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ABSTRACT
A STUDY OF RECONNECTION POLEWARD OF CUSP: CLUSTER
AND POLAR
by
Fathima Muzamil

University of New Hampshire, May, 2017

Asymmetries in plasma density and the presence of a guide field significantly alter the
structure of the ion diffusion region (IDR) in symmetric, collisionless reconnection. These
features have been shown by numerical simulations under moderate density asymmetries
(~10), and theoretical analyses. However, very few studies have addressed these issues
with in-situ observations, particularly at high magnetic latitudes. By the structure of the
IDR we refer to features such as the non-colocation of the X-line and stagnation line, the
distortion of the Hall magnetic and electric fields, outflow speed, outflow density etc. We
have compiled a collection of Cluster crossings of the high-latitude magnetopause poleward
of the cusp under northward interplanetary magnetic field in the years 2001—2008. We
identified 18 events that fulfilled the criteria that was used as plausible evidence for an
IDR crossing. A wide range of guide fields (6 to 74%) and very high density asymmetries
(over three orders of magnitude) were present in this event list. The total DC electric field
ranged from 10 mV/m-72 mV/m. We compared theoretical predictions for ion outflow speed
and density against measured values for events with least magnetic shear and found good
agreement. Peak values of both measured quantities agreed better than the average values.
The separation between the X and S-lines were measured for two events. The separation

was in the order of ~2 ion inertial lengths.

Xvii



We presented a detailed analysis of a current sheet crossing hallmarked by a density
asymmetry of 2 orders of magnitude (~140) [Muzamil et al., 2014, JGR]. This event was
measured by the Polar spacecraft, also at high latitudes poleward of the cusp. Data agreed
well with simulation results, especially the observation of density cavities together with
isolated electric fields in the normal direction at both separatrices. This has not been
observed in previous observational studies.

Effect of the guide field on both sides of the X-line was examined using two events with
jet reversals and similar guide fields. A sunward-tailward asymmetry in the Hall magnetic
field structure was observed due to the guide field in the two outflow regions. The Hall
field was weakened and changed polarity in the vicinity of the X-line due to an electron
velocity shear layer. Using three other crossings with high guide fields, we measured a
40-60% enhancement in the Hall magnetic field showing consistency with simulations.

We then presented a case study of large episodic magnetic field depressions in the mag-
netosheath boundary layer region near the magnetic separatrix. We identified specific char-
acteristics and compared them to possible generating mechanisms. The most plausible one
was kinetic Alfvén waves.

Thus, we have provided observational evidence for the structure of the IDR in poleward

of the cusp under several different asymmetric conditions and guide fields.
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CHAPTER 1

INTRODUCTION

1.1 The Earth’s Magnetosphere

Our Earth is surrounded by a region that is dominated and controlled by the terrestrial
magnetic field known as the magnetosphere (MSP). Why is it sometimes that the MSP
is extremely active with storms, substorms, and strong aurorae observed at low latitudes,
while sometimes, the MSP is extremely calm and quiet? The geomagnetic indices (K-
index), auroral electrojet index (AE index), disturbance storm time index (Dst index) for
example, continuously reveal the varying geomagnetic activity of the MSP. What causes
these geomagnetic disturbances in the MSP?

Plasma plays an important role in the universe, especially in these geomagnetic distur-
bances. Plasma is an ionized gas consisting of positively and negatively charged particles
with approximately equal charge densities. Plasma exhibits collective behavior and repres-
nts 99% of the matter in universe, including the interstellar medium. The interplanetary
magnetic field (IMF) and plasma that are covected away from the Sun by the solar wind
(SW), encounters the interplanetary medium which includes the Earth’s MSP.

Figure 1-1 shows the various regions of the MSP and surrounding environement, that
are categorized by different magnetic topology, and plasma strengths and behaviors, that

are of interest to us in this thesis.



The SW is a supersonic flow with a typical speed of ~ 400—800 km/s which may
vary near the Earth. It is the interaction between the SW and the Earth’s magnetic field
that forms the shape of our MSP. As the SW expands, a curved shock in the shape of
a bullet named the bow shock, is formed as an obstacle to the supersonic SW, by the
Earth’s magnetic field. At the bow shock, the solar wind slows from supersonic to subsonic
velocities. The dayside terrestrial magnetic field gets compressed while the nightside MSP
gets stretched out forming an elongated tail called the magnetotail. The magnetotail extends
to hundreds of Earth radii (Rg).

The outer edge of the MSP closest to the Sun is the magnetopause (MP) and represents
a layer in pressure balance. This is the location where the flow pressure of the SW is equal
to the magnetic pressure of the MSP. The MP is a current sheet; the J x B force acts to
deflect the SW plasma. The outermost point of the MP where the solar wind first encounters
the MSP is referred to as the subsolar point. Observations have revealed that the standoff
distance, i.e., the location of the MP is ~10 Rg, although the location is constantly changing
with changing interplanetary conditions, i.e., dynamic pressure and northward/southward
component of the magnetic field (Byz).

The magnetosheath (MSH) is the region between the bow shock and the MP that
contains the shocked solar wind plasma. The plasma density typically decreases from the
bow shock to the MP; however, it is always higher than the MSP plasma density. The mean
and most probable density in the MSH are 34.8 cm 2 and 20 cm ™2 [Gosling, 2007] while the
typical ambient density in the MSP is ~0.1 cm™3. In the MSH, the SW plasma is subsonic
with a typical bulk velocity of ~ 250 km/s.

