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Energy of par;cles in discrete aurora 
Energy of plasma sheet and PSBL electrons is typically smaller than for electrons 
producing aurora in the ionosphere. Further energy may come from: 

•  Auroral accelera>on region at al>tudes of  ~1 – 3 RE 
•  During substorms, from magne>c reconnec>on in the tail at NENL (X~20‐30 RE) 
•  From waves, especially from kine>c/iner>al Alfvén waves 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Accelera;on of auroral par;cles by a quasi‐sta;c 
electric field structure (poten;al drop) 

Satellites above auroral arcs 
oQen measure electron energy 
spectra that are referred to as 
“inverted‐V” events. In those, 
the maximum characteris;c 
energy occurs in the center of 
an auroral arc. That has been 
interpreted to be produced by a 
quasi‐sta;c electric field 
structure and an associated 
“parallel poten;al drop”, where 
precipita;ng electrons gain a 
maximum energy of eVII. 

EII

EI

EIEI

e­p+
Electron energy between 1 and 10 keV shown 
by dashed lines. 

U‐shaped poten;al structure 

Electric fields (arrows), constant poten>al contours (red) 
and the upward  field‐aligned current in the auroral 
accelra)on region (Auroral Plasma Physics, 2002). 

CHAPTER 6. MAGNETOSPHERE-IONOSPHERE COUPLING 71

E
E

E

j

N
S

Figure 6.2: Schematic figure of electric fields (arrows), constant potential contours (red)
and the upward field-aligned current in an auroral acceleration region (Auroral Plasma
Physics, 2002).

their initial thermal energies. Satellite observations have provided firm evidence that
this acceleration is achieved by field-aligned electric fields. A theoretical challenge is to
describe how parallel electric fields can arise in a collisionless plasma.

Fig. 6.2 shows a schematic figure of the equipotential contours that may be associated
with the parallel electric field. This is known as the ”U-shaped” potential structure. A
satellite flying within and above the structure will measure a perpendicular convergent
electric field structure. By integrating the electric field along the path, one gets the
potential variation. Since V = −

∫
E · dl we can see from the figure that

∫
E⊥N dl⊥N =

∫
E‖ dl‖ = −V‖ , (6.6)

where V‖ denotes the total potential difference between the ionosphere and the top of
the acceleration region and dl‖ is positive in the upward direction. Several satellite mea-
surements have shown that the measured potential structure agrees with the existence of
a parallel potential drop below the satellite. The proof has come from particle measure-
ments: a satellite above the acceleration region measures upward moving ions, which
have gained the energy eV‖ (and the electron loss cone has widened), and a satellite
below the acceleration region measures downward moving electrons, which have gained
the energy eV‖. Fig. 6.3 shows Viking satellite measurements from such a potential
structure at an altitude of 8000 km and the calculated j‖.
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By integra>ng the electric field along the 
path, one gets the poten>al varia>on. 
Since V =∫ E∙dl we get 

and satellite measurement of electric field 
can yield the parallel poten>al drop VII 
below the satellite. 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Accelera;on of auroral par;cles by a quasi‐sta;c 
electric field structure (poten;al drop) 

Satellite measurements at 
al>tudes of 1‐3 RE (the 
accelera>on region) have 
confirmed the picture by electric 
field, par>cle and magne>c field 
measurements, e.g. Mozer et al. 
(1980), Temerin et al. (1981), 
Weimer (1985), Marklund et al. 
(1997), Carlson et al. (1998), 
Marklund et al. (2001), … 
 
Auroral arcs are associated with 
upward FAC from the arc! 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Upward FAC and VII 

