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ABSTRACT

A method of estimating the lower bound of coronal magnetic field strength in the neighborhood of
an ejecting plasmoid is presented. Based on the assumption that the plasma ejecta is within a magnetic
island, an analytical expression for the force acting on the ejecta is derived. The method is applied to a
limb coronal mass ejection event, and a lower bound of the magnetic field strength just below the CME
core is estimated. The method is expected to provide useful information on the strength of reconnecting
magnetic field if applied to X-ray plasma ejecta.
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I. INTRODUCTION

Variation of the space environment in the helio-
sphere, so-called space weather change, is caused by
solar magnetic activities. Therefore, measuring solar
magnetic fields is a primary task in the studies of so-
lar activities and consequent space weather variations.
The most gigantic and influential solar activities such
as coronal mass ejections (CMEs) and solar flares take
place in the solar corona, where magnetic energy is
dominant over kinetic, thermal and gravitational ener-
gies of plasmas. However, measurement of solar mag-
netic fields is mostly made in the solar photosphere
and chromosphere using spectropolarimetry (for review
see e.g., Solanki 1993). Direct measurement of coronal
magnetic fields is very difficult, if not totally impossi-
ble, with the current level of technology. There have
been quite a few attempts to measure coronal magnetic
fields, not for practical purposes, but rather for test-
ing the proposed techniques. The strengths and weak-
nesses of most direct and indirect methods of coronal
magnetic field measurement so far proposed have been
reviewed in detail in Judge et al. (2001) and Cargill
(2009). The most promising method for general mag-
netic field survey in the future would be spectropo-
larimetry of coronal emission lines (Lin et al. 2000,
2004, Tomczyk et al. 2008), but the current status is
just testing it for some local regions of the corona.

The magnetic field near a reconnecting current sheet
in a solar flare or around an ejecting plasma structure
has its own interest and significance because it can be a
touchstone of theories of magnetic reconnection and so-
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lar eruption and can also serve as a constraint or an in-
put parameter of their theoretical and numerical mod-
els. The magnetic field strength in an active region can
most effectively be measured by gyroresonance emis-
sion (Lee 2007), but this technique can be applied to a
strong field region (> 100G) only, because the earth’s
atmosphere blocks frequencies generated in a weaker
magnetic field. When a shock is present in a solar erup-
tive event, the split-band structure of type II bursts
may be used to estimate the magnetic field strength
along the path of the type II disturbance (Smerd et al.
1975, Cho et al. 2007). The amount of band splitting
is a measure of the Alfvén Mach number. Therefore, if
the plasma density is somehow given, we can obtain the
field strength. However, the ambiguity in the location
and the path of the type II generating shock limits the
applicability of this method (Klein et al. 1999). Re-
cently, Kim et al. (2008) have estimated the magnetic
field strength in spicule regions from the MHD kink
mode-like wave properties measured by Hinode SOT
and an assumed spicule plasma density. Although this
coronal seismology technique has a good prospect in
field strength measurement, its use is limited to the
regions showing detectable oscillations.

In this paper, we present a new method of estimating
the lower limit of coronal magnetic field strength using
the plasma ejecta motion during a solar eruption. This
method is based on the theoretical observation that the
Lorentz force acting on a magnetic island is a surface
integral of magnetic pressure. The plasma ejecta ap-
pearing in solar eruption is believed to be embedded in
a flux rope, which can be reasonably approximated by
a magnetic island. With this method, we can estimate
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a lower bound of magnetic field strength just below or
above the plasmoid depending on whether it is under
acceleration or deceleration.

In Section II, our method of estimating the coro-
nal field strength is expounded, and in Section III, the
method is applied to a limb CME event observed by
SOHO/LASCO C2 to compute a lower bound of the
magnetic field strength below a plasma ejecta. Finally,
a brief summary and discussion is given in Section IV.

