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Abstract Auroral bright spots have been observed at Earth, Jupiter, and Saturn in regions that map
to the magnetopause boundary layer. It has been suggested that the bright spots are associated with the
Kelvin-Helmholtz (KH) instability. We utilize a quasistatic magnetosphere-ionosphere coupling model
driven by a vortex in the boundary layer to determine how the field-aligned current structure depends

on ionospheric and boundary layer parameters. We compare vortex induced currents with shear-flow
induced currents. We find that the strength of the maximum currents are comparable, but the structure
is significantly different. For a vortex, the current and electron precipitation maximize when the vortex
size mapped to the ionosphere is approximately 1.5L, where L = \/p / k is the auroral scale length, Zp is
the Pedersen conductivity, and x is the Knight parameter. For a vortex, the current width provides a direct
measure of the size, A, of the boundary layer structure, while the current width of shear-flow aurora is
generally determined by the larger of A or L. For comparison with observations, an event is considered
where auroral bright spots in the ionosphere are detected by DMSP SSUSI FUV when KH structures are
observed on the dusk flank by THEMIS.

1. Introduction

Velocity shears in the magnetopause boundary layer of Earth and other planets have been correlated with
auroral arcs and field-aligned currents (Lundin & Evans, 1985; Sonnerup, 1980). Free energy from the shear
is also known to drive Kelvin-Helmholtz instabilities (KHIs) (Johnson et al., 2014) leading to the slow
development of Kelvin-Helmholtz (KH) vortex structures (H. Hasegawa et al., 2006, 2009). Some of the
most commonly observed auroral features are folds and vortex-like curls (Hallinan & Davis, 1970). Periodic
brights spots have been detected by the ultraviolet (UV) imager on the Viking spacecraft (Lui et al., 1989;
Potemra et al., 1990). Lui et al. (1989) suggested that the bright spots may be associated with the KHI, which
couples to the ionosphere through a field-aligned current system. Figure 1a shows an example of the au-
roral bead structures detected by the DMSP SSUSI FUV instrument (Paxton et al., 1993) when a KH vortex
was simultaneously observed at the magnetopause boundary. Recently, the Cassini spacecraft has detected
the presence of bright auroral substructures with a characteristic size ranging from 500 km to thousands
of km in the prenoon sector (Grodent et al., 2011) as shown in Figure 1b. The fragmentation of the main
ring of emission into small-scale spots appears to be associated with structuring of the field-aligned current
system based on magnetic field perturbations observed with Cassini/MAG (Delamere et al., 2013; Talboys
et al., 2009a, 2009b; Talboys et al., 2011). Such field-aligned currents naturally develop as KH vortices twist
magnetic field lines leading to the suggestion that the vortices result from KHI.

The currents and auroral precipitation associated with KH structures are controlled by the coupling of the
magnetopause boundary layer with the ionosphere (Echim et al., 2007, 2008; Lotko et al., 1987; Lyons, 1980;
Wei & Lee, 1993). Ionospheric currents are driven by the electric field of the vortex, which maps into the
ionosphere. Vortices can drive upward currents in the center of the vortex, and field-aligned potential drops
that develop to carry the current can accelerate electrons, which precipitate in the ionosphere. In the case
of shear layers, it has been shown that physical properties of the current generator can be inferred from the
ionospheric signatures (Echim et al., 2019; Simon Wedlund et al., 2013). In this paper, we examine how the
boundary layer and ionospheric parameters control the currents and precipitation, and we examine the
differences between vortex driven currents and shear flow driven currents.
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Figure 1. (a) DMSP SSUSI FUV image showing auroral bead structure at
13-18 MLT when Kelvin-Helmholtz vortices were simultaneously observed
at the magnetopause boundary on the dusk flank by THEMIS C on April
23, 2008 09:35-09:43 UT. The dashed orange circle is a model auroral

Previously, we examined the dependence of shear-driven field-aligned

currents on solar wind and ionospheric parameters (Johnson &

Wing, 2015; Wing & Johnson, 2015). We used a one-dimensional model

I that specified a velocity field intended to model the interface between a

flowing boundary layer plasma and a stagnant magnetospheric plasma.

In contrast, in the nonlinear stage of KHI, the shear layer is broken up

1.0 into circulating vortex structures. As in the case of the shear solution, we

‘ expect that after a few Alfvén transit times a steady (or slowly evolving)

current system would develop as long as the current generator (vortex)

remains coherent and moves at a relatively steady speed. Thus, we expect

that our description of the current systems would be reasonable as long

0.1 as the vortex coherence time is longer than the Alfvén transit time. This

approximation should be appropriate at Earth for events like those shown

in Figure 1a because the timescale of vortex evolution (tens of minutes)

is typically longer than the Alfven transit time (minutes). At Jupiter, the

Alfvén travel time can be much longer (the order of an hour), but KH

structures, such as those shown in Figure 1b, are generally found on the

dayside flank region where the sheath flow is opposite the direction of

the magnetospheric convection. This region is most unstable because the

velocity shear is largest, and the vortices are nearly stationary because

the velocity is roughly equal and opposite across the boundary. Therefore

even though the Alfvén travel time is long, the vortices themselves can
persist in the same location on the order of hours.