To find the rela>onship between jII and VII we need the kine>c theory (not MHD). 
Kine>c theory u>lizes the par>cle distribu>on func>on f(r, v, t), which is a concept 
of sta>s>cal physics. Knight (1973) and Lemaire and Scherer (1974) derived the 
current carried by magnetospheric electrons, undergoing adiaba>c mo>ons: 

where Bi is the magne>c field at the ionospheric al>tude and Bm is the magne>c 
field in the magnetosphere. The thermal current jth is the current that is carried 
by precipta>ng electrons without any poten>al drop (it is carried by electrons, 
whose pitch angle in the equatorial plane is small enough so that their mirror 
point is down in the ionosphere and hence they are lost in the ionosphere): 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In some cases, a simple relationship between the parallel potential drop and the field-
aligned current density has been found. The theoretical explanation can be found by
studying the electric currents using the kinetic theory (not MHD). Kinetic theory studies
plasma by using the plasma distribution function f(r,v, t), which is a concept of statis-
tical physics. Without going into details of the kinetic theory, we will just give the main
results.

Knight (1973) and Lemaire and Scherer (1974) derived an expression on how the field-
aligned current density is related to the field-aligned potential drop V‖ = −

∫
E‖ dl‖,

produced by the parallel electric field E‖ by using the kinetic theory. They assume
that the plasma in the equatorial plane of the magnetosphere has an isotroopic Maxwell
distribution of velocities.

If all the current is carried by magnetospheric electrons, undergoing adiabatic motions,
then

j‖ = jth
Bi

Bm



1−
(
1− Bm

Bi

)
exp



− eV‖

Eth

(
Bi
Bm
− 1

)







 , (6.7)

where Bi is the magnetic field at the ionospheric altitude and Bm is the magnetic field in
the magnetosphere. The thermal current jth is the current that is carried by preciptating
electrons without any potential drop (it is carried by electrons, whose pitch angle in the
equatorial plane is small enough so that their mirror point is down in the ionosphere and
hence they are lost in the ionosphere) and

jth = en
(

Eth

2πme

) 1
2

, (6.8)

where n is the plasma density in the magnetosphere and the thermal energy of electrons
is Eth = kBTe, where Te is the electron temperature. It can be easily shown (see
e.g. Auroral Plasma Physics) that the above equation gives the current density at the
ionospheric level, since (1) the effect of flux tube mapping from the magnetosphere
to ionosphere and (2) the factor that takes into account the fraction of the isotropic
distribution, which is in the loss cone in the magnetosphere, cancel each other. For a
distant plasma sheet, n is typically 0.05–0.3 cm−3 and Te 0.1–1 keV, which yields jth=
0.01–0.3µA m−2. In the near-Earth plasma sheet, n is 0.3–2 cm−3 and Te 0.5–2 keV,
which yields jth= 0.2–3µA m−2. These values are comparable to Region 1 and 2 current
densities, but the measured current densities above auroral arcs are typically significantly
larger.

Note that the term eV‖ in eq. (6.7) gives the energy gained by electrons in the accel-
eration process. The term Bm/Bi is known as the mirror ratio. Fig 6.4 displays j‖ for
different mirror ratios.

When kBT " eV‖ " Bi
Bm

kBT , one can make a series expansion of (6.7) (left as an
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Knight equa;on 

Figure: The  field‐
aligned current density 
away from the 
ionosphere (upward) as 
a func>on of the 
parallel poten>al drop 
for various values of 
the mirror ra>o Bi/Bm. 
Which part 
corresponds to the 
equa>on above? 

When                                                            , the Knight equa>on can be approximated by 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Figure 6.4: The field-aligned current density away from the ionosphere (upward) as a
function of the parallel potential drop for various values of the mirror ratio Bi/Bm. The
linear regime is clearly visible (Auroral Plasma Physics, 2002).

exercise) and then

j‖ =
ne2

(2πmeEth)
1
2

V‖ = KV‖ , (6.9)

where K is known as the Lyons-Evans-Lundin constant or the field-aligned conductance.
From the same assumptions, one can derive the energy flux and in the limit kBT !
eV‖ ! Bi

Bm
kBT one gets

ε =
ne2

(2πmeEth)
1
2

V 2
‖ = KV 2

‖ . (6.10)

In case of a smaller V‖ and eV‖ ≈ Eth, a more appropriate form of the Knight relation
may be

j‖ = K(V‖ +
Eth

e
) . (6.11)

One can note that inserting an ion thermal energy of the same order than the electron
thermal energy and ion mass in eq. (6.9), the current carried by ions relates to the

current carried by electrons by
√

me/mp = 1/45, so it can be omitted.