The region of focus in this thesis is the MP at the polar cusps, specifically poleward of
the cusps in both northern and southern hemispheres. Polar cusps are the funnel shaped

high latitude regions where the Earth’s dipolar magnetic field fan out from the magnetic
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Figure 1-1: Earth’s magnetosphere with the regions of interest (www.nasa.gov)

poles with a depression in magnetic field strength.

Let’s get back to the cause of disturbances in the MSP. This is where the theory of
magnetic reconnection takes center stage. This was a concept that was introduced by
Giovanelli [1946] who studied explosive solar flares. Later Hoyle, [1949] suggested that
this concept may be applicable to the MSP as well. It was James Dungey, Hoyle’s student
who first coined the phrase "Magnetic Reconnection” and ascribed it as the major cause
of disturbances in the MSP. Oppositely directed magnetic field lines break and reconnect
at a current sheet, allowing plasma transport across boundaries. This explosive process
transfers the potential energy of the magnetic field to kinetic energy and heating of the
plasma [Priest and Forbes, 2002; Birn and Priest, 2007]. Today, magnetic reconnection is
widely accepted as a process that changes magnetic topology and is also considered as the

dominant process for mass, energy and momentum transfer from the Earth’s MSH to the



MSP.

As a corollary to Dungey’s [1961] initial claim (Figure 1-2(a)), one expected to see
disturbances in the MSP to increase when the orientation of the MSH magnetic field was
opposite to that of the earth at the day side. And indeed early studies showed this, giving
credence to the hypothesis that a disturbed MSP tends to occur when the IMF has a strong
southward component [Fairfield and Cahill, 1966]. Additionaly, the fact that the orientation
of the IMF determined the location of the reconnection site on the MP was for example,
confirmed by Aubry et al., [1970], Gonzalez and Mozer, [1974], Fuselier et al., [2005], and
Trattner et al., [2007], although their ideas were different.

When the IMF is strongly northward, however, magnetic reconnection occurs poleward
of the cusp. This so-called ”lobe reconnection” may take place either simultaneously in both
hemispheres [Song and Russell, 1992], or sequentially [Cowley, 1984; Crooker, 1992]. The
latter is a case of open—open flux transfer. At the polar cusps, the MSH plasma has direct
access to the ionosphere at both hemispheres [e.g., Reiff et al., 1977; Marklund et al., 1990;
Yamauchi et al., 1996]. This narrow region has recently ”opened” or merged magnetic field
lines mapping to the high-latitude ionosphere, just poleward of the last closed field line on
the dayside.

Lobe reconnection was predicted at a very early stage, also by Dungey [1963] (Figure
1-2), and its presence was confirmed by isolated in—situ data examples [Gosling et al., 1991,
1996; Kessel et al., 1996; Safrankova et al., 1998; Avanov et al., 2001; Phan et al., 2003;
Twitty et al., 2004, Retino et al., 2005] and will be discussed later.

Reconnection at the dayside MP can occur under two models; (i) the anti-parallel merg-
ing model [Crooker, 1979; Luhmann et al., 1984], where the shear angle of the magnetic
fields on the two sides of the CS is ~180°, and (ii) the component merging model [Sonnerup,

1974; Gonzalez and Mozer, 1974], where the shear angle is much smaller, i.e., reconnection
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Figure 1-2: Original schematic for MP reconnection during (a) southward IMF and (b)
northward IMF by Dungey [1961,1963]

can occur even if only one component of the MSH and MSP magnetic field is oppositely
directed.

Reconnection on the dayside opens magnetic flux and erodes the dayside MSP, leading
to an earthward retreat of the MP [Aubry et al., 1970]. The magnetic flux is then convected
into the geomagnetic tail. In the tail, open magnetic flux accumulates and the current sheet
becomes thinner until reconnection convects this flux back to the dayside. This is called
the ”"Dungey convection cycle” which depends on two sources, i.e., one on the dayside and
one on the nightside.

Under southward IMF, the ionospheric convection pattern over the polar cap exhibits

an anti-sunward convection at high latitudes, with return sunward flows at lower latitudes.
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Figure 1-3: Ionospheric convection pattern over the polar cap under strictly northward IMF
conditions. Dashed circle represents the polar cap boundary.

However, this pattern changes under northward IMF. Lobe reconnection drives sunward
plasma convection over the polar cap [Maezawa, 1976; Reiff, 1982]. Hence, compared to
the flow pattern under southward IMF, the direction of the ionospheric convection is re-
versed and is appropriately called “reverse convection” [Crooker, 1992]. Thus, observations
of reverse convection are a direct monitor of lobe reconnection. Figure 1-3 shows an ideal-
ized two cell picture for the ionospheric convection pattern for reconnection under strictly
northward IMF. Note that deviations can occur to this symmetric two cell pattern due to
several different reasons which in turn causes a multiple asymmetric cell pattern [Heelis et.
al., 1986]. If the clock angle is not exactly —90°, i.e., if there is an east-west component
(By), the two cells will not be of equal size.

Magnetic reconnection is now the widely accepted mechanism of energy release in solar

flares [Priest & Forbes, 2002]. Reconnection has also successfully explained observations in



the solar wind [Gosling et al., 2005; Phan et al., 2007], the Earth’s MP [Paschmann et al.,
1979; Mozer et al., 2002], the magnetotail [Nagai et al., 2001] and in laboratory plasmas

[Yamada, 1999].
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Figure 1-4: (a) Quiet current sheet. (b) Current Sheet during Reconnection

Now that we have an understanding of magnetic reconnection and its effects in a global
perspective, lets now turn our attention to the local reconnection site and review briefly the

basic theorectical background.