UT 09:43

SSUSI LBHS (kR)

The slow development of the vortices allows electrons to respond rapidly
along the magnetic field setting up a current voltage relationship, which
we characterize by a Knight relationship (Knight, 1973). We then follow
the procedure outlined in Johnson and Wing (2015) to obtain a solution
for the field-aligned current density for a specified vortex structure.

Following previous studies (De Keyser & Echim, 2013; Echim et al., 2007,

equatorward boundary (Zhang & Paxton, 2008). (b) A compilation of three ~ 2008; Lyons, 1980; Wei & Lee, 1993), we solve the equation of current

polar views of the northern auroral emission at Saturn obtained with the continuity in the ionosphere
FUV channel of the Cassini-UVIS spectroimager on August 26, 2008. The
image provides a global view of auroral structures obtained over 77 min VIV = ( G ) 1)

with a spatial resolution of 200 km (adapted from Figure 1 of Grodent

et al. [2011]). A key feature is the cluster of grapes structures, which vary

in size and intensity. These structures are thought to be associated with where ¢, and ¢; are the potential in the magnetosphere and the iono-
Kelvin-Helmholtz vortices. MLT, magnetic local time. sphere, respectively, and Zp is the height-integrated Pedersen conduc-

tivity. The profile of ¢,, is specified to capture the basic structure of a

KH vortex. In our model, the potential drop between the magnetosphere
and the ionosphere drives a parallel current out of the ionosphere determined by a linear Knight relation
(Knight, 1973)

jH = K(¢i - ¢m)9 (2)

where the Knight conductivity, & = n,e / \/2zm,T, , is controlled by the density and temperature of magne-
tospheric electrons, which carry the upward field-aligned currents. The linear Knight relation is obtained
from an expansion of the nonlinear current-voltage relation when 1 < e (¢; — ¢n)/Te < b (b = B;/B,,, where
B, and B; are the magnetic field strength in the magnetosphere and ionosphere, respectively). For simplici-
ty, we will assume that x is constant throughout the shear layer, recognizing that the current profile will be
primarily controlled by the value of density and temperature close to the current maximum.

The assumption of a linear Knight relation is reasonable when the ratio of the potential drop to the aver-
age electron thermal energy is smaller than the mirror ratio. This is generally the case at Earth's dayside
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Table 1
Comparison of Vortex and Shear Currents

magnetopause as well as the field-aligned current system associated
with the breakdown of corotation at Saturn (Johnson & Wing, 2015; Ray
et al., 2013). At Jupiter the potential drop associated with the breakdown

Vortex Shear layer K . .
of corotation can be large and a full Knight relation may be necessary to
Jll:max 22PV0’§0[’ ZpVoBob describe current saturation (Echim et al., 2007; Ray et al., 2009). Howev-
Ay + 2017 1 A, Z(Am + «/ZL) er, the vorticity associated with KH vortices is typically weaker than that
associated with the large-scale boundary flows due to viscous interaction
A(A; < 2L) 2.35A; 1.38L .. N . . . o

and mixing, and the linear Knight relation can provide some insights.
Al 20 AT Lol The solutions obtained for the field-aligned current using the linear
Maxa(jjfmax) 0.57xV,By\JbL 0.5k, By/bL Knight relation should always be compared with the saturation current,

. nevy,.b / A2, to ensure their validity.

Ai (maXA (]H,max)) 1.5L 0 e ty
58l L38L It should also be noted that the linear Knight relation is most applicable
A (maxs Gigmas)) ‘ ’ to regions of upward field-aligned current such that currents associated

with upcoming ionospheric particles and ambipolar electric fields can be

ignored. These conditions are typically found on the dusk flank at earth
where vortex structures typically develop a counterclockwise twist when viewed from above the equatori-
al plane. As a result, magnetic field lines that are dragged with the structures will develop upward field-
aligned currents directed out of both the northern and southern ionospheres. Vortices on the dawn flank
generally have the opposite twist and therefore are more likely associated with downward field-aligned
currents, which tend to be weaker.

In our previous analysis of the shear layer, we found a simple relationship for the dependence of the current
density profile on magnetospheric and ionospheric parameters. The main feature of the profile, maximum
current density and thickness, are provided in Table 1. Observations of currents detected in the dayside
upward region 1 current system are well organized by the theoretical prediction for the maximum current
density (Wing & Johnson, 2015). The currents are driven by potential drop across the shear layer and max-
imize as the shear increases and width of the boundary layer decreases.

The primary difference between the vortex analysis and previous analysis of shear-driven currents (Echim
et al., 2008; Johnson & Wing, 2015; Lyons, 1980) lies in the specification of the magnetospheric potential,
¢m- The velocity field is approximated as a cylindrically symmetric vortex, which captures the essential
features of the KH structure as illustrated in Figure 2. The main objective here is to model the region near
the center of the vortex where the current is concentrated. Previously, we have shown that the width and
strength of current profiles determined by our analytic model (Johnson & Wing, 2015) for a shear layer
match well with current profiles obtained based on those obtained with a nonlinear Knight relation using a
numerical model based on a kinetic equilibrium (Echim et al., 2008).

bn(Pn) = ~VoBoAexp(~py 1 247,) 3)

with a velocity field

Vo (Pm)

where p, is a radial coordinate in the magnetosphere and A, is the char-
acteristic scale of the vortex, where the velocity maximizes. This form
of the velocity field dictates that we solve Equation 1 in cylindrical
coordinates.