The values of K determined have varied considerably, from 10−8 S m−2 to 10−10 S
m−2 or even to 10−11 S m−2. In addition, when the field-aligned conductance has been
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Current system associated with auroral arcs 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Figure 7.3: Schematic figure of the auroral current circuit with negative and positive
potential structures corresponding to convergent and divergent high-altitude electric
fields, respectively (Marklund, 2001).

Auroral arc 
and upward FAC 

So called return current, 
which is directed downward 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Arc current systems in the dusk and dawn oval 

jupjdown

JPed

EN

jdownjup

JPed

ES

NorthSouth NorthSouth

Evening oval Morning oval

cavitycavity arcarc

•  Density cavity and the enhanced ionospheric electric field are not always 
observed 

•  An auroral arc and the upward FAC may be formed also at a convec>on 
reversal boundary. 

•  Opgenoorth et al. (1990), Aikio et al. (1993), Aikio et al. (2002) 

Schema;cs from high‐al;tude satellite 
measurements  

Carlson et al. (1998) 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Accelera;on of auroral par;cles by iner;al 
Alfvén waves 

Figure: Shear Alfven waves are 
transverse MHD plasma waves that 
travel along B. 
 
When the perpendicular scale length of 
the Alfven waves becomes too small, 
the ideal MHD breaks down and the 
waves become dispersive, which means 
that different frequencies travel at 
different veloci>es. This leads to a 
change in the nature of Alfven waves, in 
par>cular a parallel wave electric field is 
introduced. This EII may accelerate 
par>cles. 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Figure 6.10: Shear Alfvén wave propagating along B0. The vectors show Alfvén wave
magnetic and electric field, plasma velocity and the wavevector.

with pressure or mass density fluctuations (see eq. (6.38) and (6.41)). This is the reason
the mode is called the transverse Alfvén mode.

From (6.51) we get (ω/k)2 = V 2
A cos2 θ and thus the dispersion eq. for he transverse

Alfvén wave is

ω = k‖VA , (6.57)

where k‖ is the wavenumber parallel to B0. The propagation velocity is controlled entirely
by the Alfvén speed, which depends on the magnitude of the background magnetic field
and mass density according to eq. (6.46).

Faraday’s law in eq. (6.40) gives us

−iωb = ik× (v ×B0) = i(k ·B0)v − i(k · v)B0 = ±ik‖B0v , (6.58)

since k · v = 0. From now on, the top top sign (+) applies for propagation parallel to
B0 (k ·B0 > 0) and the bottom sign (−) for propagation antiparallel to B0.

By taking into account eq. (6.57), k‖ = ω/VA = ω/(B0/
√

µ0ρm), we find that plasma
velocity and magnetic field perturbation are related as

v = ∓ b
√

µ0ρm
= ∓ b

B0
VA , (6.59)

When using the equation above, the perpendicular electric field is given by

E⊥ = −v ×B0 = ±b×B0√
µ0ρm

= ±VA b× ẑ . (6.60)

Accelera;on of auroral par;cles by iner;al 
Alfvén waves 

FAST satellite measurement of wave 
fields and electrons close to the 
nightside polar cap boundary at an 
al>tude of about 2740 km showing 
evidence of iner>al Alfvén waves 
and F‐A electrons accelerated by 
the waves. Note that electron 
energy range is broad. 

e– energy (eV) 

bEW (nT) 

ENS (mV/m) 

e– p-a (deg) 