1.2 Fundamental Concepts of Magnetic Reconnection

Figure 1-4(a) shows a schematic of a quiet current sheet, such as the MP, before reconnection

and Figure 1-4(b) the same current sheet during reconnection. There is a change in direction



of the magnetic field lines across the MP that creates a current, J = V x B/py and will
be directed tangentially. When reconnection occurs, the field lines convect inward and
form an X—line. The stored energy of the magnetic field is converted to heat and kinetic
energy of the outflow jets. The reconnected field lines are kinked and convect outwards
into the exhaust region. The straightening of the bent magnetic field lines contribute to the
acceleration of the outflow jets [Parker, 1963]. The first field line opened by reconnection
is the separatrix.

The localized breakdown of the frozen-in condition provides us with the most gen-
eral definition of magnetic reconnection [Azford, 1984; Schindler et al., 1988; Hesse and
Schindler, 1988; Birn and Priest, 2007]. Let’s investigate this further by considering the
electron equation of motion written in terms of the electric field E, also known as the

generalized Ohm’s law [ Vasyliunas, 1975],

me 0J

1 1
E—|—v><B:—J><B——V-P6+—2—
ne ne ne? Ot

+nJ (1.1)

where E is the electric field, v is the bulk flow velocity, B is the magnetic field, n is the
number density (which we assume equal for ions and electrons), e is the electron charge, P,
is the electron pressure tensor, me is the electron mass, and 7 is the resistivity.

The current density is defined as J = V x B/pug. The first term on the right hand side
is the Hall term, which results from the decoupling of ions and electrons and their relative
motion towards the reconnection site; we will discuss this in detail in Section 1.3. Next is
the electron pressure gradient, the electron inertia term, and finally the resistive term. In
the electron inertia term, the electron velocity v, is replaced by —J/ne which only becomes
important at small scales where the ion bulk motion is relatively unimportant.

When the terms on the right hand side becomes negligible, we achieve ideal MHD. Ideal

plasmas follow the frozen-in condition: E + v x B = 0. The plasma elements preserve their



magnetic connections and the field is said to be frozen to the plasma. The magnetic flux
and magnetic field line connections are preserved leading to conserved magnetic topology.
A region where this condition is broken, E + v x B # 0, is called the diffusion region (DR).

Depending on the term that dominates in the right hand side of the equation, we arrive at
several reconnection models. The Sweet-Parker model [Parker, 1957] describes collisional
MHD reconnection for 2D steady-state incompressible reconnection. In this model, for
Lundquist numbers S = pgLca/n below 104, where L is the length scale and cy4 is the Alfvén
velocity, the resistive term dominates. In this model, the reconnection rate is ~ S ~1/2 which
was quickly found to be too slow to explain observations [Parker, 1963]. Petschek [1964]
developed another MHD model, that predicted a faster reconnection rate M4 = 7/8InS. In
this fluid model, the acceleration of the plasma jets could happen at two boundary layers
depending on the upstream conditions; (i) at a slow shock, where the magnetic field lines
are weaker, density and pressure increases or (ii) at a rotational discontinuity, where the
magnetic field rotates and the flow gets faster without the change in plasma density and
pressure. Additionally, Petschek’s model requires a non-uniform resistivity, which becomes
challenging to find evidence in observations and simulations [Priest & Forbes, 2002].

Resistivity is usually negligible in space plasmas which leads us to the collisionless model
which incorporates the kinetic effects of plasmas. Under this model, the remaining three
terms become important at various scales. The length scales associated with each term
were compared to determine which term is dominant.

A comparison between the convection term v x B and the Hall term, J x B/ne revealed

that the critical length scale for the Hall term to be important is the ion inertial length,

C
di = —
Wpi (1.2)
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where ¢; is the ion charge. This quantity is also referred to as the ion skin depth. It is
equivalent to the gyroradius of an ion traveling at the Alfvén speed, d; = c4/Q¢;, where
Q¢ = ¢;B/m, is the ion cyclotron frequency. Thus, the Hall effect alters the structure of
the reconnection site, at and below ion gyro-scales [Sonnerup, 1979]. Furthermore, when
comparing the length scales derived from ambient average value in the reconnecting region,
collisionless effects become important long before collisional effects.

If reconnection has a very strong out-of-plane magnetic field, a guide field, (discussed
in Section 1.5) in order to maintain the pressure balance, the Hall effect couples to the
ion pressure in the momentum equation. Here the length scale becomes the ion Larmor

radius, ps = ¢sQu, where ¢ = [(yekpTe + ~ikpT;)/mi)*/?

is the ion acoustic speed, 7; is
the ratio of specific heats and T} is the temperature for species j [Zakharov and Rogers,
1992; Kleva et al., 1995; Rogers et al., 2001]. Hence, the two length scales are related by
ps = (8/2)Y/2d;. For guide fields strengths that fall between the two extremes, there will
be a smooth transition between scales ps and d;.

Let us now review the features of the so called diffusion region under symmetric recon-

nection.

1.3 Diffusion Region under Symmetric Conditions

Reconnection is characterized as symmetric when the antiparallel components of the re-
connecting magnetic fields are equal, and the plasma parameters such as density and tem-
perature have the same values on both sides of the CS. While this thesis’s primary focus
is on asymmetric reconnection, we start with an understanding of the features of the 2D
symmetric DR, through a sketch of the widely accepted two scale structure given in Figure
1-5.

