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Abstract. Here and in the companion paper, Marghitu Keywords. Magnetospheric physics (Auroral phenomena;
et al. (2006), we investigate plausible auroral generator reMagnetosphere-ionosphere interactions; Magnetotail bound-
gions in the nightside auroral magnetosphere. In this arary layers)

ticle we use magnetically conjugate data from the Clus-
ter and the FAST satellites during a 3.5-h long event from
19-20 September 2001. Cluster is in the Southern Hemi-1
sphere close to apogee, where it probes the plasma sheet and

lobe at an altitude of about 18:. FAST is below the accel-  pyring the expansion phase of a substorm, large amounts of
eration region at approximately Okg. Searching for clear  plasma are convected towards the Earth as the geomagnetic
signatures of negative power densiti&s,J <0, in the Clus-  fije|d returns to a more dipolar configuration. Bursty bulk
ter data we can identify three concentrated generator regiongows with speeds larger than 400 kshhave been observed
(CGRs) during our event. From the magnetically conjugatejn, the central plasma sheerigelopoulos et a].1992. As
FAST data we see that the observed generator regions in th@ye flow reaches the inner boundary of the plasma sheet, the
Cluster data correlate with auroral precipitation. The down-flyy is diverted and slowed down, and the plasma starts to
ward Poynting flux observed by Cluster, as well as the scalg|ow towards local dawn and dusk. This can result in strongly
size of the CGRs, are consistent with the electron energy fluxheared plasma flows and sharp density gradients. In gen-
and the size of the inverted-V regions observed by FAST. Togrator regions, the free energy associated with such plasma
our knowledge, these are the fifstsitu observations of the = fiows and pressure gradients can be converted into electro-
crossing of an auroral generator region. The main contribumagnetic energy, which is transported from the generator re-
tion to E-J <0 comes from the GSE, J,. The electric field  gion as a Poynting flux toward the two main load regions
E, is weakly negative during most of our entire event and weyhere energy is dissipated. These load regions are charac-
conclude that the CGRs occur when the duskward cutfent  terized by a positive value of the scalar product between the
grows large and positive. We find that our observations ares|ectric field and the current densitl J, and they can be
consistent with a local southward expansion of the plasmayymmarized as: 1) horizontal currents in the upper atmo-
sheet and/or rather complicated, 3-D wavy structures propasphere/ionosphere, and 2) the acceleration region where par-
gating over the Cluster satellites. We find that the plasma isyjje| electric fields,E|, accelerate electrons along the mag-
working against the magnetic field, and that kinetic energynetic field. Some of the Poynting flux can also be reflected
is being converted into electromagnetic energy. Some of th)ack toward the generator region in the magnetosphere.

Introduction

energy is transported away as Poynting flux. A standard picture of the auroral current circuit is schemat-
ically sketched in Fig.1, indicating the magnetosphere-

Correspondence tavl. Hamrin ionosphere coupling. The circuit is powered by a genera-

(hamrin@space.umu.se) tor region characterized by a negative valueloff. Early
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638 M. Hamrin et al.: Concentrated generator regions

Tsyganenko 9 regions in the Earth’s magnetosphere only by field line map-
: ping from the auroral ionosphere to a magnetospheric source
is not sufficient. There is obviously a need forsitu obser-

E.J<O# vations that can identify generator regions in the magneto-

\ “ # schematic sphere.
- I plasma
=t flow

_ o A moderately strong aurora corresponds to an electron
' # energy flux of about 10 mWn? in the auroral ionosphere.
’ According to the discussion in Marghitu et al. (2006), this
FAST e #'clusler corresponds to a power density in the generator region of
107 183w/md <|E-J|<10712W/md. For typical values of
the electric field and the current density near the tail mid-
plane, 1mym and 1 nA'm?, this is close to the limits of

aurora

Fig. 1. A schematic sketch of the auroral current circuit. The

generator regionk- J <0) in the magnetosphere powers the loads . .
(E-J>0) in the acceleration region and the auroral ionosphere. jpaceuracy of the Cluster instruments. Accurate estimates of

this article we analyze conjugate data from the Cluster fleet and théhe power density are hence difficult to Ot_)tam’ bUt_ the sign

FAST spacecraft when Cluster is in the magnetosphere at an altitud@nd the general trends & J should be easier to estimate.

of about 18 Earth radii and FAST passes below the auroral acceler- In this article we investigate possible generator regions

ation region at an altitude of about 0.6 Earth radii. Both Cluster andin the magnetosphere by direct observations. The Cluster

FAST are in the Southern Hemisphere during our event (22:00 UTmission is in many respects suitable for studies of the gen-

on 19 September to 01:30, on 20 September 2001). erator region. For example, the full current density vector

J=VxB/ugcan be derived from the simultaneous magnetic
field measurements from the four spacecraft. According to

studies of the generator region and its coupling to the iono-asic electrodynamics, the signBfJ can be used to distin-

sphere were done bfostom (1979 and Rostoker and  guish between loads and generators, and we identify possible

Bostr'c')m(197©, who discussed the basic concept of an MHD generator regions by searching for signaturesaf <0 in

generator. Since the 70's, further investigations of the genthe data. In this article we present data from the Cluster satel-

erator region have been conducted. The development withifites for a 3.5-h long event during 19—20 September 2001,

this area has been reviewed (elgsak 1990 Vogt, 2002  when the satellites are in the Southern Hemisphere probing

