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Variations in the chorus source location deduced from fluctuations
of the ambient magnetic field: Comparison of Cluster data and

the backward wave oscillator model

B. V. Kozelov,'? A. G. Demekhov,” E. E. Titova,> V. Y. Trakhtenger’[sf’4 0. Santolik,>®

E. Macusova,’ D. A. Gurnett,” and J. S. Pickett’

Received 16 October 2007; revised 14 March 2008; accepted 15 April 2008; published 18 June 2008.

[1] We study the motion of the source region of magnetospheric chorus emissions
using multipoint measurements of VLF wave emissions and geomagnetic field onboard
the Cluster spacecraft. The geomagnetic field data are matched to a parameterized
model of the local magnetic field, and the spatiotemporal dynamics of the magnetic
field are obtained on this basis. The wave data from the Wide Band Data instrument
are used to obtain the power spectral density and number of chorus elements. Comparison
of these data shows that the chorus remains related to the magnetic field minimum,
while the position of this minimum can vary rather strongly during periods of enhanced
geomagnetic activity. These results support the backward wave oscillator (BWO)

model of chorus emissions, which attributes chorus generation to an absolute instability
of whistler mode waves in the presence of a step-like velocity distribution of

energetic electrons. Such an instability takes place in a small vicinity of the local
“magnetic equator” of a magnetic field line. Quantitative agreement between the data
and the model is demonstrated by variation of the statistical chorus characteristics

with changing of the deduced BWO parameters.
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1. Introduction

[2] Recently the multipoint measurements onboard the
Cluster spacecraft gave new possibilities to study VLF wave
emissions [Gurnett et al., 2001]. The “chorus” emissions
are clearly distinguishable because of their discrete nature
and therefore it is possible to follow the location of their
generation region. Using the high time resolution Wide
Band Data (WBD) instrument measurements it was shown
that the size of the chorus generation region is of the order of
a few hundreds of kilometers perpendicular to the magnetic
field line direction [Santolik and Gurnett, 2003]. The wave
data from the Spatio-Temporal Analysis Field Fluctuation
(STAFF) instrument was used to obtain the energy flux in
chorus waves, and the chorus source region is found as the
region where the energy flux is bidirectional. The region of
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VLF chorus generation was shown to be located near the
geomagnetic equator [LeDocq et al., 1998; Santolik et al.,
2004] and be extremely variable in space and time [Santolik
et al., 2004, 2005].

[3] According to the backward wave oscillator (BWO)
model of chorus generation [Trakhtengerts, 1999;
Trakhtengerts et al., 2004], the parameters of the chorus
source region strongly depend on the magnetic field
inhomogeneity. To date, theoretical estimates and their
comparison with data were based on the idealized magnetic
field model in the equatorial plane of the magnetosphere.
Taking into account the sensitivity of this region to the
magnetospheric disturbances, the instant BWO parameters
should also vary with respect to their averaged values. In this
paper, we try to answer the following questions: (1) Can we
obtain the local BWO geometry directly from satellite data
and (2) can we describe the dynamics of the BWO geometry
during events of interest?

[4] As the main characteristics of the magnetospheric
BWO we consider its position on the magnetic field line
(position of the minimum of the field strength B,,,;, measured
along the magnetic field line) and the effective length along
the magnetic field line (Lgwo). To estimate these quantities
we need to know the magnetic field strength along the
magnetic field line at each time moment. We can deduce
the local magnetic field configuration from Cluster observa-
tions, but the satellites give us values of the magnetic field in
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four points only. Therefore, a magnetospheric model is
needed. However, the known global magnetospheric models
are statistical, and, therefore, they cannot describe the
specific dynamics of observed events. Here we will use a
dynamical model of local magnetic field constructed from
the statistical Tsyganenko model and additional currents to
fit evolution of the ambient geomagnetic field measured by
the onboard fluxgate magnetometers [Balogh et al., 2001].
Previously, a similar approach but with one additional
current was used to describe dynamics of the magnetic field
in the night sector at 4—10 Ry during a substorm event
observed by the CRRES satellite [Kozelov and Kozelova,
2003a]. Here we use a more complex model with two
additional currents.