Here, it is assumed that the field and plasma conditions (density, temperature) on either
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side of the MP is the same, while the the magetic field lines on the MSH side are oppositely
directed to the magetic field lines on the MSP. In the upstream/inflow region in Figure
1 — 5, the inflowing plasma is frozen-in to the magetic field such that E + v x B = 0. Here
the electric field is dominated by the v x B term (—vx Byz) which is in the +Y out-of-plane
direction and is called the convective electric field.

Outflow Region
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Figure 1-5: Sketch of 2D collisionless DR under symmetric reconnection. Recreated Figure
1 of Mozer et al., [2002]

The flow stagnation line (S—line), where the inflow goes to zero, is also at the center of
the DR.

When the ions reach a distance of their gyroradius, they decouple from the magnetic
field where E 4+ v; x B # 0. Due to the much smaller mass, electrons have a much smaller

gyroradius so they remain frozen to the magetic field. This region (large grey area) is
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referred to as the ion diffusion region (IDR) with thickness in the order of the ion inertial
length, d;. After decoupling from the field, the ions follow a Speiser orbit [Speiser, 1965]
with very little bulk motion while the electrons have a directed bulk flow towards the MP.
With J = ¢;nv; — ¢;nv. there is a net current directed away from the MP. This is the
in-plane Hall current (red curved arrows in Figure). Here, the Hall J x B/ne is the main
contributor to the reconnection electric field. Jx Bz term creates the reconnection electric
field in the +Y direction (same direction of the upstream convective electric field). The
ions are accelerated by the reconnection electric field, and exit the IDR at the ion Alfvén
speed (ca; = B/(pomin;)/?).

The relative motion of the ions and electrons towards the DR give rise to in-plane
current loops. This current gives rise to an out-of-place quadrupolar magetic field structure
[Sonnerup, 1974, 1979; Pritchett, 2001; Mozer et al., 2002, and references therein|. This
structure is called the Hall magnetic field structure. In addition, charge separation produces
in-plane bipolar electric fields which emerge from the non-zero JzBy (marked by purple
arrows); these are the Hall electric fields, pointing toward the CS in the £X direction [Shay
et al., 1998].

Eventually, the inflowing electrons decouple from the magnetic field when they reach
a distance of their gyroradius where E 4+ ve x B # 0. This region is called the electron
diffusion region (EDR: blue rectagular area). This is where the magnetic field lines actually
break and reconnect. The EDR has a thickness on the order of the electron inertial length,
de = wipe where wpe is the electron plasma frequency. The EDR thickness is ~43 times
smaller than the IDR. The electrons are expelled out of the EDR at the electron Alfvén
speed in the outflow direction. Ion flow is much slower than the electron flow speed in the

IDR but they approach an equal speed when they exit.

Note that under symmetric upstream conditions, the X—line is colocated with the
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S—line, at the center of the IDR.

Discussions in this thesis will be limited to this 2D structure, with primary focus on the
characteristics of the IDR. We assume a translational symmetry in the third dimension. So
far we have discussed features of the IDR under symmetric reconnection as in the case of
reconnection in the magnetotail. However, as numerous observational studies show, this is

not the case in reality in most other regions in the MSP.

1.4 Asymmetric Reconnection

At the dayside MP and at high latitudes poleward of the cusp, reconnection occurs between
two topologically distinct regions: the cold, dense magnetosheath (MSH) on open field
lines and the hot, tenuous MSP on closed field lines. The asymmetries in plasma density,
temperature, field, and flow give rise to significant differences from features observed in
symmetric reconnection.

To list a couple of major structural differences, (i) Hall magnetic field on the MSH side
of the MP dominates the Hall magnetic field in the MSP side, By ysy > Bumsp, and
gives a bipolar appearance compared to the quadrupolar stucture in symmetric reconnection
[Mozer et al., 2008b; Tanaka et al., 2008, and references therein|, (ii) Hall electric field on
the MSP side is stronger than the MSH side, Ex prsp > Enmsu, [Mozer et al., 2008a], (iii)
the X—line is not colocated with the S—line at the center of the DR (Figure 1-6) [Cassak
and Shay, 2007], (iv) the outflow jet is biased towards the MSP side [Tanaka et al., 2008],
(v) parameters such as reconnection rate, thickness of the current sheet, outflow speed and
outflow density are affected [Swisdak et al., 2003; Borovsky and Hesse, 2007; Cassak and
Shay, 2007, 2009; Doss et al., 2015]. Many of these effects have been demonstrated in
particle-in-cell (PIC) simulations [e.g., Tanaka et al., 2008; Pritchett, 2008, 2013; Pritchett

and Mozer, 2009] and in some observations, mostly on the dayside [Deng and Matsumoto,
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Figure 1-6: Schematic diagram of the DR during asymmetric reconnection (Recreated Fig-
ure 1 of Cassak and Shay, [2007])

2001; Swisdak et al., 2003].