Paschmann et aR003. the plasma sheet and the lobe. To verify that the Cluster data
An interesting question concerns whether the generator igorrelates with auroral precipitation, we study magnetic con-

confined to the equatorial region or extends to non-equatorigjugate, low-altitude electron data from the FAST satellite. It

latitudes. Large-scale MHD simulationBifn et al, 1999  should be noted that accelerated auroral electrons and the

suggest that although strong plasma flows mainly exist in thehigh altitude magnetospheric generator need not be located

equatorial plane, the magnetic shear or twist is generated preosn exactly the same field line. The location of the aurora

dominantly outside of this flow region, above and below the with respect to the generator, depends on, for example, how

equatorial plane. Since these magnetic disturbances signifgnd where the current circuit is closed. However, such a dis-

field-aligned currents, it seems plausible that generator sigcussion is outside the scope of this article.

natures can be found outside the equatorial plane. Several An additional generator region is discussed in detail in our

regions has been suggested as possible hosts for the gengompanion paper, Marghitu et al. (2006), referred throughout

ator in the middle or outer magnetosphere, for example, then this article as MO6.

low-latitude boundary layer, the plasma sheet and the plasma

sheet boundary layer. The generator have also been sug-

gested to exist closely above the acceleration region (Jan2 Data processing/methods

hunen, 2000) Borovsky (1993 discussed 10 different gen-

erator mechanisms and their location in the Earth’s magnetoin this article we investigate magnetically conjugate data

sphere. (from 22:00 UT, 19 September, to 01:30 UT, 20 September
Attempts have been made to determine the location of the2001) from the Cluster fleet and the FAST satellite in the

generator by field line mapping between the auroral iono-nightside auroral region in the Southern Hemisphere. The

sphere and the outer magnetosphere (see, Leiget al, spacecraft instrumentation and data processing/methods used

2000. Such a method is of course limited by the accuracy ofare briefly summarized in this section. However, a more de-

the magnetic field model, but a more fundamental problem igailed discussion of these items can be found in M06.

that it assumes the currents and the associated Poynting flux Cluster crosses auroral field lines @23:00 MLT, well

to be strictly field-aligned. However, mechanical forces, suchabove the acceleration region at an altitude of abouR 48

as shear flows and pressure gradients, can cause the curreamid FAST is below the acceleration region at approximately

to flow significant distances perpendicular to the unperturbed.6 Rg. Due to FAST'’s short orbiting period~130 min)

field lines. Hence, the identification of possible generatorand the favourable orientation of the orbital planes of the

Ann. Geophys., 24, 63849 2006 www.ann-geophys.net/24/637/2006/
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satellites, there are two close magnetic field conjunctions -, | P § ) i

between FAST and Cluster during our event. The conjunc- " lonospheric projection — Eccentric dipole
tions between the satellites occur at 22:23 UT (19 Septembel e | | i
2001) and 00:29 UT (20 September 2001). ~ ~~~~° R, F ‘ 113

In Fig. 2 the trajectories of Cluster S/C 1 (green) and g

. . 7 . —a0e I
the Fast satellite (red), mapped to an altitude of 110km are - o | !
shown. Since the ionospheric footprints of the satellites \/\/ / /
are located above Antarctica, conjugate ground-based dati- . _ VRN —70e ) J
’

|
|
:
(magnetic, radar or optical) are not available. Similarly, there |
are no optical data from the IMAGE or Polar satellites. | N
|
|
L
|
|

We see that the footprints meet practically head on. Clus-

ter moves toward dusk at almost constant latitudes, while Q/Q/ T R !
FAST moves equatorward toward midnight. For the map- . A S Mwo00:20 . o
ping, the Tsyganenko T96 model has been used with the ap: T N22:23 R

propriate conditions for our event. For the first conjunction
the ionospheric footprints of Cluster S/C 1 and FAST are ap- : -
proximately at the same latitude, and separated by less that \
30 minin MLT (i.e. 7.5 or about 250 km). When mapped to :
the Cluster altitude, this difference in azimuth corresponds ~~~--*---
to 1-2Rg (see Fig. 12 in M06). The second conjunction is 0

almost perfect and at 00:29 UT the ionospheric footprints are_ ] ) ) )
almost on top of each other. Fig. 2. Trajectories mapped to the ionosphere (110km altitude)

of Cluster S/C 1 (red) and the FAST satellite (green) for the two
However, during our event Cluster is at high altitudes andconjunctions at 22:23 UT (19 September 2001) and 00:29 UT
close to apogee. This makes the field line mapping sensit20 September 2001). Every 2 min a green square is plotted to indi-
tive to magnetic field variations. One should note that thecate the FAST location. The T96 magnetic field model is used for
T96 model does not include contributions from the magne-the mapping.
totail motion, such as observed at the Cluster altitude during
this event. In Sect. 3 we will see that the Cluster spacecraft
is brought in and out of the plasma sheet by the motion of2.1 Cluster data
the magnetotail. However, since our event corresponds to a
rather low magnetospheric activitk(,=1), we believe that  The Cluster missionEscoubet et 311997, 2007) is in many
the magnetic field variations are small enough to make theespects suitable for studies of the generator region. For ex-
mapping satisfactory. Moreover, in Sect. 3 we will see thatample, using the curlometer method the full current density
similar signatures in the particle data from both Cluster andvector J=V x B/uo can be derived from the simultaneous
FAST can also be used to support the mapping. Hence, wenagnetic field measurements on the four spacedgafiogh
believe that the ionospheric footprints of FAST and Clusteret al, 2001). As a quality indicator for the estimated current,
are very close in the ionosphere for both conjunctions, evenhe quantityV-B|/|V x B| can be used. In theory, this quan-
though they need not be located on exactly the same fieldity should be identically zero, but in practice it can vary sub-
line. On the other hand, as stated in the Introduction, westantially Paschmann and Dal998 Dunlop et al, 2002
cannot assume that the generator and the accelerated aurotile to, for example, small-scale variations in the magnetic
electrons are located on the same field line. Therefore, afield and measurement errors. It should be noted that a one-
exact conjunction between the satellites is not needed. to-one correspondence between the valuéVoB|/|V x B|
As shown bySlavin et al.(2003 a small substorm started and the actual error in the estimated current density is not
at 20:39 UT on 19 September 2001, with the recovery phas€xpected.
initiated at 22:15 UT. It should be noted that the magneto- The quality of the curlometer current estimate is rather
spheric activity is low during the entire 3.5-h long event, with sensitive to the size and shape of the Cluster tetrahedron.
a kK, index of about 1. This suggests that it is reasonable toCurrent structures smaller than the size of the tetrahedron
assume that the position of the generator region and the awcannot be resolved. In our event, the characteristic size of
roral flux-tubes are rather stationary, at least during the timethe tetrahedron of~1500 km covers a few proton gyroradii
it takes for the electrons to move between Cluster and FASTthe characteristic proton temperaturelé keV). Moreover,
(~10-20s). Hence, we can infer that Cluster and FAST ob-during our event the tetrahedron shape is close to equilateral
serve almost the same auroral flux-tubes, although the disfthe planarity and the elongation are never larger than about
tance along the magnetic field line between the satellites i9).1 — seePaschmann and Dalj1998 for a more thorough
large. discussion of the planarity and the elongation). Hence, we

