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Abstract. Dayside UV emissions in Saturn’s polar iono- and for varying orientations of IMB,, is found to produce
sphere have been suggested to be the first observational egs-range of UV emission intensities and geometries which
idence of the kronian “cusp” (&ard et al., 2004). The is in good agreement with the data presented leya@ et
emission has two distinct states. The first is a bright arc-al. (2004). The recent HST-Cassini solar wind campaign pro-
like feature located in the pre-noon sector, and the secondides a unique opportunity to test the theoretical ideas pre-
is a more diffuse “spot” of aurora which lies poleward of sented here.

the general location of the main auroral oval, which may
be relate_d to d_ifferent upstream interplanetary magn_etic fiel lanetary magnetospheres: Solar wind-magnetosphere inter-
(IMF) orientations. Here we take up the suggestion thatactions)

these emissions correspond to the cusp. However, direct pre-
cipitation of electrons in the cusp regions is not capable of
producing significant UV aurora. We have therefore inves-

tigated the possibility that the observed UV emissions arel Introduction

associated with reconnection occurring at the dayside mag-

netopause, possibly pulsed, akin to flux transfer events seefle high-latitude far-ultraviolet (FUV) aurora in Saturn’s

at the Earth. We devise a conceptual model of pulsed relonosphere has been observed by a variety of spacecraft and
connection at the low-latitude dayside magnetopause for théelescopes. Originally, it was data from the Pioneer-11 space-
case of northwards IMF which will give rise to pulsed twin- craft that indicated the existence of the UV emissions (Judge
vortical flows in the magnetosphere and ionosphere in theet al., 1980), together with remotely sensed observations
vicinity of the open-closed field-line boundary, and hence toffrom the IUE spacecraft (Clarke et al., 1981). Subsequently,
bi-polar field-aligned currents centred in the vortical flows. the UVS instruments on board Voyager-1 and -2 clarified
During intervals of high-latitude lobe reconnection for south- these earlier measurements (Broadfoot et al., 1981; Sandel
ward IMF, we also expect to have pulsed twin-vortical flows and Broadfoot, 1981; Sandel et al., 1982; Shemansky and
and corresponding bi-polar field-aligned currents. The vorti-Ajello, 1983). However, more recently, increasing resolu-
cal flows in this case, however, are displaced poleward of thdion and sensitivity by the Hubble Space Telescope (HST)
open-closed field line boundary, and are reversed in sensdas become available &ard et al., 1995, 2004; Trauger et
such that the field-aligned currents are also reversed. Fofl. 1998; Cowley et al., 2004). These latter observations
both cases of northward and southward IMF we have alsd'ave enabled some general auroral characteristics to be es-
for the first time included the effects associated with the IMF tablished. The FUV emission is due to keV electron im-
B, effect. We also include the modulation introduced by the Pact on Saturn's hydrogen atmosphere and generally takes
structured nature of the solar wind and IMF at Saturn’s or-the form of a narrow ring of aurora at15 co-latitude. Au-

bit by developing “slow” and “fast” flow models correspond- foral intensities vary between1 kR and~100kR, peaking

ing to intermediate and high strength IMF respectively. Wein the pre-noon sector and are often stronger at dawn than
then consider the conditions under which the plasma popuat dusk. Recently, Stallard et al. (2004) have made Doppler
lations appropriate to either sub-solar reconnection or high/neasurements of the infrared (IR) auroras at Saturn, and have
latitude lobe reconnection can carry the currents indicatedshown that the polar ionosphere significantly subcorotates
We have estimated the field-aligned voltages required, théelative to the planet, with an angular velocity-©20-40 %
resulting precipitating particle energy fluxes, and the conse©f rigid corotation. In January 2004, the HST made observa-
quent auroral output. Overall our model of pulsed recon-tions of the UV aurora whilst the Cassini spacecraft sampled

nection under conditions of northwards and southwards IMF,the in-situ solar wind plasma and magnetic field and remotely
observed the radio emissions from Saturn’s polar regions.

Correspondence tdz. J. Bunce These coupled data sets will inevitably increase our under-
(emma.bunce@ion.le.ac.uk) standing of the morphology and origin of Saturn’s aurora,

eywords. Magnetospheric physics (Auroral phenomena;
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as the details become available. In general these data hawd open and outer closed field lines (see Sect. 2 for a more
revealed the substantial variability in the morphology, co-detailed discussion). However, these currents will also be
latitude and intensity of the emission (Clarke et al., 2004)significantly modulated by the solar wind and interplanetary
which is suggested to be related to structure in the solar windnagnetic field, as at Earth.
and interplanetary magnetic field (e.g. Jackman et al., 2004; Recently, @rard et al. (2004) have published all of the
Clarke et al., 2004, Cowley et al., 2004, 2005). pre-January 2004 HST data for Saturn and have systemati-
Concurrent with observations, theoretical work has cen-cally discussed the features present. Interestingly, they find
tred on the origins of the auroras at Saturn, and their impli-evidence for a dayside emission observed near noon, which
cations for magnetospheric dynamics. Due to the “discrete'they suggest is the first observational evidence for Saturn’s
nature of the aurora it is generally accepted that the UV emispolar cusp. The dayside emission they observe exists in two
sions are associated with regions of upward field-alignedstates, a morning arc-like emission lying along the main au-
currents (i.e. downgoing electrons). Essentially, there areoral oval, and a high-latitude “spot” of more diffuse aurora.
two basic sources of such large-scale field-aligned current3wo examples of the morphology of Saturn’s southern UV
which transfer momentum and energy in the solar wind-aurora is projected into the ionosphere and shown in Figs. 1a
magnetosphere-ionosphere system. The first is that whicland b, taken from &rard et al. (2004). In Fig. 1la we see
is associated with the transfer of angular momentum fromthe main auroral oval which is brighter at dawn than at dusk
the atmosphere of the rapidly rotating planet to the sub-(as predicted by Cowley et al., 2004), with a brightening
corotating equatorial plasma (Hill, 1979; Vasyliunas, 1983).along the oval in the pre-noon sector. In Fig. 1b we can see
At Jupiter, the angular momentum transfer is required by thethe high-latitude “spot” poleward of the main oval location.
radial outflow of sulphur and oxygen plasma from the lo The intensity of these two latter emissions ranges between
torus, and it is this large-scale system of field-aligned cur-8—70kR for the “morning arc”, and 10-20 kR for the high-
rents which has been suggested to be driving the main aurdatitude “spot”. This bi-modal state, &ard et al. (2004)
ral oval emissions in Jupiter's ionosphere (Bunce and Cow-suggest, could be indicative of differing states of the inter-
ley, 2001; Cowley and Bunce, 2001; Hill, 2001; Southwood planetary magnetic field (IMF), as is the case at Earth (Milan
and Kivelson, 2001). At Saturn, the plasma source from theet al., 2000). At Jupiter, it has also been suggested that a
icy moons and ring grains is thought to be approximately anparticular feature of the dayside polar emissions is related
order of magnitude smaller than that at Jupiter (see, for exio the dayside cusp (Pallier and Pran@001; Waite et al.,
ample, Richardson 1992; Richardson et al., 1998; Saur e2001; Grodent et al., 2003). This consists of a patch of bright
al., 2004). Voyager observations of the plasma angular vetJV emission seen in both the Northern and Southern Hemi-
locity indicate that despite this difference the radial outflow spheres (Pallier and Pra&g2004) and is highly variable in
of plasma at Saturn is sufficient to cause the breakdown ofntensity. The spatial extent of this feature is large, a few
corotation (Richardson, 1986, 1995; Richardson and Sittler 1000 km, and is consistently located poleward of the main
1990), and hence the generation of the aforementioned largeauroral oval. The UV dayside emission appears to be re-
scale magnetosphere-ionosphere coupling current system. lated to both the polar “flare” emission reported by Waite et
arecent paper, however, Cowley and Bunce (2003) have coral. (2001), and also to the main source of jovian X-rays (e.g.
sidered the properties of this current system at Saturn, byetzger et al., 1983; Waite et al., 1994) suggested by the
employing simple models of the equatorial plasma angularChandra X-ray Observatory (CXO) to be originating in a po-
velocity and the magnetic field (both of which are based onlar “hotspot” which appears to be pulsing witt#5 min peri-
\Voyager data), together with an estimate of the ionospherimdicity (Gladstone et al., 2002). Motivated by the pulsed na-
conductivity made by Bunce et al. (2003). In summary, theture of the X-rays, Bunce et al. (2004) have recently devised
results suggest that the region of upward field-aligned current conceptual model of the twin vortical flows and bi-polar
associated with magnetosphere-ionosphere coupling is botburrents which straddle the open-closed field line boundary
too weak in magnitude and flow at too large a co-latitudeduring intervals of pulsed reconnection at the dayside mag-
(~20° co-latitude) to reasonably account for the implied au- netopause for the simple case of sub-solar reconnection dur-
roral currents associated with Saturn’s main auroral oval. ing northward IMF (i.e.B,>0). Depending on the details
The second possibility is that the aurora is related to thoseof the model, the results indicate that emissions associated
currents which are driven by the interaction between the solawith dayside reconnection vary over a few tens of kR to a
wind, and its embedded interplanetary magnetic field, withfew tens of MR, in keeping with the reported levels of emis-
that of the planet. This process functions principally via mag-sion. Bunce et al. (2004) also suggest that MV acceleration
netic reconnection at the magnetopause and the Dungey cyf magnetospheric oxygen in the downward current region
cle (Dungey, 1961). This external solar wind actuation is thecan also provide a significant source of X-ray emission, at
main source of auroral field-aligned currents at Earth (seethe level of a few GW, in good agreement with the observa-
e.g. Paschmann et al., 2002, and references therein). Followtions.
ing on from the work of Cowley and Bunce (2003), Cowley  Here we investigate the possibility of a cusp aurora at Sat-
et al. (2004) have suggested that Saturn’s auroras are associrn associated with pulsed reconnection at the dayside mag-
ated with a ring of upward current along the open-closed fieldnetopause, following on from the model devised for Jupiter
line boundary generated by the difference in angular velocityby Bunce et al. (2004). The context of our discussion begins
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with a more detailed consideration of the large-scale flows
and currents in Saturn’s polar ionosphere than that discussed
recently by Cowley et al. (2004). We then extend these
steady-state flows to include the localised effects of transient
flows and currents associated with transient dayside recon-
nection. Motivated by the known dependence of the Earth’s
cusp emissions on the upstream IMF orientation, we also ex-
tend the model to include the effects of varying INBE and

By orientation, and compare the results with the observa-
tions of Gerard et al. (2004). We specifically consider the
implications of the model flows and currents for UV emis-
sion at Saturn from precipitating magnetosheath and mag-
netospheric particle populations with regard to our model
of sub-solar reconnection during northwards IMF, and from
the lobe magnetosheath and plasma mantle appropriate for
southwards IMF and high-latitude reconnection. We will fo-
cus on regions of upward-directed field-aligned currents, and
their consequences, as it is these currents which are mainly
responsible for the aurora at Earth.

c
2 Backg round Dungey-cycle

tail X-line

Vasyliunas-cycle
tail X-line

Sub-corotating

Q ‘ flow
®
Dusk

Vasyliunas-
cycle flow

An appropriate framework for the consideration of dayside

cusp processes is shown in Fig. 1c, taken from Cowley etoperio -
al. (2004), which was briefly discussed in the Introduction.