_ BO X d¢(pm)/dpm _ Pm 2 2
= 5 - VOA—mexp(—pm /28,) @

Assuming constant conductivity and combining Equations 1 and 2, we

find
Figure 2. The model includes a driver in the magnetosphere associated
with a velocity vortex. The converging electric field of the slowly evolving LL % = —¢i ~fn (5)
vortex maps to the ionosphere where it drives Pedersen currents, which pi dp; "d Pi r
are diverted along the magnetic field within the vortex. For simplicity,
the vortex is taken to be a cylindrically symmetric velocity ring of where L = \[Zp/x is the well-known electrostatic auroral scale length
characteristic size A, (the radius of the ring at the top). (Lyons, 1980).
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In this case, it is useful to employ the azimuthally symmetric

S

—_
B

~
|

[58(p)Jo(ap) pdp

oo (6)
#(p) = [,©(q2)0(9r)9dq

where J; is a Bessel function of the first kind.

Cylindrical symmetry implies that

1
o) = [z o0 o
A0(g) = & -0, = —LE o 8
(q) = i m = 1+q2L2 m ()

jia) = —x[ ¢ jcpm(q) ©

1+ quz

The potential should be expressed in terms of the ionospheric coordinate. Technically, the longitudinal
and latitudinal scales would map differently, so a circular structure in the boundary layer would map
to an elliptical structure in the ionosphere, but for the purposes of this study, we assume the cylindri-
cal geometry shown in Figure 2 where the coordinate maps symmetrically and flux conservation requires

Pw =B | Bup, = plb and
bn (1) = VoBoAexp(=p7 1 247) (10)

where A, = \/ZAi.

Performing the Hankel transform in terms of the radial ionospheric coordinate, p;, we obtain

w —p?/2n2 A2
©,(q) = VoBoAn[oe " Ty (ap) pdp = VoBolbATe 11)
where from now on we let p; = p. The parallel current density is then obtained by the inverse Hankel

transform.

2 ~q*A22
i) = EPVOBO\/b—A?J.:JqliTJO (9p)qdq (12)

The maximum value of the current density occurs at the vortex center, p = 0. Therefore,

2,2

2 —q7A7/2
. . © e
Jlmax = hmp%O ZPVOBO\/EA?JO qizl‘z'lo ((],D)(]dq
q

1+

2
ZpVoBo\/ZA§ joc ,Lleiza # d'u (13)
2r O 14p

2
KV By, [1 — 202> E, (20:2)}

where a =A;/2L and

zt

F(z) = [PS—a (14)

[}
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is the exponential integral.

In the limit ¢ < 1,

» (—] k+1 _k
E(z) =y —log(z)+ 3 )2 (15)
1 kk!
Jimax = KVoBoA,, [1 -2a? (1 +2a” + ...)(—7 - log(Z(xz) +2a% + )}
— WVyBA,, (1 +2a’log (20 + ) 16)

A7
= K'V()B()Am{l + FIOg(A, / L) + ...]

It should be noted here that the current is much smaller than for a shear layer by a factor (’)(a), cf. Table 1.

Fora>1
e’ 1 2
E/(z)~ 1l-——+—+.... 17
@~ -te 2 a7
so that
. 1 1
Jlmax "~ kVoBoA,, |1 — 1*205—2+2a—4+...
I Vo ByA L1 +
Jil,max KVoDBoAm 205_2 20(—4 (18)
. £ pVyBob 417
22—l -—
Jil,max A, Aiz

It should be noted that for large a the maximum current density is enhanced by a factor of 4 relative to the
shear layer value.

A uniform approximation (Bender & Orszag, 1978) generally valid for all values of  may be found

j ~ JoBoAn _ 22 pVyBobA
b = 20 A2+ 26

(19)

It should be readily apparent that the current density vanishes in either the limit that A,,—0 or A, —o0, and
the current density takes on a maximum value at an intermediate value of A,,,. From Equation 13 it can be
found that the maximum current density occurs at A; = 1.5L and jj max = 0.57xV,BoL. This result is in close
agreement with that obtained from the uniform approximation (Equation 19) where the maximum current
density occurs at A; = V2L and Jimax = &VoByL / V2.

3. Width of the Vortex Current

Performing a Taylor expansion about the maximum current density at x = 0, we find

x2
J(x) = Jimax | 1 - =5 (20)
20
where
o= | . @D
d”jy /dx” |,
JOHNSON ET AL. 50f 15
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Taking the second derivative of the current

i 3 w112€7q2A"2/2
— - lim,_,, ZPVOBO‘/ZAI'J.O SRV

d2
[d—szo (qp)J qdq

2e_quiZ/z !
= lim o ZpVy By/bA} | ;"qHW[%(Jo (ap) =2 (qp))]qdq
(22)

2
EPV()B()\/ZA? J-w /‘25’72& :

d
a8 0 v N

__ WBA, | 1 2 24 2
= —K 2L2 g— 1-2a%e E1(2a)

Then fora < 1

q
2
g

(23)

while fora>1

A,
o~— 24
> 24)

In contrast with the shear layer, the width of the current layer mostly depends on the size of the driver. An
estimate for the full width at half maximum (A) can be obtained by recognizing that if the current density
were fit to a Gaussian of width o, A = 24/2In20.