www.ann-geophys.net/24/637/2006/ Ann. Geophys., 24, 6832006



640 M. Hamrin et al.: Concentrated generator regions

conclude that both the size and the shape of the Cluster tetr&2001). During the event presented in this study, FAST was in
hedron are rather optimal during our event. Slow Survey mode, implying a time resolution of 2.5s.

Note that since the curlometer method cannot resolve spa-
tial variations in the current density smaller than the tetrahe2-3 Frame of reference and coordinate system
dron characteristic size, all Cluster data in this article have
been smoothed to remove the rapid fluctuations smaller thas discussed in MO6 it is appropriate to calcul#te/ in the

24 s (roughly the time it takes for the plasma to flow acrossGSE System which is fixed with respect to the Earth, only
the Cluster tetrahedron). showing a yearly rotation relative to an inertial system. At

least as long as the auroral current circuit is rather stable,
i.e., as long as the magnetosphere is not too much disturbed

can be obtained from three different instruments on boardNOte that thek, index is low, K ,=1, during our event), the
Cluster. The Electric Fields and Waves experiment (EFwW)CSE system should be a suitable choice. _
(Gustafsson et al1997 2007 and the Electron Drift Instru- To separate magnetic f'leld-allgned.and perpendicular cur-
ment (EDI) Paschmann et aR00J) are designed to measure rents, a_magnetlc field-aligned coordinate system (MA_G) is
the electric field directly. In addition, the electric field can be @PPropriate. The MAG system has one of its axes aligned
computed from the drift of low energy plasma ions as de-W'th the mqgnetlc field at the centc_er (_)f the Cluster tetrahe-
tected by the Cluster lon Spectrometer (CIBpife et al. dron, i.e., itis parallel to the magnetic field averaged between

2007, on the assumption that thEx B drift is dominant. all four satellites. To make the MAG system as close as pos-

The CIS experiment consist of a mass and energy ion speciPle 0 the GSE system, we choose the MaAGxis to be

trometer CODIF (Composition Distribution Function) and a anti-parallel to the magnetic field and the MAGaxis to
energy ion spectrometer HIA (Hot lon Analyser). Data from be perpendicular both to the magnetic field and the negative

both CODIF and HIA are used in this article. of the average Cluster spacecraft speeds. The MASs
ompletes the right-handed coordinate system.

Estimates of the power density-J also depend on the
quality of the electric measurements. The electric fidd,

As discussed in M06 the electric field measurements are
particularly difficult in the vicinity of the tail midplane. Dur-
ing our event, the electric field is rather weak and close to
the instruments’ sensitivity limits of CIS and EFW. Since the
magnitude of the magnetic field is too small, the EDI instru- .

. . 3.1 Cluster observations
ment, which measures the drift of a weak test electron beam,
does not operate. Moreover, we cannot obtain the full elec,

tric field vector f the EFW inst t since th i Between 19 September, 22:00 UT, and 20 September,
ric field vectorirom the Instrument, Since the magnetic 5, .5 UT, Cluster is close to apogee and crosses auroral
field vector is generally too close to the Cluster spin plane

. field lines well above the acceleration region at an altitude of

that coptam; the EFW probes. o _about 18Rg. Hence observations from Cluster can be used

In this article we use the electric field from both CISlln— to probe possible generator regions in the auroral magneto-
struments (CODIF and HIA) and from EFW, for analyzing gphere. To see if the generator signatures observed at Cluster
possible generator regions. By comparing the data from thesgye connected to auroral activities in the auroral ionosphere,
instruments and using the complementarity of the data setSye examine electron data from the conjugate FAST satel-
we can achieve a better characterization of the electric field.jite \yhich is below the acceleration region at approximately

Due to the lack of the full electric field vector from EFW, 0.6Rp.
we have to r6|y on the CIS/CODIF and HIA instruments for Overview p|0ts of the Cluster data are presented in 3:|g
obtaining the power densitif-J. Since the curlometer cur- - pyring our 3.5-h long event on 19-20 September 2001, there
rent density is expressed as an average value within the Clugre two close conjunctions between the FAST satellite and
ter tetrahedron, the electric field should also be averaged ovahe Cluster fleet. The conjunctions are indicated in Big.

the tetrahedron volume before calculatifg/. However,  py vertical magenta lines. FAST summary plots for the two
since there is no active CODIF experiment on satellite 2,conjunctions are given in Fig.
only S/C 1, 3, and 4 are included in the electric field av- Tpe top panel of Fig3 shows the proton energy spectro-
erage. Moreover, the HIA instrument is operating only on gram obtained by the CIS/CODIF instrument on S/C 1. We
SIC 1 and S/C 3. Therefore, the average of the HIA electricsge that the satellite is in the southern lobe and enters the
field is based on measurements from just these two satellitesmasma sheet at about 22:15 UT. This is consistent with the
increase in the proton density, and the parallel and the per-
2.2 FAST data pendicular proton temperatures, as well as the change in the
plasma flow velocity displayed in Fig8b and c. A few hours
In this article we use FAST electron data from the Elec- later, around 02:35 UT (not shown in Fig), the spacecraft
tron Electrostatic Analyzer (EESA), giving distribution func- leave the plasma sheet and return back to the southern lobe
tions covering the complete pitch-angle ranGarlson etal.  again.