The seminal work of Cassak and Shay [2007], who performed a Sweet-Parker type anal-
ysis on the DR in the reference frame in which the X—line is stationary, motivated several
efforts to understand various aspects of the structure of the DR under asymmetric condi-
tions. They put a box around the DR with half-width A and half-length L (Figure 1-6)
and balanced the mass, energy, and magnetic flux into and out of the box in terms of the
inflowing reconnecting magnetic fields (Byssp, Bysy) and densities (parsp, parsa). The

subscripts ’1” and ’2’ in Figure 1-6 denote the upstream conditions of the MSH (bottom)
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and MSP (top) sides of the DR respectively. Quantities describing the outflow have ’out’
subscripts. The points X and S mark the X—line and the S—point, which are not colo-
cated. The distance from the top (MSP side) and bottom (MSH side) edges of the DR to
the X—line is defined as dxo and dx1, respectively. Similarly, the distances from upstream
edges to the DR to the S—line is defined as dgo and dg1 respectively. The green arrows
indicate the velocity flow.

The scaling relations that resulted from the analysis for the outflow density (pout,asym),

outflow velocity (Vout,asym), and reconnection rate (Ep qsym) is as follows;

(prB2 + p2B1)

Pout,asym ™~ (Bl I Bz) (1.3)

_ _ B1 B> B+ B 4

Vout,asym = CA,asym — 10 01Ba + p2B1 (1 )
B1 B> 2A

Eo,asym ~ <M> Tvout (1-5)

where A/L is the aspect ratio of the DR which is ~0.1. The X—line offset scales as a ratio

of the reconnecting magnetic fields, % ~ %, while the S—line offset scales as, % ~ z Tg;.

The offsets from the center of the DR imply that the greater mass density inflowing
from the MSH (bottom) causes the MSH plasma to flow (green arrows) across and past the
X —line before they are turned at the S—line towards the exhaust/outflow region. Thus, the
S-point is displaced towards the low mass-flux (MSP) side, i.e., the side with the smaller
p/B side. The X—line is displaced towards the high 5 (MSH) side. This separation reflects
an earlier result by Levy et al. [1964] who extended Petchek’s earlier analysis. Originally,
Petschek [1964] had postulated only a slow shock to do most of the energy conversion in

reconnection. In Levy et al. [1964], they addressed the issue as to what happens under
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asymmetric density and magnetic fields. The result was that the slow shock splits into
rotational discontinuity (i.e., CS) and a slow expansion fan.
The thickness of the DR under asymmetric conditions, Aysym [Cassak and Shay, 2009]

scales as

1( [Bi, [B:),
Aasym - § < FQ + Bl) dz,asym (1-6)

which was based on the ion inertial length,

2 1/2
di,asym = (W%) (17)

HO 62pout,asym

This indicates that the thickness of the DR A ysym, will always be greater than or equal to
d; asym- This is because an increase in one of the magnetic fields increases the outflow speed,
which increases the gyroradius. These scaling relations apply regardless of the dissipation
mechanism (collisional or collisionless). Limitations and assumptions to this theory were,
(i) purely 2D analysis, (ii) reconnecting magnetic fields were anti-parallel, i.e., no guide
field, (iii) no upsteam flow parallel to the reconnecting magnetic field (no velocity shear
considerations) (iv) no out-of-plane bulk flow.

The theory was verified in a number of 2D simulations, with resistive MHD [Borouvsky
and Hesse, 2007; Cassak and Shay, 2007; Birn et al., 2008], and two-fluid [Cassak and Shay,
2008, 2009]. Using PIC simulations under varying densities and magnetic fields, Malakit
et al., [2010] showed that (i) kinetic electron and proton physics beyond the Hall term
does not fundamentally alter the gross properties of the asymmetric DR since Ep gsym,
Vout,asym a0 Pout,asym showed consistency with the scaling predictions and, (ii) that the
theory overpredicts the reconnection rate, Eg qsym and outflow speed vout asym by a factor

of 2. Gonzalez and Parker, [2016] notes that this could be due to the compression effects
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[Birn et al., 2010] or kinetic effect in which the reconnected magnetic field preferentially
heats the downstream plasma parallel to the field [Drake et al., 2006; Schoeffler et al., 2011]

We continue to discuss these specific structural changes of the IDR due to asymmetric
upstream conditions in more detail throughout the thesis. In Sections 1.3 and 1.4, we
have assumed that the reconnecting magnetic fields on the opposite sides of the CS are

antiparallel. Let’s now review cases when this is not so.

1.5 What is a Guide Field?

When the magnetic field lines, represented by the orange and purple lines in Figure 1-
7 are not antiparallel, we decompose the magnetic field into a reconnecting component
perpendicular to the X—line and a guide field component along the X—line. A detailed
study of symmetric reconnection with a guide field was done by Fastwood et al., [2010].
They studied a DR in the presence of a moderate guide field (20% of the reconnecting
field) made by Cluster in the near earth magnetotail. Through in-situ data coupled with
numerical simulations they showed that the guide field considerably distorts the pattern of
the observed quadrupolar Hall fields. The Hall magnetic field perturbation was not simply
superimposed on the guide field, but was asymmetric and shunted away from the current
sheet.

We have established that asymmetries in density and magnetic field alter the DR struc-
ture observed in symmetric reconnection. As expected, the presence of a guide field can
lead to distortions of the field and flow pattern over and above the features produced by
the asymmetries and this has been analyzed via numerous studies as well [e.g., Pritchett,
2008; Mozer et al., 2008b; Pritchett and Mozer, 2009; Fastwood et al., 2013].

An example of this was as follows; observations by Mozer et al. [2008b] and the 2D PIC

simulations by Pritchett and Mozer [2009], discussed a case of asymmetric reconnection in
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Figure 1-7: Decomposition of two magnetic field lines that are not antiparallel to obtain
the guide field

the presence of a guide field, in the subsolar region. In this study, the most significant effect
of the guide field was to introduce a distinct asymmetry in the bipolar Hall magnetic field
structure about the X—line. We shall discuss these features further, in more detail in the

following chapters.

