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Abstract. Recent statistical studies show the existence ofresonances that may explain some stable arcs (Samson et al.,
an island of cavities and enhanced electric field structuref003). Since the ability of an Alen wave to accelerate elec-
at 4-5R radial distance in the evening and midnight mag- trons depends on the magnitude of its parallel electric field,
netic local time (MLT) sectors in the auroral region during which is significant only when the perpendicular wavelength
disturbed conditions, as well as ion beam occurrence freis not much larger than the local electron inertial length,
quency changes at the same altitude. We study the posssmall-scale auroral arcs in particular, (1-2 km or less in the
bility that the mechanism involved is electron Landau reso-ionosphere) may be created by such waves. It has been
nance with incoming Alfén waves and study the feasibility pointed out by Wygant et al. (2000) that, at least in some sub-
of the idea further with Polar electric field, magnetic field, storm events, the Poynting flux carried downward by plasma
spacecraft potential and electron data in an event where Pasheet boundary layer Alén waves is enough to power the
lar maps to a substorm over the CANOPUS magnetometesubstorm-related bright auroras.

array. Recently, a new type of auroral kilometric radiation ~While the ability of an inertial Alfén wave to acceler-
(AKR) emission originating from~2—-3Rg radial distance, ate electrons is well established theoretically, at least in a
the so-called dot-AKR emission, has been reported to occuhomogeneous plasma, much less is known observationally
during substorm onsets and suggested to also be an effect about where (what altitude) and when (substorm-related, ac-
Alfv énic wave acceleration in a pre-existing auroral cavity.tive or all auroras) Alfén-wave electron acceleration takes
We improve the analysis of the dot-AKR, giving it a unified place and how important it is relative to other processes (po-
theoretical handling with the high-altitude Landau resonancetential structure related acceleration) in each case. Wygant
phenomena. The purpose of the paper is to study the twet al. (2002) found evidence of Alén wave induced elec-
types of Alfvénic electron acceleration, acknowledging that tron energisation at high altitude (4&¢ radial distance)
they have different physical mechanisms, altitudes and rolesluring substorms. By radial distance we mean the geocen-
in substorm-related auroral processes. tric distance and by altitude the distance measured from the
Key words. Magnetospheric physics (storms and sub- surface of the Earth. In the ZEE rgdial di.stance range,

. . Genot et al. (2000) showed, using simulations, that &dtfv
storms; auroral phenomena) — Space plasma physics (wave- o D . .
particle interactions) waves |pC|dent on a pre-eX|st|ng auroral cavity with _sharp

boundaries effectively become inertial A#fa waves with
perpendicular wavelength of the order of the gradient scale
length of the boundary, resulting in significant parallel elec-
1 Introduction tric fields that are able to accelerate electrons. Further be-

low, at about 4000 km altitude, electron precipitation that has
It has been suggested many times in the literature that kinetibeen interpreted as resulting from Adiv wave acceleration
or inertial Alfvén waves, because of their associated parallehas been observed by FAST (Chaston et al., 2002), although
electric field component, play a role in auroral electron accel-the altitude of the acceleration is not given by these observa-
eration (Hasegawa, 1976; Lysak and Carlson, 1981; Haerertions. Finally, at Freja altitude~<1700 km), it was found that
del, 1983; Seyler, 1990; Hui and Seyler, 1992; StreltsovAlfvén waves may participate in wave-particle interactions
and Lotko, 1999; Lysak and Song, 2003a,b). In this paperand in some cases carry significant Poynting flux (Louarn
we concentrate on transient Aémic waves arriving rather et al., 1994; Stasiewicz et al., 1998).
rapidly from the magnetosphere, not long-lived field-line
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Fig. 1. Occurrence frequency of auroral cavities as determined from 5 years of Polar EFl spacecraft potential data in the 18—-02 MLT range
for conditions when the ionospheric footpoint is in darkness. Left plot iskfpr2 and right plot forkK ,>2. The top panel is the orbital
coverage in hours while the remaining panels give the occurrence frequency for spacecraft potential thrddhdglds18 V and—25V.

The horizontal axis is the radial distance from 1.5 ®£6

Recently, several large statistical studies using Polar datéhe substorm-related density cavity and its associated electric
have been completed that also shed some light on the&Alfv field structures are seen statistically. In this paper we call this
wave acceleration question. The occurrence frequencies akgion the Alf\en resonosphere (ARS). It is one of the pur-
auroral density depletions (Janhunen et al., 2002) and electriposes of this paper to elaborate on the ARS idea and to test it
field structures (Janhunen et al., 2004a) show an interestingsing both calculations and observational data.
altitude dependence: the existence of separate low-altitude
(2-3Rg radial distance) and high-altitude (4R% radial A peculiar type of low-frequency auroral kilometric ra-
distance) islands of density depletions and electric field strucdiation (AKR) emission, the so-called “dot-AKR” emission
tures. The high-altitude island occurs only during magneti-(Hanasz et al., 2001; de Feraudy et al., 2001; Olsson et al.,
cally disturbed conditionsK,>2) and mainly in the mid-  2004), has been identified during substorms. The dot-AKR
night sector (22-02) and to a somewhat lesser extent in themission originates nearly at the same Rx3radial distance
evening (18-22) MLT sector. Also, the ion beam occurrenceas the above-mentioned low-altitude density depletion island.
frequency changes at these altitudes (Janhunen et al., 2003).was suggested that the dot-AKR emission is a result of
Thus, based on these statistical properties, the high-altitudalfv én waves becoming more inertial when passing through
island is probably substorm-related. Its likely relationship the low-altitude density depletion and thus accelerating elec-
with Alfv én waves comes from the fact that the Afvspeed  trons locally (Olsson et al., 2004). In this paper we also in-
at the high-altitude island is comparable to a typical elec-clude the low-altitude region in the numerical model and give
tron thermal speed: if Alfgn waves are in Landau resonance an improved handling of it so that the dot-AKR associated
with electrons somewhere in the magnetosphere, the mogilfv énic acceleration can be studied together with the high-
likely place is 4-5R; radial distance, which is exactly where altitude acceleration mentioned in the previous paragraph.



