is accompanied by an increase in magnetic energy storage.

Microflares resulting from reconnection between loops can tap this energy storage

and contribute to coronal heating [Sturrock & Uchida 1981, Parker 1983, Berger 1991,

Karpen et al. 1993].

Recently, the effect of kinetic helicity (the α effect) on magnetic helicity in the

Sun has been considered [Ruzmaikin 1996, Seehafer 1996]. Kinetic helicity does not

create a net magnetic helicity; instead, it creates helicities of opposite signs in the

mean field and in the fluctuating field [see, e.g., Moffatt, 1978; Zeldovich et al., 1983].

The sign of the kinetic helicity (and hence of the magnetic helicities generated) is a

matter of some controversy and may vary from place to place [Brandenburg et al. 1990,

Brummell et al. 1997]. If, as some simple theoretical arguments predict, the kinetic

helicity is positive in the northern solar hemisphere and negative in the southern

hemisphere, the mechanism produces mean field magnetic helicity positive in the north

and negative in the south. To match observations, however, we need negative kinetic

helicity in the north.

Another candidate for the source of helicity lies in the effect of differential rotation

on deep subsurface fields [Babcock 1961, Rust 1997]. The main purpose of this paper is to

measure this effect. We will show that the generation of magnetic helicity by differential

rotation can be calculated directly from observations, with a minimum of theoretical

simplifications. For example, differential rotation acts equally on any magnetic field, so
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Figure 1. Divide space into four regions: the north solar interior VN with helicity

HVN , the south solar interior VS with helicity HVS , the north corona CN with helicity

HCN , and the south corona CS with helicity HCS .

there is no theoretical need to divide the field into mean and fluctuating components.

We evaluate the observed rate of helicity transfer through the photosphere between the

entire Sun and the heliosphere for an entire 22 year solar cycle (1976 to 1998). We also

estimate the helicity buildup in the solar interior separately for the northern hemisphere

and the southern hemisphere.

The paper proceeds as follows: Section 2 provides a theoretical introduction to

magnetic helicity transfer through boundaries. As a further illustration, section 3

employs the helicity transfer equation to describe a rotating sphere with a dipole field.

This provides a simple model for the Parker spiral, and complements the analysis of

Bieber et al. [1987a]. While the main purpose of this paper is to directly calculate

helicity flows through the photosphere and equator from observations, we do not wish

to neglect the influence of the α effect. Section 4 gives a brief discussion of how the α

effect may change the solar helicity balance. The analysis of solar data is described in

section 5. This section contains the principal results of this paper. Conclusions will be

presented in section 6.

2. Helicity Transfer Through Boundaries

We must introduce some notation to denote all the regions of space we will be dealing

with (see figure 1). First, V refers to the entire interior volume of the Sun below

the photosphere. The northern hemisphere of this interior volume is VN , while the
southern hemisphere is VS. The net magnetic helicities contained within these regions
will be called HV , HVN , and HVS. Space outside the photosphere (e.g., chromosphere,
corona, heliosphere, and beyond) will simply be called the corona, with the symbol C.
The northern half of this exterior volume is CN , and the southern half is CS. Suppose
magnetic helicity is transferred through the photosphere (as discussed in subsequent

sections). The rate at which helicity transfers from V to C will be called Ḣ(V → C), so
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that
dHC
dt

= Ḣ(V → C); (1)

dHV
dt

= Ḣ(C → V). (2)

By helicity conservation, Ḣ(C → V) = −Ḣ(V → C). The purpose of this paper is

to calculate the various helicity transfers between the four regions due to differential

rotation, using observations of magnetic flux distributions at the photosphere.

The magnetic helicity measures the net linking of field lines with each

other[Moffatt 1978]. First, consider the helicity H integrated over all space. In this

case, no field lines have endpoints on boundaries; in effect, all field lines eventually close

upon themselves to form closed curves (ergodic field lines form very close approximations

to closed curves [Arnold & Khesin 1998]). If two bundles of closed field lines link each

other, their linking (multiplied by the product of the fluxes) will add to the helicity.

