1.9 P

309

ENERGY DISSIPATION IN SUBSTORMS
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ABSTRACT

The energy dissipated by substorms is manifested in several
ways: the Joule dissipation in the ionosphere; the
energization of the ring current by the injection of plasma
sheet particles; auroral election and ion acceleration; plasmoid
ejection; and plasma sheet ion heating during the recovery
phase. Each of these energy dissipation mechanisms is
discussed, a 'rule of thumb' formula is given, and a typical
dissipation rate and total energy expenditure is estimated.
We find that,the 1otal energy dissipated as Joule heat
(~2 x 10" W is about twice the ring current injection term,
and may be even larger if small-scale effects are included. The
energy expended in auroral electron precipitation, on the
other hand, is smaller than the Joule heating by a factor of
five. We estimate that the energy expended in refilling and
heating the plasma sheet is ~5 x 10!4 J, while the energy lost
due to plasmoid ejection is between ~1013-10171,
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1. INTRODUCTION

During a substorm, energy previously transmitted from the
solar wind and stored in the magnetosphere is dissipated in
the inner magnetosphere and auroral ionosphere, in the form of
ring current energization, Joule heating, and particie precip-
itation, and in the magnetotail, in the form of plasma sheet ion

.\, heating and plasmoid ejection. In general, energy r dissipation

in the inner magnetosphere and auroral ionosphere is more
casily monitored and estimated than energy dissipation in the
magnetotail. The global energetics of the magnetosphere
have been reviewed by Akasofu [Ref. 1] and Stern [Ref. 2],
and a number of studies have compared the magnetospheric
energy input and dissipation rates due to Joule heating,
particle precipitation, and ring current energization [Ref. 1,
3.-7]. Baker et al. [Ref. 8] have performed an especially
detailed study of the storage of solar wind energy in the
magnetotail and the pre- and post-expansion onset dissi-
pation of the stored energy. Our purpose in this paper is to
briefly review magnetospheric energy input and substorm
energy dissipation mechanisms, provide a ‘rule of thumb'
method for estimating the power and/or total energy ex-
pended by each mechanism, and 1o fimmarize estimates of
these quantities for both typical and large substorm events.

2. SOLAR WIND ENERGY INPUT

The electromagnetic energy available to the magnetosphere,
and hence available for dissipation, is supplied by the solar

®

wind. Numerous studies have shown that the total rate of
energy transfer from the solar wind to the magnetosphere is
largely controlled by the southward component of the IMF
[e.g., Ref. 9). The potential drop associated with viscous
processes is typically small (10 kV or less) [Ref. 10, 11, 12],
with the largest (~20 kV) viscous potentials occurring
during cases of large northward IMF [Ref. 13]. With a
number of simplifying assumptions, the energy transfer rate at
the magnetopause can be approximated by [Ref. 2] T

At fa

Un = Bpe ()
where Ig; is the cross-tail current and the cross-polar cap
potential drop, ®pc, can be estimated by [Ref. 12]

Oy =fv B sin’ (g) 2 Rer @

Here v and B are the solar-wind velocity and magnetic field
strength (with a saturation value of B = 10.8 nT), Rc is the
pressure-dependent standoff distance, @ is cos”! (Bz/BI), and
fis an empirical coefficient of value 0.31, as shown in Fig.1.
A dayside cross-section of the magnetosphere ~3 Rcpim-
plies a global merging efficiency of about 0.20. For a cross-
tail current of ~1 x 107 A and a maximum polar cap potential
drop of 200 kV (pathological cases have been observed as
high as 250 kV), the rate of energy input from the solar wind
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Fig. 1: Correlation of the normalized cross-polar cap
potential drop e® / mv? with equation (2) [Ref. 12].
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is Usw ~2 x 1012 W. More typically, U,,, ~5 x 10!'W. This
rate of energy transfer represents about 5% of the total _solar

wind power incident on the magnetosphere, given by

U= £ e o

where p and v are the solar wind mass density and velocity,

and Lcg is the Chapman-Ferraro scale length (~30 REJ3 For

average solar wind conditions, p = 8.4x 10 2l kg/m”, v ~

4 x 105 m/s, and thus the total solar wind energy rate

available is U_,“_,}(:_gg) ~10'~ W, increasing by over an order
1

of magnitude in

gh speed streams.