P. Janhunen et al.: Different Aln wave acceleration processes of electrons in substorms 2215

Kp <=2 Kp>2
MLT=18-02, Darkness, Width < 0.6, Depth > 0.5kV MLT=18-02, Darkness, Width < 0.6, Depth > 0.5kV
o b b b b | T T P T T |
§ 150 a 2 150+ a
5 g
< 1 8 ]
g 100 t_; 1004
o S i
3 1 E
o 5 1
3 507 ; 50
E £
z 2 1
0 rrrr|yrrrrrrrrrfrrrrorrrrfrrrrirrrr[rrrrirrrrT 0 \\\\\\\\\\\\\\\\\\\\\'\\\\\\\\\\\\\\\\\
43 PE I
£ b g b
A E Z 3
S E 5 I I
3 N e
w 2 i j T T T
5 E T 5 23 T T 1 I
EoarE T g T T
g 13 I A T T
I r T ETEE 8§ 7
OE\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ O:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\““H
£ 15 C ¢ 15 I c
> g S
n g n
o p =}
n 14 A 4 T
u i [im} T
(=] N
g T g | | -
505 o = 054 T T
o 1 X o 1 T
o © I + I
2 3 4 5 6 R/IR_E 2 3 4 5 6 R/IR_E

Fig. 2. From five years of Polar/EFI data: auroral potential minima deeper than 0.5kV in 18-02 MLT range and the corresponding effective
ionospheric electric field&; when the ionospheric footpoint is in darkne&s; number of auroral crossings in each radial fix),occurrence
frequency ofE; being larger than 100 mV/nf¢) occurrence frequency df; being larger than 500 mV/m. Left plot is fdf, <2 and right

plot for K,>2. Only structures whose ionospheric width is smaller thafh 0:&0 km) are included.

2 Statistical review results on density cavities, electric  both disturbed K ,>2) and quiet K ,<2) conditions, while
fields, ion beams and dot-AKR as a function of alti-  at high altitude (4—-Rg radial distance) the occurrence fre-
tude guency was found to be very different during disturbed con-

ditions when compared to quiet. Below we will show the

Polar satellite data have previously been used for studyinfﬁsu_Itlng stemstlcs for the_auroral cawty (Fig. 1), the_glec-
how auroral density cavity (Janhunen et al., 2002), effec- ric fields (F|g. 2) an_d the lon bga_ms (Fig. 3) for conditions
tive ionospheric electric fields (Janhunen et al., 2004a), ionWhen the |onospher|c footpomt is in darkness in 1.8_02 Ml.‘T'
beams (Janhunen et al., 2003) and dot-AKR (Olsson et aI.The I_eft panels in aI.I the figures are for magnetlcally qweF
2004) statistically vary with radial distance (1.586). The conditions and the right panels are for disturbed. The hori-

density cavity study employed spacecraft potential data fronf-O"tal axis is the radial distance from 1.5 t&. In Fig. 4
the EFI instrument. The electric field study used EFI as well, W& Snow the emission radial distance statistics are that are

The amount of EFI data used in both studies was about fived?duced from Polar/PWI observed dot-AKR events during

years. The ion beam study used about two years worth opvinter months. Since dot-AKR is associated with substorm
Polar/TIMAS data and a DE-1/EICS data set that spanned 1 pnsets, all data points are under magnetically disturbed con-

years. The dot-AKR study used two years worth of data fromditions' The stgtistica_l resu_lts belowrs; have previously
the Polar/PWI wave instrument. During conditions when thebeen analysed in detail and interpreted as a result of a closed

ionospheric footpoint is in darkness, the statistics at low aI—FOt%nt'al sttr)lljcture W':h an agslomated ((jjﬁepr(]jensnyzt(:)%\grty ?h
titude (2—3R radial distance) showed a density cavity and ;thE)RSta € aurora arlqsk( dssg)tﬂ %n an l_Jtr)en, lat ()j ¢ €
corresponding increase in the effective electric field during ot- emission was finked with deep cavities related 1o
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Fig. 3. lon beam occurrence frequency in 18-22 (top) and 22—-02 (bottom) MLT range from combined Polar/TIMAS and DE-1/EICS data
when the ionospheric footpoint is in darkne&s) orbital coverage in hours in each biib) occurrence frequency of ion beams with energy
more than 0.5keV. Left plots are fdf, <2 and right plots foiK ;,>2.

the closed potential structures (Olsson et al., 2004). In Sect. 4-25V, corresponding roughly to density cavity thresholds
we will try to reproduce these statistics abovR Aby calcu-  of 0.3cnm3, 0.1 cnt 3 and 0.06 cm3, respectively (Scudder
lating how an Alf\en wave interacts with electrons at differ- et al., 2000). A peak in occurrence frequency aroundR5
ent altitudes. is seen in the right panels, i.e. under disturbed conditions.
In Fig. 1 we show the occurrence frequency for auroral "€ Peak becomes clearer when the absolute value of the
density cavities. The top panel is the orbital coverage inSPacecraft potential increases. In both quiet and disturbed
hours while the remaining panels give the occurrence fre-conditions another peak at 2&3 radial distance is seen,
quency for spacecraft potential thresholesl V, —18 V and corresponding to auroral cavities (Janhunen et al., 2002).
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Error bars are shown in Figs. 1-3 whenever they are not " " " "
negligibly small. The details of the error bar calculation can
be found in Janhunen et al. (2002) for Fig. 1, Janhunen et al.
(20044a) for Fig. 2 and Janhunen et al. (2003) for Fig. 3. In 107
short, the error bars arg /N standard deviations, whene
is the number of orbital crossings contributing to the bin.

54

Winter Dot—AKR

Figure 2 is for the potential minima. We show the orbital
coverage in panel (a). The occurrence frequency of the effec- H
tive ionospheric electric field; (defined as the depth of the 0 /|
potential minimum divided by the half-width of its map in the 2 3 4 5 RIR_E
ionosphere) being larger than 100 mV/m is shown in panel
(b). The occurrence frequency with threshold 500 mV/m isFig. 4. Altitude-binned histogram of dot-AKR emission radial dis-
shown in panel (c). The frequency & has a secondary tance during winter months (November—February) 1996—1997 ob-
peak at around 4-Bg during disturbed conditions (panels tained from Polar PWI instrument. The ordinate is the number of
b and c). The primary occurrence frequency peak seen be2vents. Adapted from panel (b) of Fig. 5 of Olsson et al. (2004).
tween 1.5 and 2.Rg in Fig. 2 is due to the electrostatic
shocks in the classical auroral acceleration region which is
not the subject of this paper but which has been extensivelf‘ Theory
studied earlier (Janhunen et al., 2004a).