Suppose, however, we consider the field lines in a subregion of space (e.g., the solar

interior). In general, these lines will have endpoints on the boundaries of the subregion

(e.g., the photosphere). The definition of helicity requires some care because of this.

The photospheric boundary is not a magnetic surface (on a magnetic surface the normal

field component Bn = 0 ). We note that the flux Bn at the boundary of any volume V
uniquely defines a potential field P within V . Potential fields have no currents (except
for surface currents in the boundaries) and are the absolute minimum energy state of

all fields with the same boundary flux. Thus comparing the actual field inside V with
the corresponding potential field tells us about both the distribution of currents in V
and the magnetic energy stored within V. The potential field inside a volume V can
be regarded as the ground state (it is sometimes called the vacuum field), given the

boundary function Bn.

The magnetic helicity in any volume V becomes a unique and well-defined

topological measure when we set the helicity of the corresponding potential field to

zero [Berger & Field 1984, Finn & Antonsen 1985]. The formula for the helicity is

HV =
Z
V
(A+AP ) · (B−P) d3x. (3)

One may check that HV vanishes for potential fields B = P and that HV is invariant to
gauge transformations A→ A+∇φ. The quantity HV measures the amount of twisting
and linking of field lines within the volume V.

The time derivative of the helicity in the Sun (or any other volume V) satisfies an
equation reminiscent of Poynting’s theorem:

dHV
dt

= −2
Z
V
E ·B d3x+ 2

I
boundary

AP ×E · n̂ d2x, (4)

where E is the electric field. We consider a plasma with a simple Ohm’s law:

E = B× v + ηJ. (5)

The first integral in (4) describes the dissipation of helicity due to the dissipation

coefficient η. Strict limits can be placed on magnetic helicity dissipation [Berger 1984];
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for magnetic systems undergoing reconnection the dissipation is negligible. Helicity

dissipation in the context of the α dynamo will be discussed further in section 4. For

now, however, we will concentrate on the boundary integral.

As the evaluation of the second integral in (4) is the topic of this paper, we review its

properties in detail. This integral describes the transfer of helicity across the boundary

and involves the boundary flux Bn and the plasma velocity v[Berger & Field 1984]:

dHV
dt

= 2
I
(AP · v)Bn d2x− 2

I
(AP ·B)vn d2x. (6)

The normal component of the velocity contributes only to the second integral in (6).

This integral corresponds to the bulk transport of plasma carrying helical fields across

the surface. For example, a newly emerging twisted loop transports helicity from the

convection zone to the corona. In the interior of the Sun, transport of flux from the

northern hemisphere to the southern hemisphere can also contribute to the second

integral. In this paper, however, we will concentrate on differential rotation, which

involves only the first integral.

The vector field AP depends totally on Bn and the shape of the boundary. In

particular, AP satisfies the three conditions

∇×AP = P, (7)

∇ ·AP = 0, (8)

AP · n̂ = 0. (9)

If the boundary is a plane or a sphere, then condition (8) becomes ∇k · AP =

0, where∇k is the gradient parallel to the surface. In this case [Bogomolov 1979,

Kimura & Okamoto 1987] these conditions have a unique solution AP = n̂×∇ψ, where
4ψ = −Bn, with 4 being the surface Laplace operator. For planar boundaries,

ψ(x) = − 1

2π

Z
Bn(x

0) ln |x− x0| d2x0, (10)

and for spherical boundaries of radius R,

ψ(θ,φ) = −R
2

4π

I
Bn(θ

0,φ0) ln
1− cos ξ

2
d2x0, (11)

where ξ is the spherical distance between (θ,φ) and (θ0,φ0):

cos ξ = cos θ cos θ0 + sin θ sin θ0 cos(φ− φ0). (12)

For spherical boundaries it is often convenient to employ spherical harmonics. Thus

we expand the surface field as

Br =
X
`m

b`mY`
m. (13)

The corresponding vector potential is

AP =
X
`m

−Rb`m
`(`+ 1)

r×∇Y`m. (14)

To calculate the helicity transfers, we calculate integrals of (AP · v)B∗n. With AP

and Bn presented as a sum of spherical harmonics, the integrals involve combinations
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of different values of mode numbers ` and m. Suppose AP ∼ eimφ and Bn ∼ einφ.