Perreault and Akasofu [Ref. 14] and Akasofu [Ref. 1, 15]
have shown that the energy transfer rate between the solar
wind and the magnetosphere is also well approximated by the
empirical function g, in units of ergs/s, given by

E(I):szsin‘[%_) I (4)

where [p is a constant = 7 R 0 is the angle between the
GSM z-direction and the projection of the IMF in the y-z
plane, and all quantities are in cgs units [Ref. 2]. It should be
noted however, that this formula does not include energy
transfer across the LLBL, or energy transfer by particles.
Typically, & ~0-5 x 10!! W. In the large CDAW 6 substorm
on March 22, 1979, Baker et al. [Ref, 8] calculated an average
value of £.0f ~4 x 102 W. Several studies showing clear
correlations between € and Akasofu's estimate of the total
output rate, UT (a combination of energy dissipation due to
Joule heating, ring current dissipation, and particle
precipitation) have emphasized the directly-driven aspect of
magnetospheric substorms by showing the similarity
between their temporal profiles [Ref, 1, 15]. (See, however,
Ref. 23). Other authors have emphasized that both directly-
driven and unloading aspects are necessary components of
substorm energy dissipation [Ref. 16, 8]. Most recently, the
successful prediction of the AE index from solar wind
parameters by Goertz et al. [Ref. 17] has provided a
powerful case for the directly-driven aspect of substorms,
and includes the effects of wave travel times, tail energy
storage and conductivity feedback.

3. ENERGY STORAGE IN THE MAGNETOTAIL

During periods of southward IMF, electromagnetic energy is
extracted from the solar wind kinetic energy and stored as
enhanced magnetic-field energy density in the tail lobes. As
shown by the superposed epoch averages of Caan et al. [Ref,
18] in Fig. 2, the tail magnetic field energy increases prior to
the onset of a substorm (growth phase) and decreases rapidly
during the expansion phase. The rate of change of magnetic
flux in the lobe could in principle be estimated from the day-
side merging rate R, and the tail reconnection rate ,R, since

dDui _ Raay - Riair (5)

where ® 4 is the tail lobe magnelic flux, butin practice the
tail reconnection rate is not easy to determine. The change in
tail flux can also be estimated by measuring the tail lobe field
strength as a function of time, and estimating the cross-
sectional area of the magnetotail Using this method, Baker et
al. [Ref. 8, 19] estimated the total energy gain for the March
31 CDAW 6 event to be ~4.6 x 10'5 J. Although an indepen-
dent method of monitoring the radius of the tail does not Ppre-
sently exist, it can be estimated from the component of the
solar wind pressure normal to the tail boundary [Ref. 20] in-
cluding the effect of the magnetotail flaring [Ref. 21]. An-
other way 10 quantify the amount of magnetic energy stored
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Fig. 2: Superposed analysis of the IMF Bz, tail lobe
energy density, mid-latitude ground magnetic perturbations,
and the AE index [Ref. 23].

in the tail is from the total magnetic flux contained within the
polar cap identified in satellite images (assuming that the
boundary of the luminosity corresponds to the boundary of
open field lines) [Ref. 22}; [Lockwood, personal communi-
cation, 1991]. Frank and Craven [Ref. 22] determined the
rate of increase of magnetic energy in the ma%netotail during
the growth phase of a substorm to be ~2 x 1012 W using this
method, with a similar amount released in the expansion
phase. In the canonical (i.e., superposed epoch) substorm of
Ref. 18, the total energy stored in the magnetotail during the
growth phase is shown 1o be ;‘1 with tail energy
density rising about 30% in the growth phase and falling the
about same amount in the expansion phase.