1.6 Motivation

Currently, we have a set of theories, simulations, and fortuitous but limited set of data
examples that explain how the structure reacts to different boundary conditions. In these
studies, density asymmetries and guide fields are referred to as “small”, “moderate”, “large”.
But what values fall under these categories? At what value of density asymmetry and guide
field do the observed features in an ideal symmetric IDR start to change? How do these
events compare against current theoretical scaling predictions and simulations? Are the

trends observed in isolated in-situ examples representative of events poleward of the cusp?
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Additionally, there is ongoing debate in the magnetic reconnection community on a
rigorous definition for the DR. Over the years researchers have come up with a set of
plausible criteria to identify what we currently refer to as the diffusion region. In-situ
observations of such diffusion regions are not easy to come across. The spacecraft has to
be in the right place at the right time and follow specific trajectories to allow examination
of the different features of this comparatively small region. It gets even more complicated
when investigating a structure that is strongly dependent on the boundary conditions, in
this case, plasma asymmetries and the existence of a guide field.

In order to demonstrate experimentally how the features of the IDR change as a func-
tion of varying boundary conditions, we picked a region at the Earth’s MP, that exhibits
a wide spectrum of asymmetries between the two reconnecting regions; high latitude pole-
ward of the cusp region. The first observation of magnetic reconnection at high latitudes
were obtained only relatively recently from spacecrafts with polar orbits [eg. Gosling et al.,
1991; Kessel et al., 1996]. Thus, only very few studies have addressed these structural fea-
tures with in-situ observations. So we extend these studies through a collection of Cluster

crossings under northward IMF in the years 2001-2008.

1.7 Thesis Outline

The overall goal of this study is to present and analyze data examples to arrive at an average
observation-based picture of reconnection at high latitudes poleward of the cusp.

The thesis is organized as follows; Chapter 2 describes the data and instrumentation
that was used in this study. A description of the coordinate system used as well as how
parameters such as the density asymmetry and guide field were calculated for all events in
the thesis are defined here. We also present a list of criteria that was used to identify an

IDR and illustrate it via an example. Most importantly, here we present a list of events
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poleward of the cusp with associated density asymmetries, magnetic field asymmetries and
guide fields. From our list of events, we test predictions for outflow density and outflow
velocity from Cassak and Shay [2007, 2009]’s theoretical study with measured values of ten
events with low magnetic shear. Chaper 3 presents a detailed analysis of an event measured
by the Polar spacecraft, hallmarked by a large density asymmetry [Muzamil et al., 2014].

Two case studies with similar guide fields and low values of density asymmetry are used
to study the effect of a guide field on the IDR in Chapter 4. These two events have jet
reversals that allow us to examine and compare both sides of the X—line. This is followed
by a study of three other crossings on one side of the X—line with a high guide field (greater
than 60% of the reconnecting MSH field). The three events were used to examine the
changes caused by the guide field on the Hall magnetic field.

In Chapter 5 we examine an interesting event that is outside the IDR and in the separa-
trix region which shows episodic large (90%) field depressions that are unlike other magnetic
nulls observed in the MSH boundary layer. We compare the features with theories that ad-
dress mangetic nulls to come to a plausible conclusion of what causes these interesting
feature. We end with a summary of major results and motivation for future work in this

area of research, in Chapter 6.
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CHAPTER 2

INSTRUMENTATION AND DATA

2.1 Spacecraft Data

For this study, data was primarily obtained from Cluster satellite mission. For the detailed
study presented in Chapter 3 data from the Polar mission was used. The intrumentation
and resolution of the data used throughout the thesis are briefly introuduced in the following

Section.

2.2 Cluster Mission

Cluster II satellite mission consists of four identical spacecraft named Salsa, Samba, Rumba,
and Tango, also referred to as C1, C2, C3 and C4. The mission was led by ESA/NASA
and was launched into a polar orbit in two stages, with the first pair reaching orbit on
16 July, 2000 and the second on 9 August, 2000. Cluster has a perigee of 4 Rp and an
apogee of 19 Rg. The main goal for the Cluster mission is to study small and medium
plasma structures in the range 100 km to 2-3 Rp, during the interaction between the SW
and the Earth’s MSP [Escoubet et al., 2001]. They fly in approximate tetrahedral formation
creating a three-dimensional volume that allows for the separation of spatial and temporal
variations. The separation between spacecrafts ranges from 20 km—36,00 km [Escoubet et

al., 1997]. Cluster data acquisition operates in nominal mode (~ 80% of the time), but can
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be switched to a high data rate (burst mode), for higher time-resolution measurements.
Each Cluster spacecraft carries 11 identical instruments, and a brief introduction to the

instruments that were used for this study is as follow;

2.2.1 Instrumentation
FGM

The fluxgate magnetometer (FGM) [Balogh et al., 2001] instrument consists of two triaxial
magnetometers that measure the three components of the DC magnetic field. The full-
resolution magnetic field data has a time resolution of 22 Hz and 67 Hz in the normal and
burst modes, respectively. It has 6 ranges and resolutions according to the magnetic field
features where the spacecraft are located. The largest measurement range is [-65536, 65536]
nT with a resolution of 8 nT. The time resolution for the data in this study is mostly

0.04s with units in nT.