Then integration over azimuthal angle φ eliminates all combinations with n 6= m (as v

is independent of φ). Thus we can calculate Ḣ for each azimuthal m mode separately.

However, because v does depend on θ, the poloidal wave numbers ` do not separate.

Axial symmetry (where the magnetic field is independent of the coordinate φ)

considerably simplifies the calculations. For planar boundaries with Φ(r) denoting the

net flux within radius r and φ̂ deonting the angular direction,

AP (r) =
Φ(r)

2πr
φ̂, Φ(r) = 2π

Z r

0
Bzr

0dr0. (15)

For spherical boundaries with net flux Φ(θ) between the north pole and colatitude θ,

AP (θ) =
Φ(θ)

2πR sin θ
φ̂, Φ(θ) = 2π

Z θ

0
Br sin θ

0dθ0. (16)

Consider, for example, helicity transfer into the northern hemisphere due to a

velocity v = Ω(r, θ)r sin θφ̂. Equations (6), (15), and (16) give

dHVN
dt

= 2R2
Z π/2

0
Br(θ)Φ(θ)Ω(R, θ) sin θ dθ

+ 2
Z RS

0
Bθ(r)Φ(r)Ω(r, π/2)r dr. (17)

The first term describes the contribution from differential rotation at the surface, while

the second term describes rotation at the equator.

3. Example: A Rotating Sphere

With A Dipole Field

To illustrate the helicity transfer equations (4) and (6), we consider a uniformly rotating

sphere with a dipole field. If the sphere is surrounded by a vacuum, then the magnetic

field is static and there is no electric field. Consequently, AP × E = 0, and there is no
transfer of helicity across the surface. On the other hand, if the sphere is surrounded by

a plasma, then E = B×v. Consider a simple model of the Sun, radius RS, rotating with
uniform angular velocity Ω0 and exhibiting a photospheric dipole field Bn = B1 cos θ.

Then v = RSΩ0 sin θφ̂, and

dHV
dt

= 2
I

photo
(AP · v)Bn d2x (18)

dHV
dt

= 2RSΩ0

I
photo

B1APφ sin θ cos θ d
2x. (19)

To obtain AP , we use (14) or (16) with b10 =
q
4π/3B1. This gives APφ =

(B1RS/2) sin θ. By conservation of helicity, dHC/dt = −dHV/dt.
The integral may now be evaluated; the result is simply dHV/dt = dHC/dt = 0.

Evidently, our simple model is too symmetric to yield any net helicity transfer. We

evidently need to look at the northern and southern hemispheres separately. Bieber et

al. [1987a] have demonstrated that negative helicity propagates out into the north solar
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wind and positive helicity propagates into the south wind. Let us divide space up into

four regions (Figure 1), as explained at the end of section 1.

Motions at the boundaries between the four subregions of space transfer helicity

according to

dHCS/dt = Ḣ(VS → CS); (20)

dHVS/dt = Ḣ(VN → VS)− Ḣ(VS → CS); (21)

dHVN/dt = Ḣ(CN → VN)− Ḣ(VN → VS); (22)

dHCN/dt = − Ḣ(CN → VN ). (23)

Let us discuss this helicity transfer in detail. The sign of helicity transfer can be

schematically described by letting a double arrow denote the direction of transfer of

positive helicity. We will show that this direction is

CN ⇒ VN ⇒ VS ⇒ CS (24)

(we will not consider any transfers of helicity directly between CN and CS at their mutual
boundary, as these involve the velocity field in the solar wind, rather than the rotation

of the Sun).