2. Dynamical Magnetic Field Model

[5] The dynamical magnetic field model has been con-
structed on the basis of the statistical magnetospheric models
given by Tsyganenko and Stern [1996] and Tsyganenko and
Sitnov [2005]. We have then compared the output of this
model to the magnetic field measured onboard the Cluster
spacecraft by the Fluxgate Magnetometer (FGM) instru-
ments [Balogh et al., 2001]. Unfortunately, the deviations
of the Tsyganenko 2004 model [ZTsyganenko and Sitnov,
2005] from the locally observed values during the events of
interest were too large. Therefore, we use Tsy96 model
[Tsyganenko and Stern, 1996] with parameters adjusted to
minimize the deviations from the local observations. The
deviation of the observed magnetic field from the value
modeled by the Tsy96 model is

AB = Bobserved - BTsy96~ (1)

[6] The region of interest for us is located in the
nightside magnetosphere at 4—5 Ry near the equatorial
plane in the solar-magnetic (SM) frame. The magnetic field
configuration in this region is determined by the Earth’s
magnetic field (mainly magnetic dipole) and magnetic field
of external sources: the ring current, the earthward part of
cross-tail current, etc. [Zsyganenko and Stern, 1996].
Average contributions of all these sources are included in
the statistical Tsy96 model. For the time intervals of
several minutes the internal magnetic field of the Earth
and the contribution of the ring current can be assumed
constant; therefore, the temporal variations observed in the
region of interest should be a result of the plasma sheet
variations. Variations in the particle fluxes during magne-
tospheric disturbances lead to the variations in the mag-
netic field which we associate with the magnetic field
deviation according to equation (1). To produce this
deviation we supplement the model with two additional
linear currents located far enough from the region of
interest. We assume that each current is located in the
plane parallel to the magnetic equator and the parameters
of the currents are adjusted to yield the deviations of the
magnetic field observed by a pair of the Cluster satellites
from the values modeled by the Tsy96 model. This pair is
selected between the four spacecraft. The reason why we
use only two selected spacecraft is that the two linear
currents become fully determined by the data of two
spacecraft.
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[7] These additional currents may be interpreted as effec-
tive “‘skin currents” at the boundaries of the plasma sheet
during magnetospheric disturbances. The region of interest
is located inside the region limited by these currents in the z
direction.

[8] The additional currents included in the model lead to
smooth deformation of the statistical magnetic field lines in
the region of interest. This deformation ensures a good
correspondence of the model field to the measured one in at
least two points occupied by Cluster satellites. Therefore,
our model gives a better approximation of the local mag-
netic field than the statistical model, but still may have
significant uncertainty at a large distance from the satellite
position. We checked the stability of our model with respect
to the qualitative conclusions by varying its fixed param-
eters, such as the distance between the additional current
sheets and the pair of spacecraft used for fitting.

[9] For the positions of two Cluster satellites, the magnetic
field induced in vacuum by two currents is given by
Ampere’s law

AB,, = 10 (11 i x (P12 —11)] +12 li2 % (P12 —1’2)]>’ 2)

20\ i< oz =) Jx (oo =)

where p; , are known positions of two Cluster satellites, /;
and I, are two line currents, i; and i, are unit vectors along
their directions, r; and r, are points at the line currents. To
reduce the number of variables we suppose that the two line
currents are localized in two planes perpendicular to the z
axis of the SM coordinates, r, = zy, 12, = 25, i;- = 0, i, = 0.
Here i}, and i, are linked to i;, and i,, since i; and i, are
unit vectors. Since r; and r; are arbitrary points at the line
currents, we can define

'y Ty _Pytpy 3)

Flx Tax  Pix + Pax

Thus, we have only six scalar variables (/;, b, 71y, 25 i1
and 7,,) in six equations. The system of six equations has
been analytically simplified in SM coordinates to a system
of two equations. The latter system was solved numerically
for each time moment. More details about the model
equations are presented in the Appendix A.