EFW

Electric field measurements are taken from the Electric Field and Waves (EFW) instrument,
which has four spherical probes on two pairs of long wire booms, which are orthogonal to
each other spanning 88 m tip-to-tip [Gustafsson et al., 1997]. Each axis lies in the spin plane
of the spacecraft and measures the 2D electric field. Third component is calculated based
on the assumption of E - B=0. This reconstruction requires that Bx/Bz and By /By are
not too large, and that By itself is not too small, so errors in Ex and Ey are not amplified.
E - B=0 is an accurate assumption at most times except in the very small electron diffusion
region which is not a focus of this study. The sampling rate is 25 Hz in nominal mode and
450 Hz during burst mode. Spacecraft potential measurements are also obtained from the

EFW instrument, which is calculated as the potential difference between the spacecraft and
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the probe, with a full resolution of 5 Hz. The time resolution for the electric field data used

is 0.04 s in units mV /m.

EDI

Electron drift instrument, (EDI) has two instrument modes: ”Electric Field” and ” Ambient”
mode [Paschmann et al., 2001]. In electric field mode, electrons emitted by an electron gun
drift perpendicular to the magnetic field until they are captured by the Gun Detector Units
(GDUs) on the opposite side of the satellite. In ambient mode, electron counts from 0.5

keV and 1.0 keV electrons at pitch angles of 0°, 90°, and 180° are measured.

PEACE

Electron moments and distributions are taken from the Plasma Electron And Current Ex-
periment’s (PEACE) [Johnstone et al., 1997; Szita et al., 2001]. It has two sensors: HEEA
(High Energy Electron Analyser) and LEEA (Low Energy Electron Analyser). PEACE
has 88 energy channels in the range of 0.6 eV—26 keV, and energy range in usage is ad-
justed mainly according to the spacecraft potential. Each sensor has 12 pitch angle sectors

separated by 15°. Moments and distribution functions are calculated once per spin.

CIS

Full, 3D ion distributions of the MSP are gathered by the Cluster Ion Spectrometer (CIS)
[Réme et al., 1997, 2001] with two instruments; (i) The Composition and Distribution Func-
tion analyser (CODIF) that can distinguish between H+, H++, He++, and O+ ions with
different mass per charge values. It has an energy range of 40 eV /e—40 keV /e and medium
angular resolution of 22.5°. (ii) Hot Ion Analyzer (HIA), is made up of 62 energy channels
that has an energy range of 5eV /e—32keV /e. The Hot Ton Analyzer (HIA) instrument does

not distinguish the ion species. The time resolution for the ions’ full 3D distribution ranges
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between 4 and 16 s. Ion moments used in this study are at a 4 s resolution. We only used

data from the HIA instrument for this study.

2.2.2 Accurate density measurements in the MSP

As discussed in the introduction, the primary focus of this study is the effects of asymmetric
boundary conditions on the reconnection site. The region poleward of the cusp is an ideal
location to study the effects of such asymmetries since they cover a wide range. Due to
the very low densities in the lobe region, HIA may not be able to obtain accurate plasma
density measurments there. Pederson et al., [2008] noted that variations of photoelectron
emission must be included in such estimates. For electron densities in tenuous regions
such as the polar cap and lobe regions, Lybekk et al., [2012] deduced empricial formulas
to obtain the electron density from the spacecraft potential that takes into account the
photoelectron emission during the whole solar cycle. Therefore these formulas are based on
the current balance between the ambient electrons travelling towards the spacecraft, and the
photoelectrons emitted from the spacecraft. When the average number density recorded by
HIA was below 0.5 cm ™3, electron density estimates were derived from the high resolution
spacecraft potential measurements from the EFW instrument [Lybekk et al., 2012; as done
in Wilder et al., 2015].

We used the N, formulas in Table 2.1 to estimate the density using spacecraft potential
measurements from the EFW instruments categorized by year. U represents the measured

spacecraft potential and A and B are constants.

2.3 Coordinate system used

The minimum variance analysis (MVA) method is used in most studies to determine the

boundary normal coordinates which best locates the direction of the maximum varying
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U Ne (EFW) = Ax exp (-U/B)
Year (V) (cm—3)
8-12 40.0xexp(-U/3.55)
2001/2002 | 12-30 4.3xexp(-U/10.5)
30-50+ 20.84x exp(-U/6.76)
8-12 30.0xexp(-U/3.83)
2003/2004 | 12-30 3.5xexp(-U/10.5)
30-50+ 16.97 xexp(-U/6.76)
8-11 9.0xexp(-U/4.55)
11-17 2.8xexp(-U/8.75)
2005/2006 | 7 4, 2.03xexp(-U/10.5)
30-50+ 9.84xexp(-U/6.76)
2007 /2008 182'_1320 Same as 2005/2006 but with
Ax0.8
30-504

Table 2.1: Foumulas to estimate N, in the low density MSP. U represents the measured
spacecraft potential from EFW instrument, while A and B are constants.

magnetic field component. However, since the boundary conditions vary largely, this method
is not as suitable for events under asymmetric reconnection, i.e., at the dayside MSP or
the highlatitude poleward of the cusp. The normal direction is estimated incorrectly under
MVA since the method forces the normal component to be constant [Mozer et al., 2008b].
Therefore we rotate the data in Geocentric Solar Ecliptic (GSE) coordinates to obtain
current sheet (CS) centered coordinates (LMN) by performing a cross product between the
average ambient fields in the inflow MSP and MSH regions.