This picture depicts the flows and currents in Saturn’s po- pawn
lar regions, and is based on the consideration of three main
physical regimes discussed previously by Hill (1979), Vasyli-

unas (1983), and Dungey (1961). These regimes are shown

in Fig. 1c in a view which is looking down onto the north-  bungey.cycie
ern ionosphere, with the pole at the centre, in a frame which

is fixed relative to the Sun. The solid lines indicate plasma
streamlines, whilst the circled dots and crosses indicate re-
gions of field-aligned current directed upward and downward
respectively. The three flow regions are as follows Eqg.

a lower-latitude region which maps 1o the sub-corotating Fig. 1. Two examples of the morphology of Saturn’s southern au-

plasma in the equatorial plane, associated with the f'eld'rora obtained with the HST-STIS SrFilter. Images are projected

al'gned current system which tranSfer_S momentum from th.eonto the ionosphere, where the pole is to the centre, and circles of
ionosphere to the magnetosphere, discussed above, WhiGhcreasing size indicate 807¢°, and 60 of latitude respectively.

is of insufficient magnitude and flowing at the wrong co- The direction to the Sun is at the bottom of the diagram, dusk is
latitude to account for the main oval auroras at Saturn (Cow+o the right and dawn to the left. Longitude meridians are shown
ley and Bunce, 2003), EQ. a higher-latitude region of sub- at intervals of 10. Image(a), taken on the 29th January 2001,
corotating flows where field lines are stretched out down-shows an auroral oval which is brighter at dawn than at dusk, with
tail and eventually pinch off, forming a plasmoid, which is an additional brightening in the pre-noon sector. Imégeshows
subsequently released downtail (the “Vasyliunas cycle”), andhe high-latitude “spot” discussed in the text. (Frorér&rd et al.,
Eq.3 a region of flow which is driven by reconnection at the 2004). (c) Sketch of the flows and field-aligned currents in Sat-

dayside magnetopause in which “open’” field lines mappingums ionosphere, in the same view as Fig. la. Arrowgd solid lines
. . show plasma streamlines and arrowed short-dashed lines show the
to the tail lobes flow anti-sunward over the poles, and fol-

. L . - boundaries between flow regimes (also streamlines). Long-dashed
lowing reconnection in the tail, return to the dayside, draWnlines marked with Xs indicate the ionospheric mapping of the re-

here principally via dawn, in a single cell convection pat- ¢onnection site (X-lines) associated with the Dungey and Vasyliu-
tern (the “Dungey cycle”). The single cell convection pat- nas cycles. Circled dots and crosses indicate regions of upward and
tern leads to the conjecture that the main “steady-state” ovatiownward field-aligned current respectively. (From Cowley et al.,
will be stronger at dawn than at dusk, which is also evident2004).

in Fig. 1a. It is the effects associated with the “Dungey-

cycle magnetopause X-line” shown in Fig. 1¢ which will be

Dungey-cycle
magnetopause X -line

lSun
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pertinent to this study, i.e. where reconnection takes placghen the reconnection may occur across a more restricted sec-
between planetary and magnetosheath magnetic field lines.tor of the boundary than is shown here. Under these circum-
Observations of the Earth’s ionospheric flow configuration stances, the reconnection pulses give rise to more localised
show that there are three main effects on the flow structureflow features across this boundary than has been depicted
which depend on the upstream IMF orientation (e.g. Cowleyin Fig. 1c. As discussed by Bunce et al. (2004), for the
and Lockwood, 1992). The first is the large-scale two-cell case of northwards IMF we would expect transient poleward
flow pattern, with anti-sunward flows at high-latitudes over flows across the merging gap, as newly opened field lines are
the polar cap and return sunward flows at lower latitudestransferred across the open-closed field line boundary from
This scenario corresponds to solar wind-driven convectiornthe dayside magnetopause across the polar cap, and a slower
when the IMF is directed southwards at Earth Be<0, and  transient equatorward flow on either side, as the boundary
is in keeping with the “open” model of the magnetosphereof open field lines expands equatorward. In general then,
suggested by Dungey (1961). Of course this corresponds tsuch pulses of reconnection will create twin-vortex flows in
the northward IMF case at Jupiter and Saturn due to the opthe vicinity of the open-closed field line boundary (e.g. Sis-
positely direct planetary fields. Under these conditions mag-coe and Huang, 1985; Cowley and Lockwood, 1992), as de-
netic flux is added to the polar cap which causes the boundargcribed above and which we will model in Sect. 3 using the
to expand. The second regime consists of sunward-directedame form of the flows and currents induced by pulsed re-
flows which are observed in the central polar cap region.connection at Jupiter, presented by Bunce et al. (2004). In
Flows of this nature are typically observed when the IMF Fig. 2a we show a simple schematic depicting the sense of
has a significant positiv8, (Maezawa, 1976; Burke et al., the currents and flows for the case of sub-solar reconnec-
1979; Heelis et al., 1986). This flow pattern is thought to tion discussed above. Here we also attempt to model the
be produced by high-latitude reconnection between the IMRransient effects on the flows and currents produced during
and pre-existing open flux tubes in the tail lobes. In the mostintervals of high-latitude lobe reconnection which occur dur-
likely scenario whereby the IMF reconnects with one lobeing intervals of southward IMF, an effect which is known to
only, the amount of open flux in the system remains con-produce corresponding cusp aurora at Earth (Farrugia et al,
stant. Thirdly, the flows described above during intervals 0f1995; @ieroset et al., 1997; Sandholt et al., 1998; Milan et al.,
both southward and northward directed IMF orientations alsa2000; Phan et al., 2004). During intervals of southward IMF,
exhibit dawn-dusk asymmetries, which are oppositely di-reconnection takes place at high-latitudes and the merging
rected in the Northern and Southern Hemispheres, and whosgap is thus displaced poleward of the open-closed field line
sense depends on the east-west compomgptdf the IMF boundary. Flows associated with high-latitude reconnection
(Jgrgensen et al., 1972; Cowley, 1981). This asymmetry isat the Earth indicate that twin-vortical flows are still present,
explained in theoretical terms as simply being the effect ofbut that the direction of flow is reversed and confined to the
the east-west tension force which is exerted on newly-openegolar cap, in keeping with the above discussion (Maezawa,
field lines in the presence of IMB,. As before, the sense of 1976; Burke et al., 1979; Heelis et al, 1986). The reversed
this asymmetry is opposite for the cases of Jupiter and Saturhigh-latitude currents and flows associated with southward
to that which is observed at the Earth in a given hemispherelMF are sketched in Fig. 2b. In addition, we have consid-
These various flow regimes have been discussed in terms adred the asymmetrical ionospheric flow effects which will be
localised flows and currents in the Earth’s cusp region, wheréntroduced by IMFB,,.
each of these IMF conditions subsequently result in varying Newly-opened magnetic field lines lying just poleward of
cusp auroral activity (Farrugia et al., 1995; @ieroset et al.,the merging gap in the case of sub-solar reconnection dur-
1997; Sandholt et al., 1998; Milan et al., 2000). ing northwards IMF, map from the ionosphere through the
In the case of Saturn, reconnection at the sub-solar daysidmagnetosphere to the magnetopause and form the magnetic
magnetopause between magnetosheath and magnetosphestaucture of the magnetospheric “cusp” region. Plasma cross-
field lines, leads to the transfer of magnetic flux across theing the magnetopause onto magnetospheric field lines is then
open-closed field line boundary (labelled the Dungey cycleexpected to precipitate into the ionosphere just poleward of
reconnection X-line in Fig. 1¢) under conditions of north- the merging gap, forming a “cusp plasma” precipitation re-
ward IMF. The “active” portion of this boundary where re- gion, similar to that which is observed at the Earth (e.g. Reiff
connection is ongoing at the magnetopause at any one timest al., 1980). In addition, magnetospheric plasma from the
mapping to the magnetopause reconnection X-line, will beouter magnetosphere at lower latitudes will also precipitate
termed the “merging gap” in this discussion which is in keep-and form part of the “cusp plasma”. In the case of south-
ing with terrestrial terminology (e.g. Lockwood et al., 1990). wards IMF, the newly-reconnected high-latitude magnetic
In Fig. 1c, this merging gap stretches over a few hours offield lines are located equatorward of the merging gap as the
local time, where steady reconnection is driving this large-plasma flows sunward, and the “cusp plasma” crossing the
scale convection cell associated with the Dungey cycle (durmagnetopause is that of the cooler, more tenuous lobe mag-
ing northward IMF) as discussed above. However, if day-netosheath and also that of the plasma mantle. An important
side reconnection is transient or pulsed, as observed at Earfboint to recognise at this juncture is that this precipitation
in “flux transfer events” (FTEs) (Russell and Elphic, 1978; without acceleration cannot be directly responsible for any
Provan et al., 1998; Neudegg et al., 1999; Wild et al., 2001) substantial auroral emission at Saturn, as was also found to
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be the case at Jupiter (Bunce et al. (2004). If we first consider ) IMF Bz>0
the precipitation of sub-solar magnetosheath electrons, with
typical densities of 0.02—0.2 crd and temperatures50 eV
(Sittler et al., 1983; Richardson and Sittler, 1990; Richard-
son, 1995), we find that the precipitating energy flux lies be-
tween~0.4 and 4.uW m~2, which at 10-20 % conversion
efficiency into~10eV UV photons is sufficient to produce

a UV aurora of only~0.004 to 0.04 kR, which is orders of
magnitude below the dayside arc and high-latitude emissions
reported by @rard et al. (2004). We may also consider di-
rect precipitation of electrons from the outer magnetosphere
as candidates for producing auroral emission. For example,
the outer magnetospheric hot electron component with typi-
cal densities of 0.01 cr? and temperatures o600 eV (Sit-

tler et al., 1983; Richardson and Sittler, 1990; Richardson, ) IMF Bz<0
1995) produce a precipitating energy flux o7 uW m=2 /

/

Low-latitude westward-directed
magnetopause current

which would indicate an auroral UV output 00.17 kR,
which is again much less than the reported UV intensities. High-latitude eastward-directed
In the high-latitude reconnection regime we consider elec- ™" P et
trons precipitating from the high-latitude magnetosheath and

also from the region known as the “plasma mantle” at Earth

(i.e. that region of the high-latitude lobe containing plasma

originating from the magnetosheath). In the high-latitude

magnetosheath we may expect, by analogy with the Earth,

to find typical densities and temperatures which auH?2

those found in the sub-solar magnetosheath (e.g. Spreiter et

al., 1966). Therefore with densities 60.1-0.01 cm® and

temperatures of25 eV, we find that the energy flux ranges

between 0.0067—0.067W m~2, with again negligible UV  Fig. 2. Schematic indicating the sense of the large-scale currents
emission. Similarly, by comparison with the Earth, elec- (solid black lines) which flow duringa) sub-solar andb) high-
trons in the plasma mantle will typically have a density of latitude reconnection for intervals of northwards and southwards
a tenth of those found in the high-latitude magnetosheath!MF respecti\{ely. In sketch a) the low-latitude Wgstward-directed
while having comparable temperatures to those in the |obéleld—perpendlcular magnetopause currents are dlvgrted downwards
magnetosheath (see Sckopke and Paschmann, 1978). Agaiﬂto the ionosphere at the eastern end of the merging gap, and up-

. \&2 wards at the western end of the merging gap. The currents close
g]nedsﬁ;?cpeu:ﬁlggzgr?;bﬂgeu?/egm:;gﬁge7 ando! in this case via westward-directed Pedersen currents in the iono-

sphere. This current system is responsible for transferring momen-
tum from the magnetopause to the ionosphere, driving the vortical
flow pattern depicted by the dashed white lines. In sketch b) the
high-latitude eastward-directed magnetopause currents are diverted
The estimates of the energy flux of precipitating electronsdownwards into the ionosphere at the western end of the merging
and the subsequent UV emission from the regions discusseghp, and upwards at the eastern end of the merging gap. The cur-
above show the necessity for substantial acceleration of magents close in this case via eastward-directed Pedersen currents in
netospheric, plasma mantle and/or magnetosheath particlége i.onosphere thus revgrsipg the sense of the vortical flows depict.ed
in order to account for the observed emission intensities. [rP9ain by the dashed white lines. In both cases, the dashed black line
view of this, we will make a related study to that discussed'n the ionosphere depicts the open-closed field line boundary.
by Bunce et al. (2004) for Jupiter, considering first the flows
and currents likely to be associated with both sub-solar and
high-latitude reconnection at the dayside magnetopause, fop Simple models of the flows and currents in Saturn’s
various orientations of IMFB,. Subsequently, we first con- ~ ionosphere due to pulsed reconnection at the dayside
sider the particle acceleration required in regions of upward- ~Magnetopause under varying IMF orientations
directed field-aligned current during intervals of sub-solar re-
connection and second during occurrences of high-latituddRecently, Jackman et al. (2004) have investigated the
lobe reconnection, and estimate the level of auroral emissiomeconnection-driven interaction of the solar wind with Sat-
present. Regions of downward-directed field-aligned currenturn’s magnetosphere with particular focus on the conse-
will be assumed to be carried by upgoing electrons rathelguences for magnetospheric dynamics. IMF data obtained
than downgoing ions, which will be discussed in more detailby the Cassini spacecraft en route to Saturn was collected
in Sect. 4. for 8 complete solar rotations which allow the variation of
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the field structure to be investigated. They find that, as atine boundary depicted in Fig. 1c is taken to lie al5°
Jupiter, the solar wind magnetic field structure is consistentdipole co-latitude (based on available auroral information),
with that expected to be produced by corotating interactionwith the dayside merging gap (or mapped magnetopause X-
regions (CIRs) during the declining phase of the solar cy-line) extending over longitudinal distances in the ionosphere
cle, when the Sun’s dipole field is tilted aB80° with respect  of ~20000km (i.e.~5h of local time). However, for the
to the spin axis. In general the data show that currently thecase of time-dependent reconnection that we are considering
IMF structure consists of two sectors during each rotationhere, it seems reasonable to suppose that the instantaneous
of the Sun, with crossings of the heliospheric current sheemerging gap may be more restricted longitudinally than this,
generally embedded within few-day high field compressionand hence we consider a merging gap~&000 km length
regions, surrounded by several day low-field rarefaction re<{i.e. ~1 h of local time), in keeping with the discussion by
gions. Bunce et al. (2004). Since this width is much smaller than
Such upstream IMF data can be employed to directly estithat of the whole open-flux region sketched in Fig. 1c, the
mate the dayside reconnection voltage across Saturn’s madlow speeds in the vicinity of the merging gap will be corre-
netopause associated with the production of open flux, angpondingly higher than those generally present in the polar
cusp related phenomena, based on analogy with the resultap for the same voltage as quoted above. The same is true
of studies made at the Earth. The structuring of the IMFfor the high-latitude merging gap present during intervals of
into regions of high and low field strength is mirrored in the southward IMF. The flow speeds in the vicinity of the merg-
estimate of the reconnection voltage, and hence in the intering gap may also be enhanced by the characteristic pulsing
action with the magnetosphere. The estimate for the daysidef the reconnection process at the magnetopause. At Earth