4. The Spatial Dependence of the Current

Having established the typical strength and width of the current structure associated with a vortex, it is use-
ful to examine the exact solution of Equation 12 obtained from direct integration using standard methods.
The results are presented in Figure 3. The parallel current density is shown as a function of x/L (same as
ei/L) in panel (a). In panel (b) the normalized current, j/j;max is shown. For comparison, panels (c) and (d)
show the same variables for a shear layer having a velocity changing from V = V,, to V = 0 over a distance
of A, Johnson & Wing, 2015).

—‘x|/L o ne_an/Ai

+ ) ——— (25)

2 sin(ra) 55 n -«

it (x) e VOB;)A,,, T e

The width of the current layer is obtained directly from panels (b) and (d) as the isocontour where
Ji(A/2) = j) max/2. For the vortex, the analytic width for small and large o (Equations 23 and 24) are shown
as broken yellow and magenta lines. It is apparent from the isocontour that the width vanishes as «—0 in
panel (b), whereas it reaches a limiting value on the order of L in panel (c). It should also be noted that a
small return current density (not shown) is found at larger radial distance. We do not emphasize the down-
ward return current primarily because we are focusing on the central current in the vortex and the width of
the upward current channel. Our model for the current voltage relationship is most appropriate for the up-
ward current region, and may be inaccurate in the downward current region where the role of ionospheric
electrons is important. However, in numerical models that do include a more complete description of both
the upward and downward current regions, we have found that the current profile of the upward current
region (Echim et al., 2007) is generally well described by our analytic solutions (Johnson & Wing, 2015).

To gain further insight regarding mapping between the magnetosphere and ionosphere, we show in Figure 4
the mapped magnetospheric potential, ¢, (0;), and the numerical solution for the ionospheric potential,
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Figure 3. The spatial profile of the current density as a function of x/L for different values of & = A;/2L. Panels (a) and
(b) show the current density and normalized current density for the vortex solution. Panels (c) and (d) show current
density and normalized current density for the shear-layer solution. The black line in panels (b) and (d) show the half
width of the current density for the vortex solution. The yellow and magenta dashed lines show the width based on
Equations 23 and 24.

e e[y
#:(p1) = VoBoh| 4 [ WJO Ay (26)

as well as the parallel current. From Figure 4a, it is apparent that the half-width of the potential is only
weakly dependent on « and is essentially the same as the half-width of the mapped magnetospheric po-
tential. However, the strength of the potential is substantially reduced when the vortex size mapped to the
ionosphere is less than L (a < 1). This result is similar to the shear layer solution where the ionospheric
potential does not map on scales smaller than L.

In Figure 4b, we show the current associated with this potential drop (scaled to KVOBO\/ZA,,,). For a shear
layer, it is well known that width of the current channel will broaden to the electrostatic scale, L, even when
mapped gradient scale length of the driver is less than L (Johnson & Wing, 2015; Lyons, 1980). In contrast
to the shear layer, when the vortex size is smaller than L, the current channel does not broaden signifi-
cantly beyond the mapped vortex size A;. It is also apparent from the plot of the potential in Figure 4a that
¢: — ¢ changes sign and therefore the parallel current also changes sign consistent with a small downward
current density at larger radial distance as mentioned above. Although the normalized current in this plot
appears to be monotonically decreasing as « increases, it should be noted that the actual current density is
multiplied by a factor of A, which ultimately leads to the maximum current density at « = 0.75 shown in
Figure 3. These results demonstrate that the size of the auroral vortex structure maps directly to a bound-
ary layer structure of the same size. In contrast, auroral structures driven by a velocity shear may be much
broader than the size of the driver if A; < L.

The physical picture of the current system is that of an ionospheric current that converges on the center
of the vortex where it is diverted upwards along the magnetic field. The converging ionospheric current is
driven by the vortex electric field associated with the mapped potential. At first glance, one might expect
that as the size of the vortex decreases that the current would intensify in the center of the vortex, but
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Figure 4. (a) The ionospheric potential and magnetospheric potential
are shown as a function of p;/A,; for different values of @ = A;/2L. The

potential maps well to the ionosphere for a > 1, while the strength of the
ionospheric potential is substantially reduced for a < 1. In all cases, the
width of the ionospheric potential scales with A;. (b) The spatial profile

of the current density as a function of p;/A, for different values of a. The
width of the current layer scales with A; with a reduction by a factor of 2 at

larger values of « as shown in Section 3.

our solutions show that the current is choked out. To understand this result,
we need to consider differences in how the electric field maps between the
shear layer solution and vortex solution. The strength of the electric field
in the magnetosphere for both the shear layer and vortex is approximately
VoBy and, if the potential maps to the ionosphere, will correspond to an iono-
spheric electric field VOBO«/E . In the case of the shear layer, this electric field
drives a current per unit length X pVOBO«/Z into the shear layer. In the limit
that the shear layer width is much smaller than L, the upward current flow
channel broadens to a thickness of L so that if we consider current continuity

P Z“PVOBO\/g (27)
T
as shown in Johnson and Wing (2015).