First, consider the helicity transfer CN ⇒ VN . This is caused by the rotation of the
photospheric boundary between CN and VN . By conservation of helicity, no net helicity
is produced. Instead, negative helicity in the form of a helical wave flows outward into

the solar wind. At the same time, positive helicity flows inward into the north interior

VN . We can calculate the magnitude of these equal and opposite helicity flows as in
(19).

In order to get the signs right, we need to know the direction of n̂ in the helicity

transfer equations. The normal n̂ points out of the volume whose helicity time derivative

is being calculated. Thus, if we are calculating dHV/dt, then n̂ points out of the Sun,
that is, in the positive radial r direction. On the other hand, if we wish to calculate

dHC/dt, then n̂ = −r̂.
Applying the helicity transfer equations to the north photospheric boundary

between VN and CN , with v = RSΩ0 sin θφ̂, we find

dHCN
dt

= Ḣ(VN → CN) = −Ḣ(CN → VN) (25)

dHCN
dt

= − 2
Z

north photo
(AP · v)Br d2x (26)

dHCN
dt

= − Ω0

2π
Φ2 (27)

where Φ = πR2
VB1 is the net dipole flux through the north photosphere. In general,

H/Φ2 measures the net twist (number of turns through 2π radians) of a twisted flux

tube. Thus the northern solar wind receives one negative twist per solar rotation from

the photosphere. To balance this, the north solar interior receives one positive twist

from the photosphere. This explains why the double arrow (direction of positive helicity

flow) in (24) points from CN to VN . This result agrees exactly with estimates of the net
magnetic helicity contained in the Parker spiral [Bieber et al. 1987a].
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However, the net helicity change in the north solar interior is zero, as there is an

additional boundary contributing to the change. The boundary between VN and VS is
the equatorial plane inside the Sun. This plane rotates (in the present simple example)

with uniform angular velocity Ω0. As a consequence, field lines passing through the

equator receive a twist once each solar rotation: a negative twist above in VN and a

positive twist below in VS. The net flux passing through the equator is still Φ. Thus (as
can be verified from (6) and (15)) Ḣ(VS → VN) = −(Ω0/2π)Φ

2. This cancels out the

photospheric contribution Ḣ(CN → VN) and shows that the double arrow in (24) points
from VN to VS. Finally, the southern heliosphere CS is at the end of the line; it steadily
gains positive helicity. Similar calculations show that the southern solar wind receives

one positive twist per rotation.

To summarize, for uniform rotation all the transfers are equal in magnitude. There

is no net buildup of helicity in either VN or VS. However, the south solar wind

gains helicity, which propagates out to infinity in the solar wind. Similarly, the north

solar wind loses helicity, or, more properly, negative helicity propagates out to infinity.

The helicity flowing out of the northern photosphere can be interpreted geometrically

[Bieber et al. 1987a]. Because of the solar rotation, the large-scale field of the solar

wind appears as the Parker spiral: at low latitudes, field lines have the shape of outward

propagating spirals, while at high latitudes the field lines have helical shapes.

4. The α Effect

Here we briefly review how the α term in the solar dynamo affects helicity distribution.

In solar dynamo theory, turbulent flows regenerate poloidal magnetic flux from the

toroidal field [Moffatt 1978, Krause & Rädler 1981, Zeldovich et al. 1983]. The effect

of the turbulence is highly nonlinear; but to a first approximation the flows create an

effective electromotive force

ξ = αB− β∇×B. (28)

Here B is the mean magnetic field. In classical dynamo theory, α arises from kinetic

helicity while β represents a turbulent diffusion. The electric field appearing in (4)

becomes E = −ξ. Thus [Seehafer 1996, Ruzmaikin 1996] the α effect can change the
helicity of the mean field. From (4) we have

dHV
dt

= 2
Z
V
(αB2 − β∇×B ·B) d3x

− 2
I
AP × (αB− β∇×B) · n̂ d2x. (29)

The first (volume) term represents nonlinear transfer of helicity between the mean

field and the fluctuating field; no net helicity is created. Both the sign and the value

of α are subjects of intense debate [Brandenburg et al. 1990, Brummell et al. 1997]. As

the rotation rate decreases with depth in the overshoot layer, there are indications that

α should be negative there (in the north); otherwise, the butterfly diagrams would be

reversed [Moffatt 1978]. This would imply that the α term gives the same sign of helicity
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generation as differential rotation (giving the correct sign as observed in the corona and

solar wind).