“driving” voltage is given by the typical duration between reconnection pulses (i.e. be-
0 tween FTES) is~8 min (e.g. McWilliams et al., 2000). This
® = V,, B, Locos <§> , (1) interval roughly corresponds to the Aéfm wave transit time

from one hemisphere to the other and back again along the

where Vy,, is the radial speed of the solar wind, is outer dayside field lines. Bunce et al. (2004) have taken this
the strength of the IMF component perpendicular to the ra-suggestion and estimated an analogous time-scale for Jupiter
dial flow, Lo is a scale length taken to equal 10 ®vhere  to be ~30-50 min (which supports the possibility that the
1R,;=60330km) by analogy with the Earth, addis the  X-rays at Jupiter may be associated with bursts of reconnec-
clock-angle of the IMF relative to Saturn’s northern mag- tion). At Saturn an estimate may be made of this time-scale
netic axis. According to Eq.1j, large dayside reconnec- from the field-strength and plasma density in the outer mag-
tion voltages are favoured for northward pointing IMF at netosphere using the simple dipole field formulation of Cum-
Saturn, opposite to the case for Earth due to the oppositenings (1969). For a magnetic field strength~e8 nT in the
sense of the planetary field. Here we use the results of Jackeuter magnetosphere, and a density-®01 cn3, we find
man et al. (2004) to estimate the transpolar voltage generateithat the Alfven wave transit time is-20—30 min for Saturn’s
by the solar wind interaction. During rarefaction regions, magnetosphere. We, therefore, suggest that we may observe
the IMF typically has two distinct regimes of field strength. some characteristic periodicities 620—30 min in various
We observe extended intervals of weak IMF where the fieldparameters such as electron beams and radio emissions at
strength is very low+{0.1 nT or less), such that the estimated Saturn, as have been seen at Jupiter.
voltages are~10kV or less. Jackman et al. (2004) com- Based upon the discussion above, we then have chosen
ment on the “essential absence of magnetopause reconnetwo model regimes. For sub-solar reconnection during inter-
tion” during such low field strength intervals. Secondly, there vals of northward IMF, we have first modelled the interme-
are intervals when the IMF is of “intermediate” strength, i.e. diate IMF conditions using a transpolar voltage~af00 kV
the magnetic field strength 10.2—0.8 nT. The estimated re- corresponding to a transpolar flow speed on open field lines
connection voltage produced during such episodes is highlfacross a polar cap ¢£15°) of ~70mst. This model is
variable due to north-south field variations, but on averageintended to represent reconnection voltages which are larger
is ~50kV, and may have peaks 6f150 kV. The high-field  than the average under such conditionsQ kV), and some-
strength compression regions are relatively much shorter (i.ewhat less than the peaks (150 kV) observed during the inter-
few days) than the several day rarefaction regions (Jackmamediate IMF strength regime. This model is our “slow” flow
et al., 2004). The field strength during these “active” timesmodel (in keeping with the discussion by Bunce et al. (2004)
varies generally in the range0.5-2.0 nT, which inevitably in the context of Jupiter). We do not model the low IMF
produces much larger reconnection voltages. The averagé~0.1nT), which produces 10kV or less, and is suggested
value is typically~110 kV, with up to~400kV at the peaks. to produce no significant dayside reconnection (Jackman et

As discussed in the previous section, transient processeal., 2004). Conversely, in the “fast” model we take a trans-
such as dayside reconnection, while occurring over somepolar voltage of~400 kV, closest to the peaks in the strong-
reasonable portion of the dayside magnetopause, may gefield IMF compression regions, which implies a transpolar
erally map to a more restricted sector of the boundary tharflow speed 0f~300m s. For lobe reconnection under con-
has been sketched in Fig. 1c, which is intended to repreditions of southward IMF, we have taken the potential to be a
sent an overall steady-state picture. The open-closed fielthalf of that during intervals of northwards IMF. This is based
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upon the terrestrial study of Milan (2004), which will be dis- The field-aligned current density is therefore simply derived
cussed in more detail below. The values of the potential chofrom specification of the velocity field, which is equivalent
sen here are intended to represent the flows due to pulseb the ionospheric electrostatic potential, since electrostatic
reconnection at some reasonably developed stage, and wmotentials represent streamlines of the flow. Here we first
recognise that at the peak of the pulsed flow the values magpecify a “background” flow, on top of which a twin-vortical
be somewhat increased from those discussed here. Howevdlow pattern has been superposed, representing the instanta-
it is important to note that the same flows will be presentneous effect of pulsed reconnection under either northwards
(perhaps on a larger scale) during steady reconnection suobr southwards IMF orientation. We will also include the ef-
that the results discussed here do not necessarily require thégcts of IMF By, which will be discussed in more detail be-
reconnection be pulsed. low. For the background flow we have taken, as a simple
We have therefore developed a simple model of the iono-convenient form

spheric flows and currents which are likely to exist in the

. S ®1(x,y) = B;
vicinity of the merging gap during intervals of pulsed re-
connection. The flow and hence current geometry are deLvlnyrMH/W) [Iog cosh<y> (Vi Vor 4 Va,) (y>H
signed to be analogous to those which have been observed at 2 Yo Yo
Earth under various different IMF orientations for northward (7a)
or southward IMRB, and for positive and negative IMB, in such that
each case. For simplicity we consider a locally plane (Carte-
sian) coordinate system, in whighpoints north, whilste Vi (x,y) =
is positive east. The ling=0 is taken to be the instanta- [1 Y\, .
neous location of the open-closed field line boundary. The{g ((le + Voot Va) = (Vi = Var = thanh(m» Xt Vlyy] ’
ionospheric magnetic fielB; =B,z is assumed for simplic- (7b)
ity to be uniform and vertical, and we have also assumed that
the height-integrated ionospheric conductivity is uniform. As and

discussed by Bunce et al. (2004), the basic equations are jiin= 2pBi(Vix — Vor — Vay) 1 (70)
1 - .

E;=-Vd; =-V; AB;, (2) 2y0 COSI’? (5_0)

whereE; is the ionospheric electric fieldk;the electrostatic  The flow is therefore such that the eastwaryl ¢omponent
potential (the electric field being curl-free), aMl is the  changes from an essentially uniform flow at spég&d for
ionospheric plasma velocity, y<0, representing closed field lines, ¥, +Vs, for y>0,
i—ip+ig=3pE+XyB AE, 3) _representing open field Iines_ (We_recall from at_)ove that th_e
instantaneous open-closed field line boundary is taken to lie
wherei is the height-integrated ionospheric current intensity, along the liney=0). With reference to Fig. 1V1, thus rep-
consisting of Pedgrsemp, and Hall,iy, componentsxp resents the sub-corotational transport in the Dungey cycle
andXy are the height-integrated Pedersen and Hall conduc-return” flow and Vasyliunas-cycle flow equatorward of the
tances respectively, arkl; is the electric field in the neutral open-closed field line boundary. In accordance with Cow-
atmosphere rest frame, given by ley et al. (2004), we have assumed this flow to take place
E; = —(V; —V,) AB;, (4) at a speed which is a reasonable fraction of rigid corotation
] ) _ (~2.6kms!as above), such that here we have taken it to be
whereV,, is the velocity of the neutral atmosphere, and fi- ~80 % of this value i.eV;,=2.0kms'L. In addition, as ob-
nally served by Stallard et al. (2004), and considered theoretically
i = —divi, (5) by Cowley et al. (2004), there is also a slow rotation of the
where j; is the field-aligned current density, positive when plasma in the open-field region&B0 % of rigid co-rotation,
: Ll b SR i.e. V»,=0.75kms?. Finally, Va, represents a steady-state
directed along the field lines out of the ionosphere. The neu; 2 Y, 3x Tep y

. . . IMF B, related flow which is simply directed eastward or
tral atmosphere is assumed to be essentially rigidly corotat- ) Py

ing with the planet, and thus moving uniformly eastward westward for the case of positive or negative IMFrespec-
09 1 o= . : ively. We ch r nably small val f 100 tfer
(i.e. in the x-direction) with a speed, atl5° co-latitude, tively. We choose reasonably small values of 100 M

of ~2.6kms? in the inertial frame. In order to consider the high strength IMF model, and 10 msfor the intermedi-

. . . . ate strength IMF model. The transition from eastward speed
the auroral emissions which may be present associated Wlt§

. . . . 1+ On closed field lines t&>,+ V3, on open field lines then
the reconnection process, we must consider the field-aligne Lkes place on spatial scajg across the open-closed field
current density, and the subsequent conditions in the Magngie boundary, a distance we have taken somewhat arbitrar-
tospheric and magnetosheath plasma which are required '

carry them. Thus substituting Eq8) @nd @) into (5), and tﬁ’y to be equal to 500km. Thus the eastward flow transi-

ing that, . > a5 I tant indicated tion of the background flow is assumed to take place on lat-
ZEZ?/g";?elds n. 2p, @NA2p are all constants, as Indicated ;i 4ina| scales of~1°. With these values, an ionospheric

height-integrated Pedersen conductivity of 1.0 mho, as as-
Jiii = —divip = XpB; - curlV; = ¥ pV2d;. (6) sumed throughout here, representing a value within the range
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value of the field-aligned current density w0 due to the ro ro
flow shear is then found from Eq7¢) to be 0.16. Am~2, 00 Ly (022 2
The uniform northward flow in Eq.70) at speedVy, then [ "'pg} :
represents the steady flow poleward from the dayside to the
nightside associated with the Dungey cycle. In conformity The total flow associated with the reconnection pulse is then
with the above discussion, we have taken this to be 70'ms taken as the sum of the positive and negative flow contri-
during intermediate strength IMB, northward intervals, butions. These add together to form a twin-vortex pattern
and 300 ms? during high field strength IMRB, northward ~ as mentioned previously, with a strong poleward flow across
intervals. In the case of southward IMF; this steady-state the merging gap, representing the flow driven by the transfer
anti-sunward flow is set to zero representing the cessation off field lines across the open-closed field line boundary (i.e.
dayside magnetospheric driving for this magnetic field ge-y=~0) from the dayside magnetosphere into the tail, reversing
ometry. That is to say that no magnetic flux transfer takesto a weaker equatorward flow on the boundary on either side,
place across the merging gap for this IMF orientation (seerepresenting the consequent expansion of the region of open
for example Cowley and Lockwood, 1992). field lines.
With regard to the values of the parameters in Eg. (8),
3.1 \ortical flows due to pulsed reconnection for northward we have chosemo=2300 km andoo=800 km, such that the
or southward IMFB; and B, =0 north-south flow rapidly reverses sense at the ends of the
merging gap at=+2500 km (giving an overall merging gap
We first describe the flows due to pulsed reconnection at théength of 5000 km as indicated above), and is relatively con-
dayside magnetopause for the two simple cases of northwargtant in the region between. The valuelofhas then been
or southward IMFB, during intervals when IMB, is zero ~ chosen such that the total voltage along the merging gap
by the addition of vortical flows superimposed on the back-associated with the flow is-100kV in the case of the in-
ground flows described in the previous section. For the caséermediate strength IMF model, ang400kV in the high
of northwards IMF these instantaneous flows are modelledstrength IMF model, also in conformity with the above dis-
as being twin vortex in form, consisting of the sum of two cussion. The corresponding valuesof are 0.175km's!
oppositely directed vortices, centred near the two ends of thén the first case and 0.70kmkin the second. The north-
merging gap along the open-closed field line boundary forward flow at the centre of the merging gap=(y=0) due to
the case of northwards IMF. For the case of southwards IMFthe two vortices combined is ther0.25km st in the first
similar flows are employed, but the twin vortex and merging case, and-0.90km s in the second. For convenience, we
gap is displaced to higher latitudes poleward of the openshall henceforth refer to the intermediate IMF case as the
closed field line boundary, and the sense of rotation is re-'slow” flow model, and the high strength IMF case as the
versed. This is similar to the conditions which exist in the “fast” flow model. The value of- (representing the ratio
Earth’s magnetosphere for the case of high-latitude “lobe”of the major to minor axes of the elliptical streamlines) has
reconnection (Cowley and Lockwood, 1992; @ieroset et al.,been taken to be 2.5, in order to represent the spread of the
1997; Taylor et al., 1998). WheA,=0 we take the simple flow streamlines to east and west away from the merging gap

derived by Bunce et al. (2003), af¥=6.5x 10~° T, the peak 2 2_ xtxo 2_ 2(y 2
y (2003) p _— [<r 1)+ (r2-1) [( )2 (2) .

forms along the open-closed field line boundary. The peak field-
aligned current density at the centre of each flow vortex is
Doy (x, ) then found to be approximatetf0.21. A m—2 for the slow
(vx0)2 +72,2) flow model, andt0.83. A m~2 for the fast flow model, with
=+B; Vg log [1+2y} , (8a)  upward currents flowing in the anti-clockwise vortex centred
Po at the western end of the merging gap, and downward cur-

) o _ rents flowing in the clockwise vortex centred at the eastern
such that the streamlines of each individual vortex are ellip-eng. \We note that these peak field-aligned current densi-

tical, and where the upper sign corresponds to the countefijes are greater than that associated with the background flow
clockwise vortex centred near the western end of the mergqwhich peaks at-0.16, Am~—2 along the open-closed field

ing gap, while the lower sign corresponds to th_e clockwisefjne boundary as noted above) by a factor only-df 3 in the
vortex centred near the eastern end of the merging gap, former case, but by a factor of5.2 in the latter case.