Energy flux (erg cm-2s-1) 
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Widths of auroral arcs 716 N. Partamies et al.: Observations of auroral width spectrum

Fig. 7. The arc brightness curves (dashed lines) along the 1 km
cross-section line in the lower right image of Fig. 5 for green, red
and blue colour separately (24 March 2007, at 08:18:48UT). The
solid lines are the corresponding Gaussian fits to the brightness pro-
files. The FWHMs are 1.0 (R), 1.0 (G) and 0.9 km (B).

and similar activity conditions. The widths we are able to
resolve do depend on the spatial resolution of the instrument
– with the same CCD, the resolution decreases with increas-
ing FoV. The prototype arc observations are included in this
study (green histogram) to demonstrate this effect.

5 Summary and conclusions

We have used a new auroral colour imaging instrument called
Dense Array Imaging SYstem (DAISY) to study small-scale
auroral structures. The DAISY imager with the narrowest
FoV (20◦) was designed to have high enough spatial reso-
lution to resolve auroral structures of 1 km scale size. So
far very few observations in that scale size are found in the
literature and no statistical set of observations has been re-
ported. The previous study by Knudsen et al. (2001) brought
up a question whether 1 km wide structures commonly ex-
ist in the aurora and have simply not been observed because
of the inappropriate resolution of the available imagers. Al-
ternatively, these structures are indeed absent because of the
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Fig. 8. Histograms of the scale sizes of the auroral structures. The
black one is from the statistics of Maggs and Davis (1968), the red
bars illustrate the results from this study, and the scale sizes from
the all-sky data by Knudsen et al. (2001) are shown in blue. The
tiny green bars denote the widths from the Dense Array prototype
observations.

mechanisms that produce auroral arc-like structures are not
capable of forming these widths. Our results support the
continuous scale-size spectrum. The median arc width (0.5–
1.5 km) and the observed width range (400m–7.5 km) in this
study are similar to the findings of (Chaston et al., 2003). The
smallest structures found in this study are at the edge of the
measurable range and the sharp cut-off is likely to be affected
by instrumental artifacts.
This study reports the results of the analysis of 500 thin

auroral structures from the DAISY images. The widths of
these structures are estimated by fitting a Gaussian function
to the brightness profile of each and every arc-like structure.
The fitted FWHM value gives an estimate of the thickness
of the thin auroral arc. About 70% of the thin structures
seen in the DAISY images are 0.5–1.5 km wide, and the full
size distribution fills most of the unobserved scale size space
between the previous fine-scale observations by Maggs and
Davis (1968) and the meso-scale statistics by Knudsen et
al. (2001). The size range that is currently least observed
is around a few kilometres. Available observations in this
scale are from DAISY prototype with 60◦. Although they
comprise only a small amount of events compared to the
other data sets, they fit and fill in the region between nar-
row FoV and all-sky observations. Together with the pre-
vious publications, this study shows that the typically ob-
served scale size strongly depends on the spatial resolution
of the available instrumentation – a fact that was already dis-
cussed by Borovsky et al. (1991). In addition, these find-
ings suggest that the auroral scale size spectrum is, indeed,
continuous rather than two separate distributions, which is
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all‐sky image 

Group task 5: How does the 2D all‐sky image map to the sky? 
Make a sketch in the magne>c meridian plane! Which of the 
two boundaries is the more important one for the loca>on of 
the arc? 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Result 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!When the arc is located to the 
north or to the south of the 
magne>c zenith, the width in 
the ASC image is an apparent 
width and only the outer 
boundary from the zenith gives 
an es>mate of the loca>on of 
the arc. 

When the auroral arc (narrow 
in the north‐south direc>on 
and with some ver>cal extent) 
is in the magne;c zenith and 
the camera is directed 
towards the magne>c zenith, 
the true width of the arc can 
be es>mated.  