3 Observations

Ann. Geophys., 24, 63849 2006 www.ann-geophys.net/24/637/2006/
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Fig. 3. Cluster data for 19—-20 September 2001. All data are smoothed so that variations faster than 24 s are (ajro@dIF proton

energy spectrograms from S/C(b) proton density (black), parallel (red) and perpendicular (magenta) proton temperature from CODIF on
S/C 1;(c) CODIF plasma flow velocity in GSE from S/C {d) magnetic field in GSE from the FGM experiment on S/Q€);,MAG «,

B, andy components of the curlometer current dens{fy;normalized divergence of the magnetic field) CODIF electric field in MAG

average over S/C 1, 3, and ¢h) field-aligned Poynting flux (black) and power density (red) averaged over S/C 1, 3, and 4 (the CODIF
electric field is used); (d) cumulative sum of the power density from the previous panel. The concentrated generator regions CGR1-CGR3
(indicated with yellow bands) appear when there are clear dips in the power density in panel (h) and hence sharp gradients in the cumulative
sums in panel (i). The conjunctions with the FAST satellite are shown with the vertical magenta lines.

www.ann-geophys.net/24/637/2006/ Ann. Geophys., 24, 683-2006



642 M. Hamrin et al.: Concentrated generator regions

The magnetic field from the FGM instrument on Cluster is slightly positive during the latter part. However, since
S/C 1 is presented in panel (d) of FR).Except for the short  the slope of the cumulative sum is rather weak outside the
time period around 23:00 UT, the magnetic field is mainly CGRs, the corresponding power density is only slightly dif-
directed along the negative GSEdirection, i.e. tail-ward.  ferent from zero. A more extensive investigation is needed
This is consistent with Cluster being in the Southern Hemi-to determine whether this weak slope can be interpreted as
sphere. Figur@e contains the current density calculated by an extended generator region, or if it presents just artefacts
the curlometer method from the magnetic field obtained oncaused by instrumental errors and random fluctuations. How-
all four s/c and expressed in the magnetic field-aligned co-ever, this is out of the scope of this article.

ordinate system MAG (see Se&.3 for a definition of the Figure4 gives a more detailed view on the cumulative sum
MAG system). For our event the MAG coordinates g, y) of the power density. The thick red curve is identical with the
are closely aligned with the GSE coordinatesy, z). one plotted in Fig3i. The thin solid and dashed red lines cor-

In Fig. 3f the divergence of the magnetic field; B, nor- respond to the contribution dfg Jg andE,, J,,, respectively,
malized toVx B is plotted. This quantity can be used as to the total cumulative sumE,-J,. From these curves
a quality estimate for the curlometer current in the previouswe note that the main contribution to the negative slope in
panel. During large parts of our 3.5-h long event, we seeE, -J; comes from the8 components of the electric field
that |V-B|/|Vx B| is clearly below 50%, although it rises and the current density.
above 100% at some points. Hence, the estimated current In addition to the CIS/CODIF instrument there is also the
density may not be very accurate at these points. HoweverCIS/HIA instrument on S/C 1 and 3. Using the HIA electric
for the specific time intervals of interest (indicated with yel- field averaged over S/C 1 and 3 we can calculate the cor-
low bands in Fig3), [V-B|/|V x B| small. respondingE, -J1, EgJg andE. J;, shown as the blue lines

In panel (g) of Fig.3 the electric field (averaged over (thick line, solid line, and dashed line, respectively) in Big.
S/C 1, 3, and 4) from the CODIF instrument is shown in  There are also electric field measurements from the EFW
MAG coordinates. In the next panel the Poynting flux along instrument on board all four Cluster spacecraft. As discussed
the background magnetic field (black) is given, together within Sect.2, the EFW instrument cannot obtain the full electric
the power density, i.e. the scalar product of the averagdield vector. However, we can easily obtain an EFW electric
CODIF electric field from panel (g) and the curlometer cur- field component which is almost parallel to the MASdi-
rent density from panel (e). Only contributions from the per- rection. The green solid line in Fig.corresponds t&gJp
pendicular components of the electric field and the currentcalculated from the EFW component of the electric field.
density, E; and J., are included in the calculation, since However, only the EFW electric fields from S/C 1, 3, and 4
the parallel electric field component is presumably negligi- are included in the averages, to make the averaging proce-
ble. Moreover, the Poynting flux is averaged over S/C 1, 3,dure the same for EFW and CIS/CODIF.
and 4. From Fig.4 we see that CODIF and EFW agree well on the

In Fig. 3h we see three clear regions where the power dengeneral trends (the green and solid red curves closely follow
sity drops to negative values. These regions can be identifiedach other) in the power density and they both show sharp
as Concentrated Generator Regions (CGRs). The CGRs @fegative gradients for all CGRs. The HIA instrument shows
our event are marked in Fi@ with vertical yellow bands. a similar behaviour, although it does not observe CGR2.
We note that the absolute value of the power density in all ofComparing the corresponding thin curves and dashed lines,
our CGRs is about 1-50~12W/m®, which is of the magni-  we note that most instruments also agree onApé; com-
tude estimated in Secl. ponent, constituting the dominant negative contribution dur-