4. ENERGY DISSIPATION MECHANISMS

M
= a1, Ring Current Injection

Energy stored in the magnetotail is partially converted into
particle energy in the ring current after the onset of a’
substorm. Plasma is injected into the ring current during the
dipolarization phase, resulting in strongly negative (up to
~-100 nT) values of Dst. The energy contained in the ring
current particles was first estimated as a function of Dst (AB)
by Dessler and Parker [Ref.24] as

Ex __3 AB

Em 2 Bo (6)

where E_, is the total dipolar geomagnetic field energy, Er is
the total particle energy parallel to the magnetic fiel‘d. and Bg
is the surface equatorial field intensity. With Bg =
3% 10%nT, E,, =8 x 1017 J and AB = 100 nT, the total
energy in the ring current is given by E, ~4 x 1012 J. This
value is only an estimate, however, since the field can be sub-
stantially distorted during a magnetic storm; more accurate
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calculations using open, distended magnetic fields are in
progress [Mallsev, personal communication, 1992]. In the
recovery phase of a magnetic storm, the particle energy
stored in the ring current is dissipated as heat and light by
precipitation of the ring-current particles into the atmosphere
and by charge exchange between ring-current particles and
neutral atoms. In general, the decay of the ring current is rapid
in the early recovery phase and more gradual in the later
stages of the storm recovery, indicating a non-uniform ring
current particle lifetime that may be dependent on the input
energy rate [Ref. 1] or on the composition of the ring current
if the main process removing its particles is charge exchange
[Ref. 25]. The ring current injection rate is approximately

Ue=-4x10" E+Qs—‘
™ PV )]

[Ref. 1] where 1, is the ring current particle lifetime and Dst
(in nT) has been suitably corrected for effects due to pressure
variations in the solar wind [Ref, 26, 27]. Measurements of
AB should also be corrected for the effects of currents
induced in the solid Earth [Ref, 28], as discussed in Ref. 2,

The development of the substorm ring current and energy
injection rate was modeled by Harel et al. [Ref. 4] using the
Rice Convection Model [Ref. 29]). The results of their
modeling, shown in Fig. 3, indicate an energy input rate of
Ugo ~1 x 10" W and a total change in ring current energy
during the substorm of ~1.4 x 10'5 J for a polar cap potential
drop of 80 kV. The largest Dst excursion in recent times was
during the storm of March 14, 1989, where the minimum Dst
reached -600 nT, after the polar cap potential averaged nearly
200 kV for over 12 hours [R. A. Wolf, personal communica-
tion, 1992]. Even in that event, the fastest rate of Dst de-
crease was about 350 nT over 7 hours, or an energy injection
rate of about 6 x 10'1 W,

4.2.  Auroral Electron Precipitation and Upflowing Ions

A relatively small, but well estimated, percentage of the glabal
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Fig. 3: Ring current energy and Joule heating as a

function of UT. Results are shown for model calculations
using 80 kV and 140 kV peak cross-polar cap potential
drops. The bottom panel shows the ratio of the Joule heating
to the square of the polar cap potential drop [Ref. 4].
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Fig. 4: Contour plots of precipitating electron energy

flux sorted according to the AE index. [data from Ref, 31]

energy budget is deposited in the atmosphere by precipita-
ting auroral electrons. Spiro et al. [Ref. 30] correlated the
average global distributions of precipitating electron energy
flux and average energy (using AE-C and -D satellite data)
with the AE index, and showed that the power from precipi-
tated auroral electrons could be approximated by

U = [175 ( AE ) +1.6]1x10'° W 8)
nT

100

For our canonical substorm with AE of ~500 nT [Ref. 18]
(Fig. 2), the typical energy deposition rate due to particle
precipitation is Uy ~1 x 10! W with a total deposition over
1 hrof 3 x 10 J, In a larger substorm such as the March 22,
event [Ref. 31] these values may approach 5 x10!! W and
2 x 10'5 J, respectively. The electron energy flux as a func-
tion of invariant latitude and local time for four different AE
bins is replotted from [Ref, 30] in Figure 4 (see also Ref. 32,
33). We stress that AE does a better Jjob of ordering the
electron precipitation than Kp [Ref. 30], and thus we do not
recommend using a Kp-indexed estimate of the particle pre-
cipitation; frankly, the use of a 3-hour index to order any
substorm-related parameter is unlikely to be accurate. Hardy
et al. [Ref. 34] showed that the average precipilaling ion
energy flux is only ~11-17% of the electron energy flux,