How to measure true width? 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an es>mate 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of 
the 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the magne;c zenith and 
the camera is 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towards the magne>c zenith, 
the true width of the arc can 
be es>mated. 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Some theore;cal considera;ons related to 
observed widths of auroral arcs 

Electrosta;c coupling between the magnetosphere and the 
ionosphere: 
•  Natural scale length L of electrosta>c mapping between the 

ionosphere and magnetosphere (Weimer, 1985) depends on 
Pedersen conductance ΣP and field‐line conductance K 

 
                               and K is   
                               
 

It has been es>mated that L varies between 100 km (e.g. 
Lysak, 1991) and 340 km (Borovsky, 1993) => large‐scale 
inverted‐V’s could be explained. 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where

L =

√
ΣP

K
(6.21)

is the electrostatic scale length, which is also termed the magnetosphere-ionosphere
coupling scale length. The numeric value of this constant depends on the rather well
know value of ΣP , which for auroral arcs varies typically from 5 to 50 S and the much
less well known value of K, which has been estimated to range from 10−11 S m−2 to
10−8 S m−2. Often quoted value for L is 100 km, which is obtained by using values
ΣP = 10 S and K = 1 · 10−9 S m−2.

From eq. (6.20) we get

V‖k = ∆Φk = Φik − Φmk =
−k2L2

1 + k2L2
Φmk = − k2

k2
0 + k2

Φmk (6.22)

by using expression k0 = 1/L. So, if k ≥ k0 i.e. λ ≤ λ0, a parallel potential drop is
formed and Φi $ Φm. So, short wavelength variations in the magnetospheric potential
don’t map to the ionosphere, but are associated with a parallel potential drop. This cou-
pling scale length thus can define an outer characteristic width of auroral arcs. However,
the number is not fixed. Often it is suggested that this scale length would be associated
with the so called inverted-V arcs, which can have a width of 100 km. However, there
have also been suggestions that 15-40 km wide quiet evening sector arcs may fit to this
scenario.

Experimental verification of this coupling was provided by Weimer (1985). he compared
near-simultaneous measurements of two satellites, DE-1 flying above 4500 km altitude
and DE-2 flying below 900 km. DE-1 showed more structured electric field, especially at
short wavelengths, indicating that short wavelength electric fields had been attenuated
at low altitudes (Fig. 6.6).

6.3 Dynamic coupling

6.3.1 Magnetohydrodynamic waves

Even auroral arcs classified as quiet tend to have some dynamic features: changes in
brightness, structuring, changes in velocity etc. Many of these features are connected
to changes in the current system associated with the arcs. Within the context of MHD,
when currents change, the information about the change propagates along the magnetic
field line at the Alfvén velocity.
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Figure 6.4: The field-aligned current density away from the ionosphere (upward) as a
function of the parallel potential drop for various values of the mirror ratio Bi/Bm. The
linear regime is clearly visible (Auroral Plasma Physics, 2002).

exercise) and then

j‖ =
ne2

(2πmeEth)
1
2

V‖ = KV‖ , (6.9)

where K is known as the Lyons-Evans-Lundin constant or the field-aligned conductance.
From the same assumptions, one can derive the energy flux and in the limit kBT !
eV‖ ! Bi

Bm
kBT one gets

ε =
ne2

(2πmeEth)
1
2

V 2
‖ = KV 2

‖ . (6.10)

In case of a smaller V‖ and eV‖ ≈ Eth, a more appropriate form of the Knight relation
may be

j‖ = K(V‖ +
Eth

e
) . (6.11)

One can note that inserting an ion thermal energy of the same order than the electron
thermal energy and ion mass in eq. (6.9), the current carried by ions relates to the

current carried by electrons by
√

me/mp = 1/45, so it can be omitted.