In Fig. 3i we plot the cumulative sum dE, - Jy.. Itshould  ing these intervals. Hence, at least two out of three Cluster
be noted that we use the cumulative sum only to improve theelectric field instruments agree on the location of the four
visibility in the figures. Although Fig3h always should be  CGRs. Moreover, we also see that the curves agree on the
used for detailed studies, it is easier to distinguish the genersjowly sloping trend during more or less the entire event.
ator regions in Fig3i. To confirm the existence of the three  Note that the MAG system only differs from CGR by a few
CGRs in Figs3h and i, we compare the power density ob- degrees for this event. Hence, after having investigated the
tained from various different estimates of the Cluster electricCGRs in Fig4 in detail in the MAG system, in the following
field. In Fig.4 we present the cumulative sum of the power e will abandon this strict separation between the MAG and
density data obtained from all Cluster instruments availableGSE systems and instead only refer to GSE.
for electric field measurements.

The thick red curve in Figs3i and 4 represents the cu- 3.2 FAST observations
mulative sum of the power density plotted in F8ip. Three
sharp slopes, corresponding to the three concentrated geifo establish that these CGRs are related to the aurora we
erator regions, are clearly visible around 22:15, 23:20, anduse magnetically conjugate data from the FAST satellite.
00:45 UT. During the first three hours of our event, the During our 3.5-h long event, there are two close conjunc-
thick red curve also shows a slowly sloping trend while it tions between Cluster and FAST. In F&these conjunctions

Ann. Geophys., 24, 63849 2006 www.ann-geophys.net/24/637/2006/
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—  HIAy
= HIAO
EFWY

SED), (1072 wim?)

22:00 22:30 23:00 23:30 00:00 00:30 01:00 01:30
19-Sep-2001

Fig. 4. Cumulative sums of the power density (thick lines) and the corresponding contributions from the perpendicular components in
the MAG system,Eg Jg (solid lines) andEgJg (dashed lines). Data from the CODIF (red) and the HIA experiment (blue) are shown.

The green line shows'g Jg calculated from one of the EFW electric field components which is very close to the pldi@ection. The
concentrated generator regions CGR1-CGR3 (indicated with yellow bands) appear when there are sharp gradients in the cumulative sums
The conjunctions with the FAST satellite are shown with the vertical magenta lines.
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Fig. 5. FAST data for(a) the conjunction at 22:23 UT, on 19 September 2001, @)ahe conjunction at 00:29 UT, on 20 September
2001. The actual conjunctions are indicated by the vertical black lines. The top and middle panels show the electron energy and pitch angle
spectrograms. The bottom panels show the electron energy flux at the satellite level.

are indicated with vertical magenta lines. According to the As discussed in Sec® the low magnetospheric activity
mapping the conjunctions occur at 22:23 UT (19 Septembexduring our event reduces complications in the field line map-
2001) and 00:29 UT (20 September 2001). Summary plotging due to magnetic field variations. Moreover, seeing simi-
of the FAST data for the two conjunctions can be found in lar signatures in the Cluster and FAST particle data also sup-
Figs.5a and b, where the conjunctions are marked with ver-ports the mapping: In Fi@@ we see that the magnetotail mo-
tical black lines. The top and middle panels of Figgand b tion makes Cluster enter the plasma sheet at 22:13 UT while
show electron energy and pitch-angle spectrograms, and thie Fig. 5a we see that FAST enters plasma sheet magnetic
third panel the electron energy flux observed at the satellitdield lines at 22:21:30 UT. At the first conjunction, both Clus-
level (to map to the ionosphere, this flux should be multipliedter and FAST are probing plasma sheet magnetic field lines
with a factor of four). just inside the boundary.
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data. We use the information from Sect. 2 that the FAST and
Cluster footprints in the ionosphere are close and that FAST
and Cluster are moving approximately in opposite directions.
Moreover, the magnetospheric activity is loW (=1 during

the entire event), which suggests rather stationary auroral
structures. Hence, our data are consistent with FAST leav-
ing a rather stationary auroral structure while it approaches
the conjunction point from the south east. Cluster instead
leaves the conjunction point behind as it approaches the
plasma sheet boundary where CGR3 is located (the location
of CGR3 close to the plasma sheet boundary is supported by
the low value of the plasma beta, as shown in Fig. 3 in M06).
Therefore, we conclude that the CGR3 observed by Cluster
might well be correlated with auroral activity on neighboring
magnetic field lines, even though the conjunction conditions
are not exactly satisfied at the time of CGR3.
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Figure 6 shows a more detailed picture of CGRs 1, which
occur between 22:10 and 22:20 UT. When analyzing these
Fig. 6. Cluster data for CGR1(a) Parallel ion pressure obtained data, it is important to know that relative t‘? the cgntgr of the
by S/C 1, 3, and 4(b) magnetic pressure at S/C 1, 3, andae) mass of the Cluster tetrahedron, the coordinates in kilometers
plasma flow velocities expressed in GSEy, andz for S/C 1, 3,  along the GSE axes are (700, -850, 0) for S/C 1, (-50, 450,
and 4;(f) power density (red) together with the rate at which work —1100) for S/C 3, and (980, -500, 280) for S/C 4. The top

I I T
22:10 22:15 22:20

19-Sep-2001

is done by the ion and magnetic pressure force®x and Wg, panel (a) shows the parallel ion pressure determined from the
respectively. Note the different scales of the power density, CODIF measurements on spacecraft 1, 3, and 4. The pres-
andWp in panel (f). sure is mostly isotropic throughout the event (not shown).