We use the same format of the vortical flows discussed

Vo, (x, y)= above also for the case of southwards IMF Under these
+2V; [_rz <y> )AH_ (xiXO) 9} (8b) conditions, we simply move the merging gap poleward of the
(1 n ((xix0)2+r2y2)> 00 00 ’ open-closed field line boundary as discussed above by a dis-
03 tance which is somewhat arbitrarily chosen to be 2000 km,

and reverse the sense of the flow vortices. In terms of Eq. (8),
and the upper sign now corresponds to the clockwise vortex cen-
tred near the western end of the merging gap, while the lower
JliE @, y)= sign corresponds to the counter-clockwise vortex centred
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near the eastern end of the merging gap. The twin-vorticakity contours corresponding to the flows shown in the left
flows for the case of southwards IME, now add together hand panel. The contours are labelled 0, 0.05, 0.1, 0.25,
to form a total flow which is directed sunward near noon, 0.5, 1.0 for the different models in units ofAm~—2. We
due to the field tension force on the magnetic flux tubes un+ecall here that it has been suggested that the background
der the high-latitude reconnection field geometry. The sub-current is responsible for the main oval emissions at Sat-
sequent anti-sunward flows on either side then represent thern (Cowley et al., 2004), and hence pulsed reconnection
effect of the magnetosheath flow dragging the flux tubes intofor the case ofB,>0 represents an instantaneous perturba-
the tail (e.g. Cowley and Lockwood, 1992). With regard to tion of these field-aligned currents, enhancing the upward-
the parameters in Eg. (8) we continue to choase2300km,  directed current (and hence aurora) in the pre-noon sector,
p0=800 km, and-=2.5, for reasons outlined above. We jus- whilst reducing or reversing the field-aligned current in the
tify our choice of the potential available from the solar wind post-noon sector. For the case of the fast and slow flow
by analogy with recent terrestrial studies (Milan, 2004; Mi- model and IMFB,>0, the contours show how the upward-
lan et al. 2004). These studies indicate that the cross podirected field-aligned current density along the open-closed
lar cap potential for the case of northwards IMF (at Earth)field boundary associated with the background flows results
is some fraction of the southward IMF case. For simplicity in the restriction of the downward field-aligned current den-
here, therefore, we take the potential for the case of southsity associated with the vortical flows to a smaller region.
wards IMF (at Saturn) to be approximately half that in the The upward-directed field aligned current associated with
northwards IMF model. The value &% has then been cho- the vortical flows due to pulsed reconnection, in both the
sen such that the total voltage along the merging gap assdast and slow flow models, is then enhanced by this back-
ciated with the flow is~50 kV for the slow flow model and ground current. The peak upward-directed current in the pre-
~200kV for the fast flow model. The flows are also reducednoon sector is~1.0, Am~—2 for the fast flow model, and
and the corresponding values &f are 0.087 kms! in the 0.37 Am~2 for the slow model. Similarly, in the post-noon
first case and 0.35 knT$ in the second. The southward flow sector, the downward-directed field-aligned current peaks at
at the centre of the merging gap=£y=0) due to the two vor-  —0.64, Am~2 for the fast flow model, ané-0.04, Am—2
tices combined is then-0.11kms? in the first case, and for the slow flow model. The extent to which the additional
~0.45km s in the second. The peak field-aligned current bi-polar field-aligned current pair superposed on the back-
density at the centre of each flow vortex is also found to beground “main oval” field-aligned current modifies the UV
approximately+0.11, A m~—2 for the slow flow model, and  auroral output will be discussed in the next Section.
+0.41. Am~2 for the fast flow model, with upward currents ~ For the case o, >0, we also note that the main field-
flowing in the anti-clockwise vortex centred at the easternaligned currents associated with the vortical flows, upward
end of the merging gap, and downward currents flowing inat the western end of the merging gap, and downward at the
the clockwise vortex centred at the western end opposite t@astern end, are flanked to the north and south by oppositely-
the case foB, northwards. These peak field-aligned current directed field-aligned currents of weaker intensity. These
densities are comparable to that associated with the backeurrents are associated with the “channeling” of the flow
ground flow (i.e~0.16,. Am~2 along the open-closed field along the boundary due to the assumed elliptical streamlines,
line boundary as noted previously) for the case of the slowdescribed by the parameterand disappear for circular vor-
flow model, but a factor of-2.5 larger in the fast flow model tices withr»=1. In effect these currents represent vestiges
case. within the model of the “region 2” and “cusp” currents as ob-
Maps showing the streamlines of the flow, equivalently served at Earth on closed and open field lines, respectively,
the electric equipotentials (left column), and contours of thewhile the main currents correspond to “region 1” currents.
field-aligned current density (right column) are shown for However, the former field-aligned currents are weaker than
both the fast and slow flow models in Fig. 3. The top two the latter, hence we do not discuss them further here, but
rows show results for the fast flow model, whilst the bottom concentrate only on the main field-aligned currents centred
two rows show results for the slow flow model (as indicated on the flow vortices.
to the right of the panels). In the left column, streamlines For the case oB, <0, the vortical flows and resulting bi-
are shown at intervals of 50kV in each case. The top rowpolar field-aligned current pair (which is directed upwards at
and third row show model conditions for northward INSE, the eastern end of the merging gap) are shifted to higher lat-
while the second and fourth rows show model conditions foritude. For the fast model, the field-aligned current peaks are
southward IMFB,. As indicated above, it should be empha- £0.40 Am~2, whilst in the slow model the peaks values
sized that these models are intended to represent surges afe much less at0.113x Am~2. In fact, the contours show
flow across the corresponding merging gaps due to a recorthat the upward-directed field-aligned current density in the
nection pulse, at a point in the evolution of the flow which is boundary region associated with the background flow is es-
reasonably developed. Following the reconnection pulse orsentially unaffected by the vortical flows associated with a
the magnetopause, the flow will grow to that illustrated herepulse of high-latitude reconnection.
over a~10 min interval, after which it will decline again to It is of interest to consider not only the field-aligned cur-
the background over several tens of minutes. rent densities as above, but also the total currents flowing
The right hand column depicts field-aligned current den-in the bi-polar regions. For the case of northwards IMF
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Fig. 3. Here we show a stack plot of electrostatic potential contours (i.e. streamlines of the plasma flow) on the left, and field-aligned current
density on the right, for the case of our “fast flow” model in the first two rows, and for the “slow flow” model in the second two rows. The
first row in each case corresponds to the cask,of0, and the second to the caseRf<0 as shown. Both are presented on equivalent grids

of —4000—4000 km iry, and—6000-6000 km in:. The short-dashed line at0 indicates the open-closed field line boundary. On the left,

in the plasma streamlines grid the dashed lines show contours of negative electrostatic potential. Contours are labelled in steps of 50 kV.
On the right, the field-aligned current grids show dotted lines indicating contours of zero field-aligned current density. Solid lines indicate
the regions of upward-directed field-aligned current density while the dashed lines indicate the regions of downward-directed field-aligned
current density. Contours are labelled 0.05, 0.1, 0.25, 0.5, 0.75, and 1.0, in ymifsrof.
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B, the total upward and downward current flowing e.g. in ponent. For simplicity we employ the same form of flow
the rectangles from-6000 to Okm inx and +350km in  as described above for the caBg=0, but now introduce an

y, are+0.60 MA for the fast flow model ang-0.15 MA asymmetry in the size, strength, and ellipticity of the vortices
for the slow model. These currents will eventually flow to representing the eastward or westward flows due to the ten-
the magnetopause, where they form a “magnetopause curreston force associated with IMB,. Here we thus generalise
wedge”. This implies that the westward flowing Chapman- Eqg. (8) to use:

Ferraro current on the magnetopause (as sketched in Fig. 2a) ( 22 2)

is diverted dpwn the field lines into the eastern vorFex, flowscI>2i (x, y) ==+ B; Vos. pos. 10g [l—l— (x xo)z +riy :| . (9a)
across the ionosphere as a Pedersen current driven by the Pés

vortical flow pattern, and subsequently flows back up the

field lines to the magnetopause out of the western vortex.
This process thus weakens the westward flowing Chapmanv2i (x,y)= +2Vor
Ferraro magnetopause current during the reconnection in- (1+ ((xixO)2+riy2)>

terval. The total magnitude of the field-aligned currents Phs

associated with the vortices corresponds to currents whiclf  , / y \ . [x£xo) .

are <10 % of the total Chapman-Ferraro magnetopause curl{_rjE (E) X+ ( 00t )y] ’ (9b)

rent flowing in each hemisphere. Inclusion of the back-

ground field-aligned currents, however, increases the totafgnd

upward field-aligned current near the western vortex from |

+0.60 MA to +1.02 MA for the fast model in the same area /Ili ¥ ¥> Y) =

as above, while the total downward current above the east- [(rz—l—l) + (rz_l) |:<x:l:x0>2_r2 <)>2H

ern vortex is restricted to a region between 1500 to 3250 km, 2XpB;Vor | * = = pox = o

in x and+£350km iny, where the current is then reduced * 0 2.2 272 (9c)
0+ ((X:b\o) +riy2)

from —0.60 MA to —0.25 MA. For the slow flow model, [Hpéi}

the upward current in the western rectangle increases from
0.15 MA to 0.58 MA when the background currents are in- where Vo.=V,x f. modifies the strength of the ellipse,
cluded, whilst the downward current region is much reducedwhilst ,OO:I::%) changes its size. The upper sign corresponds
to an area of 2000 to 2500 km inand+200 km iny, with a again to the flow vortex at the western end of the merging
total downward current reduced to just-0.01 MA. gap, and the lower sign to the flow vortex at the eastern end
In the case when the IMF is southwards, we consider theof the merging gap. In this formulation, the prodd&t: po+
total currents flowing in the rectang!e3500 to—1000km  remains constant, regardless of the asymmetry introduced in
in x, and 1750 to 2250 irv for the downward current at the vortical flows. Similarly, the valueindicating the ellip-
the western end of the merging gap, and from 1000 km taticity of the flow vortex takes an upper or lower sign for the
3500 km inx, and 1750 to 2250 iy for the upward current western and eastern vortex respectively. To represent IMF
at the eastern end of the merging gap. The total currents flowB, >0 (independent of IMFB,) we takef=0.8 in the west-
ing in the reversed high-latitude vortices alone#f:21 MA ern vortex andf_=1.2 in the eastern vortex, whilg}=1.0
for the fast model. For the slow model, over the same areain the western vortex and_=2.5 in the eastern vortex. The
the total currents ar&0.05 MA. The currents estimated here result of this is to decrease the ellipticity of the western vor-
for the caseB, <0 eventually flow to the high-latitude mag- tex, and also to decrease its strength and size. The eastern
netopause, where they form a similar “magnetopause curvortex thus has a larger strength, size and ellipticity in com-
rent wedge” configuration as discussed above for the case gfarison, and hence the general flow both poleward and equa-
northwards IMF. The Chapman-Ferraro magnetopause curttorward of the merging gap is directed eastward. To repre-
rent, which flows eastward at high-latitudes due to the oppo-sent IMF B, <0, we takef,=1.2 in the western vortex and
site field orientation (sketched in Fig. 2b), is therefore equiv- /-=0.8 in the eastern vortex, whilst.=2.5 in the western
alently weakened in the region between the reversed highvortex and-_=1.0 in the eastern vortex. The result of this is
latitude vortices representative of southward IMF conditions.to decrease the ellipticity of the eastern vortex, and also to de-
We note that the magnitudes of the total field-aligned currentrease its strength and size. The western vortex has a larger
involved represent currents which are atlsh0% of the to-  strength, size and ellipticity in comparison, and hence the
tal Chapman-Ferraro magnetopause currents flowing in eacpeneral plasma flow both poleward and equatorward of the

lobe. merging gap is directed westward. In Fig. 4 we show electro-
static potential contours (or equivalently plasma flow stream-
3.2 Flow and current effects associated with IMF lines) for the vortical flows alone. In each case the solid lines

indicate anti-clockwise vortices (hence regions of upward-
Here, we now show how the model of the flows and currentsdirected field-aligned currents) and the dashed lines indicate
described above for the two simple cases of IBIFpositive clockwise vortices (hence regions of upward-directed field-
and negative, can be modified to include effects associatedligned currents). In each row we show vortical flows for
with positive and negative orientations of the IM§; com-  northward IMF on the left, and southward IMF on the right.
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Fig. 4. Here we show a stack plot of electrostatic potential contours (i.e. streamlines of the plasma flow) due to the vortical flows alone, for
northward IMF on the left and southward IMF on the right. The three rows correspond to the dase0oB,, >0, andBy, <0 respectively,

as indicated. The solid lines indicate anti-clockwise vortices, whilst the dashed lines indicate clockwise vortices. The dotted line indicates
the line of zero potential. Each case is shown on the same grid as Fig. 3.