The equations of inertial and kinetic AEn waves propagat-

) . inginahomogeneous plasma have been derived by many au-
The occurrence frequency of 1on beams f_rom_ COrm)med’(hors; see, e.g. Lysak and Lotko (1996). The formulas needed

Polar/TIMAS and DE-1/EICS data is shown in Fig. 3 (Jan- o0 are conveniently available as Eqs. (2)—(4) of Stasiewicz

hunen etal., 2003). The top sub-figures show results for 18 o, (2000a). Their region of validity is more fully discussed

22 MLT and the bqttom sub-ﬂgur'es for 22.—02 MLT. Eanel by Stasiewicz et al. (2000b), pp. 426—-438: the frequency

(@) shows the orbital coverage in hours in each bin andy,,qt he |ow, i.e. clearly smaller than the ion gyrofrequency

panel (b) the occurrence frequency of ion beams with _en-(w<<9i=€B/mi) and the electrons must be cold in the sense
ergy more than 0.5keV. The occurrence frequency for iony,ate—, /(, v,) is larger than unity, so that the derivative of

beams increase around 4Rj5 during disturbed conditions the plasma dispersion functiol’ (£)=1/£2+(3/2) /£4+...

(right plots). can be approximated by the first term. Hevg,s electron
thermal velocity. In the numerical examples to follow, the

In summary, _dL_Jring disturbed conditions,_ der_lsity Ca\_/itieserror introduced by using these approximations-E0% or
and potential minima have a peak at &6 radial distance in less in the physically interesting regions

both evening and midnight MLT sectors (in Figs. 1 and 2,.the The ratio of parallel and perpendicular electric fields is
18-22 and 22-02 MLT sectors are put together to save jour-

nal space). For ion beams (Fig. 3) there is a local peak inionk) Kk 22 1
beam occurrence frequency at 4.%R5in the 18-22MLT g, — m @
sector. In the midnight sector (Fig. 3, bottom sub-figures)

the peak is weaker. Thus, an island of cavities occurs ifVhere Ai.=c/wpe is the electron inertial length,
4-5Rg, associated with enhanced electric fields. Upgoingw,.=v/ne?/(eom.) is the electron plasma frequency
ion beams clearly react to the presence of the island in th@nd k; and k; are the perpendicular and parallel wave
evening sector, but not significantly in the midnight sector. number, respectively. Otherwise, the notation is standard:
Since ion beam energisation depends both on static potentia$ the plasma number density,, andm; the electron and
structure acceleration, as well as perpendicular wave heatingpn masse the absolute value of the electron chargehe
(Janhunen et al., 2003), the exact way how ion beams interspeed of light andg the vacuum permittivity.

act with the cavities and their static and/or dynamic electric The dispersion relation is

fields remains unclear. The main point is to note that in to- >

tal, three types of independent statistical measurements Sho‘é)v — kiv 14k p; @)
that the region 4—® radial distance differs from its neigh- =4 1+ kixg’

bourhood. Since particles move freely along the magnetic ) .

field, some process must consistently act at this altitude tdVheré va=B//uom;n is the MHD Alfvén speed,
maintain plasma properties that differ from other nearby alti-#0 the vacuum permeability, B the magnetic field
tudes. Whether the process is continuous or sporadic, the st&"€ngth, pi=miv;/(eB) the ion acoustic gyroradius
tistical results do not directly tell, but since the phenomenon@ndvs=+/ksT./m; the ion acoustic speed. Finally, thy B
occurs only during disturbed conditions, a sporadic proces$atio of the wave fields is given by

might be expected. Below we will study the possibility of E
transient Alf\en waves interacting with the plasma. B_i = UA\/(l + K521+ k7 pP). ®)
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Usually the oblique Alfén waves obey the flux tube scal- whereA VreszEﬁﬁ(A||/2) is the wave potential. Here
ing well, i.e.k, scales a31/2 with respect to altitude. At
high altitude, an incoming Alfén wave is more easily kinetic E‘(Ieff =max0, Ej — }dlres) (8)
(termk, p; important) than inertial (terrh, A.), because the e ds
ion acoustic gyroradiug; scales as3~! while A, depends  If inequality (Eq. 6) is not satisfied, the window width in ve-
only on the density. Notice that the parallel electric field de- locity space is zero and no electrons are trapped with the
pends only on the inertial character of the wave, not on itswave. WhenE| exceeds the threshold (Eq. 6) the window
kinetic character, while the dispersion relation depends orpf trapped electrons has a finite width.
both. For the kinetic energWin of an electron trapped by the

To close the system of equations we assume that the waveave one easily obtains
cgrries aI_I of it; original Poynting flux to the io_nospherg, dWiin dWres
without dissipating or reflecting any. Mathematically, this — — = v—— )
amounts to requiring thaf; B, scales as. ) ) o )

In the following two subsections we apply Egs. (1)~(3) to Consequently, ifg(v) is th_e electron d|s.tr|b_ut|on function
study the Alf\en wave acceleration of electrons at the high Normalised so that when integrated oveit gives the den-
and low altitude regions at 4 (ARS) and 2-R (pre- sity, the. power density of the process where the waves are
existing cavity) radial distance, respectively. For high alti- €N€rgising the electrons is
tude, Alfven parallel wavelength is assumed “small” (we ap- /vph+Av

u =

d dWI'ES 10
ply the usual equations valid for Alén waves in homoge- ”g(”)”T' (10)

neous plasma). For low altitude, the parallel wavelength is

large compared to the cavity size and we use a different ap3.2 Electron acceleration in deep and small low-altitude
proach which is explained in Sect. 3.2 below. cavity

max(vph—Av,0)