The values of K determined have varied considerably, from 10−8 S m−2 to 10−10 S
m−2 or even to 10−11 S m−2. In addition, when the field-aligned conductance has been

Some theore;cal considera;ons related to 
observed widths of auroral arcs 

The parallel electric field in iner;al Alfvén wave is given by: 
 
 
 
 
 
where λe is the electron skin depth and kII and k  are parallel 
and perpendicular wavenumbers. Typically λek  ~1. EII can be  
1 mV/m over wavelengths of more than 1000 km. The 
poten>al drop in the wavefront of the iner>al Alfvén wave can 
be of the order of kilovolts, though more typically hundreds of 
eV. Typical widths are ~1 km. 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which is larger than for shear Alfvén waves (cf. eq. (6.61)) and the parallel electric field
of the wave is given by

E‖

E⊥
=

k‖k⊥λ2
e

1 + k2
⊥λ2

e

. (6.92)

This parallel electric field accelerates the cold electrons to carry the field-aligned current.

The FAST satellite observations indicate that typically k⊥λe ∼ 1. The magnitude
of E‖ can be 1 mV/m over wavelengths of more than 1000 km. Consequently the
potential drop in the wavefront of the inertial Alfvén wave can be of the order of kilovolts,
though more typically hundreds of eV. A cool electron can be picked up by the wave
and accelerated by the wave parallel electric field towards the ionosphere. Fig. 6.15
shows an example of FAST data, which shows correlation of wave Poynting flux and
the downgoing (pitch angle 0◦, second panel from bottom) electron beam energy. The
two top panels show the perpendicular electric and magnetic fields of the wave, third
panel the energy flux, fourth panel the pitch angle distribution and the bottom panel the
Poynting flux multiplied by 5 (red curve) and the energy flux of the electron beams (black
curve). Correlation suggest that inertial Alfvén waves have accelerated the electrons.
The energies of electrons reach as high values as 10 keV. The fluxes would correspond
to a width of about 1 km in the ionosphere.
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Some theore;cal considera;ons related to 
observed widths of auroral arcs 

Velocity shears  (plasma 
vor>city given by    x v) can act 
as a MHD generator and drive 
F‐A currents. Borovsky (1993) 
es>mated that typical shear 
widths in in the low‐la>tude 
boundary layer (LLBL) give 
widths of ~130 km and in the 
plasma sheet 3 – 50 km. 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come for a full analysis are the following. First, a self- 
consistent picture of how the electric fields, charge densities, 
electron current patterns, and ion orbits interact is needed. 
Second, whereas the convective transport of charge by the 
lower-hybrid waves has been discussed, the effects of dif- 
fusive spreading of charge by the lower-hybrid turbulence 
are yet to be determined. Third, how the modified two- 
stream instability taps a relative drift between guiding cen- 
ters to drive waves needs to be investigated, particularly the 
finite-Larmor-radius relative drift in a narrow region of space 
where Ea. •: 0. Fourth, the power delivered to the region 
to drive the lower-hybrid waves must be balanced with the 
power leaving the region owing to wave propagation in order 
to obtain estimates of the lower-hybrid wave levels. Perti- 
nent to the third and fourth issues, the wave amplitudes have 
been estimated [Smith, 1986a, 1986b, 1987] by using the 
theory and computer simulations of McBride ½! al. [1972], 
which are only valid for unmagnetized ions driving waves as 
an initial-value problem in an infinite homogeneous plasma. 
This is, unfortunately, unacceptable: a credible treatment 
of the lower-hybrid-wave driving in the arc must deal with 
magnetized ions, it must account for the finite spatial extent 
of the driving region, and it must be treated as a boundary- 
value problem. Finally, how the model would apply to low- 
density (~1 cm -3) auroral plasmas needs to be considered, 
since the small-scale plasma-density enhancements that were 
discussed by Benson and Calvert [1979] are not typical of 
th6 auroral-zone density cavity either at low altitudes [Ben- 
son, 1985; R. Benson, private communication, 1991] or at 
high atltitudes [Bahnsen et al., 1989]. Because the thick- 
ness of an auroral arc in this model depends so strongly on 
the parameters of the lower-hybrid-wave turbulence (satu- 
ration amplitudes and particle heating rates), and because 
these parameters are as yet completely uncertain, no arc- 
thickness prediction can be made with this model. This is 
reflected in Table 1. 