The magnitude of this term can be quite high. Consider a dynamo operating in the

convective overshoot layer of the Sun between the equator and, say, θ = π/4. If this layer

has a thickness of 104 km, then 2
R
V(αB

2) d3x ≈ 2×1036αB2Mx2/d. Fairly small values

for α and B are needed to match generation by differential rotation: e.g. α = 0.1 cm/s

and B = 104 G give 1043Mx2/d. This is comparable to the differential rotation results

discussed below and an order of magnitude higher than the estimated helicity loss in

CMEs [Rust 1997]. On the other hand, α effect generation may be inhibited by several

factors, forexample, the β term, variations in the sign of α from place to place, and

inhibition of fluid turbulence by the magnetic field.

What is the fate of the magnetic helicity transferred to the fluctuating magnetic

field? In Kolmogorov turbulence theory, energy cascades to small scales, where it

can be dissipated by viscosity. Similarly, in MHD turbulence, magnetic energy can

cascade to small scales owing to turbulent processes. However, magnetic helicity

does not easily fit into small scales. In fact, theory and numerical simulations

[Pouquet et al. 1976, Matthaeus & Montgomery 1980] suggest that magnetic helicity

cascades in the wrong direction to larger length scales, that is, inverse cascades. Thus,

while the α and β terms represent transfer of helicity between large (e.g., 104 − 105 km

for the Sun) and intermediate scales (e.g., 102− 103 km), further transfer to dissipation

length scales may be inhibited. At the base of the convection zone the plasma is

hot (T = 2 × 106 K), and, consequently, the Spitzer resistive diffusion coefficient

is small, η = 3 × 103 cm2/s. Magnetic helicity stored in structures with a length

scale λ will dissipate in a time τd = λ2/η. If we let τd = 11 years, then λ = 10

km. If magnetic helicity cannot cascade down to this length scale, then dissipation of

fluctuating magnetic helicity will be relatively inefficient. Of course, in this paper we

mostly discuss rates of change of the magnetic helicity content of solar fields, rather

than the actual amount of helicity stored at any one time. If the helicity storage is high,

then dissipation can be comparable in magnitude to generation even if the magnetic

helicity stays at length scales larger than λ = 10 km.

The second term in (29) represents turbulent diffusion of magnetic helicity across

boundaries. If we apply the equation to the northern interior of the Sun, the boundaries

are the photosphere and the equator. Presumably buoyancy is more important than

turbulent diffusion in bringing helical fields through the photosphere. Also, we know

the magnitude of helicity flow upwards carried by emerging flux; it can be estimated

from the CME rate. However, diffusion of helicity across the equator due to turbulent

motions may be quite important for the global helicity balance. Here negative helicity

from the north cancels with positive helicity from the south. The diffusion across the

equator is

Ḣ(VN → VS) = 2
Z

eq
AP × (αB− β∇×B) · θ̂ d2x. (30)
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Let us give a crude estimate of this term. For a symmetric mean field AP will have only

a φ component (see (15)), while the radial component of B vanishes at the equator.

Thus the α term does not contribute. Meanwhile, the radial component of ∇ × B is

(1/r)∂Bφ/∂θ ≈ B/RS. Again, we consider a thin (104 km) layer dynamo at the base of

the convection zone, r = 5× 105 km. With B = 104 G and 2πrAP ≈ 2× 1022 Mx, one

obtains Ḣ(VN → VS) = 1030βMx2/day. Thus a turbulent diffusivity of β ≈ 1013 cm2/s

will make the equatorial diffusion term comparable in magnitude to the volume α effect

term and the helicity flow due to differential rotation.