The case ofB,=0 is shown in the top row. The effect of can be clearly seen from the flow streamline panels in the
changing the vortices as discussed above is then readily sedeft column, with the effect being more pronounced for the
in the second and third rows, for IMB,>0 and B, <0. fast model in the top two panels. For the case of northward
We recognise that the streamlines should not cross the openMF B, the fast flow model in the first row, we see that the
closed field line boundaryy€0), but note that as the flows asymmetry in the vortical flows associated with positBe

are small here anyway, and in order to retain computationatlecreases the peak upward field-aligned current density to
simplicity, we leave the model as it stands. ~0.28 Am~—2 near to the western end of the merging gap,

In Figs. 5 and 6 maps showing the streamlines of the flow,21d changes the shape of the region of upward current to a

equivalently the electric equipotentials (left column), and SPOU" on the pre-noon side of the main auroral oval. The to-
contours of the field-aligned current density (right column) @l current flowing over the rectangle5000 km to O km inx,

are shown for both the fast and slow flow models in the sameNd+350 km iny is reduced to 0.47 MA. Conversely, in the

format as in Fig. 3. As discussed above, the flows are in-doWnward current region at the post-noon end of the merg-
i ak field-aligned current density is increased

tended to represent a time which is near to the peak of thd"9 9ap the pe ) _
pulsed flow. Figure 5 represents the conditions during in-© ~—1.04xAm~*, and the total downward-directed cur-
tervals of positive IMFB,, which produces an enhancement €Nt over the rectangle from 750km to 3750 kmxinand
of eastward flow on newly-opened field lines. This effect £3°0 kminy is increased also t¢0.40 MA. In the case of
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Fig. 5. In the same format as Fig. 3, contours of the electrostatic potehtjand field-aligned current densify;, are shown, but now for
the case 0B, >0.

the slow flow model the same effect is seen, but to a lessein y. For the case of southward IMB,, the high-latitude
extent. The peak upward and downward field-aligned currenteversed vortical flows and currents are similarly affected by
densities are now 0.19 aneD.14,. Am—2, respectively. The the azimuthal flows due to IMB, . In the fast flow model
total current flowing is 0.44 MA in the upward current rect- the high-latitude region of upward field-aligned current den-
angle and-0.01 MA in a modified downward current rect- sity at the eastern end of the high-latitude merging gap has
angle which ranges from 2000 to 2500 kmxand-350km  been intensified to a peak 6f0.60, A m~—2, whilst the peak
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Fig. 6. In the same format as Fig. 3, plots of the electrostatic potediabind field-aligned current densify;, are shown, but now for the
case ofBy <0.

downward field-aligned current density has been decreasetbtal downward current is-0.06 MA. For the case of the
significantly to—0.06 Am~—2. The total current flowing in  slow flow model the effect is the same but less pronounced,
the upward current region at the eastern end of the mergthe peak upward current density at the eastern end of the
ing gap in the rectangle 1000 to 3500 kmxinand 1750 to  merging gap now being 0.16A m~2, whilst the peak down-
2250 km iny is 0.25 MA. Conversely, in the downward cur- ward current at the western end of the high-latitude merg-
rent region at the western end of the merging gap betweeing gap is—0.02x Am~—2. The total upward current in the
—3500 and-1000 km inx, and 1750 and 2250 km in, the  slightly smaller rectangle between 1750 and 3000 km in
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and over 1750 to 2250 km imis 0.04 MA, whilstin the sim- 4  Field-aligned currents and auroral effects
ilarly modified rectangle in the downward current region it is
—0.01 MA. The conceptual flow models developed in the previous sec-
tion suggest that pulses of dayside reconnection for vary-
ing orientations of the interplanetary magnetic field will pro-
In Fig. 6 we similarly present the flows and currents for duce transient pairs of upward- and downward-directed field-
the case of negative IMB,. In this case, the flow asym- aligned currents whose densities will lie in the rang@.01
metry introduces enhanced westward (or reduced eastwardd 1. Am~2. The geometry of these currents depends on the
flows on newly reconnected field lines, as can be seen frondetailed form of the flows excited and the upstream IMF ori-
the flow streamline panels in the left column, and as previ-entation, but generally cover an area a few hundred km in the
ously, the effect is more pronounced for the fast model iny direction and a few thousand km in thedirection. Here
the first two panels than for the slow flow model. For the we will consider the requirements for these currents to be
case of northward IMmB, for the fast flow model in the first  carried by the ambient plasma populations in both open and
row, however, the flow perturbations actually produce a re-closed field regimes, and for both sub-solar and high-latitude
gion of westward-directed flow in the inertial frame at the lobe reconnection. As indicated above, we choose to con-
westward end of the merging gap. The peak upward fieldsider only the regions of upward-directed field-aligned cur-
aligned current density in this model has increased from theents (i.e. down-going electrons) for the following reasons.
B,=0 case shown in Fig. 3 to 1.36A m~2 near the western Down-going currents may in general be carried either by up-
end of the merging gap. The total upward current over thegoing electrons or down-going precipitating ions, and gener-
rectangle—6000 to O km inx and+350 km iny is 1.18 MA. ally we might suppose that the former dominates due to the
Conversely, in the downward current region at the easterrhigh mobility of electrons, as is the case at the Earth. At
end of the merging gap, the peak field-aligned current dendJupiter, however, evidence exists that the downward current
sity is decreased t60.07x Am~2. The total downward di-  in the cusp is carried at least partly by downward accelerated
rected current over the rectangle 2000 to 2500 km Bnd heavy ions, which produce both X-rays and bright UV auro-
+350km iny is —0.01 MA. In the case of the slow flow ras. At Saturn, there is no evidence of significant acceleration
model for IMF B, positive (third row) a similar but weaker in the form of X-rays, and indeed the post-noon cusp is usu-
effect is seen. The peak upward field-aligned current densityally dark in the UV, where we might expect the downward
at the western end of the merging gap is @48m~2. Inte- currents to flow (@rard et al., 2004). Thus we assume here
grated over the rectangle6000 to O km inx and+350km  that at Saturn the downward currents are carried principally
gives a total upward current of 0.6 MA. At the eastern end ofby upward-flowing ionospheric electrons, and thus we con-
the merging gap the downward-directed field-aligned currentcentrate on electron precipitation in upward current regions.
due to the clockwise vortex is unable to reverse the sense
of the upward-directed field-aligned current on the open-4.1 Upward current regions during sub-solar reconnection
closed field line boundary, as in the previous examples. How-
ever, the region of upward current on the boundary is someUpward field-aligned currents during sub-solar reconnection
what narrower close to the end of the merging gap. For(i.e. northwards IMF) are carried principally by downward-
the case of southward IMB,, the high-latitude reversed precipitating electrons on outer magnetospheric field lines,
vortical flows and currents are similarly affected by the az-specifically by hot trapped magnetospheric electrons on
imuthal flows due to negative IMB,. In the fast flow model ~ closed magnetic field lines, and by cool electrons originat-
the high-latitude region of upward field-aligned current den-ing from the sub-solar magnetosheath on newly-opened field
sity at the eastern end of the high-latitude merging gap hadines. For an isotropic Maxwellian distribution of density
been decreased to a “spot” of high-latitude field-aligned cur-N and thermal energW;,(=kT), the maximum field-aligned
rent peaking at a density 6f0.07x Am~2, whilst the peak  current density above the ionosphere that can be carried with-
downward field-aligned current density has been increasedut field-aligned acceleration is
significantly to —0.59x Am~2. The total current flowing
in the upward current region (within 1000 to 3500 kmin Wn 3
and 1750 to 2250 km iy as before) at the eastern end of Jllioc = eN( ) )
the merging gap is 0.04 MA. In the downward directed cur-
rent region, over the rectangte3500 to—1000 km inx and  corresponding to a full downward-going loss cone, and an
1750 to 2250 km iny, the total current is-0.25 MA. For  empty upward-going loss-cone. The precipitated energy flux
the case of the slow flow model the effect is similar with the in the same limit is
peak upward current density at the eastern end of the merg-

(10)

2T m,

ing gap now 0.02 Am~2 (and hence is not shown) whilst Wi \ 2

the peak downward current at the western end of the high£ fo = 2N Wi <2nm ) ’ (11)
latitude merging gap is-0.15x Am~2. The total current in ‘

the downward current region coverirgB500 to—1000 km this formula being the source of the energy flux estimates

in x and 1750 to 2250 km im is —0.06 MA. given in Sect. 2. For convenience, the source parameters
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Table 1. Source parameters employed for magnetosheath and outer magnetospheric plasmas on open and closed field lines and paramete
derived from them for the case of sub-solar reconnect®n-Q). Also shown are the source parameters employed for the high-latitude
plasma mantle and magnetosheath regions used in the case of lobe reconmeeti@n From the top, the rows of the table give information

as follows:

Source Parameter Sub-s_olar plas_ma population High—la_titude pqpulation _ _
Low/high density Outer magnetosphere Low/high density Low/high density
magnetosheath (open) (closed) magnetosheath (open) plasma mantle (open)

N (cm™3) 0.02/0.2 0.01 0.01/0.1 0.001/0.01

Wi (V) 50 600 25 25

Jjjio(nA m~2) 3.79/37.9 8.47 1.34/13.4 0.13/1.3

E o (UW m=2) 0.379/3.79 17.0 0.067/0.67 0.0067/0.067

1. N, the density of the source population in T
2. W;;, the thermal energy of the source population in keV.

3. The limiting current at the ionosphere for the unaccelerated populations, determined fromd@d&nfght’s (1973) Maxwellian
formulation).

4. Limiting precipitating energy flu: ,, determined from Eq.1(1).

employed here are collected together in Table 1, for typi-that when the field-aligned current at ionospheric heights is
cal conditions in the outer magnetosphere, and for the subgreater thary;,, the minimum accelerating voltage required
solar magnetosheath under intermediate (slow flow model)s given by

and high density (fast flow model) solar wind conditions. )

As discussed briefly in Sect. 2, the outer magneto:spheri(‘e@|| =W [(ﬂ) — 1] . (12)
source, with typical densities of 0.01 crhand thermal ener- Jllio

gies of 600 eV (e.g. Richardson, 1995) produce limiting cur-Thjs minimum voltage applies to the case where the voltage

2 -2 . . O CoT

rents of ~8.5nAnT< and energy fluxes of17uWm™,  grop s located at a kronocentric radial distance significantly
respectively, as also indicated in Table 1. The former isgpgyve the minimum possible distance, given by

much less than the model currents described in Sect. 3, by

factors of 10-100, and the energy fluxes are similarly very (ruin\ _ ( jii \°
much lower than those required to explain the observed UV R_J) - (m) :
emissions discussed by Gerard et al. (2004), by significant o ) _ _
factors, as discussed in Sect. 2. Therefore, significant fielg] his minimum radial distance is determined by the require-
aligned acceleration of the magnetospheric electrons will bénent that a large enough flux of electrons must be present at
required to carry the model current densities described irfn€ “top” of the voltage drop to form the current. In E43[
Sect. 3, and also to produce any substantial UV emissionit is assumed that the field strength falls as the cube of the dis-
Consideration of the magnetosheath population on newlylance along the polar field lines, co_rresponding to the dipole
opened field lines leads to a similar conclusion. For the slowfi€ld of the planet. The corresponding energy flux of the ac-
flow model, typical densities 0f0.005cnT3 in the solar ~ Celerated precipitating electrons is then

(13)

wind increase by a factor of4 to ~0.02 cnt2 in the sub- £, NG
solar magnetosheath, with thermal energi@® eV (e.g. Sit- £, = Zh [(J'i) + 1} , (14)
tler et al., 1983; Richardson and Sittler, 1990; Richardson, 2 Jllio

1995). In this case the limiting current given by Eg0)is

~3.8nAnT 2, with a limiting energy flux 0~0.38, W m~2 where £,0 is given by Eq. 11) (see Lundin and San-

o ; ahl, 1978). In Figs. 7a and 7b we show the parallel volt-
(see Table 1), so that similar conclusions apply. For the fasgge<I>H and the precipitated energy flux; versus the field-

{Locv;leg]s'gg gegs;:tgrzoelfg;’vr:]gd)nri?ggsl’btuhtenssvgtttﬁél\ézlsutisezliirrialigned current density;, determined from these formu-
iting currentyis still significagtly Iess: than the peak upward Ia}s for outer magnetospheric electrons .(SO“d I|nes),_ low den_—

X ) : . .~ sity magnetosheath electrons (dashed lines), and high density
field-aligned currents applicable to the model (see discussion agnetosheath electrons (dotted lines). Results are shown
in Sect. 3). We thus conclude that in both open and closecin :

. : . or the relevant range of current densities, -0 A m~2.
field regimes, downward acceleration of these electron pop- . .. )

L . Here we note that at a given current dengjys jj;; 0, the ac-
ulations is required.

celerating potential and precipitating energy flux is inversely
In order to estimate the accelerating voltages requiredoroportional to the number density of the source population,
we use the kinetic theory of Knight (1973), who showed such that the voltages and energy fluxes are higher for the
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more tenuous outer magnetospheric source than for either 103
magnetosheath populations, and also larger for the low den- i
sity magnetosheath than for the high density magnetosheath.
Weaker effects are also present due to the difference in ther-
mal energies, botld and E; scaling proportional to the
square root oW, .