lated to the strengths of the velocity shears from which the 
currents originate. This is because the polarization charge 
density rtq which drives the current is linearly proportional 
to the strength of the velocity shear •7 x v, as can be seen 
by combining w = V x v, v = (c/B2)E x B, and V . E = 
4•rnq, which yields w = (4•rnq/c)B. Ira broad region of weak 
shear drives the Region-I auroral current (with the inverted- 
V spatial scale), then narrow zones of strong shear within 
the broad-shear region may drive auroral arcs within the 
Region-I current system (see Figure 8). In the low-latitude 
boundary layer, strong-shear zones can be seen in the satel- 
lite data (e.g., Figure 2 of Eastman and Hones [1979]). 
Eastman et al. [1976] indicate that these shear zones in 
the low-latitude boundary layer are about 1000 km wide, 
which is about 7 ion gyroradii for a 400 km/s proton. Tak- 
ing the magnetospheric width of an auroral arc to be the 
width of one of these zones 

Wraag = Wahear (50) 

yields Wm•g - 1000 km. For the mapping to the ionosphere, 
the magnetic induction in the low-latitude boundary layer 
is taken to be B - 3 x 10 -4 G (from Figure 2 of Eastman 
and Hones [1979]), so the magnetic-induction ratio that 
goes into expression (2) is Bmag/Bion = 5.3 x 10 -4. Usi•lg 
the field-line tracing laid out in Plate 4 of Kaufma•,•tt et 
al. [1990] for the magnetopause 10 Rs downstrean• [¾om 
the Earth yields œm•g/œion ~ 250, where these magnetic- 
field lines map to the dayside auroral zone (cleft region). 
Note that the mapping of the magnetopause is difficult to 
discern in Plate 4 of Kaufmann ½t al. and so the value of 
œm•g/œion has a large uncertainty associated with it. Using 
these values of Bmag/Bion and œmag/œion in expression (2) 
yields Wion -- Wm•g/76 - 130 km. This value is entered into 
Table 1. 

4. GENERATOR MECHANISMS 

In this section 10 mechanisms that can supply electrical 
power (current and voltage) to auroral-arc magnetic-field 
lines are investigated and an auroral-arc thickness value is 
obtained for each mechanism. These values are compiled 
into Table 1. The 10 generator mechanisms are thought 
to operate in various locations in the magnetosphere and 
ionosphere, and so the mappings of these mechanisms to the 
ionosphere will be more involved than were the mappings of 
the accelerator mechanisms of section 3, which all had the 
same location. 

d.1. Shear in the Low-Latitude Boundary Layer 
The inertia associated with a plasma flow across a mag- 

netic field can act as an MHD generator, driving electrical 
currents from regions where there is a shear in the cross- 
field velocity [Schmidt, 1960; Rosa, 1961; Borovsky, 1987a]. 
There is some belief that the Earth's low-latitude bound- 
ary layer maps to the auroral zone and that sheared flows 
in the low-latitude boundary layer drive auroral currents 
[Eastman et al., 1976; Sonnerup, 1980; Bythrow et al., 
1981; Heikkila, 1984; Lundin and Evans, 1985; Lotko et 
al., 1987; Phan et al., 1989; Siscoe et al., 1991; Lundin 
et al., 1991]. For inertial flows of plasma across magnetic 
fields, the magnitudes of the current densities driven are re- 

d• 
dx• 

Zones of Strong Shear 

Zones of 

Strong Shear 

Fig. 8. A sketch of a broad region of velocity shear with two 
zones of more-intense sheax within (see section 4.1). 