The transition from the lobe into the plasma sheet is clearly
seen between 22:13 UT and 22:16 UT. Note that the pres-

As can be seen from the two top panels in Bighe FAST  sure increase is first seen on S/C 1 and 4, which are closer to
data show evidence of accelerated auroral electrons with ghe equatorial plane. The magnetic pressRge=B2/(2/.0),
loss-cone distribution around the conjunction time. A moreshown in panel (b), decreases according to the order the
detailed investigation of the FAST electron distributions (not spacecraft enter the plasma sheet. The plasma flow veloc-
shown here) confirms these observations. Moreover, invesities are shown in panels (c—e). Investigating the dynamic
tigating the ion distributions (not shown here) we also find pressure caused by the plasma flow (not shown here) and
transversely heated oxygen ions. The electron and ion dataising the density measured by CODIF, it is found that the
hence, indicate auroral activity around the first conjunctionplasma deceleration cannot provide enough power to explain
time. the generation of electromagnetic energy.

Comparing with the Cluster data in Figwe see that the To investigate the energy conversion within the CGRs in
first conjunction is just after CGR1. However, as discussedmore detail, ultimately one must consider the full Poynt-
above, we do not expect Cluster and FAST to be on exactlying theorem. However, before we address this theorem we
the same but only nearby field lines. Although the magneticmake a rough estimate of the work done by the plasma and
field line mapping may be somewhat uncertain due to themagnetic pressure forces. Investigating CGR1 in more de-
large distance between the spacecraft, we find that the agreeail we first note that¥ ~— V.V P can be interpreted as the
ment between the FAST and Cluster data supports the intefrate (per unit volume) at which work is done by the pres-
pretation that CGR1 is correlated with auroral activity. sure forces. With only three satellites we can unfortunately

As shown in Fig.3, the second conjunction at 00:29 UT not estimate all components of the pressure gradients. From
occurs approximately 15min before Cluster enters CGR3the spacecraft coordinates given above we see that reason-
Hence, it is difficult to draw any immediate conclusions able estimates of the derivatives in thedirection can be
about the auroral activities at lower altitudes exactly dur-obtained by combining S/C 1 and S/C 4, and by including
ing CGR3. On the other hand, inspecting Fip. we see  S/C 3 we can calculate derivatives in a direction approxi-
that the conjunction occurs about one minute after FASTmately 45 from both they and z axes. If we use these
leaves an inverted-V region. This can be used to interpret thelerivatives, denoted, , as rough estimates éf~—d, and
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Fig. 7. The same as for Fig but for CGR2. Fig. 8. The same as for Fids but for CGR3.

d,~d,, we can relate the curves in panel (f) to the rate at

which work is done by the plasma and magnetic pressure (®artial derivatived, B2/(2.0) can be obtained by estimat-
more detailed calculation confirndg~—a, and implies that  ing the slope of the time series in Figo. Between 22:14

the plasma sheet boundary is tiltec®46 the yz-plane). In  and 22:17 there is a decrease in the magnetic pressure (en-
Fig. 6f we have plotted- Wx =V, 3, Py+(V, — V,)d, P, and  ergy density) of about 0.2 nPa first seen on S/C 1 and 4, and
Wp=—V,d, Pg—(V; — Vy)d, Pg, whereP, andP, arethe thereafteron S/C 3. Therefor® B2/ (2uu0)~—10"2W/m?,
almost equal parallel and perpendicular plasma pressures. Which is of the same sign and order BEsJ during the time

the calculations of-Wg and+Wg we have used/y, Vy, interval. ThereforevV-S must be positive for Eq.1] to be
andV, as averages over the velocities observed by the thregatisfied and this is in accordance with a Poynting flux out
spacecraft. from CGR1 and is also consistent with CGR1 being inter-

CGR1 is defined by the negative values®f-J |, seen  preted as a generator. Hence, we can conclude that electro-
as a valley in the red curve in panel (f) between 22:13 UTmagnetic energy is generated from the mechanical energy in
and 22:18 UT. From the other curves in panel (f) we seethe plasma pressure, and that some of the electromagnetic
that—Wx andWj are also negative during most of this time energy is transported away from CGR1 as a Poynting flux.
interval, which supports the conclusion that the plasma and From the various curves in Fi§.we can construct a pos-
magnetic pressures push in opposite directions. We see thajble scenario for the evolution of CGR1. This is illustrated
Wk is positive and¥ is negative. Hence, we conclude that by the diagram in Fig9, where we show a projection on the
the plasma pressure is doing work against the magnetic preggSE (x, z) plane. Early in the event, at 22:14 UT, the ion

sure. _ _ _ pressure is starting to increase, first at S/C 4 and somewhat
~ Toinvestigate CGR1 in more detail we address the Poyntiater at S/C 1, but not yet at S/C 3. The plasma flows at S/C 1
ing theorem and S/C 4 are mainly earthward(~200 knys), with a small
B2/ (2u0) +V-S=—J-E, 1) southward componenv{~—50 kim/s). A similar southward

flow is seen on S/C 3, but, is insignificant. The magnetic
whereS is the Poynting flux and?/(2u.0)=Pjp is the mag- field is slightly reduced at S/C 1 and S/C 4, but at S/C 3 the
netic energy density or pressure. The electric field energymagnetic field is still unperturbed. This situation is sketched
density is neglected since it is very small during our event.in the top panel of Fig9, where the shading indicates the ion
First estimatingd; B2/(2u0) from the Cluster data, we note pressure and the black arrows represent the observed plasma
that the satellites are practically stationary with respect to thdlows. The white arrow indicates a suggested plasma inflow
plasma flow (the spacecraft velocity is about l/enwhile and the boundary between the plasma sheet and the lobe is
the plasma velocity ig50 km/s during CGR1). Hence, the indicated with the thick black curve.
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The small-scale CGR1 behaves differently. We see a region
1= 224 UT @ z of enhanced plasma pressure that causes a southward expan-
Plasta Sheet —s N sion of the plasma sheet, propagating earthward.