The power expended in accelerating ions out of the jono-
sphere during auroral substorms is much smaller than that
spent on precipilaling electrons since ions have small
mobilities and relatively low fluxes. Yau et al. [Ref. 35] used
EICS data to determine the distribution and variability of
upflowing ionospheric ions over the auroral zone and polar
cap. They estimated the total ion outflow (H* and O") was
1.5 x 1025 jons/s at active times (3 < Kp < 5) and 5 x 1025
lons/s at quiet times (Kp < 2) for solar maximum conditions.
Using an average ion outflow of 1 x 1026 ions/s and an
typical energy of 500 eV, power dissipated by upward ion
flow in the auroral zone is U; ~1 x 10! W. The net flux
associated with near-thermal ion outflows [Ref. 36] is over
an order of magnitude larger; however, the considerably
lower mean energy implics that the energy flux associated
with thermal ions is quite small. Terrestrial ions are impor-
tant in determining the total magnetospheric plasma content
and the subsequent acceleration of these ions back toward the
earth (forming part of the ring current) may also result in
substantial energy redistribution [Ref. 37).
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4.3. Joule Heating

One of the most important modes of energy transfer from the
magnetosphere to the ionosphere during substorms is Joule
heating. The global Joule heating rate due to an ionospheric
current density ] is given by

U;.,:JE'-jdV = [z:p E dx dy 9)

where the effective electric field is given by E'=E +uxB
(with u the neutral wind, typically ignored in calculations), Z,
is the height-integrated Pedersen conductivity, and the inte-
gration covers latitudes >50° IL. Statistical studies of hemi-
spheric Joule heating rates have been conducted by a number
of authors [e.g., Ref. 6, 38, 39, 40, 41] using average
measurements of ionospheric electric fields and models or
calculations of global Pedersen conductances; as an example,
the distribution of Joule heating in the northemn hemisphere
calculated by Heelis [Ref. 40] is shown in Fig. 5. Difficulties
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Fig. 5: The height-integrated northern-hemisphere Joule
heating rate computed from the Pedersen conductance and the
square of the perpendicular electric field (determined from
DE-2 satellite measurements) [Ref. 40].

in accurately estimating Joule heating rates arise because the
electric field and conductivity are rarely known simultaneous-
ly and the average value of E? is typically larger than the
square of the average value of E [Ref. 39, 40]. Figure 6, from
Foster [Ref. 39], shows the energy dissipation by Joule
heating as a function of Kp for different seasons as well as
the energy dissipation due to particle precipitation
estimated by Spiro et al. [Ref. 30]. Ahn et al. [Ref. 42]
showed that the typical Joule heating rate is nearly linear with
AE or AL (Up, ~ 23 % 108 AE). Individual event studies
[e.g., Ref. 4, 8, 43] have resulted in estimates of the total
Joule heating rate between ~8 X 101%and 1.8 x 1012 W,
Harel et al [Ref. 4] showed analytically that the Joule heating

rate is about twice the energy dissipated in the ring current,

and can be approximated by

Un = T @ (10)

where I'p is an effective global ionospheric Pedersen
conductance of ~30 mho [see bottom panel of Figure 3].

As an example of the effect of small-scale structure on Joule
dissipation in substorms, we have fit an expanding-contract-
ing polar cap (ECPC) model to a DE-2 satellite pass during a
small (AE = 500 nT) substorm on October 6, 1981, when tail
econnection was occurring. Ion flow measurements for this
pass are shown in Fig. 8(a). The region of eastward flow at
~2230 MLT and 68° IL, which occurs at substorm expan-
sion, is on closed field lines within the discrete auroral region
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Fig. 6: Single hemisphere energy input due to Joule heating
as a function of Kp. For comparison, the energy input due to
electron precipitation estimated by [Ref. 30] is also shown
[Ref. 39].