The consequences of the results presented in Fig. 7 may PR
be understood by comparison with the upward-directed cur- 100 e s (highy)
rents required by our slow and fast flow models discussed in 4 o ]
the previous section, and shown in Figs. 3, 5, and 6 above. 1011
First we note that the boundary field-aligned current associ-
ated with the main auroral oval has a peak-@ 16, Am—2 10267 E
as discussed previously. Using the formulae above, this re- i mag e
quires a field-aligned voltage 6£20-30kV, and produces 10" -3
a peak UV emission of~30kR on the closed side of the & g 1
boundary. On the open side of the boundary in the fast model, £ 0 .
afield-aligned voltage of 1 kV is required to produce a peak % 10 7 L o
UV emission of~0.3kR, and in the slow model a peak volt- = i g
age of~4kV is required to carry the current, and a peak 1071 F L
UV emission of~3kR is produced. The reconnection re- i P
lated currents then modify these “main oval” currents as fol- 10-2 -
lows. For the case of sub-solar reconnection during north- 0.01 0.10 1.00
wards IMF andB,=0, in the fast flow model the peak cur- jii (pA m=2)
rents are~1.0. Am~2. The enhanced field-aligned currents
due to the pulsed reconnection are configured in a pre-noofiig. 7. Log-log plots of (a) the field-aligned voltaged; in kV,
arc along the open-closed field line boundary. Figure 7 therand (b) the accelerated energy flug; in mW m=2 as a func-
shows that on closed field lines a peak accelerating voltag&ion of field-aligned current density shown over the range of in-
of ~88.0KkV is required, producing a peak precipitating elec-terest0.01-L A m? for p'recipit.ating electrons. These relat.ions are
tron energy flux of~85.8 mW nT2, and a peak UV aurora of relevant to the upward field-aligned curren@ regions, obtglned from
~859kR intensity. Simultaneously on open field lines, the Egs. (2 and (4), for the electron populations present in the re-

- . . . gion of sub-solar reconnection (i.8;>0). Here we show mag-
peak accelerating voltf_alge for the correspondlng high dens't}aetospheric (solid lines), low-density magnetosheath (dashed lines)
magnetosheath case is onhyi.2kV, producing a peak en-  5pnq high-density magnetosheath (dotted lines) electrons.
ergy flux of ~1.24mW nT2, and hence a peak UV aurora
of ~12.4kR. Similarly, the peak upward current density in
the slow flow model for northwards IMF is0.4 Am~2, )
again in a pre-noon arc configuration as described for thenagnetosheath electrons require a peak voltageo8 kV,
fast flow model. This requires a peak voltage-@®2.7kv on  9iving peak accelerated energy flux-e0.1 mw nr?and a
the closed field side of the boundary, resulting in a peak elecmaximum UV emission of-1.0kR. In the slow model the
tron energy flux of~12.1 mW nT2, and~121 kR UV aurora.  emissions related to thB, >0 case are not significantly el-
On the open field side of the boundary the peak acceleratin§vated above the background currents, hence the peak cur-
voltage required for the corresponding low density magne-re”ts are essentially t_hose associated with the main e_luroral
tosheath case is4.8kV, with a maximum precipitated en- oval. On the_c_losed side of the boundqry, peak field-aligned
ergy flux of~1.8 mW nt2, giving a maximum UV aurora of current densities 0f~0.19x Am~—2 require peak accelerat-
~18kR. ing voltages of 17.1 kV. This produces a peak energy flux of

Similarly, for the case of IMFB,>0 (presented in Fig. 5), ~3-4MW m?and a peak UV emission ef34kR. Equiv-
the upward-directed field-aligned currents are somewhat de2/€ntly, on the open side of the boundary, the corresponding
creased in comparison to the casé3p£0 as shown in Fig. 3. low-density magnetosheath population requires a peak field-

For the fast model, we find that the peak field-aligned curreni@ligned voltage of~2.52kV. This implies peak energy flux
is ~0.3u Am=2. The asymmetric flow directed eastwards Values of~0.50 mW nT= and hence-5 kR of UV emission.

in the Northern Hemisphere for positive IME, causes the These results are approximately those presented for the outer
geometry of the pulsed reconnection related emission to beMagnetosphere case in the Cowley et al. (2004) model.
come more of a “spot” on the main auroral oval rather than For the case of IMFB,<0 (presented in Fig. 6), the
the arc-like emission discussed above f#y=0. On the upward-directed field-aligned currents are enhanced in com-
closed side of the boundary, this requires a peak field-alignegbarison to those shown in Fig. 3 for the caseByF0. For
voltage of ~24.7kV, and leads to a peak energy flux of the case of the fast model, we find that the peak field-
~7.0mWn12 and peak UV emissions 0£70.0kR. In the  aligned current is~1.4x Am~—2. The asymmetric flow di-
open field regime, the corresponding high density solar windrected westwards in the Northern Hemisphere for negative

1025*

mag e

-7 /s};ei (low)]
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101
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IMF B, causes the geometry of the pulsed reconnectionB,>0, and 26 kR foiB, <0. The total precipitating power in
related emission to become a more extended “arc” on theeach of these cases |s4 6, 2.5, and 5.4 GW respectively. The
main auroral oval similar to the case shown fB(=0. corresponding total UV output from these regions is thus 0.9,
On the closed side of the boundary, this requires a peak.5, and 1.1 GW for th&,=0, B, >0, andB, <0 models re-
field-aligned voltage of-124kV, leading to a peak energy spectively. On the open S|de of the boundary over the same
flux of ~170mwWnT?2 and hence peak UV emissions of area, the average UV emissiomi8 kR for B,=0, ~2 kR for
~1.7 MR. In the open field regime, the corresponding high B, >0, and~4 kR for B, <0. The total precipitating power
density solar wind magnetosheath electrons require a peaix each of these cases is 0.7, 0.4, and 0.8 GW respectively.
voltage of 1.7kV, giving peak accelerated energy flux of The corresponding total UV output from these regions is thus
~2.5mW nT2 and a maximum UV emission 6§25kR. In  0.13,~0.1, and~0.15 GW for theB,=0, B, >0, andB, <0
the slow flow model the peak field-aligned current densi- models respectively. These results, and other relevant param-
ties are~0.5u Am~2. On the closed side of the boundary eters, are also summarised in Tables 2a and b.
this requires peak accelerating voltages~af1.5kV. This
produces a peak energy flux of 19.4mW#nand a peak 4.2 Upward current regions during high-latitude lobe re-
UV emission of~194 kR. On the open side of the bound- connection
ary, the corresponding low-density magnetosheath popula-
tion requires a peak field-aligned voltage ©6.0kV. This Upward field-aligned currents produced by high-latitude re-
implies peak energy flux values of 2.8 mWand hence connection in the lobes during intervals of southwards IMF
up to ~28 kR of UV emission. For convenience the values B, are carried principally by downward-precipitating elec-
discussed here are collected in Tables 2a and b, in the colrons originating from both the high-latitude magnetosheath
umn entitled “Sub-solar reconnection”. The contents of theseand the plasma mantle in the lobe. As discussed briefly
tables are described fully in the Appendix. in Sect. 2 on the basis of the results e.g. of Spreiter et
The results discussed above show that in both fast andl. (1966), the high-latitude magnetosheath source is ex-
slow model cases UV emission does indeed occur, thouglpected to have typical densities of about a half of those found
more significantly on closed field lines just equatorward of in the sub-solar magnetosheath, thus typically in the range
the open-closed field line boundary. The pre-noon arc emis0.01-0.1cm? (e.g. Richardson, 1995). Similarly, thermal
sion which is formed along the main auroral oval itself, ap- energies are likely to be around a half of those of the sub-
pears to be brightest for the IMB, <0 model, but with its  solar magnetosheath and will therefore typically have val-
geometry and intensity changing for various orientations ofues of 25eV (e.g. Richardson, 1995). This population will
IMF B, as well as with fast and slow flow model input pa- thus produce limiting currents of 1.3-13.4 nAfiand en-
rameters. We have discussed above those values which aeegy fluxes of 0.07—0.ZW m~2, respectively, as also indi-
required by the peak field-aligned current densities in bothcated in Table 1. The former is much less than the model cur-
our fast and slow flow conceptual models. Further informa-rents described in Sect. 3, by factors of 100-1000, and the en-
tion may be obtained by looking at integral values over theergy fluxes are similarly very much lower than those required
relevant areas associated with the field-aligned current conto explain the observed UV emissions. Therefore significant
tours discussed in Sect. 3. The areas of interest are showfield-aligned acceleration of these electrons will be required
in row (a) of Tables 2a and b, and lead to the total currentgo carry the model current densities described in Sect. 3, and
which were also discussed in Sect. 3. In the fast model oralso to produce substantial UV emission. Consideration of
closed outer magnetospheric field lines the principal regiornthe plasma mantle population leads to similar conclusions.
in the model extends from-6000 to Okm inx, and—350  As discussed e.g. by Sckopke and Paschmann (1978) with
to 0km iny and provides an average UV emission over thisregard to the Earth, we may reasonably expect the plasma
area of~84 kR for B,=0, ~15kR for B,>0, and 123kR for  mantle population to have densities which are a factor of ten
By <0. The total precipitating power in each of these casedower than those in the high-latitude lobe magnetosheath,
is ~18, 3 and 26 GW respectively. With20 % conversion  with temperatures that are similar. Therefore for simplic-
efficiency as assumed here, the corresponding total UV outity, we consider the low and high density plasma mantle
put from these regions is thus 3.5, 0.61, and 5.2 GW for theto have typical densities of 0.001-0.01ctfand temper-
B,=0, B,>0, andB, <0 models respectively. On the open atures of~25eV. This population will thus produce limit-
side of the boundary, over the same area, the average Uihg currents of 0.1-1.3nAnt and energy fluxes of 0.007—
emission is 1.2kR foB,=0, 0.2kR forB,>0, and 2kR for ~ 0.07uW m~2, respectively, as also indicated in Table 1. The
B, <0. The total precipitating power in each of these casedormer is essentially negligible compared to the model cur-
is ~0.25, 0.04 and 0.37 GW respectively. The correspondingrents described in Sect. 3, and the energy fluxes are similarly
total UV output from these regions is thus 0.05, 0.01, andvery much lower than those required to explain the observed
0.08 GW for theB,=0, B,>0, and B,<0 models respec- the UV emissions. We note that the low density magne-
tively. In the slow model on closed outer magnetospherictosheath and the high density plasma mantle population have
field lines the principal region in the model extends from the same densities and temperatures based on the discussion
—6000 to 0km inx, and 0 to 350km iny and implies an  above. We thus once more conclude that substantial acceler-
average UV over this area 6f22 kR for B,=0, ~12kR for  ation of the high-latitude electron population will be required
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in order to carry significant currents and to produce any UV 10%E o

emission. [ Ipm e (low)
In Figs. 8a and b, we show the parallel voltabgand the 102¢ 3 pm e (high)

precipitated energy flu¥ ; versus the field-aligned current i 7 & she™ (low)

density jj;;, determined from Eq.1@) and (L4), for the low R ] 2 he (bighy

density plasma mantle electrons (solid lines), high density < i

plasma mantle electrons (dashed lines), low density high- 100k

latitude magnetosheath electrons (dashed lines), and high i

density high-latitude magnetosheath electrons (dotted lines). ;41|

Results are shown, as in Fig. 5, for the relevant range of cur- . ‘ o e (low)

rent densities, 0.01-1/0Am~2. The consequences of these b ipm o high)

results may be understood by comparison with the upward- & she (low)

2L -

directed currents required by our slow and fast flow mod- « " 7
els for southwards IMF discussed in Sect. 3, and shown in & 1 o -7she (high)
Figs. 2, 4, and 5 above. T - E

In the case ofB,=0, for the fast model the peak upward s — /.// - ]
field-aligned current density at the eastern end of the high- 0% e o E
latitude merging gap is~0.4u Am~2. The geometry of ; ///
these currents produce a “spot” of upward-directed field- Wofowm ' O 0 1 00
aligned current poleward of the continuous upward-directed ‘ iin (uA m-2) '

field-aligned current thought to be responsible for the main

auroral oval emissions. A peak field-aligned current densityFig. 8. Log-log plots of (a) the field-aligned voltaged| in kV,

of this order leads to peak field-aligned voltages-Gt.5 kV and (b) the accelerated energy flux, in mw m~2 as a function

for the high-density plasma mantle, resulting in a peak en-of field-aligned current density in the same format as Fig. 7, but
ergy flux of ~3.0mwW nT2, and a maximum UV aurora of now for the case of high-latitude lobe reconnection and the rele-
~30kR. For the high-density high-latitude magnetosheathvant electron populations. Here we show low- and high-density
source the equivalent field-aligned current density require?/asma mantle (solid line and dashed line respectively), and low-
peak field aligned voltages of0.7KkV, producing a peak and hlg_h-densny lobe magnetosheath (dashed line and dotted line
energy flux of~0.3mW n12, and hence a peak UV emis- respectively) electrons.

sion of ~3kR. In the slow flow model, the field-aligned

current density for the case of the high-latitude “spot” is

weaker at~0.1x Am~2. For the appropriate low-density appropriate low-density plasma mantle population the peak
plasma mantle population the peak field-aligned voltage refield-aligned voltage required is27.6 kV corresponding to
quired is~18.7 kV corresponding to a maximum energy flux @ peak energy flux of-4.1mwn1?, and a maximum UV

of ~1.9mWnT2, and a UV aurora o~20kR. For the low-  auroral emission of~41kR. Finally, for the appropriate
density high-latitude magnetosheath the equivalent fieldlow-density high-latitude magnetosheath population the peak
aligned current density requires peak field aligned voltagedield-aligned voltage required is2.7 kV, corresponding to a

of ~1.9kV, producing a peak energy fluxeD.19mwnr2,  peak energy flux of-0.4mWn12, and a maximum UV au-
and hence a peak UV emission-ef kR. rora of ~4 kR.