[10] A new field line has been traced from the position of
the satellite with the inclusion of the two new currents at
each time step. Then, the position of |B,,| on a magnetic
field line gives us the central position of the local BWO.
According to Trakhtengerts [1995] and Demekhov et al.
[2003], the effective length of the local BWO can be
estimated as the distance Lgwo = l» — [; between two
points satisfying the following relations

dz
Ag| = \/A—

([

L
= i / b(l)dl =, (4)

i
I

where A = w — wy(I) — kv is the frequency mismatch from
the cyclotron resonance, wy = wyr (1 + b(0)) is the electron
gyrofrequency, the subscript “L” denotes the values at the
central position of the local BWO where B = B ,;,, (/) =
[B())|/|Bmin| — 1, b(l;) = b(L,). The parallel velocity v is
obtained from assumption that A = 0 in the BWO central
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CLUSTER Relative Positions, April 18, 2002, 8:50 UT
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Figure 1. (top) Cluster relative positions on 18 April 2002;
(bottom) observed total magnetic field along the satellites
trajectories.

position where the parallel wave number k| is calculated
from the whistler mode dispersion relation for wy; = wyy .

3. Event on 18 April 2002

[11] Figure 1 shows the relative positions of the four
Cluster satellites and the ambient magnetic field observed
on 18 April 2002 near the magnetic equator. The spacecraft
are closely separated; therefore the differences between the
magnetic field values observed by the satellites are not
large. To fit the magnetic field configuration we use the
data from Cluster 1 and Cluster 3. This is the most
separated pair (by ~250 km along the z coordinate and
by <50 km along the x and y coordinates in the SM
coordinate system). The additional currents are assumed to
be atz; = —1 Rz and z, = 1 Ry (R; = 6370 km is the Earth
radius).

[12] The results of the modeling are presented in Figure 2
in comparison with measurements of Cluster 1. In contrast
with the Tsy96 model, the dynamical model gives a perfect
fit to the observed values of the magnetic field in the near-
equatorial region. The observed and fitted values are so close
that they are not resolved within the line thickness on the
plot. Because of the close spacecraft separation, the modeled
values are also close to the ones measured at the positions of
the Cluster 2 and Cluster 4 spacecraft, not used in this fit.
The deviation is smaller than 2 nT (<1%) for all satellites.
One can see that the model gives a good fit of the magnetic
field in the region near the spacecraft. The magnetic field
strength along the magnetic field line crossing Cluster 1 is
shown in the second panel of Figure 2. One can see a
variation of the “cavity” of smaller field near the equatorial
region. The center of the cavity gives us the position of the
local BWO plotted on the third panel. The effective BWO
length has been calculated as the distance between two
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points satisfying the relation (4) as shown on the fourth
panel.

[13] One can see in the third and fourth panels of
Figure 2 that both parameters exhibit random fluctuations;
however the smoothed values have well-defined variations.
These variations are the same for both satellites used in the
model fitting; therefore, the plots for Cluster 3 are not
shown. The BWO position varies by +1500 km near the
magnetic equatorial plane, and the effective BWO length
fluctuates in the range from 3000 to 5000 km. We should
note that several different positions of the additional
currents have been tested for the magnetic field fitting.
The resulting variations of the local BWO parameters
depend very weakly on z; and z, in the range from 0.3
to 1.0 Rg. The largest dependence was found on the
satellite pair used for the fitting, which can be explained
by the small separation between the satellites along the z
axis causing the sensitivity of the model fitting to the noise
in magnetic field measurements.