II. A METHOD OF ESTMATING CORO-
NAL MAGNETIC FIELD STRENGTH

It is generally believed that a magnetic flux rope is a
main constituent of a solar eruptive event. It has long
been observed that an erupting prominence often re-
veals a helical structure in Hα, which is regarded to de-
lineate magnetic field lines. It is also generally believed
that the magnetic field in the central part of a CME
has a flux rope structure (Hundhausen 1999, Chen et al.
2000). In X-ray observations of solar flares, a plasma
blob, so-called plasmoid, is sometimes ejected, which is
also considered to reside in a flux rope (Ohyama & Shi-
bata 1998, Kim et al. 2005). In the present-day stan-
dard model of eruptive flares, so-called CSHKP model
(Sturrock 1992), a rising flux rope is surrounded by
line-tied fields and these fields reconnect in the current
sheet underneath the flux rope. The magnetic recon-
nection accelerates the flux rope and the flux rope rising
facilitates the magnetic reconnection. Thus, these two
have a feedback effect (Shibata et al. 1995, Choe &
Cheng 2000). To understand the magnetic reconnec-
tion process and the plasmoid motion quantitatively,
the information on the magnetic field strength is indis-
pensable.

The field configuration in a typical solar eruptive
event is sketched in Figure 1a. If we observe a limb
event, we are likely to see the apex part of the flux
rope. Let us consider a volume like a slab or a bent
cylinder in the middle of the flux rope. The girth of the
slab (S3) is set to be a flux surface such that magnetic
field vectors are tangential to the surface. It should
be noted that S3 need not be the outer boundary of
the flux rope, but can be any flux surface within the
flux rope. Assume that the flux surfaces of the flux
rope have a left-right symmetry. Surfaces S1 and S2

are assumed to be parallel and equally displaced from
the central cross-section of the flux rope. We employ
a Cartesian coordinate system, in which ẑ is directed
from the center of the Sun to the flux rope apex, ŷ is the
tangent vector to the flux rope magnetic axis at its apex
directed from the left to the right, and x̂ is the normal
vector to the plane spanned by the magnetic axis of
the flux rope such that x̂ = ŷ × ẑ. Thus, n̂1 = ŷ, and
n̂2 = −ŷ. Then, the force acting on the slab is given
by (Choe & Lee 1996)

F = FLP + FG

=
∫

V

∇ · T dV −
∫

ρgẑ dV , (1)

where FLP is the Lorentz force plus the pressure gradi-
ent force, FG is the gravitational force, ρ is the plasma
density, g is the gravitational acceleration, and T is
the Maxwell stress tensor minus the isotropic plasma
pressure tensor such that

T = BB −
(

B2

8π
+ P

)
I . (2)

In this paper, the Gaussian (cgs) unit system is em-
ployed. Applying the divergence theorem, we have

FLP =
∮

n̂ ·BB dS −
∮

n̂

(
B2

8π
+ P

)
dS , (3)

where n̂ is the outward normal vector. Owing to the
left-right symmetry of the slab and the parallelness of
S1 and S2, the surface integrals over S1 and S2 cancel
each other. In the remaining surface integral over S3,
the first term vanishes since S3 is a flux surface in which
n̂ · B = 0. This implies that the magnetic tension
does not contribute any force on this slab. Now we
assume that the slab is thin enough for us to ignore the
curvature of the magnetic axis within the slab. This
assumption is valid as long as the depth of the plasma
emitting (or scattering) light toward us in a limb event
is small compared to the radius of curvature of the flux
rope magnetic axis. In this case, we can ignore the y-
dependence of physical quantities within the slab. If we
denote the thickness of the slab by D, the force acting
on the unit y-length of the slab is f = F /D. Now
the surface integral over S3 is D times the line integral
along the projection of S3 onto the xz-plane. If we take
the line element vector dl = dl l̂ such that l̂ = ŷ × n̂,
then

ẑ · n̂ = ẑ · l̂× ŷ = x̂ · l̂ =
dx

dl
. (4)