By comparison of Figs. 4 and 5 with Fig. 8, we can in-  Finally in the IMF B, <O model (presented in Fig. 5) we
vestigate the additional effects of asymmetries introducedind that the peak upward-directed field-aligned currents are
by varying the direction of IMFB,. For B,>0, for the = now reduced significantly from those presented in Fig. 3 for
fast flow model the peak upward field-aligned current den-the case oB,=0. ForB, <0, for the fast flow model the peak
sity at the eastern end of the high-latitude merging gapupward field-aligned current density at the eastern end of the
is intensified in comparison to th&,=0 case discussed high-latitude merging gap is0.06, Am~2, once more in
above to~0.6 Am~2, and takes the form of an elongated the form of a “spot” poleward of the main auroral oval cur-
“spot” poleward of the main auroral oval currents. A field- rents. A field-aligned current density of this order leads to
aligned current density of this order leads to peak field-peak field-aligned voltages of1.2 kV for the high-density
aligned voltages of~11.0kV for the high-density plasma plasma mantle source, resulting in a maximum electron en-
mantle source, resulting in a maximum electron energy fluxergy flux of~0.1 mW nt2, and a peak UV aurora of1 kR.
of ~6.6mW n12, and a peak UV aurora 0f66 kR. For the  For the high-density high-latitude magnetosheath source, the
high-density high-latitude magnetosheath source, the samsame field-aligned current density requires peak field-aligned
field-aligned current density requires peak field-aligned volt-voltages of~0.1kV, peak energy fluxes of0.01 mW n12,
ages of~1.1kV, peak energy fluxes 0f0.7 mWn1?, lead-  leading to peak UV emission intensities ©0.1kR. In the
ing to peak UV emission intensities ef7 kR. In the slow  slow flow model, the field-aligned current density for the
flow model, the peak field-aligned current density for the case of the high-latitude “spot” is0.01 Am~2. For the
case of the high-latitude “spot” is0.15x Am~—2. For the  appropriate low-density plasma mantle source population the
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Fast flow model
Parameter Sub-solar reconnection High-latitude reconnection
Outer magnetosphere | Magnetosheath Plasma mantle Magnetosheath
a | Principal region - 6000 < x <0 km —6000 < x<0km | 1000 < x<3500km | 1000 < x <3500 km
in model ~350< y <0km 0 < y <350 km 1750 < y <2000km | 2000 < y < 2250km
Areaofregion | 5 15102 py? 2.1x10" m? 6.3x10" m® 6.3x10" m’
b ) o | 1.0(0.28,1.36) 1.0 (0.28, 1.36) 0.40 (0.60, 0.06) 0.40 (0.60, 0.06)
I max (MA m™)
. : 0.24 (0.11,0.28 0.24 (0.11,0.28 0.16 (0.20, 0.03 0.16 (0.20, 0.03
C <]‘|1> (HA m 2) ( > ) ( > ) ( > ) ( > )
d I (MA) 0.51 (0.23, 0.60) 0.51 (0.23, 0.60) 0.10 (0.13, 0.02) 0.10 (0.13, 0.02)
e Jji (nA m?) 6.6 37.9 1.34 134
0
' . 53@3.5,59 29(1.9,3.3 6.7 (7.6,3.6 3.1(3.5,1.7
/ Fminpax (RS) ( ) ( ) ( ) ( )
g <rmin>(RS) 3.3(2.6,3.5) 1.9 (1.4,2.0) 5.0(5.3,2.8) 2.3(2.5,1.3)
h d)” (kV) 88.0(24.7, 123.9) 1.2(0.3,1.7) 7.5(11.0,1.2) 0.73 (1.1, 0.1)
max
i <®H> (kV) 33.9(12.5,42.8) 0.4 (0.1, 0.6) 3.9(5.3,0.8) 0.4 (0.5, 0.06)
j Ef (mW m?) | 85.8(7.0,169.7) 1.24 (0.10, 2.45) 3.03 (6.6, 0.10) 0.30(0.7,0.01)
max
k <Ef> (mW m?) 8.4 (1.5,12.3) 0.12 (0.02, 0.17) 0.65 (1.2, 0.02) 0.07 (0.11, 0.002)
/ PEf (GW) 17.6 (3.0, 25.9) 0.25 (0.04, 0.37) 0.41 (0.67, 0.02) 0.04 (0.07, 0.002)
ml Igy (kR) 858.9(70.3,1697.0) | 12.4 (1.0,24.5) 30.3 (65.7, 0.76) 3.0 (6.6, 0.08)
max
n <1UV> (kR) 83.8 (14.6, 123.2) 1.2 (0.21, 1.8) 6.5(10.7,0.24) 0.70 (1.1, 0.02)
o | Pyy (GW) 3.5(0.61,5.2) 0.05 (0.01, 0.08) 0.10 (0.13, 0.003) 0.01 (0.013, 0.001)

Table 2. (a) Table summarizing the results obtained for our conceptual model of the pulsed kronian cusp, for regions of upward current on
open and closed field lines for sub-solar reconnection, and for regions of open field lines in the lobe magnetosheath and the plasma mantle
in the case of the high-latitude reconnection model. Results are shown here for our “fast flow” model, taken to be most appropriate to high
density, high field solar wind conditions. For details of how the entries in this table were derived, see the Appendix.
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Slow flow model
Parameter Sub-solar reconnection High-latitude reconnection
Outer magnetosphere | Magnetosheath Plasma mantle Magnetosheath
a | Principal region - 6000 < x<0km —6000<x<0km | 1750 < x<3000km | 1750 < x <3000 km
in model —350< y<0km 0 <y <350 km 1750 < y <2000 km | 2000 < y <2250 km
Area of region | 5 1x70!? py? 2.1x10" m? 3.1x10" m? 3.1x10" m?
b . 2 | 0.36(0.19, 0.46) 0.36 (0.19, 0.46) 0.10 (0.15,0.01) 0.10 (0.15,0.01)
J||i max (MA m™)
. - 0.14 (0.11,0.15 0.14 (0.11, 0.15 0.06 (0.07, 0.01 0.06 (0.07, 0.01
d I (MA) 0.29 (0.22, 0.31) 0.29 (0.22, 0.31) 0.02 (0.02, 0.003) 0.02 (0.02, 0.003)
e Jji (nA m?) 6.6 3.79 0.13 1.34
0
. 3.8(3.1,4.1 4.6 (3.7,5.0 9.0 (10.3,5.0 42(4.8,2.3
I i (R9) (.1,40) (3.7,5.0) ( ) (48,23)
g <’min>(RS) 2.8(2.5,2.8) 3.3(3.0,34) 7.4 (8.0,4.5) 3.53.7,2.1)
h o) (kV) 32.7(17.1,41.5) 4.8 (2.5,6.0) 18.7 (27.6, 3.0) 1.9 (2.7,0.27)
max
i <q)”> (V) 15.1 (10.7, 16.8) 2.2(1.6,2.5) 11.9 (16.2,2.3) 1.2 (1.6,0.2)
J | Ep (mwm?) | 121(341,194) 1.8 (0.50, 2.79) 1.90 (4.1, 0.05) 0.19 (0.41, 0.005)
max
k <Ef> (mW m-Z) 2.2 (1.20, 2.56) 0.31(0.17,0.37) 0.70 (1.12, 0.03) 0.07 (0.11, 0.003)
/ pEf (GW) 4.6 (2.5,5.4) 0.7 (0.4, 0.8) 0.21 (0.35,0.01) 0.02 (0.03, 0.001)
ml gy (kR) 121.2 (34.1, 193.9) 17.5(4.9,27.9) 18.9 (41.0, 0.47) 1.9 (4.1, 0.05)
max
n <IUV> (kR) 21.7 (12.0, 25.6) 3.1(1.7,3.7) 6.6 (11.2,0.28) 0.7 (1.1, 0.03)
o | Pyy (GW) 0.90 (0.50, 1.10) 0.13 (0.07, 0.15) 0.04 (0.17, 0.002) 0.005 (0.006, 0.0002)