and thus may be indicative of outflow equatorward of the
footprint of the tail reconnection line. When the flow mea-
surements are fit to the ECPC model [Ref. 44, 45] the con-
vection pattern shown in Fig. 8(b) results. The best fit to the
flow velocities is given by a dayside merging gap potential
of 50 kV and a nightside gap potential of 10 kV (indicative
of the tail reconnection rate). Using statistical models of the
conductivity from the data of Spiro et al [Ref. 30],we obtain
a Joule heating rate in the vicinity of the nightside gap of
Uy, =2.8 x 107 W, which accounts for essentially all of the
northemn hemisphere nightside Joule heating,.

We also calculate the Joule heating along the spacecraft track
by combining 0.5 sec resolution measurements of the ion flow
velocity and 1 sec resolution values of the conductivity
calculated from the precipitating electron fluxes [Ref. 9] The
Joule heating rate integrated along the spacecraft track within
the nightside gap is Uy, ~25 kW/m. If the flow channel ex-
tends 1000 km, the total Joule dissipation rate is 2.5 X
1010 W, or about a factor of 10 larger than the low-resolution
calculation suggests (Fig. 7). These results indicate that local
Joule heating within narrow auroral features can be very
significant to the total energy dissipation in substorms.
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integrated Joule heating rate along the DE-2 path.
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Fig.8 (a) Ion velocity measurements from a DE-2 satellite pass on October 6, 1981 (Orbit 948). (b) ECPC model convection

pattern corresponding to (a).

4.4. Plasmoid Ejection

In the most frequently adopted substorm model, a near-Earth
neutral line is formed between -10 to -20 Rg at substorm
onset causing ring current injection, particle energization, and
the severance of the plasma sheet to form a plasmoid [Ref. 46,
47]. Rapid plasma flow away from the Earth and southward
magnetic fields in the distant tail (observed by ISEE 3) and
in the mid-tail (observed by IMP 8) have been interpreted as
evidence of plasmoid formation, [e.g., Ref. 48,-52]. The rate
of energy loss due to plasmoid ejection can be estimated from

1o y3
Up gamoid EPVA an)

where p is the average mass density of the plasmoid, v is its
velocity downtail, and A is its cross-sectional area. For an
average downtail velocity of 400 km/s, p =0.5 cm?, and a

plasmoid cross-section of 2 x 30 Rg [Ref. 20, 47, 50], the
energy loss rate is ~5 x 101 W. Assuming a duration of 6

minutes, the total energy in a single plasmoid is ~2 X 1013 J.

For a large event, the velocity can increase to/lz.[mlc_zn_lés
[Ref. 20], yielding rates of ~1 x 10'2 W and (=4 x 10:%3p

respectively. Slavin et al. [Ref. 49] also estimated the energy

loss rate due to plasma flow away from Earth in the distant

plasma sheet W\of//\&, obtaining 6 - 12 x 1010w,

4.5. Plasma Sheet Heating

On the earthward side of a near-Earth neutral line, the recon-
nection model predicts the earthward movement of energetic
plasma and the dipolarization of the field in the inner mag-
netotail during the recovery phase. It is well known that the
plasma sheet thins during the growth phase and expands in
the recovery phase, with the post-recovery plasma sheet
considerably hotter than in quiet times. Hardy et al. [Ref. 53]
showed an increase by nearly a factor of 10 of electron and
ion temperatures in the plasma sheet during recovery phase at
lunar distance. Nearer the earth, Christon et al. [Ref. 54]
showed that plasma sheet temperature increases (decreases)
correspond to times of increasing (decreasing) AE. Baum-
johann et al. [Ref. 55, 56] show that temperatures in both the
plasma sheet and the plasma sheet boundary layer (PSBL) are
a strong function of AE. For a given AE, they showed higher
PSBL temperatures (by a factor of 2) associated with tran-
sitions in which the PSBL overtook the spacecraft, presum-
ably plasma sheet expansions, compared to transitions where
the spacecraft went from the plasma sheet to lobe. If we ap-
proximate the plasma sheet by a wedge with a triangular