SinceV, remains small, CGR1 can reasonably well be de-
scribed by a 2-D picture. Unfortunately, CGRs 2 and 3 are
not equally simple. In Figs/ and8 we see that all veloc-
ity components vary substantially during CGR2 and CGR3.
This indicates that these CGRs are essentially 3-D, and thus
difficult to analyze in detail without more information about
the gradients in théy, z) plane. However, the correlation be-
tweenE -J i, —Wg, andWp seen also during these events

ty= 22:16 UT z supports our interpretation that they are concentrated gener-
Plasma Sheet — ator regions.
\‘\~\\ \ . . . . .
—— —— From the previous section we find that the main contribu-

tion to the power density comes frofy, J,. This is true for
all CGRs except for CGR1, where both thendz compo-
nents contribute approximately equally. For CGR1 we see
clear drops in both the CODIF andz components, in the
HIA z component and the related EFAtomponent. How-
ever, thez components are dominant during the first part of
CGR1, while they components dominate the second part.
For they contribution the current and electric field behave
similarly for CGR1-3: the current is large and positive while
the corresponding electric field is slightly negative (the elec-
tric field is in fact slightly less than zero during most of our
event on 19-20 September 2001). However, forzthentri-
bution to CGR1 the roles of the current and the electric fields
are interchanged. Here the electric field shows a large posi-
tive peak in thez direction while the corresponding current

is negative.
Fig. 9. A possible scenario for the evolution of CGR1. See the text We conclude that CGRs2-3 are activated by a strong in-
for an explanation. crease in the current in the direction. Hence, the CGRs

appear when there is a strong current toward dusk, while the

_ _ corresponding electric field component is weak but directed

Two minutes later, at 22:16 UT, the pressure differencesioyards dawn. We believe that the strong current is observed
between the spacecraft are significantly reduced, mainly begnen Cluster is close enough to the boundary of the plasma
cause of the strong pressure increase at S/C 3. There is stillgeet, so that it sees a pressure gradient and the associated

rather uniform southward flow of the order S0kspbut the  giamagnetic current (see also M06, where such a scenario is
earthward flow at S/C 1 and S/C 4 has stopped. Instead, Wgjscussed in more detail).

now see an earthward flow of 100 kenat S/C 3. It should also be noted that CGR1 appears as Cluster en-
At 22:18 UT, CGR1 has essentially passed over the satelers the plasma sheet. Looking at the plasma flow velocity

lites, as indicated in the bottom panel of Fig At this time, i Fig. 3b, we see that the CGR occurs in regions with con-

no significant spatial gradients are seen in the ion pressurgjgerable shears in the plasma flow in the GSEirection.

or in the magnetic pressure. The plasma flows are mainlybyring CGR1 there is a strong plasma flow in the sunward

tailward, but at S/C 3 there is still also a southward flow. gjrection. During the next few minutes, between 22:17 and
We believe that the perturbation travelling over the space2:24 UT, there is a significant flow in the tailward direction,

craft is associated with a plasma sheet thickening, as is exan |ater on there is again a strong flow toward the Sun.
pected to occur during the recovery phase of a substorm. This

is indicated in Fig9. It is worth mentioning that the thick-

ening of the plasma sheet might be associated with an irre5 Discussion

versible energy change, as one would expect, related to the

generator and the auroral activity. However, we cannot ex-Using conjugate FAST and Cluster data, in this article we

clude the possibility of only a passing plasma pulse wave. have identified three concentrated generator regions (CGRs)
The normal, large-scale convection pattern in the Southerrin the plasma sheet. Cluster data from 22:00 UT, on