5. Analysis Of Solar Data

5.1. Data Sets

The latitudinal distribution of the solar surface rotation is known from direct optical

observations, while the radial distribution is determined from helioseismic analyses of

frequency splitting of acoustic oscillations (for the latest results and references, see

Kosovichev et al. [1997, Figure 13] and Charbonneau et al., (preprint, 1999)). The

radial gradient of angular velocity at the solar equator is very small through almost the

whole convection zone and is positive near the bottom of the convection zone. We will

adopt the Charbonneau analytical fit

Ω(r, θ) = Ωc +
1

2

∙
1 + erf

µ
2
r − rc
d1

¶¸
(Ωs(θ)− Ωc) ;

Ωs(θ) = Ωeq + a2 cos
2 θ + a4 cos

4 θ, (31)

where Ωeq/2π = 460.7 nHz, Ωc/2π = 432.8 nHz,

a2/2π = −62.69 nHz, a4/2π = −67.13 nHz, rc = 0.7RS, and d1 = 0.05RS. The func-

tion Ωs(θ) = Ω(RS, θ) gives the surface distribution. The surface and equator velocity

fields corresponding to Ω are

v =

Ω(R, θ)R sin θφ̂, Surface

Ω(r,π/2)rφ̂ Equator.
(32)

We employ the observations of photospheric magnetic fields obtained by the Wilcox

observatory, from Carrington rotation CR1643 to CR1949. The radial field in the Wilcox

data has been inferred from the line-of-sight field assuming a potential field between

the photosphere and a radial field source surface at 3.25R. This method has been

successful in predicting the large-scale interplanetary magnetic field structure at 1 AU

[Hoeksema et al 1983; Zhao & Hoeksema 1993, 1995; Wang, 1993]. The potential field

approximation may, of course, be a source of systematic error. This should be most

pronounced for fields in active regions, where there is the most current buildup. This

presumably affects the high harmonic modes the most; fortunately these contribute

only a few percent of the total helicity flow. Another difficulty lies in compensating

for saturation of the Fe I spectral lines. Zhao & Hoeksema [1993, 1995] suggest that a

saturation correction factor of 1.8 is most consistent with solar wind observations; we

employ this factor in our analysis.
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Figure 2. Net magnetic flux through the northern hemisphere. The units are 1020

Mx.

The Wilcox observatory provides spherical harmonic coefficients up to mode

numbers ` = 9, m = 9. This harmonic analysis conveniently allows us to employ

(13) and (14) for the fields. In practice, the cutoff at 9 modes probably changes our

results by only a few percent: we find that the high modes add negligible contributions

to the total helicity flows.

As we do not know the Bθ distribution in the interior of the Sun at the equator,

we simply assume that the net flux (obtained from the photospheric data) is uniformly

distributed at the base of the convection zone, between r = 0.68R and r = 0.7R. The

net differential rotation at the equator is small; as a result, our assumption gives an

effective rotation rate of Ω = 0.98Ωeq. (In other words, the helicity transfer across the

equator is equal to that obtained if the equator rotated rigidly with Ω = 0.98Ωeq.) If

magnetic flux were uniformly distributed as a function of depth, the helicity transfer

would increase only by 1% (this would be in the direction of increasing the magnitude

of the helicity transfers into the northern and southern hemispheres).

5.2. Formation of the Parker Spiral

The Sun has a net open flux Φ emanating from the northern hemisphere into

interplanetary space (with an equal and opposite flux emanating from the southern

hemisphere). Figure 2 shows the net northern flux Φ as a function of time. The

overall solar rotation imparts one complete twist to this flux each rotation period



Rate of helicity production by solar rotation 13

Figure 3. Net transfer of helicity into the southern corona and wind dHCS/dt =

Ḣ(VS → CS) (predominantly positive curve), and into the northern corona and wind

dHCN/dt = Ḣ(VN → CN ) (predominantly negative curve). The units are 1040

Mx2/day.