3.1 Alfvén resonosphere (ARS) electron acceleration atAt low altitude (2—3Ry radial distance), the Al&n speed
4-5Rg is typically so high that the parallel wavelength is several
Rg. There is often a density cavity at this altitude associ-
When an Alfien wave moves downward towards increasing gted with stable auroral arcs (Fig. 1) whose parallel extent, if
va, its frequencyw stays constant, so Eq. (2) dictates that estimated from the frequency spread of the dot-AKR emis-
its parallel wavelength =2r/k increases. Thus, for most sjon, is not larger than Bz (Olsson et al., 2004). There-
Alfvén waves, at a high enough altitudeis small compared  fore, let us assume that an Aéfia wave interacts with a den-
to the scale sizes of the systeml(R) and the equations of sty cavity whose parallel extent is small compared with the
homogeneous plasma listed above are valid (the geometricgarallel wavelength. The goal is to estimate the energy and
optics approximation). energy flux to which electrons inside the cavity are acceler-
Consider trapping of electrons by downgoing Alfv  ated. The Alfen wave carries a magnetic fighd . We make
waves which accelerate downward becawsg increases the assumption that, is undisturbed by the presence of the
downward. The aim is to calculate the power density of thecayity, i.e. has the same value inside and outside the cavity.
process. The resonant electron kinetic energy is Writing Ampere’s law inside the cavity we obtain

Wres= (l/2)mevgh. (4) uoenve = k1 By, (11)

An electron can only be trapped by the wave if the wave elec\Wheren is the cavity density an@__ is the same inside and
tric field causes an acceleration to the electron which is aputside the cavity. The physics of Eqg. (11) is that electrons
least the same as the accelerationf the wave itself as it inside the cavity must be accelerated in order to carry the

moves towards increasing phase velocity regions: field-aligned current (FAC) of the wave. Using Eq. (3), we
) can expres®, outside the cavity:

eE) dvph  ds dvpn duph d [ Vph 0

B = = —— = —_— =1, 5 E

me - dt dt ds vPh g ds \ 2 ©) B, = = (12)

vaoy/ 1+ k9 2%
wheres is a coordinate along the field line. i.e. we obtain a

threshold condition for the parallel field to trap the electrons, Where the index O refers to quantities evaluated outside the
cavity. For simplicity, we assumeg =0 which should be

£ = 1dWres ©) nearly always a good assumption at low altitude. To obtain
I ' the velocity to which the electrons inside the cavity are ac-

e ds
On the other handE| also determines the width of a win- celerated, we solve, from Eq. (11) and substitutd, from
I V\)Eq. (12). We obtain

dow in velocity space of trapped electrons so that the windo

half-width is EY = kA
Ue:@?J- [Mi _ KLAeO (13)
AV = /2¢ AVies/me, (7) n Me J1+ k222,




P. Janhunen et al.: Different Aln wave acceleration processes of electrons in substorms 2219
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Fig. 5. Panels from top to bottom: electron density profile with rapidly varying “cavity” density profile shown as ¢®jtéte dimensionless
parametek | 1. (b), parallel wavelengtiic), wave parallel electric field amplitudd), wave perpendicular field mapped to ionosphere with

flux tube scaling(e), ratio of parallel and perpendicular wave electric fie{fjs energy of parallel electron that moves with the parallel

phase velocity of the wavfg), power density of resonant energisation with radially integrated and mapped-to-ionosphere value shown
textually (h), energy to which electrons must be accelerated to carry the parallel current of the wave with mapped-to-ionosphere energy flux
value corresponding to the maximum shown textu@)ly Left sub-figure is without and right sub-figure with assumed ARS cavity (notice
difference in panels (a). Only panel (i) relates to the low-altitude cavity, the other panels have been computed under the assumption of a
small wavelength which is not valid in the low-altitude cavity.

Because of the factary/n (density outside the cavity versus where the ARS does not yet contain a cavity. The right sub-
density inside the cavity), large electron acceleration may ocfigure describes the situation some time later (some tens of
cur in the deepest point of the cavity, if the Adfiw wave is  seconds or some minutes) when a cavity at ARS has formed.
sufficiently intense (depends dfﬁ). Panels (a)—(h) are for ARS and use the formulas given in
Sect. 3.1 and panel (i) for a low-altitude cavity using formu-
las in Sect. 3.2 (panel (i) is similar in both sub-figures). We
4 Numerical calculation of Alfvén electron acceleration fjrst give a description for the left sub-figure only, i.e. for the

he f | : . btai . case without ARS cavity, and note the differences caused by
We now use the formulas given in Sect. 3 to obtain a quann-the ARS cavity further below.

tative estimate of various parameters associated withéalfv

wave electron acceleration. We assume a magnetic field  Panel (a) shows the assumed density profile as a func-
that scales a3, whereR is the radial distance and an tion of R as solid line. (The dotted line is a low-altitude
altitude-dependent plasma densityThe results of a partic- cavity model which is used in panel (i).) Panel (b) is the
ular calculation, assuming an incoming Aéfv wave whose dimensionless parametgr 1, corresponding to the density
perpendicular wavelength is 5 km when mapped to the ionon of panel (a). The wave numbér increases downward
sphere, frequency=w/(27)=1Hz and electric amplitude as B2 or R%2, and . decreases downward as'/2, so
E1=32mV/m atR=6 Rg, are shown in Fig. 5. The left sub- &, A, moderately increases downward. Panel (c) is the par-
figure is for the initial phase of ARS electron acceleration, allel wavelength =27/ k| solved from Eq. (2). Notice that
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Fig. 6. Polar footpoint trajectory over CANOPUS magnetometer .
network for 25 April 1997, 4:00-6:30 UT. Equivalent current vec- i
tors of the magnetometer nearest to the footpoint is shown by arrows N
(arbitrary scale). Circles of constant invariant latitude are shown as 0] . P'NT S— R S
dashed lines. UT times are shown on the right side of the trajectory. 03:00 04:00 05:00 06:00 07:00

A increases rapidly downward and is very long at low al- Fig. 7. Stacked plot of CANOPUS magnetogram X components
titudes. Panel (d) shows the wave parallel electric figjg ~ (northward components) for 25 April 1997. Between 5-6UT a
panel (e) the perpendicular field mapped to ionosphere yshegative bay. of a sgbstorm is most strongly seen in Ranlqn Inlet
ing flux tube Scaling and panel (f) thE”/EL ratio. The (RANK), ESkl!’nO Point (ESK'), Fort Churchill (FCHU)and Gillam
ratio £/ /E, decreases rapidly downward mainly because it(GILL). The times when Polar intersects the ILAT cwc!e of each
is proportional tok (Eq. 1). However, because, scales magnetometer are shown as dots and connected by a line.
similarly tok, i.e. asBY/?, the net result foE is a modest

downward decrease. Panel (g) is the resonant electron en-

ergy Wres (EQ. 4); it rapidly increases downward because it B;

is approximately proportional t82 or R=6 (notice the log- € ~ '‘eaWe Weps (14)
arithmic scale). Panel (h) is the power densityEq. 10),
calculated assuming 100eV electron temperature. The r
dial integral of the power density weighted by the flux tube
factor B; / B (B; is the ionospheric magnetic field 50 000 nT,
B;=B(R=1Rp)) is the power flux in the ionosphere, whose
value in this case is 2.93 MW TA. If deposited as electron
precipitation in the ionosphere (which does not happen), thi
power flux would be enough for a weak, marginally visible
auroral arc.