Hemisphere is toward the equatorial plane (wWithpositive). 19 September, to 01:30 UT, on 20 September 2001, has
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been used. A fourth possible CGR around 02:30 UT, on The energy transport from generators in the magneto-
20 September 2001, has also been discussed in detail in MO8phere to the auroral acceleration region is given by the
We note that all the CGRs are detected close to the plasmRoynting flux. In Fig.3h the field-aligned Poynting flux
sheet boundary, as seen in the plasma beta (see Fig. 3c averaged over Cluster S/C 1, 3, and 4 is plotted. We see
MO06). that the Poynting flux is earthward (negative) for CGR1 and
As discussed in the previous section, the sign of the poweB. It should be noted that the magnitude of the Poynt-
densityE- J can be established in certain regions by carefullying flux depends on the background magnetic field model.
comparing the different estimates based on the electric fieldowever, using different interpolation schemes for the back-
inferred from the CIS/CODIF, the CIS/HIA, and measured ground field, the direction of the field-aligned Poynting flux
by the EFW instruments, respectively. Investigating the threenever changes, and during CGR1 and 3 the magnitude of the
concentrated generator regions (CGRs) indicated in&ig. downgoing Poynting flux is 1—10 pysh?.
we see that CODIF, HIA, and EFW agree well on the sign of In a simple field line mapping, which uses the ratio of the
the power density. However, it should be noted thatfhg Cluster and FAST magnetic fields £3/30nT~400 as an
in Fig. 4 is based on the electric field averaged over S/C 1, 3;area mapping factor, we find that a typical value of the paral-
and 4 for CODIF and EFW and over S/C 1 and 3 for HIA.  lel Poynting flux, 5 pWWm?, maps to an energy flux of about
Moreover, from Fig4 we see that all instruments (CODIF, 2mW/m? or 2 ergcm—2s~1 at the FAST altitude. Compar-
HIA, and EFW) also agree on a more slowly sloping trend ining this with the electron energy flux obtained by FAST and
the power density during the first three hours of our event.plotted in the 3rd panels of Figsa and b, we see that the
Excluding the importance of random fluctuations and instru-mapped Poynting flux is approximately of the same order as
mental errors to this observation is out of the scope of thisthe energy flux observed by FAST around the two conjunc-
article. However, the fact that all instruments agree on thistion.
trend makes it plausible that the observed CGRs may be em- It should be noted that the Poynting flux during CGR2 is
bedded within a larger region characterizediby <O. positive and hence directed opposite as compared to the other
In this article we have observed that the main contribu-CGRs. One possible explanation for this discrepancy can be
tion to E-J <0 comes fromE, J,. As can be seen in Fid, found in the magnetic field data in Fi§d. Here we see that
this trend is true for all the CGRs where the electric field, the GSEx component of the magnetic field turns positive,
E,, is small and negative. During CGR1 the plasma flowi.e. earthward, during a short time period around 23:00 UT.
in the y direction is almost zero. This is consistent with a Hence, Cluster makes a short excursion into the Northern
local southward expansion of the plasma sheet passing ovetemisphere around that time. Furthermore, in Blgwe see
the satellites. For the other CGRs we see a non-negligiblehat the Poynting flux is positive during an extended interval
plasma flowing in thes direction which suggests the passing of time of approximately 30 min after 23:00 UT. We believe
of a more complicated, 3-D structure. that CGRs1-3 are included in a larger region consisting of
As discussed bglavin et al (2003 a small substorm took several CGRs scattered over and moving in the vicinity of
place around 20:39 UT and preceded the event investigatethe plasma sheet boundary. The parallel Poynting flux can be
in this article. Intensifications were observed around 21:09,used to conclude which part of this region Cluster is probing.
21:15 and 21:51 and the recovery phase was initiated aboutGR1 and 3, where the Poynting flux is earthward, proba-
22:15. During this substorrBlavin et al.(2003 observed  bly correspond to the more earthward part of this extended
six travelling compression regions (TCRs) caused by bulgesegion. CGR2, on the other hand, where the Poynting flux
in the north-south thickness of the plasma sheet and whiclis oppositely directed, is probably in the more tailward part
propagated with an average speed of about 400 km/s. All bubf this region. Our observations of generator regions close
one of the observed TCRs were moving toward the Earthto the plasma sheet boundary and a Poynting flux toward the
They are expected to form frequently as a result of simulta-Earth are consistent with/ygant et al(2002 who observed
neous reconnection at a series of X-lines. Alfv énic activity and a net earthward field-aligned Poynting
The CGRs discussed in this article can also be interpretedlux large enough to explain the generation of strong auroras.
as some complicated structures passing over the satellites, From our investigations we cannot conclude for sure that
but the relation between CGRs and TCRs is not clear. Thall the Poynting flux observed by Cluster is generated within
CGRs typically last 5-10 min and are observed within the CGR1-3. Moreover, it may well be that the energy gener-
plasma sheet, while the TCRs last less than a minute and arated in the CGRs is not transported all the way down to the
seen outside the plasma sheet during the active phase of thenosphere but circulated locally. However, the good agree-
substorm. One possibility is that the CGRs (especially CGRIment between the Poynting flux observed by FAST and the
and CGR2) are the aftermath of the reconnection events beelectron energy flux obtained by FAST suggests that there is
lieved to generate the TCRSIévin et al, 2003. Another  a net production of energy near the plasma sheet boundary
possibility is that the CGRs are related to some dynamic orand at least a part of this energy is transported to the auroral
wavy structures of the plasma sheet boundary, as discussadnosphere near the polar cap boundary.
in M06.
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Continuing the comparison with the FAST data, we tryto  The CGRs discussed in this article are observed near the
estimate the approximate size of the CGRs. From&hgve boundary of the plasma sheet where there are strong gradi-
see that at 22:15 UT the difference in the magnetic pressuregnts in the plasma pressure. The associated diamagnetic cur-
Pgp, between S/C 1 (or S/C 4) and S/C 3 briefly reaches aboutent in the positive GSE direction, together with a negative
half of its total change during CGR1. Since the distance be-E,, cause the main contribution to the power density within
tween S/C 1 and S/C 3 in thedirection is about 1100km, these CGRs. Our observations are consistent with a local
this suggests that the width of CGR1 is about 2000 km in thissouthward expansion of the plasma sheet moving over the
direction. Using a distance mapping factor in théorth- Cluster satellites (CGR1) and/or rather the passing of com-
south) direction of about 25 (MO06), this corresponds to aplicated, 3-D wavy structures. We conclude that there is a
scale length of about 80 km at FAST. Since FAST moves withnet production of energy near the plasma sheet boundary and
a velocity of about 6 krys this corresponds to 13 s of FAST that this energy is transported to the auroral ionosphere near
data which is approximately the size of the small-scale structhe polar cap boundary.
tures within the inverted-V in Figsa. Similarly, the scale We find that the ion pressure is doing work against the
size for CGR3 is roughly consistent with the FAST data. Thismagnetic pressure, and that kinetic energy is being converted
supports our interpretation that the high altitude Cluster ob-to electromagnetic energy. We estimate the divergence of
servations are correlated with the auroral activity observedhe Poynting flux and conclude that some of the energy is
by FAST. transported away from the CGR1. The remaining CGR2 and
CGR3 are much more difficult to analyze due to their pro-
nounced 3-D character. However, the correlation between the
rate at which work is done by the ion and magnetic pressure
forces supports our interpretation that they are concentrated
enerator regions.

To our knowledge, these are the fimstsitu observations

6 Summary and conclusions

We use conjugate data from the Cluster and FAST satelliteg
to investigate plausible generator regions in the nightside algs the crossing of an auroral generator region. We believe

roral magnetosphere. From 22:00 UT, on 19 September, t h o
o R I |
01:30 UT, on 20 September 2001, Cluster is in the South?hatt e observed CGRs are related to auroral activity and to
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