For a vortex, the ionospheric current is converging radially inward and
therefore the total current flowing into the center of the vortex is

]L = ZPEL271'A,~, (28)

where E, is the radial electric field. As we have shown, the upward cur-
rent is confined to the center of the vortex so /; ~ ji#A}. Thus, from cur-
rent continuity, we have

. 23,E,
T

1

(29)

This result suggests that as A; decreases, that the current increases due to
the convergent geometry, and is consistent with Equation 18 in the limit
that a > 1 where the magnetospheric potential maps to the ionosphere
with an electric field £, = VOBO\/E . However, when the size of the vortex
is less than L the electric field decreases because the magnitude of the
potential does not map on that scale. To see this effect, we can compute
the electric field for o < 1 directly from Equation 26

1 déi(p;) sV 2| pi
E(p)=— = —VyBo\b|da" | ———e I | Ly |d
l(p) AI- dpl 020 -[0 y2 + 4a2 1 Ai y|ay
2,52
A-2 lfe_p" 124;
~ —VyByNb —| ——
CONTR T oA, (30)

The maximum electric field £, . = —0.45VOBO\/EAI-2 / I* occurs at
pi = 1.59A;. As such, it can be seen that fora < 1

i ~ S pVoBovbA, (31)
- L2

consistent with the solution that was obtained in Equation 16. We can therefore conclude that two impor-
tant physical effects lead to the current maximum found at « = 0.75. The convergent geometry leads to an
increased current density as the size of the vortex decreases; however, when the vortex size becomes smaller
than the electrostatic auroral scale, L, the electric field no longer penetrates into the ionosphere and the
current is choked out. The maximum current occurs at a scale where the convergence is as large as it can be

without choking out the current.

It is also interesting to compare the total current in the vortex and shear layer solutions. For the shear layer,
the current density in Equation 25 can be integrated across the shear layer, and the summation can be per-
formed leading to a current per unit length
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K = [ ji(x)dx = 2V, Byvb (32)
2r i that is independent of the current width, Ay,. This current per unit length
can be compared with that of a slice through the center of the vortex,
S 15) |
E: 15 qze-quiZ/z
N v 0 , 3 oo
g Ki' =2[Tji(p)dp = 22,V ByNBAT [ OWJo(qp)qdqdp 33)
<l |
which can be simplified using [§ ¢/o(gp)dp = 1.
05 |
2
KY 2 —y“/2 \/2_ B
I 2(o Ve 2 4 -2«
— =8a°|, ———dy =8a°| —— — e erfc «/za 34
R ()| 69
0o 05 1 15 25 3 35 4 45 5

Figure 5. Current per unit length, K, obtained by integrating the current
density along a trajectory that passes through the center of the vortex
compared with the parallel current per unit length, Kjj, integrated along

a trajectory that passes through an equivalent shear layer. Note that the

We show K| of the vortex as a function of the size of the vortex in Fig-
ure 5. For a small vortex size, « < 1, K is much smaller Kj of the shear
layer mainly because the current is choked out as described above. For a
larger vortex size, the curvature becomes smaller and the slice through

surface current is roughly the same for the vortex and shear layer at the the vortex looks like a slice across a shear layer having velocity that
optimum scale a = 0.75.

changes from V = V,, on one side to V = -V}, on the other side. As such,
the current per unit length is about twice as large as the shear layer (for
which the velocity changes from V' =V, to V = 0).

5. Auroral Vortex Observations
5.1. Auroral Vortex at Earth

For the April 23, 2008 09:35-09:43 UT event shown in Figure 1a, we have simultaneous observations of
DMSP F16 SSUSI FUV imager (Paxton et al., 1993), SSJ5 particle precipitation (Hardy et al., 1984), mag-
netic field (Rich et al., 1985), THEMIS B and C magnetic field (Auster et al., 2008) and plasma (McFadden
et al., 2008). This event has been identified as a KH event in the survey performed by Kavosi and Raed-
er (2015). This event is further independently checked with the Hasegawa (1975) KHI criterion under the
assumption of plasma incompressibility and no boundary thickness,