[Bieber et al. 1987a]. Figure 3 shows the helicity flows into the north and south solar

wind over the past 22 years. Figure 3 provides a clear confirmation of the results of

Bieber et al., using quite different methods. In particular, we are observing the source of

the helicity flow at the photosphere, while Bieber et al. considered in situ observations

of the solar wind.

The helicity flows in Figure 3 closely correlate with the solar cycle. The sign does

not depend on which 11 year sunspot cycle the data comes from. (This independence

of cycle can be most clearly seen in the simple dipole model of section 3; the helicity

transfer involves the square of the net flux rather than the sign of the flux). They are

maximum in magnitude at solar minimum, when the poloidal field is strongest (e.g., in

1985, Φ reached its maximum magnitude −4.85× 1022 Mx).

The data show fluctuations on smaller timescales than the solar cycle for both flux

and helicity flow; at the present time we do not know the cause of these fluctuations. We

note that over the time period of our data set the helicity flow into the south corona and

wind has been stronger in magnitude than the north. It is possible that this discrepancy

can also be measured using solar wind observations. The asymmetry between north and

south may also have some significance for dynamo modeling.
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Figure 4. Helicity transfer into the southern interior (predominantly positive curve)

dHVN/dt = Ḣ(CN → VN ) − Ḣ(VN → VS) and northern interior (predominantly

negative curve) dHVS/dt = Ḣ(VN → VS)−Ḣ(VS → CS). The differences in magnitude

between the two curves go up to 5× 1042Mx2/d.

5.3. Transfer of Helicity Into the Northern

and Southern Solar Interior

Differential rotation is distributed throughout the convection zone. The most significant

differences in rotation occur between different latitudes; in addition, a small radial

rotation gradient occurs at the base of the convection zone. Differential rotation acts

as a generator producing an azimuthal magnetic field from poloidal components of the

field. This creates a helical field structure within the Sun with spirals of opposite signs

in the northern and southern hemispheres.

Figure 4 shows the net transfer of helicity into the northern and southern

hemispheres, taking into account the equatorial rotation. The data shown in Figure

3 give Ḣ(VN → CN) for the north corona. From (22),

dHVN/dt = −Ḣ(VN → CN)− Ḣ(VN → VS). (33)

Thus, to obtain inflow into the north subsurface fields, we reverse the sign of the data in

Figure 3 and subtract the equatorial transfer from north to south. Figure 4 shows a net

negative inflow into the northern hemisphere and positive into the southern hemisphere.

Again, the sign does not depend on which 11 year sunspot cycle the data come from.

Also, as one might expect, there is maximum helicity transfer at solar minimum, when
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the flux is distributed at high latitudes (and hence rotates most slowly compared to the

equatorial boundary).

Recall that estimates suggest that the Sun sheds helicity at the rate of 1041Mx2/d,

or 1045 Mx2 per 11 year cycle. In comparison, the net inflow to each hemisphere

is an order of magnitude larger: the northern hemisphere receives, on average,

−5 × 1042Mx2/d, or −2 × 1046Mx2 for an 11 year cycle. The south gets even more:

6.5 × 1042Mx2/d, or 2.5 × 1046Mx2 for an 11 year cycle. These are rates of change

of the magnetic helicity stored deep in the convection zone. However, one might infer

from these values that the actual helicity stored is quite high. Possibly only a small

fraction escapes to the surface with rising flux tubes, to endow coronal structures with

their characteristic hemisphere-dependent patterns.

As mentioned in section 2, the helicity input to a hemisphere can be decomposed

into different azimuthal m modes, but the poloidal ` modes cannot be separated. Figure

5 shows the m = 1, 2 modes for helicity flow into the north solar interior. These modes

provide only a few percent of the total helicity flow; the axisymmetric part of the flux

distribution acted on by differential rotation provides by far the dominant contribution.