¢

cross-section in the noon-midnight plane with inner edge at 8
Rg, a vertical extent there of 8 Rp decreasing to zero
thickness at 20 Rg, covering a width of 30 Rg in the y-di-
rection, a density of 0.4 cm™ and temperature 2.5 keV [Ref.
56] we get a total energy content’~6 x 10!3 I} If during
substorm expansions the plasma sheel expands in volume by
a factor of 5 (mostly in length) and in average temperature by

A, of 2, this corresponds to an energy budget
{"~5 x 10! T'in the course of a substorm. If this occurs in 20

inutes, the average energization is about 3 X 101w,

5. SUMMARY

Knowledge of the magnetospheric energy budget, namely the
various modes of energy input and dissipation, is essential
to the study of magnetospheric substorms. Table 1 sum-
marizes the energy sources and sinks reviewed in this paper,
lists ‘rule of thumb' formulas for each mechanism, and shows
the power and total energy expenditure for both typical and
large events. Assimilating the material presented in this
review provides some interesting perspectives on the par-
titioning and redistribution of energy during a substorm.
The energy derived from the solar wind is not, of course,
distributed in series through different elements of the mag-
netosphere - ionosphere system, but it is useful to summarize
the self-consistent nature of the energy available and redis-
tributed in each element. We would like to point out, how-
ever, that the estimates in the table have been compiled from
many sources and thus may not be W

If we assume that the solar wind energy input rate prior to a
typical (large) substorm is ~5x 10! W (4 x 1012 W) over a
period of 1 hour (2 hours), then the total energy transferred to
the magnetosphere is ~2 x 10'% J (3 x 1016 J), a substantial
fraction of which is stored as magnetic energy densily in the
tail lobes. During the growth phase, the eleciric ficld in the
system increases, as well as the ionospheric conductivity,
leading to enhanced Joule dissipation in the ionosphere [Ref.
57]. During the expansion phase the tail energy is redis-
tributed in the system by particle heating and plasma injec-
tion to the ring current, and by tailward ejection of a plas-
moid. Statistical and case studies indicate that the predom-
inant energy dissipation mechanism is Joule heating. which
accounts for nearly 2 x 1019 7 (8 x 1015 7). We note that the
inclusion of local Joule dissipation within small but intense
auroral features may increase the total Joule heating rate bg' a
factor of 10. Energization of the ring current requires 10103
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TABLE 1.
Energy Rule of Thumb Power (W) Total Energy (J)
Source or Sink Formula Typical Large Typical Large
18 10°
Solar Wind Input g(ergsls) = v B2sin* (9 18 | Sx 1011 | 4x 1002 | 2x10'% | 3x10!6
. d®p 1 12 15 16
Tail Storage = Ray - Ruait 5x 10! 2% 10 1x10 1x 10
t
BpcApe = BiomAiobe
O« 015
Ring Current E.=-1.5(AB /Bo) En 4 x 101! 1x 1012 1 x 1013 4% 1015
Un=4x 109|925, Dst
o .
Ol 3 L {O’g
Electron Precipitation U,=[175(AE/1000T) | 3o qo11 | sx10tt | 4x1014 | 2x101
+1.6] x 10" W
Upflowing Ions 1% 1010 2 x 1010 3 x 1013 6 x 1013
_ 8 2,20/ A0
Joule Heating Un=23x10 AE §x 1010 | 2x1012 | 2x1015 | 8x10'3
Usp = 30 Ope
Plasmoid Ejection Upiasmeia=1p v> A 5% 10!0 1% 1012 2x 1013, | 4x 104
Plasma Sheet Heating 1x 10! 6 x 101! 2% 101472 1x10'3

(4 % 105 J), a factor of 2 (4) greater than that involved in
heating the plasma sheet and nearly 50 (10) imes more than
that released in plasmoid ejection. The energy in Joule
heating is roughly 2-5 times that expended in auroral electron
precipitation. Finally, the energy of the ring current is
dissipated as energetic neutrals and as heat in the ionophere
by particle precipitation.
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