[14] Because of the small distance between satellites (less
than 100 km), which is smaller than the characteristic source
size in the direction perpendicular to the magnetic field lines
[Santolik and Gurnett, 2003], we can use averaging to
decrease random fluctuations. Figure 3 shows the evolution
of the magnetospheric BWO parameters averaged over
values obtained for Cluster 1, 2, and 3 by model fitting
the two pairs most separated in the z direction. For com-
parison, the center of the chorus source previously obtained
from the VLF STAFF data [Santolik et al., 2005, Figure 6]
is shown in the same plot by the short dashed line. We note
that the analysis of VLF STAFF data is prone to similar
errors as discussed above for the magnetic field model
because of the small separation between the satellites.
Therefore we cannot expect one-to-one correspondence
for all excursions of the minimum B position and the center
of the chorus source obtained from the STAFF VLF data.
However, general features (preferable position with respect
to the equatorial plane, the range of variation) are similar.
The most important result here is that the variation of the
minimum B position along the field line agrees in general
with the variation of the center of the chorus source
previously obtained from the VLF STAFF data (see more
detailed discussion in section 5). Thus, we obtained an
observational confirmation that the chorus source remains
centered near the local B minimum.

4. Event on 31 March 2001

[15] On 31 March 2001 the Cluster spacecraft were at
relatively large separations, see Figure 4. There were very
disturbed conditions, when the Kp index reached the value
of 9— and Dst decreased to —358 nT [Baker et al., 2002].
To fit the magnetic field configuration we use the data from
Cluster 1 and Cluster 2 separated in the SM coordinate
system by ~1200 km along the z coordinate and by ~50 km
along the x and y coordinates. The results for Cluster 1 are
presented in Figure 5. The results for Cluster 2 are not
shown, because they look very similar. The dynamical
model describes the observed values of the magnetic field
sufficiently well. The deviation of the modeled values
relative to the measured ones is smaller than 2 nT for the
main time interval of interest (from 0705 to 0712 UT) when
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Figure 2. Results of modeling of the magnetospheric BWO configurations on 18 April 2002 for a
magnetic field line at the Cluster 1 position. (first panel) Thin line (hidden by the solid line) is the
observed strength of the magnetic field, dashed line is the observed strength of the magnetic field
calculated by Tsy96, and solid line is the observed strength of the magnetic field fitted by a model with
two additional currents. (second panel) The modeled magnetic field along the magnetic field line. (third
panel) Symbols mark the calculated positions of the magnetic field minimum, and solid and dashed lines
show the smoothed evolution of this position and the Cluster orbit, respectively. (fourth panel) Evolution

of the estimated length of the magnetospheric BWO.

the spacecraft were near the equatorial region. Only a few
times we can note a large difference between the observed
and fitted values, but those cases occurred beyond the main
time interval of interest. The quality of the model fitting is
supported by Figure 6 which presents a comparison of the
observed and modeled magnetic field for the Cluster 3
position. One can see that the model describes the magnetic
field variation very well, but slightly (~5-7%) under-
estimates the absolute values. The Cluster 4 was located
sufficiently in the perpendicular direction from Cluster 1—
Cluster 2 pair, therefore it was not considered here.

[16] The parameters of the magnetospheric BWO esti-
mated from the derived magnetic field model are presented
in the third and fourth panels of Figure 5. The BWO
position varies from zg,, = —1000 km to zg, = 1500 km
near the magnetic-equatorial plane; and the effective BWO
length tends to decrease from ~3000 to ~2000 km during
the event. The smaller values of Lgwo compared with the
case of 18 April 2002 correspond to higher magnetic
activity and a more stretched magnetic field profile.

[17] Comparison of the minimum B position obtained
from local magnetic field modeling with the center of the
chorus source obtained from the VLF STAFF data [Santolik

et al., 2005, Figure 3] is presented in Figure 7. The variation
in the parallel component of the Poynting vector normalized
by its standard deviation [from Santolik et al., 2005,
Figure 2] is also shown for Cluster 1. In this case, as well
as in the case presented above, the obtained variation of the
position of minimum B along the field line qualitatively
agrees well with the variation of the chorus source location
previously obtained from the STAFF data [Santolik et al.,
2005].