We note that the solar magnetogram data do not distinguish between open and closed

coronal fields. Thus some of the negative helicity flow into the north interior of the Sun

results from positive helicity flow into active regions sheared by the differential rotation.

Presumably, the higher m modes pick up more of the active region flux, while low m

modes are most sensitive to structures on the largest scales, such as coronal holes. The

graphs show that the nonaxisymmetric modes seem to be strongest at solar maximum,

in contrast to the total helicity flow, which is strongest at solar minimum.

6. Conclusions

The recent observational evidence for negative magnetic helicity in the north-

ern corona and positive helicity in the southern corona points to a need for

understanding in detail the distribution of helicity in the Sun and its environ-

ment. Recent theoretical models[van Ballegooijen & Martens 1990, Priest et al. 1996,

van Ballegooijen et al. 1998] have studied the action of differential rotation as it shears

the foot points of coronal structures. These models do not give a clear hemispheric

dependence, suggesting that coronal flux emerges already carrying the proper sign of

helicity [Low 1994]. Thus we must look at dynamo theory for guidance.

Classical dynamo models of the Sun involve both the α effect from kinetic helicity

and the Ω effect from differential rotation. Both of these effects can have profound

influences on the magnetic helicity distribution. The α effect contribution presents

great theoretical difficulties. In contrast, as we have shown, helicity generation by the

Ω effect can be expressed as a simple surface integral and can thus be measured directly

from solar observations. The Ω effect generates toroidal flux from the poloidal field; the

α effect performs the complementary task of regenerating poloidal flux from the toroidal

field. One might guess that both effects generate significant amounts of magnetic
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Figure 5. Helicity transfer into the northern interior for nonaxisymmetric modes.

The m = 1 contribution is given by a dotted line, while m = 2 is a solid line. The

units are 1040 Mx2/day.

helicity. However, this paper concentrates on the Ω contribution simply because it

can be obtained directly from observations.

The Ω effect involves the twisting up of the interior magnetic field by differential

rotation [Babcock 1961, Rust 1997]. This effect produces helicity of the correct sign in

each hemisphere (see figure 4), independent of cycle. The net inflow to a hemisphere is

large: on average, −5×1042Mx2/d, or −2×1046Mx2 for an 11 year cycle to the northern

hemisphere (6.5 × 1042Mx2/d, or 2.5× 1046Mx2 for the south). Thus one may expect

that subsurface fields store helicity of the correct sign. We need only some 10% of this

magnetic helicity input to account for estimates of the helicity shed in mass ejections.

The magnetic helicity stored at the base of the convection zone can be carried to the

surface in rising flux tubes.

Where does the rest of the helicity go? Each solar hemisphere has only one other

boundary besides the photosphere: the equator. We have suggested that turbulent

diffusion caused by small-scale flows can transfer helicity between the northern and

southern hemispheres. The negative helicity of the north cancels with the positive

helicity of the south. Crude estimates of this process suggest it may be comparable in

magnitude to the helicity generation by differential rotation. An alternative possibility

is helicity dissipation. However, this requires sending negative helicity to small scales.

This probably can be done only if the predominant sign of α is positive. In this case,
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large-scale fields would acquire positive magnetic helicity. There are two difficulties

with this scenario. First, if the α contribution to helicity generation is stronger at some

parts of the solar cycle than the Ω contribution, then one would expect to see positive

helicity in north coronal structures. Second, because magnetic helicity has the tendency

to inverse cascade, the dissipation of magnetic helicity may be inefficient.

We have also calculated the total magnetic helicity sent into the solar wind by

solar rotation. This helicity manifests itself in the shape of the Parker spiral. The

calculations presented here complement those of Bieber et al. [1987a]; we calculate the

flow of helicity as it passes through the solar surface, while the earlier paper estimated

the net magnetic helicity of a section of the solar wind. The two approaches are in

excellent agreement.
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