[k (Vi - VZ)T > %[k (B, + Bzﬂ2 (35)

where subscripts 1 and 2 refer to either side of the magnetopause, p, V, B, o, and k are mass density, flow
velocity, magnetic field, magnetic permeability constant, and the wave vector Kk, respectively. THEMIS C,
which was located at the magnetopause boundary layer, provides the plasma and magnetic field observa-
tions in the magnetosheath and magnetosphere. Assuming that the wave propagates primarily along the
magnetopause (LM plane), the ratio of the left-hand over the right-hand side of Equation 35 is 3.1, satisfying
the KHI threshold. The average solar wind conditions for this event are: solar wind speed V = 567 km/s,
n=4.7 cm™’, dynamic pressure = 2.9 nPa, and IMF(B,, B,, B,) = (3.5, —7.1, —5.3) nT. These solar wind pa-
rameters are obtained by matching the IMF clock angle between ACE and THEMIS B, which was located
in the magnetosheath proper, not too far from THEMIS C. This procedure produces a time lag of 46 min
between ACE and THEMIS B. THEMIS B and C were located at GSM(x, y, z) = (0.9, 25.9, —4.3)Rg and
GSM(x, y, 7) = (—5.4, 18.6, —2.2)Ry, respectively. The solar wind data from NASA OMNIweb show simi-
lar values. The magnetic field directions have clock angles ~220°-300°, which are probably not the most
favorable IMF clock angles for the KH instability, but 14%-28% of KHIs at the Earth’s magnetopause occur
under these IMF conditions (Kavosi & Raeder, 2015).
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Figure 6. THEMIS C observations for the April 23, 2008 event shown in Figure 1a. (a) From top to bottom, the ion number density, ion V},, ion Vy, By, |BI,
total (plasma + magnetic) pressure, T., and wavelet spectra of the total pressure. To help visualize the pressure, temperature, density, and velocity semi-periodic
fluctuations, red and green vertical dashed lines marking the maxima in total pressure are drawn. The green vertical dashed line is adjacent to the vortex, the
properties of which are calculated in Section 5.1. (b) Ion V; versus n; plot showing pattern that is more similar to that for small vortex size in H. Hasegawa

et al. (2006).(c) The T96 magnetic field line tracing (green curve) from the DMSP F16 to the magnetosphere projected to the equatorial plane. The THEMIS C
location, which is only slightly (2.2Rg) below the equatorial plane, is within several Ry from the magnetic field line trace. The blue and gold curves indicate the
magnetopause (Shue et al., 1998) and bow shock locations (Chao et al., 2002). (d) Schematic drawing of rolled-up KH vortices at the dusk-flank magnetopause
showing the relationship between the streamline pattern (black lines) and total (magnetic plus plasma) pressure and density (red, dense; blue, tenuous)
distributions, when viewed in the vortex rest frame (from H. Hasegawa [2012]). The subsolar region is to the left. The total pressure minimizes at the center
(L) of the vortices, while it maximizes at the hyperbolic point (H), which is a flow stagnation point in the vortex rest frame, and around which the streamlines
form hyperbolas (Miura, 1997). It is expected that magnetosphere-to-magnetosheath transitions be characterized by large and rapid density increases that
approximately coincide with maxima in the total pressure (panel a).

Figure 6a shows quasiperiodic fluctuations of the bulk plasma and magnetic field parameters during the
interval 0915-0940 UT. The figure shows the THEMIS C magnetic field and velocity components in bound-
ary normal coordinates (L, M, N) to facilitate the characterization of the oscillations. Oscillations occur,
where the THEMIS C observes alternately hot magnetosphere plasma and cold magnetosheath plasma
(panel ag). The oscillations are also visible in the magnetic field normal component, BN (panel a,), the M
and N components of the smoothed velocity (panel a, 3)), the ion number density (panel a;) and the total
pressure (magnetic plus ion pressure; panel as). The vertical red dashed lines indicate where the total (plas-
ma + magnetic) pressure maximize. As depicted in Figure 6d, within a rolled-up vortex the total pressure
is expected to have a minimum (indicated by L) at the center and a maximum at the edge of the vortex
(indicated by H). The pressure minimum occurs because the centrifugal force of the rotating vortex pushes
the plasma radially outward. Therefore, the total pressure is expected to maximize at the edge of the vortex
as indicated by the red vertical dashed line. Panel a; shows the wavelet spectra of the total pressure. The
average KH wave period for this event can be estimated at ~70 s.
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From Figure 6a and from the plot of the same parameters from a larger time scale, 08:00 to 10:00 UT (not
shown), it can be estimated that the electron magnetospheric temperature ~1 keV and density ~0.3 cm™
and magnetosheath temperature ~20 eV and density ~10 cm™>. The plasma in the KH vortex is a mixture of
that of magnetosphere and magnetosheath and the electron temperature and density would fall somewhere
in between those of the magnetosphere and magnetosheath. THEMIS C appears to be located inside a KH
vortex and perhaps near its center around 09:35 UT, slightly to the right of the green vertical dashed line in
Figure 6a, when it observes T, ~ 300 eV, n. ~ 1 cm™>, and a small tailward velocity of V;, > —50 km/s (not
shown) with Vy is nearly 0. The Knight relation conductivity x can then be calculated (see Equation 2) from
these values of T, and n..