ayvherencav is the minimum density inside the cavity and
and W, are, respectively, the electron velocity and energy
corresponding to that density amdis the magnetic field, at
the minimum density location. In this case-118 mW nt2
and the maximum energy to which the electrons are accel-
serated is~15keV. This would be enough to cause a bright
substorm onset auroral display in the ionosphere.
Comparing the left (no ARS cavity) and right (with ARS
cavity developed) sub-figures of Fig. 5, the presence of an
Panel (i) of Fig. 5 corresponds to the situation described inARS cavity affects the ARS electron acceleration in the fol-
Sect. 3.2 above where an Affm wave accelerates electrons lowing ways. The wave becomes more inertial at ARS\(
inside a cavity, and it shows the ener(j)Ve:(l/Z)meue2 makes a hump there, panel (b). Algf (panel (d)) and
corresponding to the accelerated electron velagityiven in E,; (panel (e)) are enhanced there, which is in agreement
Eqg. (13). At a moment when the wave’s field-aligned currentwith the enhanced electric fields at the high altitude island
is upward, all electrons inside the cavity are acceleratedFig. 2). Since the resonant energy profile (panel (g)) is less
downward. Assuming that the formed downward beammonotonic than without the ARS cavity (left sub-figure), the
is so narrow that all the electrons precipitate, they carrytrapping of electrons is disturbed, resulting in a more com-
to the ionosphere an energy flaxW m—2) which is given by plex power density profile (panel (h)).



P. Janhunen et al.: Different Aln wave acceleration processes of electrons in substorms 2221

5 Events for 2-3 and 4-3Rg (e) is the ratioF) / F , whereFj=(1/2)(Fupward+ Fdownward
is the field-aligned and'; the perpendicular differential en-
5.1 Electron acceleration in ARS ergy flux. Red colour in panel (e) signifies an electron dis-

tribution where the parallel flux is enhanced with respect to

In this subsection we describe an event where Polar resides #@ie perpendicular flux at the same energy. For a discussion
4-5R radial distance with its footpoint mapping in a mod- of ways to quantify these kinds of electron anisotropies and
est (~250nT) substorm which occurred on 25 April 1997 their statistical properties in the auroral region, see Janhunen
over the Canadian CANOPUS ground-based magnetometest al. (2004b). The features seen in panels (b)—(e) are typ-
network. Figure 6 shows the footpoint trajectory of Polar jcal of active auroral field lines: there is an enhanced, al-
over the CANOPUS magnetometer network. The seven stamost isotropic hot electron population at several keV energy,
tions Taloyoak (TALO), Rankin Inlet (RANK), Eskimo Point together with a strongly anisotropify>7, type middle-
(ESKI), Fort Churchill (FCHU), Gillam (GILL), Island Lake  energy (100—1000 eV) distribution.
(ISLL) and Pinawa (PINA), form the main chain running  Figure 9 shows the Polar HYDRA electron distribution
from north to south. In this event the main chain coin- function at one time (05:42:40) which is rather representa-
cides rather well with the Polar trajectory. Other CANO- tive of the interval where the Alen waves are seen. There
PUS stations on the eastern side of the chain (Contwoytds a strongl} > T, type anisotropy below 1 keV, while above
Lake CONT, Fort Simpson FSIM, Fort Smith FSMI, Rab- 1keV the distribution is isotropic. As mentioned above,
bit Lake RABB and Fort McMurray MCMU) are also shown this type of middle-energy electron anisotropies, together
in Fig. 6. The equivalent current vectors corresponding to thewith isotropic high-energy distributions, are common in au-
main chain station which is most nearby the Polar footpointroral field lines. In this event, because there is simultane-
are shown as arrows in arbitrary scale. The equivalent curous Alfvén wave activity, we suggest that the middle-energy
rent vectors are determined by subtracting a baseline whiclnisotropy is at least partly due to Aéfa waves being in
is the average field measured between 2:00 and 3:00 UT dul-andau resonance with the electrons (Wygant et al., 2002).
ing the same day, 25 April 1997. Approximate times of Polar This is not the only possible interpretation. For example, we
are displayed in Fig. 6 on the right side of the footpoint tra- have suggested before that ion Bernstein waves cause some-
jectory. what similar anisotropies in auroral field lines during more

Figure 7 shows the geographic north component (X com-guiet times at many altitudes (Olsson and Janhunen, 2004).
ponent) of the magnetograms for the main chain stations afAlfv én waves are relatively rare, but electrostatic waves and
ter the removal of a baseline. For each station, the time whemnisotropies are both common in this region. However, we
Polar intersects the ILAT circle of the station is found and still think that the Alfven acceleration idea is sensible in this
marked by the abscissa of a dot. The ordinate of the dot isvent, since the anisotropy seen is stronger than what is typ-
taken to be the measured magnetic field so that the dots ligcally seen during quiet times.
on the magnetogram curves. The dots are connected by lines Figure 10 shows data from the Polar electric and magnetic
to show the temporal order. The first negative bay is seerfield instruments. Panel (a) is the spectrogram of the spin-
at Fort Churchill (FCHU, 69.5ILAT) at 04:58, from which plane electric field below 10 Hz, taken from the full time res-
it spreads northward to Eskimo Point (ESKI, 71.8 ILAT) and olution (20 samples per second) data of EFI using the Han-
Rankin Inlet (RANK, 73.51LAT) in less than 10 min. Polar ning window in 60-s boxes. The quantity shown is the square
enters the substorm when its footpoint approaches Rankimoot of the total spectral power in all of the Cartesian GSE
Inlet from the north, which is evidenced by a few long equiv- components of the field. Panel (b) is the corresponding mag-
alent current vectors in Fig. 6 near RANK. The perturbationsnetic field spectrogram from the Magnetic Field Experiments
never reach Taloyoak (TALO, 79.51LAT) in the north and (MFE) (Russell et al., 1995) below 4 Hz, again using the full
Pinawa (PINA, 61 ILAT) in the south. Data from stations east resolution data (8 samples per second). Panel (c) is the ratio
of the main chain do not show strong perturbations, so thabf panels (a) and (b), i.e. the/ B ratio of the wave field. One
the substorm is confined near the main chain. In this studyclearly sees from Fig. 10 that intense wave activity occurs be-
we are not interested in a detailed correspondence betweeaween 05:40 and 05:50 and that thgB ratio of the waves is
ground-based and satellite observations, but the purpose déss than 1®m/s, even less than 1én/s for the most intense
Figs. 6 and 7 is to document that a substorm is going on invaves below 0.1Hz. An estimated MHD ABw speed is
the Polar footpoint area when Polar crosses the auroral oval~2x 10’ m/s. TheE /B ratio and the spectral signatures sug-