5. Discussion

[18] Let us first compare the technique used here with that
employed previously. Santolik et al. [2005] estimated the
variation of the central region of the VLF wave generation
using the STAFF data, and they obtained the local direction
of the ambient magnetic field from the FGM data. In their
interpretation of the observed central positions of the source
region, Santolik et al. [2005, Figure 8] did not attempt to
model possible variations of the magnetic field strength
along the individual field lines. Their interpretation was
only based on the magnetic field directions observed along
the spacecraft trajectories. They concluded that flapping of
the global tail-like magnetic field configuration did not
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Figure 3. Parameters of the magnetospheric BWO
estimated from the dynamical model of the local magnetic
field. (top) Solid line is the position of the BWO center
(minimum B point), short dashed line is the position of the
VLF source from Santolik et al. [2005], and long dashed
lines are the satellite trajectories. (middle) Solid line is the
average values of the BWO length and symbols are the
values estimated from pairs Cluster 1-Cluster 2 (diamonds)
and Cluster 1-Cluster 3 (pluses). (bottom) Parallel compo-
nent of the Poynting vector normalized by its standard
deviation [Santolik et al., 2005].

occur and that the changes in the central position of the
source region are associated with the source mechanism of
the chorus emissions.

[19] The method presented here employs a more refined
technique for using the ambient magnetic field data in
connection with the BWO theory of the chorus source
mechanism. The data from two satellites are processed to
construct the dynamical model of the ambient magnetic field
in the local region near the spacecraft position. This model
should agree well with the observed magnetic field at least at
the positions of these two satellites. However, the model
describes also the magnetic field at the positions of adjacent
satellites even for the very disturbed case of 31 March 2001,
as one can see in Figure 6. Formally, there is no restriction on
the values used in equations (1)—(3) to resolve them, except
the obvious condition of nonsingularity which means that the
satellites should be far enough from one another and from
additional currents introduced in the model. However, there
are some physical reasons for selection of the satellite pair for
the model fitting, since there are qualitative differences
between the directions along and across (perpendicular) to
the magnetic field in the considered region of the magneto-
sphere. As we noted in section 2, the variation of the magnetic
field observed in the region of interest is probably a result of
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the plasma sheet variations. The spatial variations in the
direction perpendicular to the magnetic field have a charac-
teristic scale of ~100 km, which is the scale of proton
gyroradius. Therefore to describe temporal variation of the
selected magnetic field line we should minimize the influence
of regions separated in the perpendicular direction by a larger
distance than this characteristic scale. However, the shape of
magnetic field lines beyond the equatorial region is mainly
controlled by the internal magnetic field of the Earth and the
ring current, the characteristic scale ~1000s km. Therefore
the optimal field-aligned distance between the satellites
should be several hundreds of kilometers. The small separa-
tion of the satellites along the magnetic field line in the case of
18 April 2002 leads to relatively large random fluctuations of
the estimated BWO parameters. In this case, it is possible to
decrease the random fluctuations by averaging over the
values obtained for different satellites, because the small
separation in the direction perpendicular to the magnetic field
line guarantees that all satellites were located on the magnetic
field lines which are projected in the same generation region.

[20] For the two events analyzed it was shown that the
variation in the minimum B position along the field line
qualitatively agrees with the variation in the center of the
chorus source obtained previously from the STAFF VLF
data. Thus, we have confirmed that the chorus source
remains centered near the local B minimum even if the
position of this minimum is shifted rather strongly from the
dipole geomagnetic equator because of magnetic disturban-
ces. These results agree well with predictions of the magne-
tospheric BWO model [Trakhtengerts, 1999; Trakhtengerts
et al., 2004]. Figure 8 presents results of simulations of
nonlinear equations for the magnetospheric BWO [Demekhov
and Trakhtengerts, 2005] with two magnetic field profiles
corresponding to different time intervals of 18 April 2002. The
plots demonstrate that the center of the chorus source region in
the simulations remains near the local minimum of the
geomagnetic field.