The DMSP F16 observes a small scale upward field-aligned current and a band of monoenergetic electron
precipitation near dusk at ~17:10 magnetic local time (MLT) and magnetic latitude (MLat) ~70°-71° near
the open-closed boundary of the auroral oval where the solar zenith angle y ~ 76°. At this solar zenith angle
and with the observed 10.7 cm solar flux density = 71.1 X 107> W/(m”-Hz), one can obtain the Pedersen
conductivity due to the ionizing solar extreme (UV) radiation is X,s ~ 3.6S from the Robinson and Von-
drak (1984) formula (a similar value can be obtained from Ieda et al. [2014]). The DMSP SSJ5 observes the
average peak electron energy E. = 480 eV, and electron energy flux £ = 1.8 ergs/(cm”-s), from which one can
obtain the Pedersen conductivity due to electron precipitation X;. = 1.6S using the Robinson et al. (1987)

formula. The total X, = JZi,S + Zf,,e ~ 3.9S (Wallis & Budzinski, 1981). Using these calculated values of

Z, and x, one can obtain an auroral electrostatic scale length = \/Zp/k = 50km. From the DMSP magnetic
field data or from the size of the auroral bead in the SSUSI image in Figure 1a, one can obtain the current
width A = 126 km, which would give A /L = 2.5. Table 1 shows that the optimal condition for the maximum
current width occurs when A /L = 2.8, which is very close to the observed value of 2.5.

The spatial scale of the KH vortex at the magnetopause boundary can be estimated from the observed
value of A /L = 2.5. From the definition of A as the FWHM, the current should drop by a factor of 2
at Ixl = A /2 or Ixl/L = 1.3. In Figure 3b, the black curve defines the half-max for a given « and it can
be seen that Ixl/L = 1.3 corresponds to a ~ 0.7. The radius of the KH vortex scale mapped to the ion-
osphere is therefore A; = 2aL = 70 km. The radius of the KH vortex at the magnetopause boundary
A, = «/ZA,- =32x10°km ~ 0.5R g, where b = Bi/Bn, By, is the magnetic field magnitude at the magnet-
opause and B; is the magnetic field magnitude at the ionosphere. Here, we have estimated the values of
B, =20 nT and B, = 4.1 x 10* nT from the magnetic field observations from THEMIS C (vertical dashed
green curve in panel as in Figure 6a) and DMSP (not shown), respectively.

The spatial scale of the KH vortex obtained from the theory can be compared with that estimated from the
THEMIS C in situ observations at the magnetopause boundary layer. The tailward speed of the KH vortex
structure (the phase velocity) can be estimated as the vortex center-of-mass velocity V,. = 2(oV)/2p (Lin
etal., 2014). Lin et al. (2014) compared this method with the four-spacecraft-timing-analysis method, which
is deemed to be more accurate, found that the velocities obtained from the center-of-mass velocity method
are within 20% of those obtained from four-spacecraft-timing-analysis method. Using the center-of-mass
method, the phase velocity of the vortex is estimated to be V;. ~ 200 km/s. Using this estimate for V,, and
the periodicity of ~70 s, the KH wavelength can be estimated to be ~14,000 km/s or ~2.2R;. Otto and
Fairfield (2000) and Fairfield et al. (2000) found that the KH vortex size is about one-half the wavelength.
Assuming the same scaling relationship, the KH vortex size can be estimated to be ~1.1Rg, which is very
close to ~1Ry for the diameter (or radius ~0.5Rg) of the KH vortex obtained from the theory, ionospheric
observations (precipitating electron average energy, energy flux, |Bl, A), and boundary layer observations
(Te, ne, IBI).

The observed KH wavelength of ~2.2Rg is smaller than the previously reported wavelength of 3-4Ry report-
ed by Hasegawa et al. (2006). It also falls in the low end of the range of KH wavelengths of 2-14Rg in the
14 events reported by Lin et al. (2014). Likewise, the vortex size of 1 or 1.1Rg is smaller than the previously
reported value of 2Ry by Fairfield et al. (2000).

Figure 6b plots the V, versus n;, which has been previously used to test for the presence of a KH vortex
(Hasegawa et al., 2006). In a rolled-up KH vortex, the magnetospheric plasma that extends into the mag-
netosheath and forms part of the breaking wave gets accelerated to speeds larger than the magnetospher-
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Figure 7. Maximum energy flux ( j||2 / k) versus scale of the vortex
(a = Aj/2L), mapped to the ionosphere based on Equation 13. The energy
flux peaks at a = 0.75. The flux drops by a factor of 2 outside the range

cipitation and magnetic field observed by DMSP F16 and T, 1., and B ob-
served by THEMIS C. Figure 6c traces the magnetic field from the DMSP
F16 location at MLT ~17:10 and MLat ~71° when it observes the auroral
bead, small scale upward FAC, and monoenergetic electrons to the mag-
netosphere using Tsyganenko magnetic field model (T96; Tsyganenko

0.27 < a < 2, and the energy flux drops by a factor of 10 outside the range & Stern, 1996). The figure shows that the magnetic field line from the
0.1 < @ < 5.35. From the DMSP observations shown in Figure 1a, we can DMSP F16 location does not trace exactly to THEMIS C, although the
infer that o ~ 0.7, which is very close to the optimum size that maximizes trace comes to within several Ry of THEMIS C. It seems to suggest that

the current and energy flux.