Figure 8 shows Polar spacecraft potential and electron datgest that the waves are ABmic. The wave activity occurs si-
during the event. Panel (a) is the spacecraft potential from thenultaneously when HYDRA detects enhanced hot isotropic
Electric Fields Investigation (EFI) instrument (Harvey et al., electrons, together with the middle-energy anisotropies (see
1995). Polar is in the polar cap until 05:22, in a “quiet” au- previous paragraph). The magnetic component of the waves
roral oval 05:22-05:42 and in active auroral field lines af- is small in the 2—4 Hz range (above 4 Hz we have all rea-
ter 05:42. After 06:00 Polar moves to subauroral latitudes.son to assume this to be the case as well, although we have
Panels (b)—(d) show the downward, perpendicular and upno data there), which is consistent with the Ahic inter-
ward electron differential energy fluk, respectively, from pretation: the shear AlBn wave dispersion surface exists
the HYDRA electron detector (Scudder et al., 1995). Panelonly below the ion gyrofrequency, which 87 Hz locally,
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Fig. 8. Polar data for 25 April 1997, 5:03-6:07 UT. EFI spacecraft pote(@gIHYDRA downgoing(b), perpendiculafc) and upgoing
(d) electron differential energy flux, and ratio between parallel and perpendicular {eixdhe satellite moves from the polar cap into the
auroral zone 5:42 UT.

but smaller deep in the magnetotail where the source regio®.2 Electron acceleration in auroral cavity (2R3)
for the substorm-related Alen waves probably resides. Al-
though the exact location of the source region is not known
typical fields in the magnetotail are usually not larger than o ,
100nT, so seeing Alfen-waves at higher than2 Hz fre- lite was at 3.5k radial distance durmg a substorm on 11
quency would indicate either a low-altitude source or sig- December 1998, 13:00-13:30 UT (Fig. 11). We show the

nificant nonlinear cascading in frequency space; there is nd* and B spectrograms from the low-frequency wave in-
evidence for such processes in this event. strument IESP on board Interball Auroral Probe (Perraut

et al., 1998) in panels (a) and (b), respectively. At times
marked with small black arrows in Fig. 11 there is an arti-
ficial signal from the NVKONCH instrument which shows

We now study Interball data in an event where the satel-
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Fig. 9. HYDRA electron distribution function taken at 05:42:40 E 108
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as dark blue). Above 1keV the distribution is isotropic but be- 1
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up in the IESP panels. Datapoints of panel (b) (wave mag-+ig. 10. E, B, andE /B ratio from Polar EFl and MFE instruments.
netic spectrogram), where the magnetic spectral density i&FI spin plane electric field spectrogrda), MFE spectrogranb),
below 3x10"11THz /2, are shown as white in panel (c) ratio of panels (a) and (bjc). Estimated MHD Alfén speed is
(the E/B ratio). Panel (c) shows the/ B ratio, where green  ~2x10"m/s.

corresponds to Alfén waves and red to electrostatic waves
(13:18-13:20 UT). Panel (d) shows the high-frequency spec-_., ., . I .
trogram from the POLRAD instrument (Hanasz et al. 1998),S|ble. the dot-AKR emission and the presence of the cavity

. L A are probably related, and the cavity size is the most natu-

lrjz;thr()arretiear:?gesgrégitetr?;v?l'rﬁga;s;srnl;s)ttigﬁsrarlg::jl:Iiit?)%? ral defining factor for the frequency spread and thus the al-

. ' titude spread of the electron acceleration which causes the
nection f and R are that thef corresponds to the electron dot-AKR emission.
gyrofrequency in the generation regiofi=(eB/m.)/(27)
and that the magnetic field at the generation region is given
by B=B;(Rg/R)3, where B;=50000nT is the ionospheric 6 Discussion
magnetic field. Normal AKR is seen in panel (d) until 13:25,
generated below the B¢ radial distance. A clear dot-AKR The purpose of this paper was to develop the idea of the
emission (Hanasz et al., 1998; de Feraudy et al., 2001; OlsAlfvén Resonosphere (ARS), to describe the high-altitude 4—
son et al., 2004) is seen atl3:20 UT at~3 Rg. Ourinter-  5Rg “island” seen in many data sets during disturbed con-
pretation is that the dot-AKR emission is a result of localisedditions, and compare and contrast it with the &fic model
electron acceleration at3 R radial distance which is due for dot-AKR formation at 2—& g during substorm onsets.
to the intense substorm-related Adiv waves. We suggest We introduced the concept of ARS which means the quasi-
to explain the rather narrow altitude range of the dot-AKR spherical layer at-4-5Rg where the local (MHD) Alfén
emission, which is clearly above the main acceleration re-speed is near the local electron thermal speed. In ARS,
gion generating normal AKR, by the presence of a small au-electrons can therefore be accelerated by a Landau reso-
roral density cavity. Although there is no independent con-nance of an Alfén wave. The exact location of ARS, of
firmation of the vertical size of the cavity, the statistical fact course, depends on the plasma density and electron tem-
that the dot-AKR originates near the same altitude where theperature, but because ~B~1/R3 depends strongly oR
deepest cavities are statistically seen (Fig. 4, for more deand more weakly on the density, ARS is rather well-defined
tails, see Olsson et al., 2004) makes this interpretation plauand not a very thick region. The main observational support
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—40V corresponds to a deep cavity of less thah05 cnt3
while —10V corresponds to density0.3 cm 3. Notice that
since the density cavity cannot develop faster than the ions
move, it does not form immediately when the Adivactivity
starts, so a one-to-one correspondence betweeieAlfiave
activity and cavity depth is not expected to occur.