Table 2. (b) Table summarizing the results obtained for our conceptual model of the pulsed kronian cusp, in the same format as Table 2a, but
for the case of our “slow flow” model, taken to be most appropriate to intermediate density, intermediate field strength solar wind conditions.
For details of how the entries in this table were derived, see the Appendix.
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peak field-aligned voltage requirecis3.0 kV corresponding  is 0.02, 0.03, and 0.001 GW respectively. The corresponding
to a peak energy flux of0.05mW nT2, and a maximum total UV output from these regions is thus 0.005, 0.006, and
UV aurora of ~0.5kR. For the low-density high-latitude 0.0002 GW for theB, =0, B, >0, andB, <0 models respec-
magnetosheath population the peak field-aligned voltage retively. These results are also summarlsed in Tables 2a and
quired is~0.3kV corresponding to a peak energy flux of b.
~0.005mW nT?, and a maximum UV aurora 0f0.05kR.
Again, the values discussed here are collected in Tables 2a
and b, in the column labelled “High-latitude reconnection”. 5 Summary and discussion
Information on how these parameters were derived is given
in the Appendix. Recently, Grard et al. (2004) have discussed dayside UV
The results discussed above show that in both fast angmissions in Saturn’s polar ionosphere which they suggest
slow flow model cases, therefore, UV emission indeed oc-may be the first observational evidence of the kronian “cusp”.
curs, in the form of a “spot” poleward of the main auroral They describe the emission as having two distinct states. The
oval itself. The UV intensity is enhanced for the case of IMF first is a bright arc-like feature located in the pre-noon sec-
B, >0 compared withB,=0, and reduced faB,<0. The UV tor, and the second is a more diffuse “spot” of aurora which
emission is also greatest for the case of the plasma mantlkes poleward of the general location of the main auroral oval.
electron population, rather than for the high-latitude magne-The morning arc emission varies in intensity up~+@5 kR,
tosheath source. Again, we have only so far discussed thosaccompanied often by a decreased level of emission on the
values which are required by the peak field-aligned currentafternoon oval. The higher-latitude “spot” has a lower in-
densities in both our fast and slow flow conceptual modelstensity between-10-20 kR. The authors conjecture that this
A more overall impression may be obtained by looking at thevariability in location may be accounted for by the change
relevant areas associated with the field-aligned current conef the IMF orientation from northwards to southwards, and
tours discussed in Sect. 3. The areas of interest are showiiie subsequent relocation of the merging gap to higher lati-
in row (a) of Tables 2a and b, and lead to the total currentdudes, as is seen at Earth (Maezawa, 1976; Burke et al., 1979;
which were also discussed in Sect. 3. In the fast model withHeelis et al, 1986; Farrugia et al, 1995; Qieroset et al., 1997;
the plasma mantle source the principal region in the modeBSandholt et al., 1998; Milan et al., 2000; Phan et al., 2004).
extends from 1000 to 3000 km i and 1750 to 2000 km in Here we have taken up this suggestion, first noting, how-
y and gives an average UV intensity over this area 6 kR ever, that direct precipitation of electrons in the cusp re-
for B;=0, ~10.7 kR forB,>0, and 0.25kR foB,<0. The  gions are not capable of producing significant UV aurora.
total precipitating power in each of these casesis 0.4, 0.7, anélVe therefore suggest that field-aligned acceleration of the
0.02 GW respectively. With-20 % conversion efficiency as plasma electrons following reconnection is required to ac-
assumed here, the corresponding total UV output from theseount for the observed UV emissions. We have therefore
regionsisthus 0.1, 0.13, and 0.003 GW for the=0, B, >0, investigated the possibility that the UV emissions observed
and B, <0 models respectively. For the high-latitude mag- by Géerard et al. (2004) are associated with reconnection oc-
netosheath source the principal region extends from 1000 taurring at the dayside magnetopause, possibly pulsed, akin
3500 km inx, and 2000 to 2250 km in and gives an average to flux transfer events seen at the Earth. We have made
UV intensity over this area 0£0.7 kR forB,=0,~1.1kR for ~ a simple estimate of the reconnection interpulse period of
By,>0, and 0.02kR forB, <0, the latter being beneath the ~20-30 min at Saturn, and suggest that there may be various
limit of detection by HST. The total precipitating power in signatures displaying this characteristic period, as we have
each of these cases is 0.04, 0.07, and 0.002 GW respectivelguggested for the case of Jupiter (Bunce et al., 2004). As
The corresponding total UV output from these regions is thusrecently discussed for the case of the jovian cusp by Bunce
0.01, 0.013, and 0.001 GW for ti#&,=0, B,>0, andB, <0 et al. (2004), pulsed reconnection at the low-latitude dayside
models respectively. In the slow flow model for the plasmamagnetopause for the case of northwards IMF will give rise
mantle source the principal region in the model extends fromto pulsed twin-vortical flows in the magnetosphere and iono-
1750 to 3000 km irx, and 1750 to 2000 km im and gives an  sphere in the vicinity of the open-closed field-line boundary,
average UV over this area 6.6 kR forB,=0,~11.2kRfor ~ and hence to bi-polar field-aligned currents centred in the
By,>0, and 0.3kR forB,<0. The total precipitating power vortical flows which close at one end in ionospheric Pedersen
in each of these cases is 0.2, 0.4, and 0.01 GW respectivelygurrents and at the other in the Chapman-Ferraro currents on
The corresponding total UV output from these regions is thushe magnetopause. In the case of high-latitude lobe recon-
0.04, 0.07, and 0.002 GW for th®,=0, B,>0, andB,<0  nection for southward IMF, we also expect to have pulsed
models respectively. Finally, for the slow flow model and twin-vortical flows and corresponding bi-polar field-aligned
the high-latitude magnetosheath source the principal regiorcurrents. However, the vortical flows in this case are dis-
in the model extends from 1750 to 3000 knxinand 2000to  placed poleward of the open-closed field line boundary, and
2250km iny and gives an average UV output over this areaare reversed in sense, such that the field-aligned currents are
of ~0.7kR for B,=0, ~1.1kR for B,>0, and 0.03kR for also reversed compared with the former case. It should be
B, <0, the latter again being beneath the limit of detectionnoted here that these perturbation currents associated with
by HST. The total precipitating power in each of these casegulsed reconnection at the magnetopause will straddle (for
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the case of northward IMF) or sit slightly poleward of (for the ulate the boundary current in the northward IMF case, taken
case of southward IMF) the open-closed field line boundaryto be a combination of near-stagnant anti-sunward flow and
depicted in Fig. 1c. As discussed in the Introduction, and assub-corotational flow at the level 6£30% of rigid coro-
presented by Cowley et al. (2004), the steady-state flows agation on open field lines, and80 % corotation on closed
sociated with the Dungey-cycle interaction at Saturn producdield lines, as recently discussed by Cowley et al. (2004). For
a ring of continuously upward field-aligned current along the the case of southward IMF, the voltages across the merging
open-closed field line boundary which they suggest can acgap are taken to be approximately a half of that expected
count for the main oval auroral emissions at Saturn, producfor northward IMF (Milan, 2004; Milan et al., 2004). The
ing a few tens of kR emission. For both cases of northwardpeak field-aligned currents and total currents in the fast flow
and southward IMF we have also for the first time included model are~0.41x Am—2 and 0.21 MA, and 0.1 Am—2
the effects associated with the IMF, effect. In the North-  and 0.05 MA for the slow flow model, respectively. The vor-
ern Hemisphere, positivB, will lead to an associated az- tical currents associated with high-latitude reconnection dur-
imuthal flow in the ionosphere which is directed eastwards,ing intervals of southward IMF do not modulate the bound-
while conversely negativ8, will lead to an azimuthal flow  ary current associated with the main auroral oval, as they are
directed westwards. This effect is independent of the ori-located significantly poleward.
entation of IMFB,, and acts to enhance the eastward flows We have then considered the conditions under which the
on open field lines in the case of IMB, >0, and reduces plasma populations appropriate to either sub-solar reconnec-
the eastward flow for the case of IMB, <0 (see Fig. 4). tion or high-latitude lobe reconnection can carry the currents
Of course, in the Southern Hemisphere the flows associatethdicated. We have estimated the field-aligned voltages re-
with IMF B, will be reversed, leading to an enhancement of quired, the resulting precipitating particle energy fluxes, and
the eastward flows on open field lines during intervals IMF the consequent auroral output. We have assumed the field-
By <0, and a reduction of the eastward flows on open fieldaligned currents described here are carried wholly by elec-
lines during intervals of IMFB, >0. trons, i.e. that downward-directed currents are carried by
In addition to the variability in flows and currents expected upgoing ionospheric electrons. Here, we are, therefore, in-
to be present due to changes in the orientation of the IMFterested only in regions of upward field-aligned current and
modulation is also introduced by the structured nature of thedownward accelerated electrons. Field-aligned voltages are
solar wind and IMF at Saturn’s orbit (see Jackman et al.,required under all circumstances to carry the estimated cur-
2004). As at Jupiter, the highly developed nature of CIRsrents, although the details vary between our fast and slow
causes the solar wind and IMF to be separated into distincmodels, the cases for various IMF orientations, and the dif-
regions of rarefaction and compression. We have recognisetering source populations involved. During sub-solar recon-
this variability in our conceptual model, and include a slow nection we find that on the closed side of the boundary volt-
and fast flow model for the case of each IMF orientation. ages are~10-45kV above the region of upward-directed
The slow flow model is chosen specifically to represent thecurrent, carried by outer magnetospheric electrons. On the
intermediate levels of field strength and plasma density ofteropen side of the boundary, the field-aligned voltages are
observed during part of the rarefaction region (as oppose@stimated to be between0.1-2.5kV above the region of
to the weakest field strengths of the rarefaction regions)upward current, carried by the cooler more dense magne-
whilst the latter represents the high-density and high-fieldtosheath electrons. In our model for high-latitude lobe re-
strengths present during compression regions (see Jackmaonnection, the voltages required to accelerate the plasma
et al., 2004). In fact we can directly estimate the daysidemantle electrons range from1—17 kV above the region
reconnection rate from the IMF data, using the empirically of upward field-aligned current associated with the reversed
based formulation discussed by Jackman et al. (2004). Usingigh-latitude vortical flows. Finally, for the case of the high-
the data presented therein, we estimate voltages associatéatitude magnetosheath source, we estimate voltages between
with the intermediate IMF density and strength to typically ~0.1-1.6 kV above the region of upward current. The pre-
be ~100kV and therefore use this to represent the voltagecipitating energy flux and consequent UV output is then
across the merging gap for our slow flow model. During essentially given by the product of these voltages and the
high density, high field strength compression regions, the asfield-aligned current densities which are flowing, as outlined
sociated voltages peak at400kV, and we use this to rep- above.
resent the voltage across the merging gap for our fast flow In the case of sub-solar reconnection and IMF=0, in
model. The fast flow model thus represents the more extreméhe upward current region on the closed side of the bound-
case. In each case the centres of the vortices are separated &y over an area of 2:4102m?, centred near the western
~5000 km (i.e~1 h of local time), so that the vortical flows end of the merging gap the averaged UV emission8d kR
speeds are-0.7 kms 1 in the fast model, and 0.175km% in the fast model and-22 kR in the slow model. The total
in the slow model. With a reasonable estimate of the iono-UV output power in each case is 3.5 GW and 1.0 GW re-
spheric Pedersen conductivity 6f1.0 mho, the peak field- spectively. On the open side of the boundary the fast model
aligned current densities and total currents in the fast flowproduces-1.2 kR averaged UV emission over the same area,
model are~0.83: Am~2 and 0.60 MA, and~0.21x Am—2 and the slow model gives3 kR. Again, the total UV power
and 0.15 MA in the slow flow model. These currents mod- output is 0.05 GW and 0.13 GW respectively. The geometry
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of this emission takes the form of an arc in the pre-noonof northwards and southwards IMF, and for varying orienta-
cusp location, in good agreement with the observations distions of IMF By, is found to produce a range of UV emission
cussed by @rard et al. (2004). In the post-noon region there intensities and geometries which is in good agreement with
is a region of downward current, which if carried by upgo- the data presented bye@ard et al. (2004). However, we have
ing electrons will account for the “gap” in the oval discussed no information on the prevailing solar wind and IMF struc-
by Gérard et al. (2004). For high-latitude reconnection andture during the interval discussed byefard et al. (2004).
IMF B, =0, the merging gap is moved to higher latitudes (by Of course, with the recent HST-Cassini solar wind campaign
2000 km), and produces UV emissions in the upward currenthich took place in January 2004, we can now directly test
region at the eastern end of the merging gap over an area dhe theoretical ideas presented here.

6.3x 10" m? in the fast model and 3:410'* m? in the slow

model. The geometry of this emission then takes the form of )

a high-latitude “spot”, poleward of the main auroral oval cur- APPENdIX A

rents. Both precipitating ple}sma mantle electrons anq IOb(?—|ere we describe, in detail, the parameters which are shown
magnetosheath electrons will carry the upward field-aligned

. . In Tables 2a an nd indi how they wer rived. From
currents into the ionosphere. In the fast model, the former ables 2a and b, and indicate how they were derived. Fro

produce an average of7 kR whilst in the slow model the row (b) onwards parameters are shown first for the case of
average over the slightly reduced area is alftkR. The to- B,=0 followed by the numbers shown in parentheses which

. . indicate B,>0 and B, <0 conditions respectively. From the
tal UV Qutput POWET In ea_ch case is then 0.1 and 0.04 GWltop, the réws of the iable give information as follows:
respectively. The high-latitude magnetosheath electrons are
capable of producing-0.7 kR in the fast model and approx-
imately the same with the slow model and total UV output
powers of just 0.01 and 0.005 GW respectively. For the case
of IMF B,>0, the numbers quoted above are somewhat re-
duced for the case of sub-solar reconnection, where the up- 2.
ward field-aligned currents located at the western end of the
merging gap (i.e. pre-noon) have been reduced by the ad-
ditional azimuthal flows. Conversely, for the case of high-
latitude reconnection, the upward currents at the eastern end3, The magnitude of the field-aligned current density aver-
of the merging gap are increased for IS0, such that we aged over the area given in (a), obtained from the total
might expect to see the brightest high-latitude “spot” emis- current in (d) divided by the area in (a).
sions during intervals oB, <0 and positiveB,. The oppo-
site is true for the case df, <0, such that we would expect
to see the brightest pre-noon arc for the combination of sub-
solar reconnection (i.eB;>0) and negativeB,. As men-
tioned above, theB, related ionospheric flows will be re-
verseq in the Southern Hemisphere, such that it' follows that — o,.h region without field-aligned acceleration, given by
the brightest cusp auroras may be associated ByithO and Eq. (L0). These values are also given in row (c) of Ta-
By>0, andB, <0 andB, <0. ble 1.

As discussed by Jackman et al. (2004) the compression re-
gions (for which our fast flow model is relevant) last for a 6. The maximum value of,,;,, the minimum kronocentric
few days at a time, such that the more extreme cases of the radial distance of the “top” of the particle acceleration
cusp emissions may only be present for a few days during region, obtained using Eql®) from the maximum cur-
each solar rotation (typically-8 days out of~25). Jack- rent density shown in row (b) and the limiting current
man et al. (2004) note that significant north-south fluctua- density for no field-aligned acceleration in row (e).
tions are present on time scales of a few tens of minutes to
a few hours during such intervals, and as such we might ex-
pect that the cusp related emissions to last typically of the
same length. Interestingly, for the Northern Hemisphere our
conceptual model also suggests that the cusp emissions re-8. The maximum value of the field-aligned voltage cor-
lating to northward IMF and sub-solar reconnection will be responding to the maximum required current density
stronger for negative IMB,. The same is true for the case of given in row (b), given by Eq.1Q2).
high-latitude lobe reconnection during intervals of southward
IMF and positive IMFB,,. In the Southern Hemisphere, the
flows associated with IMB, are reversed, and hence emis-

1. The region in the model corresponding to the main up-
ward field-aligned currents produced by the cusp flow
pulses, together with its area fin

The maximum magnitude of the field-aligned current
density within the area given by (a), having (in the
model) the same value on either side of the open-closed
field line boundary.

4. The total upward-directed field-aligned current inte-
grated over the area defined in (a). (Any small region
of downward current in the area is not included.)

5. The limiting current density that can be carried in

7. The “average” value of,,;,, obtained as in row (f) but
using the averaged field-aligned current density given in
row (c).

. The *“average” field-aligned voltage, defined by
(@)= dAjlliq’lli/I”, such that the total electromag-

sions during intervals of northward or southward IMF will
be brightest for positive or negative IMB, respectively.

Overall our model of pulsed reconnection under conditions

netic energy input to the given region of ionosphere is
equal to this “averaged” voltage times the total field-
aligned current.
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