Thus, the z-component of the force acting on the slab
with unit y-depth is

fz = ẑ · F /D

= −
∮ (

B2

8π
+ P

)
dx + ẑ · FG/D

=
[∫ xmax

xmin

(
B2

8π
+ P

)
dx

]

l

−
[∫ xmax

xmin

(
B2

8π
+ P

)
dx

]

u

−
∫

S

ρg dS , (5)

where the subscript l denotes the lower part of the slab,
the subscript u denotes the upper part of the slab, xmin

is the lower bound of the x-coordinate of the slab, xmax

is the upper bound of the x-coordinate of the slab, and
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Fig. 1.— Sketch of field configuration in solar eruption. (a) A flux rope surrounded by line-tied fields. (b) A cylinder-like
volume near the flux rope apex. (c) The cross-section of the whole configuration with a magnetic island and surrounding
fields.

in the last integral for gravity, S = S1 = S2. It is to be
noted that this equation holds even if the surface S3 is
a singular current sheet, because the total pressure is
continuous across a current sheet.

Equation (5) is an exact expression when viscosity
and other body forces are ignorable. We, however, have
too few pieces of information to make use of it for esti-
mating magnetic field strength. For practical purposes,
we define the following quantities:

∆x = xmax − xmin , (6)

< PB,l/u >=
1

∆x

[∫ xmax

xmin

B2

8π
dx

]

l/u

, (7)

< ∆PB >=< PB,l > − < PB,u > , (8)

< PP,l/u >=
1

∆x

[∫ xmax

xmin

P dx

]

l/u

, (9)

< ∆PP >=< PP,l > − < PP,u > . (10)

We also define the mass per unit y-depth m =
∫

S
ρdS,

the acceleration of the center of mass a = f/m, and
the mean gravity < g >= (1/m)

∫
ρg dS, which is the

gravitational acceleration of the center of mass. Then,
equation (5) is

< ∆PB > + < ∆PP >=
m

∆x
(az+ < g >) . (11)

Although looking simple, this equation is also exact.
Generally, the quantities on the right-hand side can
be obtained from observations. The left-hand side is
actually made of four quantities: < PB,l >, < PB,u >,
< PP,l >, and < PP,u >. If we can somehow identify
each of these quantities, a sort of mean magnetic field
strength below or above the plasmoid is

< Bl/u > =
{
8π

[
< PB,u/l >

± (
(m/∆x)(az+ < g >)

− < ∆PP >
)]} 1

2 , (12)

where the right-hand side quantity is the larger one
between < Bl > and < Bu >.

In general, we are not given enough information to
isolate < PB,l >, < PB,u >, and < ∆PP >. In
many cases, < ∆PP > is difficult to estimate, and we
cannot but make some rough assumptions about the
plasma pressure. One such assumption would be that
< ∆PP > be ignorable. This is a legitimate case in
a low β plasma in the low corona. In a very low β
plasma, it is also likely that the gravity term is smaller
than the magnetic pressure term. Another possibility
might be that the gravity and the plasma pressure be
more or less in equilibrium in the vertical direction so
that

m < g > /∆x− < ∆PP >≈ 0 . (13)

Under this assumption, equation (12) becomes

< Bl/u >=
{
8π

[
< PB,u/l > ±(maz/∆x)

]} 1
2 . (14)

No matter what assumption is made, what we can mea-
sure is the magnetic pressure difference between below
and above the plasmoid. With the above formulation
only, estimating the magnetic pressure (field strength
squared) on both sides is impossible. Accepting this
limitation, we may have to be contented with finding
the lower bound of magnetic field strength in order to
be on a safe side. In other words,

< Bl/u >∼>
(
8πm|az|/∆x

)1/2
. (15)

Since this lower bound is obtained by setting the
smaller field strength to zero, it may be too low to
be a practical estimate. In an effort to compensate for
this deficit, we may take a maximum absolute value
of acceleration out of a short sequence (maybe three
of four) of measured values, roughly assuming that
the field strength on the larger side does not change
much during this sequence. In the following section,
we demonstrate how to use this procedure to estimate
the magnetic field strength below a real plasmoid.
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Fig. 2.— LASCO C2 images of a CME on 2002 July 18. The area encircled in black contains a CME core and a cavity
and is likely to be within a flux rope.
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III. APPLICATION TO A LIMB CME ON
2002 JULY 18