CLUSTER Relative Positions, March 31, 2002, 7:10 UT
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Figure 4. (top) Cluster relative positions on 31 March 2001;
(bottom) observed total magnetic field along the satellites
trajectories.
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Figure 5. Same as in Figure 2 but for the event of 31 March 2001.

[21] The estimated BWO length Lgwo changes rather
sharply during the interval of 0705—-0712 UT on 31 March
2001, see Figure 5. Since Lgwo enters the threshold electron
flux Sy, for the BWO instability, it is a crucial parameter
determining the BWO regime. Therefore, variations in Lgwo
should lead to the changes of the BWO generation character-
istics. According to Trakhtengerts et al. [2004], Sy, can be
estimated as

2 2

MeC™Vies  Vie, (s)

Sitr = (NVres )™ — e I2 2
€~ Nsiep Lpwo VY

where N is the number density of the energetic electrons and
WHL — W CWHL(I — w/wHL)3/2
= (6)

Viez =
k” wpc V W/WHL

is the parallel velocity of the resonant electrons. Here wp. ~
5.64 x 10* N2 is the electron plasma frequency, N, is the
cold plasma density (for this event N, =5 cm ), hgiep 1s the

N
o
o
T

7:05 7:10 715
Figure 6. Same as the first panel of Figure 5 but for the
Cluster 3 position.

relative height of the step on the distribution function of
electrons in parallel velocities, and w is the lowest
frequency of the chorus elements. Further we assume for
estimates that chorus is generated by electrons with v, =~
Vrez and that A, ~ 0.1. When deriving equation (5) it was
also assumed that v & V|9, Where vy is the characteristic
parallel velocity of the electron distribution function.

[22] Three time intervals with different values of the Sy,
parameter have been selected, see Figure 9. The average

4000 =
3000 | P -~

T
\
1

/Vﬂlw"/\ﬁ (A

N
V

as
Lo /
a -5\
7:00 7:05 7:10 7:15 uT

Figure 7. (top) Solid line and symbols are the position of
the BWO center (minimum B point) estimated from the
dynamical model of the local magnetic field, short dashed
line is the position of the VLF source from Santolik et al.
[2005], and long dashed lines are the Cluster 1 trajectory.
(bottom) Parallel component of the Poynting vector
normalized by its standard deviation for Cluster 1 [Santolik
et al., 2005].
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Figure 8. Results of simulations of nonlinear equations for the magnetospheric BWO [Demekhov
and Trakhtengerts, 2005] with two magnetic field profiles corresponding to different time intervals of
18 April 2002. (top) The geomagnetic field dependences and (bottom) total Poynting flux in arbitrary
units as a function of time and z coordinate. In Figure 8 bottom, the center of the source region
corresponds to Si,; = 0. Note that the source center does not exactly correspond to the minimum B
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point, but rather forms a small region in the vicinity of this point.

number of chorus elements (at frequencies below w;,/2) and
the average power (amplitude per minute) of chorus, as
observed by the WBD instrument onboard Cluster [Gurnett
et al., 2001] are presented in Table 1 for these time
intervals. One can see that these values are decreasing with
an increase in the threshold flux Sy, The threshold flux
increases to ~30% only, while the chorus occurrence
number falls by a factor ~4. This sensitivity of the chorus

generation on the threshold flux can be explained by
specific regime of discrete elements generation. Kozelov et
al. [2003] presented evidence that the magnetospheric
BWO operates in the so-called “on-off” intermittency
regime. For this regime the average time interval between
the generation peaks should be inversely proportional to the
excess of the generation threshold. Taking into account
this relation and the chorus characteristics from Table 1,

100.00

0.0

UT:7:03 7:06
M?:—2.1? -0.31
MLT(h):22.17 2215

oo

71
. 3.4
2213 221

—_

Figure 9. Cluster 1 observations on 31 March 2001. (top) Power spectrogram of the electric field.