the T96 field line mapping is not entirely accurate for this particular event

because had it been perfect, the location of the DMSP F16 at the open-

closed boundary of the oval would map to the magnetopause boundary.
Irrespective of the accuracy of T96, for the rough calculation presented here (with one or two significant
figures), it may not be necessary for the two spacecraft to be located exactly on the same field line. MHD
simulations show that typically the KH vortex does not occur in isolation, but rather there is a train of KH
vortices that move from near noon to the nightside along the flank of the magnetopause boundary (Merkin
et al., 2013). This feature discriminates KH waves from flux-transfer events, and other surface waves at the
magnetopause. This picture is consistent with the multiple auroral beads seen in Figure 1a and the semi-pe-
riodic fluctuations seen in the temperature, density, and velocity plots in Figure 6a. The DMSP observations
at 17:10 MLT would be expected to map to a magnetopause location past the terminator on the nightside
and THEMIS C is located on the nightside at GSM(x, y, z) = (—5.4, 18.6, —2.2)R;.. The magnetosheath plas-
ma and magnetic field properties evolve rapidly from noon to dusk, but typically evolve more slowly on the
nightside as they asymptotically approach the solar wind values (Spreiter & Stahara, 1985). Thus, the Tk, n.,
and B observed by THEMIS C may not map exactly to the DMSP F16, but these plasma and magnetic field
line properties are likely to be similar to those at the KH vortex that does map to the DMSP F16 location.

The size of the vortex is generally controlled by processes in the region of instability. However, ionospheric
signatures of a vortex (field-aligned current and electron precipitation) will be most easily detected when
the size of the vortex is within a certain range. It is likely that as vortices develop nonlinearly as they move
from the dayside to the flank, their size would evolve through a range of scales; however, the vortices would
be most visible in the ionosphere when their size is optimal. Note that not all DMSP SSUSI observations
for KH events show clear bead structures such as the ones shown in Figure 1a, which may be attributed to
nonoptimal conditions for obtaining maximum current width and mapping the vortices from the magnet-
opause boundary to the ionosphere.

Figure 7 suggests that electron flux (scaling as jjA¢ = j”2 / x) is reduced by a factor of 2 outside of the
range 0.27 < a < 2, which for the conditions of this event correspond to a range of A, (vortex radius) from
0.2 to 1.4Rg. Structures outside this range would not be distinguishable from the ambient UV emissions in
Figure 1a. The conditions favorable to auroral bead structures associated with KH events will be investigat-
ed in our follow-up observational study.
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5.2. Auroral Vortex at Saturn

At Saturn, the fragmentation of the main ring of emission into small-scale spots shown in (Figure 1b) is
suggestive of a similar process. Typical auroral features are localized (500-2,000 km) auroral bright spots
(10-30 kR) that map to the boundary layer. As shown in Figure 7 it is expected that the peak energy flux
occurs for scales satisfying o = 0.75 and in this regime, the width of the energy flux is A, ~ 1.6A;. The most
prominent scale associated with the bright spots is A, ~ 2,000 km, which maps to A,, ~ 1Rs in the boundary
layer (using /B; / B,, ~ 60, and is consistent with the size of KH structures (Grodent et al., 2011; Masters
et al., 2010, 2011). Using the theory mentioned above, it should be possible to compare the expected auroral
intensity versus scale (A) to see if the distribution follows the expected trend, and to constrain L (ionospher-
ic conductivity) based on the peak intensity.

6. Discussion and Conclusions

The field-aligned current properties of a shear layer are compared with that of a vortex in Table 1. In the
limit that A; > L the maximum current density has essentially the same behavior for shear layers and vorti-
ces and the current width scales with A;. The primary difference is in the limit A; < L. In this case, the shear
layer becomes a discontinuity, but the current in the shear layer spreads out to the auroral scale, L and the
current maximizes at jjm. = O.SKVOBOL\/Z . On the other hand, the vortex current does not broaden and
the current is confined in the vortex structure. As the width of the vortex vanishes, A—0, the current scales
with j max = ¥VoBoAm, and also vanishes. For the vortex, the maximum current occurs when A; = 1.5L and
Ji.max = 0.57xVoB,L. For this scale of driver, the current width will be A = 2.8L and the width of the electron
energy flux, A, = 2.4L.

Two important conclusions can be drawn. First, if vortex structures are detected at the ionosphere, they
basically map to structures in the boundary layer whereas shear layers only map if the scale is large enough.
Second, the current density maximizes when the vortex size maps to the auroral scale length and has rough-
ly the same strength of current density as the shear layer. As vortices become either larger or smaller than
the optimal size, the current vanishes. This property suggests that it may be useful to obtain the statistics of
spot size versus intensity from auroral images in planetary magnetospheres from which it may be possible
to infer ionospheric properties knowing that currents maximize when the width is 1.5L.

Data Availability Statement

The DMSP data are available online at a JHU/APL website http://sd-www.jhuapl.edu/Aurora/spectrogram/
index.html. The DMSP SSJ4/SSJ5 and MAG data are also available at NASA CDAWeb https://cdaweb.gsfc.
nasa.gov/index.html/, at a Boston College website https://dmsp.bc.edu/, and at a NOAA website https://sat-
dat.ngdc.noaa.gov/dmsp/. DMSP SSUSI data are available at a JHU/APL website https://ssusi.jhuapl.edu/.
THEMIS data are available at a UC Berkeley website http://themis.ssl.berkeley.edu/index.shtml.
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