To apply the aforementioned method to estimation
of magnetic field strength, one needs to know the ac-
celeration of an X-ray plasmoid or an island-like CME
structure. Therefore, it is more convenient to deal
with a limb event than a disk-center event or a halo
event. In the latter case, we need a directional correc-
tion of the velocity projected on the sky plane. In the
SOHO/LASCO CME catalogue (Yashiro et al. 2004,
http://cdaw.gsfc.nasa.gov/CME list/), the CME that
first appeared in the LASCO C2 field of view at 2002
July 18 14:06:08 is selected for our purpose. It is a
limb event with a quasi-two-dimensional configuration
resembling Figure 1c as in the standard model of erup-
tive flares. It shows an island-like structure with a den-
sity enhanced lower part and a cavity-like upper part,
a steady clear current sheet structure below it and a
CME frontal loop surrounding all these (Fig. 2).

(a) Measurement of Acceleration

Table 1 lists the basic observational quantities of the
event. Here, the height is measured from the solar cen-
ter to the center of the core part. Since the density-
enhanced part and the upper cavity are reasonably be-
lieved to reside in a flux rope, we take the area encircled
in black in the fourth image of Figure 2 as the projec-
tion of the volume in question. The acceleration can
most simply be determined by a three-point quadratic
function fitting. The acceleration values obtained with
this method are listed in Table 1. In this paper, we are
particularly interested in the maximum and minimum
(more exactly, negative maximum) values of accelera-
tion because the positive maximum value can give us
a lower bound of field strength as large as we can have
below the plasmoid and the negative maximum value
can give us a lower bound of field strength as large as we
can have above the plasmoid. In Table 1 the maximum
value of acceleration is 6.17 × 103 cm s−2 at 14:42:05,
when the center of our interested volume is at a distance
of 3.06 R¯ from the solar center. The minimum value
is uncertain because the plasmoid starts to decelerate
before 15:06:08 and keeps decelerating. At 15:06:08,
the acceleration is −2.07 × 104 cm s−2 and the height
of the volume center is 4.21 R¯. The maximum value
obtained with a three-point quadratic fitting method is
always less than the real maximum value in the same
time interval, and the minimum value obtained with
the same method is always greater than the real min-
imum value. To estimate the better value of the max-
imum acceleration, we have also used a fourth-order
polynomial fitting method, and the maximum value
thus obtained is 1.01 × 104 cm s−2 at 14:39:06, when
the height is 2.83 R¯ (see Fig. 3).

Fig. 3.— The height of the CME core interpolated by a
fourth order polynomial fitting. The maximum acceleration
occurs at 14:39:06.

(b) Estimation of Mass Per Unit Depth

Compared to the measurement of acceleration, the
estimation of the CME mass per unit depth is not so
straightforward. In general, CME masses are estimated
using data from white-light coronagraphs (Poland et
al. 1981, Howard et al. 1985). Coronagraphs observe
the integral of the photospheric light that is Thomson-
scattered by the CME electrons. Thus, the observed
brightness at each area element in the sky plane gives
information on the total number of electrons along the
line of sight (LOS). In this paper, we have derived the
mass of the CME using the method described in Vourl-
idas et al. (2000). Since a white light CME is defined
as brightness increase relative to the background, we
use pre-event-subtracted images to remove the back-
ground corona. Before the CME of our interest took
place, there had been another CME, which was first
observed by LASCO C2 at 12:06:09. This situation
compels us to use the LASCO C2 image at 11:42:05
as the pre-event image. From the brightness excess
thus obtained and the Thomson scattering function by
Billings (1966), we have calculated the total brightness
and the polarized brightness. The ratio of the total
brightness to the polarized brightness gives the total
number of electrons along the LOS. Assuming that the
CME plasma composition is 10% helium and 90% hy-
drogen and 1.97 × 10−24 g of mass is thus assigned to
each electron, we obtain the total mass of the CME.
To calculate the mass contained in the interested vol-
ume, we have summed up the masses of the pixels en-
compassing the volume. Unfortunately, there was a
planet seen in the volume. To avoid this planet, we
have selected the area excluding the planet using the
ROI (Region of Interest) routine in IDL. The mass of
each pixel or the excess electron column density (in
cm−2) can be converted to electron volume density (in
cm−3) when the depth of the structure along the LOS is
known. We have simply assumed that the depth along
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Table 1.
Observed and Derived Physical Quantities of the CME on 2002 July 18