(bottom) Symbols are the estimated threshold flux (cm™

intervals are marked by solid lines A, B, and C.

%5~ 'sr™ 1) for the BWO generation. Three time
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Table 1. Chorus Characteristics in Three Intervals of Cluster 1
Observations®

A B C
Interval (UT) 0705:30— 0709:00— 0711:00—
0708:00 0710:30 0711:48
Average S, 1.1 x 107 1.25 x 107 1.4 x 10
(em s 'srh
Average chorus power 36.4 17 5.6

(mV m ' min")
Average number of 197 141 44
elements per minute

See Figure 9.

it is possible to estimate the flux of resonant particles
This estimates yield S ~ 1.5 x 10" em s 'sr ', This
value agrees well with the integral flux (1.3—2.3) X
10" em~2s"'sr™! of electrons with £ > 30 keV observed
by the Research with Adaptive Particle Imaging Detectors
(RAPID) onboard Cluster during the considered interval.
The energy of resonant electrons should be 30-50 keV,
according to the measured cold plasma density, electron
gyrofrequency and lower frequency of chorus elements.
More detailed analysis of particles flux data will be
addressed in future works.

6. Conclusions

[23] The magnetic field data from the Cluster spacecraft
are matched to a parameterized model of the local magnetic
field, and the spatiotemporal dynamics of the magnetic field
are obtained on this basis.

[24] The derived position of the minimum of the magnetic
field at the magnetic field line passing through the space-
craft position during events of interest was found to vary
substantially. These variations correspond qualitatively to
the motion of the central position of the chorus source
region derived previously from multicomponent measure-
ments [Santolik et al., 2005].

[25] The length and threshold flux (Lgwo, Sir) of the
magnetospheric chorus source according to the BWO model
are estimated during the events of interest. The quantitative
agreement between the data and the model is demonstrated
by correlation of the statistical chorus characteristics with
the deduced BWO parameters.

Appendix A

[26] Here we present a short description of the technique
used for calculation of parameters of the additional currents
from equations (1)—(3). The corresponding vectors are
shown in Figure Al. The point r; (r,) were selected
according to equation (3) as a cross point of line of current
I, (1) and the line y = kx, where k is defined by ratio from
equation (3).

[27] From equation (2) we have three equations for
components of vector b; = 2w AB/ug

Liy(p1: —21)
[llx(ply krlx) _ily(plx_rlx)]z

N bLir(p1- — 22)
(p1z — 22)"+[ize (p1y — kre) — iny(pre — sz)}

blx:
(prz —21)°

I

(A1)
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b — —Lin(p1z — 21)
ly — . 2
(p —21 [llv(ply krlx) _lly(plx_rlx)]
B hir(p1z — 22)
(plz — 22)2+[i2x(p1y - kr2x) - i2y(p1x - er)}z ’ (AZ)
b 1 [ilx(ply —krlr) _i]y(plr rlx)]
1z —
(P12 721 [llx(ply krlx) iy(P1x — le)}
12 [l'Zx (pl}, — ki’zx) - i2y(p1x - sz)]
(plz - 22)2“’[in (ply - erx) - iZy(pl.x - r2x)}2 (A3)

[28] Similar expressions can be written for the compo-
nents of by = 27 AB, /g if replacing p; = (P1x P1w P12) bY
P2 = (P2v, P2v P2:) in equations (A1)—(A3)

by — Ly (p2: — 21)
2x —
(p2: — 1) +[irx(pay — kr1x) — i1y (pax — le)]
n Ly, (p2: — 22)
(p2: — 22)2+[i2x (p2y — ko) — iny(pox — Vzr)} 7 (A4)
Z
ry
T e MRS EeE -
'\‘91 I1
AB;
AB,
‘/F\Jz
Y o s SR
r Iz
> X
Y
r /'/
_______________ e
""""""""" e 14
'\FH //
/
A-B‘I //
— ,/'
--.;rz ST ———
7 I ¢ 5 Tl
y =kX‘/' fABZ
,/'/ P2
,/
‘/
X
p‘hc sz
Figure Al. Schema of vectors used to fit the additional