The theoretical and numerical part showed that modest en-
ergy deposition in ARS, corresponding to a few milliwatts
per square meter in the ionosphere, is expected to occur when
intense (32 mV/m electric amplitude aiRg) Alfv én waves
are present. Even though the energy flux is only modest by
the auroral ionosphere standard, it is still enough to energise
all middle-energy electrons in ARS il s to~500¢eV, as it
should be consistent with our interpretation since the travel
time of electrons through ARS is alsel s.

For the low-altitude cavity, our calculations predict much
larger, up to 118 mW ?, ionospheric equivalent energy
flux and up to 15keV maximum energy. Even larger val-
ues could be obtained by assuming a deeper cavity or higher
amplitude Alfven wave. These values should not be taken as
accurate estimates, however, since probably not all the elec-
trons are able to precipitate in the ionosphere and also our
model for the cavity is a crude one. Also our initial assump-
tion that the wave carries all Poynting flux to the ionosphere
overestimates the wave amplitude at low altitude, since part
of the energy is in reality reflected or dissipated. Equa-
tions (13) and (14) show that the power flueri/n2 and

the electron energy i%,~E? /n?, whereE | is the Alfvén
Fig. 11. Dot AKR example event 11 December 1996 with IESP and wave amplitude and the minimum density in the cavity.
POLRAD data, showingg) electric IESP wave amplitudé)) mag-  Thus, electron acceleration in the low-altitude cavity is sensi-
netic IESP wave powe(c) the £/ B ratio from IESP andd) POL-  tjye to the minimum density and the ABwn wave amplitude.
RAD AKR data. The vertical axis in panels (2)~(c) is Hz. The inten- These properties are in accordance with the observed fact that
Sity '”Pf%“e'(d) 'sin J.anSky (1 JlO WM Hz ) .The Verl  the dot-AKR emission is rather rare and only associated with
cal axis in panel (d) is the radial distance corresponding to the AKR ubstorm onsets. Outside major storms at least, substorm

frequency, assuming the frequency corresponds to local electron gy§ .
rofrequency. The dot AKR seen at 13:18-13:20-@R}; radial onsets are the events where the brightests and fastest mov-

distance (45-70kHz) occurs simultaneously with electromagnetidnd (i-€. Alfvénic) auroral phenomena are seen and where
low frequency wave activity. Dots at 13:01-13:02, 13:07—13:08 and€lectron energies are reported to reach 30 keV (Olsson et al.,
13:09-13:11 are not associated with low frequency waves. 1998). Apart from the energy given to dot-AKR, the accel-
erated electrons could also explain the field-aligned bursts
often seen superposed with inverted-V electrons in FAST
for the relevance of ARS is that at 4&: there is statisti- (Chaston et al., 2002) and sounding rocket data (Tung et al.,
cally a region of reduced plasma density and enhanced ele?002).
tric fields during disturbed conditions in the midnight and  Our electron density statistics (Fig. 1) show that the low-
evening MLT sectors. Since Alén waves are known to be est densities occur between 2.523 (9500-13 000 km alti-
most intense during substorms and also since substorm adude). This is a higher altitude than where normal AKR is
tivity occurs mainly in the midnight and evening sectors, the generated: the typical normal AKR frequency of 400 kHz
idea that the cavity seen at 4Rp is caused by Alfen wave  corresponds to only 3300 km altitude. An important pa-
induced electron acceleration appears to be quite plausible.rameter that controls AKR emission is the ratig. /<.,

In an event where Polar is known from ground-based meawherew,.=+/ne?/(eom.) is the electron plasma frequency
surements to be inside a substorm and atRg%adial dis- andQ.=eB/m, is the electron gyrofrequency (Wu and Lee,
tance (i.e. at ARS), we found that the electron distribution1979; Hilgers, 1992; Benson, 1995). To enable AKR emis-
below 1 keV is indeed highly anisotropic, indicating energy- sion, w,./ 2. must be smaller than approximately 0.1-0.2
selective parallel electron heating by waves. SimultaneougHilgers, 1992; Benson, 1995). From this it follows that the
intense Alfien waves below 2 Hz were found in Polar elec- largest density at each altitude that enables AKR emission
tric and magnetic field data. The plasma potential varies bescales ask—®, whereR is the radial distance. Thus, the
tween—40V and—10V when the Alfen waves are seen; fact that deep cavities are rarely seen in our data at very low
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altitude (below 2. radial distance) is in agreement with

the AKR versus density study of Hilgers (1992). a)
We can also envision three other mechanisms that con- 3.5 RE
tribute in the same direction, i.e. that low-altitude deep cavi- Bernstein

ties are rarely seen in the spacecraft potential data. The first reves

mechanism is due to the measurement method: the space-
craft potential depends not only on the density but also to
some extent on the electron energies. Specifically, Fig. 2 of
Janhunen et al. (2002) shows that a cold plasma with density
0.05 cn12 corresponds to Polar spacecraft potential of 25V,
but if the plasma has temperature 6 keV, the spacecraft poten-
tial is 12 V. Thus our method of building the density statis-
tics may miss those low density regions which contain strong
fluxes of high energy electrons (inverted-V electrons). Since
the inverted-V electron fluxes are the most intense below the
bottom of the acceleration region, this mainly contributes to-
wards missing low-altitude cavities.