Time Height Velocitya Acceleration Size Mass Ne m = M/D
(UT) (R¯) (×107 cm s−1) (×103 cm s−2) (×1010 cm) (×1013 g) (×105 cm−3) (×103 g cm−1)

14:30:05 2.80 2.93 1.53 3.73 6.92 7.71 1.85
14:42:05 3.06 3.09 6.17 3.47 6.27 10.07 1.81
15:06:08 4.21 3.76 −20.7 6.25 16.26 4.40 2.60
15:30:05 4.83 0.78 − 8.68 18.31 2.71 2.11

aThe mean velocity between the previous observing time and the given time

the LOS is the same as the angular latitudinal span.
With this rough assumption, we have computed the
electron number density and the total mass per unit
depth along the LOS (in g cm−1). The assumption we
make on the uncertain depth may possibly underesti-
mate the actual mass (Vourlidas et al. 2000, Lugaz et
al. 2005). An underestimate of the CME mass would
consequently lead to an underestimate of field strength.
As long as we seek a lower bound of field strength, an
underestimate does not spoil the validity of our con-
clusion. The values of the total mass per unit depth
obtained by the above procedure are given in Table 1.
The value at the first appearance of the CME (14:06:08)
is exceptionally large because the CME frontal loop and
the core are not well resolved at this time. Thus, we
do not consider this value. The later values are lo-
cated between 1.73-1.85× 103 g cm−1 except the value
at 15:06:08 (2.61 × 103 g cm−1), at which the presence
of a planet within the area of interest makes our mass
estimate unreliable.

(c) A Lower Bound of Magnetic Field Strength

A lower bound of magnetic field strength below the
plasmoid is obtained from equation (15) with the max-
imum acceleration value, the mass per unit depth of
the plasmoid computed above, and the width of the
plasmoid. For this calculation, we first use the values
at 14:42:05 obtained from the three-point quadratic fit-
ting, i.e., az = 6.17×103 cm s−1, m = 1.81×103 g cm−1,
and ∆x = 3.47 × 1010 cm. This computation yields a
lower bound of magnetic field strength below the plas-
moid; < Bl >∼> 0.0899 G. If we use the maximum
acceleration obtained with the fourth order polyno-
mial interpolation (az = 1.01× 104 cm s−2 at 14:39:06)
and the mass and the width obtained with the data at
14:42:05, we have < Bl >∼> 0.115G. In order for our
use of equation (15) to be justified, either the quasi-
hydrostatic equilibrium assumption (eq. [13]) should be
valid, or the gravitational acceleration and the plasma
pressure, respectively, are small compared to the plas-
moid acceleration and the magnetic pressure. The so-
lar gravitational acceleration at the radius of 3.06 R¯
is 2.93 × 103 cm s−2, which is about half the plasmoid
acceleration of 6.17×103 cm s−1. The gravitational ac-
celeration, however, increases the field strength esti-

mate below the plasmoid unless the plasma pressure is
dominant over the magnetic pressure. To evaluate the
plasma pressure, we need to know the number of par-
ticles per electron. This value is less than 2 because
there are multiply ionized heavy elements, but using
the value 2 is fine if we want an upper bound. For
temperature, we take T = 1.5× 106 K. In Table 1, the
largest value of the electron density is 1.01× 106 cm−3.
With these values, the maximum plasma pressure is
evaluated to be 4.19× 10−4 dyn cm−2, which is slightly
smaller than the lower bound of magnetic pressure
(0.115G)2/(8π) = 5.26 × 10−4 dyn cm−2. Therefore,
the use of equation (15) can be more or less justified
in this case. It is anyhow regrettable that no other
measurement of coronal field strength at such a high
altitude has yet been reported and there is no refer-
ence value to be compared with our estimate.