Some theore;cal considera;ons related to 
observed widths of auroral arcs 

Pressure gradients in the plasma sheet may be associated with FAC: 
CHAPTER 5. PLASMA CONVECTION AND MAGNETOSPHERIC CURRENTS 66

Figure 5.15: Example of contours of constant plasma pressure (red) and flux tube
volume (blue) in the equatorial plane, which give rise to a field-aligned current to the
ionosphere (Auroral Plasma Physics, 2002).

Current conservation ∇ · j‖ = −∇ · j⊥ gives

∇ · j‖ = −∇ · j⊥ = −∇ ·
[
B×∇p

B2

]

. (5.64)

It can be shown (Vasyliunas, 1970; Heinemann and Pontius, 1990) that this equation
yields

/ion

eq

j‖
B

= −Beq

B2
eq

· ∇peq ×∇V , (5.65)

the so called Vasyliunas equation. Here V is the differential flux tube volume (i.e. the
volume of a magnetic flux tube of unit magnetic flux). This volume is given by

V =
∫ ion

eq

ds

B
, (5.66)

where the integral is extended along a magnetic field line from the equatorial plane to
the ionosphere. If, for simplicity, we assume that j‖ vanishes in the equatorial plane,
eq. (5.65) gives the parallel current density in the ionosphere. This approach doesn’t
imply any generation mechanism, it just addresses diversion from the perpendicular to
the parallel current.

For the current to be diverted accordig to eq. (5.65), it is necessary that contours of
constant pressure p and constant flux tube volume V in the equatorial plane are not
aligned with each other. Thus e.g. reduction of plasma pressure in the equatorial plane
(or change in flux tube volume) may lead to a field-aligned current (Fig. 5.15).

If the pressure gradient term in eq. (5.62) is small, the first term, the inertial term may
dominate. In this case, the perpendicular current reduces to

j⊥ = −ρm

B2

dv

dt
×B . (5.67)
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Figure 5.15: Example of contours of constant plasma pressure (red) and flux tube
volume (blue) in the equatorial plane, which give rise to a field-aligned current to the
ionosphere (Auroral Plasma Physics, 2002).
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the so called Vasyliunas equation. Here V is the differential flux tube volume (i.e. the
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eq
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B
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where the integral is extended along a magnetic field line from the equatorial plane to
the ionosphere. If, for simplicity, we assume that j‖ vanishes in the equatorial plane,
eq. (5.65) gives the parallel current density in the ionosphere. This approach doesn’t
imply any generation mechanism, it just addresses diversion from the perpendicular to
the parallel current.

For the current to be diverted accordig to eq. (5.65), it is necessary that contours of
constant pressure p and constant flux tube volume V in the equatorial plane are not
aligned with each other. Thus e.g. reduction of plasma pressure in the equatorial plane
(or change in flux tube volume) may lead to a field-aligned current (Fig. 5.15).

If the pressure gradient term in eq. (5.62) is small, the first term, the inertial term may
dominate. In this case, the perpendicular current reduces to

j⊥ = −ρm

B2

dv

dt
×B . (5.67)

Borovsky (1993) es>mated that for 4 keV ions in the plasma 
sheet (X= ‐12 Re) the minimum pressure gradient width 
(corresponding to ion gyroradius) would map to a value of ~3 km 
in the ionosphere. 



9.12.2011 

11 

Some theore;cal considera;ons related to 
observed widths of auroral arcs 

Conclusion: Several mechanisms produce auroral arcs 
with widths above 1 km, but small‐scale (< 1 km) widths 
are difficult to explain! 

Summary 
Ground‐based op>cal observa>ons show that mul>ple scale structures are 
oren observed in aurora. 
 

To explain those, probably several different genera>on and accelera>on 
mechanisms are needed.  
 

At the moment, we don’t know the process to produce auroral arcs => 
Key challenge for magnetosphere‐ionosphere coupling studies. 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