The second mechanism is that the strongest electron ac-
celeration events probably correspond to the deepest cavities
and the lowest acceleration region bottom altitudes; how-
ever, the downward-reaching negative potential fingers caus-
ing these events are narrow and probably also short-lived.
Thus the events are spatially rare, although they may emit a
significant fraction of normal AKR. The third mechanism is
related to cavity lifetime effects. After the active processes
stop or move elsewhere, the formed cavity fills up in the cold
(ambient) ion time scale, starting from its bottom. Typically,
the process takes10 min (Janhunen and Olsson, 2002). The
lower the altitude, the faster the filling up process is because
the ions then need to move a shorter distance. Thus, the frac-
tion of “dead” (nonradiating) cavities seen in the density de-
pletion statistics increases with altitude. To summarise, deep
low-altitude cavities in the spacecraft potential statistics are
rarely seen because (1) although significant contributors to
normal AKR, they are spatially rare, (2) to emit normal AKR
at low altitude, small plasma density which is not very small
is actually required, (3) even when a deep cavity exists at
low altitude, it usually contains intense inverted-V electron
fluxes which make the plasma look denser than it is in the
spacecraft potential sense, (4) when the inverted-V electron.

e Al . . . Fig. 12. Our view of processes that An-wave activity causes on
activity stops, the low-altitude part of the cavity quickly fills auroral field lines:(a) low-altitude auroral cavity associated with

up. . . . stable auroral arc and maintained by, for example, the coopera-
We summarise our scenario by the cartoon diagram showRe model involving ion Bernstein waves (Olsson and Janhunen,

in Fig. 12. In the initial state (panel (a)), only a low- 2004),(b) at substorm onset, Altn waves arrive from the magne-
altitude auroral cavity associated with a stable auroral arGosphere, causing electron acceleration in the @ifvesonosphere
and maintained by, for example, the cooperative model in(ARS) wherev ~v, and possibly also dot-AKR emission in the
volving ion Bernstein waves exists (Olsson and Janhunenlow-altitude cavity (the dot-AKR emission is usually short-lived
2004). In panel (b), substorm onset associatedé&kfwaves  and probably requires strong transient Afvwaves)(c) if Alfv én
arrive from the magnetosphere, causing electron acceleratioyyave activity lasts for some time, electron acceleration causes some
in ARS wherev ~v,. At low altitude the wave produces [0ns to leave ARS as well, leading to an ARS cavity) after
dot-AKR emission when accelerating electrons inside a prein€ Alfven-wave activity has stopped, the ARS cavity fills up in

.. . - the ion time scale, so that it continues to exist for some time (the
existing auroral cavity. In panel (c), the Ain wave activity low-altitude depletion is all the time maintained by other processes

has lasted for some time (from some tens of seconds to SOMGhich are independent of Alénic acvitity). Normal AKR is emit-

minutes) and electron acceleration has caused some ions {gy | the time near the lower boundary of the cavity, although not
leave ARS as well, leading to an ARS cavity. In panel (d) shown.

the Alfvén-wave activity has stopped. The ARS cavity refills
in the ion time scale so that it continues to exist for some

1.3 R
lowalt.
density

depl etion

c)

hi gh-al t
density
depl etion
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other processes which are independent of @dfic acvitity. itude Space Plasma Physics, edited by Hultgvist, B. and Hagfors,
To prevent the figure from becoming too messy, the normal T., Plenum, New York, 515, 1983.
AKR emitted by the cavity all the time is not shown. Hasegawa, A.: Particle acceleration by MHD surface wave and for-

. . _ mation of aurora, J. Geophys. Res., 81, 5083-5090, 1976.
Finally, to put the paper in context, we address the fol Hui, C.-H. and Seyler, C. E.: Electron acceleration by Atiwaves

lowing question: what is the role of transient Adfiwv waves in the magnetosphere, J. Geophys. Res., 97, 3953-3963, 1992.

in optical auroral phenomena in light of this study? The yanas; 3. Krawczyk, Z., Mogilevsky, M. M., Schreiber, R., de Fer-
main transient Alfénic effects in active aurora are motion audy, H., Dudzinski, K., Romantsova, T. V., Nowakiewicz, W.,

and brightenings of auroral forms. These effects are super- Kkraynyuk, A., Barylko, M., Buczkowska, A., Juchniewicz, J.,
posed to the stable arc maintaining processes which need not Nazarov, V. N., and Mikhalev, N.: Observations of auroral kilo-
be (and probably are not) Alénic. Auroral motion is the op- metric radiation on board Interball-2: Polrad experiment, Cosmic
tical signature of energy deposited in the ionosphere by Joule Res., 36, Engl. Transl., 575-586, 1998.
heating because the motion is the< B drift of the Alfvén Hanasz, J., de Feraudy, H., SChreibel’, R., Parks, G., Brittnacher, M.,
wave electric field. Auroral brightenings are probably due to  Mogilevsky, M. M., and Romantsova, T. V.: Wideband bursts of
Alfv énic power dissipated to electrons in the acceleration re- auroral kilometric radiation and their associated with UV auroral

. . . . . bulges, J. Geophys. Res., 106, 3859-3871, 2001.
gion, producing field-aligned electron fluxes. It was a topic

! . Harvey, P., Mozer, F. S., Pankow, D., Wygant, J., Maynard, N. C.,
of this paper that in substorm onsets, the Atiwvaves accel- Singer, H., Sullivan, W., Anderson, P. B., Pfaff, R., Aggson, T.,

erate electrons withi_n pre-existing cavities rap.idly enough so  pegersen, A. &thammar, C. G., and Tanskanen, P.: The electric

that dot-AKR emissions also result. Energetically, the dot-  field instrument on the Polar satellite, Space Science Reviews,
AKR process is probably not important, but it has potential 71, 583-596, 1995.

remote sensing diagnostic value as a cavity altitude markemilgers, A.: The auroral radiating plasma cavities, Geophys. Res.
The ARS electron acceleration is important because it causes Lett., 19, 237-240, 1992.

large effects, for example, in the form of cavity formation at Janhunen, P., Olsson, A., and Laakso, H.: Altitude dependence of
4_5RE! aithough ARS is also not very Significant energet_ plasma density in the auroral zone, Ann. GeOphyS., 20, 1743—
ically: only a small fraction of the incoming Aln wave 1750, 2002.

energy goes into electrons in the ARS, the rest propagate‘%anhunen' P., Olsson,_ A., and Pe_terson, W. K.: The occurrence_fre-
to lower altitudes and is dissipated or reflected (Lysak and quency of upward ion beams in the auroral zone as a function
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Song, 2003b). Consideration of Affmic electron accelera- phys., 21, 2059-2072, 2003.

tion below the main acceleration region where the increasejznhunen, P. and Olsson, A.: The occurrence frequency of auroral
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