currents: p; and p, are positions of two Cluster satellites,
AB,; and AB, are deviations of the magnetic field according
to equation (1), r; and r, are points at the line currents
selected according to equation (3) at the line y = kx (dashed-
dotted line), dashed lines are two line currents, and #; and i,
are unit vectors along their directions.
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_ —Li(p2: — 21)
by = 2, 1s . 2
(p2: — z1) "+ [ire (p2y — kr1x) — i1y (P2 — r1x)]
- bir(p2: — 22)
2. ) )
(P2: —22)"+ [lzx (pzy - erx) — iy (pax — er)} (AS5)
1 I:ilx(pZy - krlx) - ily(pr - rlx)}
by = 2T, ) 2
(p2: — z1)"+ [i1e (p2y — krix) — iy (P2 — r1x)]
L (i (pay — ko) — iny(pax — r2x)]
(p2: — 22)*+ [i2s (P2y — ko) — iy (por — Vz)c)}z (A6)

By summing up (Al) and (A2) multiplied by i, and iy, respec-
tively, we have
L (p1z — z1) (i1yoy + inxiny)

(p1z — 1) +[itx (pry — krix) — ip(pre — 1)
(A7)

blxi2x + bliny = 7"

Then, we can express /; as

I =

(Biyine + blyizy){(plz — 1)+ i (p1y — ki) — iy (p1e — le)}z}
1z — ’

(p

21 ) (i]inx + ilxiZy)
(A8)

Another expression for /; can be found in the same way from (A4)
and (AS5)

I =

(baxine + beiZy){(pZz —z1)*+ litx(p2y — krix) — iy (pae — le)}z}

(p2: — 21 (ilyi2x + il.xizy)
(A9)

Equations (A8) and (A9) allow us to exclude /; and obtain
the relation

(plz - 21)2+[i1x(p1y - krlk) B ily(plx B rlx)]z —
(p1z — 21) (baxiax + byyizy)
(2: — 20+ [ie(pay — Krie) = iny(pe — r1e))?

, Al10
(p2z — 21 ) (blxi2x + b1yi2y) ( )
which lead to the quadratic equation for 7,
a i (py — krix) — iy (p1x — rlx)]2+cl =

an [l']x(pzy*kr]x) *ily(pzx*V]x)]zﬁ‘Cz. (All)

Here

ar = [(p1z — 21) (baviz + bayiny )] o= 21)/ (baviay + bayiny),

ay = [(p2: — z1) (braine + blyizy)rl, 2 = (p2: — 21)/ (brviy + biyiny).

[20] The expression for roots of this equation contains
only two unknown variables ij, and i,,, since the pairs
({1x> 11y) and (iay, ip,) are components of units vectors i,
and i,. We selected the root of this quadratic equation
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which corresponded to the smaller distance from the
additional currents to the region of interest.

[30] A similar method was used to obtain expressions for
I, from pairs of equations (A1), (A2), (A4), and (AS). These
expressions lead to a square equation for variable r,,. The
roots of this equation give us the expression for r,, as a
function of variables i, and i,

[31] Substitution of expressions for I, I, r1,, and 7;, to
the right-hand side of equations (A3) and (A6) leads to the
system of two equations for two independent variables i,
and i,,. This system was solved numerically after substi-
tution of the parameter values for each time moment. The
solution yields the i;, and i, values minimizing the
difference between the right-hand and left-hand sides in
equations (A3) and (A6). The quality of the fitting
procedure was additionally tested by analyzing the differ-
ence between the calculated and measured magnetic field
values. Usually this difference was less than 2 nT, as it is
shown in Figures 2 and 5.
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