IV. SUMMARY AND DISCUSSION

We have presented a new method of estimating a
lower bound of magnetic field strength near (in most
cases below) a plasmoid in solar eruption. The method
is based on the theoretical observation that the verti-
cal force acting on a cylinder-like volume, whose lateral
surface is a flux surface, is just the difference in to-
tal pressure (magnetic pressure plus plasma pressure)
below and above the volume. We have applied this
method to a limb CME that occurred on 2002 July 18,
and obtained a field strength lower bound of ∼ 0.1G
below the CME core.

As mentioned earlier, equation (11) implies that only
a total pressure difference exerts a force to a flux rope,
but a magnetic tension does not. This may sound
counter-intuitive because a magnetic tension is consid-
ered to be a major force to expel reconnection outflows
in which a plasmoid may reside. This conventional view
is correct if the volume of our interest has an open flux
in some part of its boundary as usually depicted in a
reconnection picture with an X-shaped separatrix (e.g.,
Petschek 1964). As for a volume, whose boundary is a
flux surface, the view is incorrect. The magnetic ten-
sion over the whole boundary cancels out. Of course,
it may act to shrink the volume if the guide field or the
plasma pressure inside the volume is not strong enough,
but it cannot accelerate the center of mass of the vol-
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ume in any case. In our case, only part of the boundary
is a flux surface (S3 in Fig. 1b), but the the symmetry
of the volume makes the forces on S1 and S2 cancel out.
If we cannot ignore the curvature of the volume or if a
self-closed magnetic structure, for example, a magnetic
torus, were to exist in the solar atmosphere, we would
have a more general relation similar to Equation (11)
as follows.

< ∆PB > + < ∆PP >=
M

∆A
(az+ < g >) , (16)

where M is the mass in the volume, ∆A is the projected
area of the volume onto the xy-plane,

< ∆PB >=
1

∆A

[∫

Sl

B2

8π
dx dy −

∫

Su

B2

8π
dx dy

]
, (17)

and

< ∆PP >=
1

∆A

[∫

Sl

P dx dy −
∫

Su

P dx dy

]
, (18)

in which Sl is the part of the boundary surface facing
downward (ẑ · n̂ < 0) and Su the part facing upward
(ẑ · n̂ > 0).

If we apply our proposed procedure to the decel-
eration phase of the same CME with az = −2.07 ×
104 cm s−2 at 15:06:08, m = 1.81 × 103 g cm−1 (in-
stead of the doubtful value 2.6 × 103 g cm−1), and
∆x = 6.25 × 1010 cm, we have a lower bound of the
magnetic field strength above the plasmoid volume in-
cluding the cavity; < Bu >∼> 0.123G. However, the
LASCO image at 15:06:08 does not seem to show any
remarkable compression above the plasmoid. If there is
indeed no compression above the volume, the decelera-
tion must come from another force. The most plausible
candidate of this force would be an aerodynamic drag.
Although the Reynolds number of the coronal plasma is
very large, there can be a boundary layer, within which
viscous force is not negligible (e.g., Batchelor 1967).
Since the aerodynamic drag is always opposite to the
plasmoid motion, the lower bound of the field strength
above the rising plasmoid may well be lower than the
estimated value. This is the reason why we take a re-
served position in applying our method to the upstream
side in the reference frame of the moving plasmoid.

Although we have demonstrated the use of our
method with a LASCO CME, the plasma β near unity
in the outer corona does not allow us strong confidence
in the estimated value. Also, the low time cadence
of the coronagraph observation does not enable us to
make a more accurate measurement of acceleration.
The method would better suit estimation of magnetic
field below an X-ray plasmoid because it is observed in
the low β corona. It is also an advantage that X-ray
observations have a far higher time cadence. Moreover,
an X-ray plasmoid is smaller and located in the lower
corona than the coronagraph-observed structure; the
viscous drag is therefore negligible. The strength of

the reconnecting magnetic field below an X-ray plas-
moid is a highly sought quantity in the current solar
research and can be estimated with our method. Ap-
plying the method to other types of observations than
those by coronagraphs will be pursued in the future.
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