Here, N represent the direction normal to the CS, and points from the MSP to the
MSH., i.e., N-axis lies along the MP normal. L represents the direction of the reconnecting
fields, the positive direction always chosen to be tailward of the cusp, i.e., L axis lies along
the MSP magnetic field lines. The M component complete the right handed triad in the out-
of-plane direction. More details on how the coordinate system is determined is illsutrated

through case study below.
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2.4 Plausible evidence for an Ion Diffusion Region (IDR)

crossing

Figure 2-1 portrays two ways in which a SC can enter the IDR. Spacecrafts that crosses the
MP observing only one exhaust is common in most observational studies. In such cases,
it becomes difficult to estimate the distance to the X—line or be certain that it is an IDR
crossing. As discussed in Chapter 1, we have no rigorous definition for an IDR but have
several criteria to serve as plausible evidence of an IDR crossing. The main diagnostic for
entries into the IDR is when the ions do not follow the frozen-in condition E 4+ v x B # 0,

while the electrons do.
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Figure 2-1: Cartoon of spacecraft crossing (i) one side of the X—line, while observing the
exhaust region and (ii) from one side of the X—line to the other while observing jet reversal.
Here the purple lines represent magnetic fields in the MSH while the black lines represent

the magnetic field lines in the MSP. The thick blue arrows are the outflow jets.

Another diagnostic that arises from this condition, is given by the adiabatic expansion
parameter, §; [Scudder et al., 2008; see also Maynard et. al., 2012]. This quantity is defined
as §; = % where w; = \/m represents the mean thermal speeds of ions.
Quantity d; is therefore the ratio of perpendicular electric to magnetic force experienced by
a thermal particle in the fluid’s rest frame. If §; < 1, the ions are magnetized and thus

their motion is described well by the guiding center theory, and the magnetohydrodynamic

(MHD) approximation to the generalized Ohm’s law applies. Therefore, when §; 21 at the
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crossing, we assume that the ions are demagnetized from the magnetic field and conclude
that the IDR has been crossed.

The presence of Hall magnetic fields, represented through the out-of-plane component
By, deviating from the quadrupolar pattern in symmetric reconnection and portraying
a bipolar pattern under asymmetric conditions is another criterion we have used in this
study. The Hall electric field pointing towards the MP is another measure. However,
the Hall features need to be coupled with other measurements since Hall fields have been
reported to be observed far from the X—line and outside the IDR [Fujimoto et al., 1997;
Nagai et al., 2001].

Eastwood et al., [2010] studied the properties of the IDR in the Earth’s magnetotail.
The field and plasma conditions in the inflow regions in the magnetotail vary very little
compared to dayside reconnection and therefore serve as an excellent natural laboratory to
study average properties of symmetric reconnection. One of the most significant signatures
they noted was the total DC electric field attaining peak values of several tens of millivolts
per meter (mV/m).

On the other hand, we come across a few fortuitous times where the spacecraft travels
from one side of the X—line to the other, primarily implied by the observation of an outflow
jet reversal. Such flow reversals in V7, especially with no bifurcation, gives direct evidence
that the spacecraft was traversing very near the X—line (Figure 2-1). The flow reversal
coupled with a correlated reversal in the normal component of the magnetic field, By,
strengthens this inference.

We now present a data example of a reconnection event poleward of the southern cusp
to demonstrate how the parameters such as the density asymmetry Nggym, the magnetic
field asymmetry Bgsym, and the guide field Bg are defined and calculated for all events in

this thesis.
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2.5 Case study to show how calculations are done

C3/CIS/FGM/EFW FEB 03,2002 (GSE)
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Figure 2-2: Magnetic field and plasma data from FGM and CIS instruments in GSE coor-
dinates on February 03, 2002. Electron density derived through the spacecraft potential is

overlaid in red for the low density MSP regic2)191 on the first panel.



Figure 2-2 presents plasma and magnetic field measurements made by C3 on February 03,
2002 during a 10 minutue interval, 09:20—09:30 UT. The plot shows, from top to bottom,
the ion density measured by CIS on a log scale (with the electron density derived through
the spacecraft potential overlaid in red for the low density MSP region), ion density on a
linear scale, ion temperature, XYZ components of the magnetic field in GSE coordinates
and total magnetic field, the XYZ components of the ion velocity in GSE coordinates and
total velocity. As discussed in Section 2.1.2, when the density measurements from CIS was
less than 0.5 cm ™3, density derived from the spacecraft potential from the EFW instrument
was used.

C3 crossed from a high density, low temperature region to a low density, high temper-
ature region as seen in the top panel. The reversals in the Bx and Bz components at ~
09:14:50 UT indicate that this was an inbound MP crossing. The peak in the total velocity
was mainly due to the peak in the positive vx and vz components, measured very near the
CS crossing. The vx component peaked at a value of 143 km/s. This may be a reconnection
jet.

The coordinate system from GSE to CS-centered coordinates were rotated as follows.
We obtain the CS normal N by forming a cross product between the ambient MSH and MSP
fields, taking averages over 09:13:50—09:14:30 UT for the former and 09:16:20—09:17:20 UT
for the latter. The average of the magnetic fields measured during these times intervals,
Bmsua and Bysp were used to construct the coordinate system: N = Bysg X Buvsp/
IBmsu X Bumse|, L = Bumsp — Bvsu/|Bvsp — Bmsn|, and M = N x L as done in East-
wood et al. [2010]. In GSE coordinates, L = (—0.279,0.247, —0.928) points antisunward and
contains the reconnecting fields, M = (—0.179,0.936,0.303) is the out-of-plane component

containing the guide field, and N = (0.943,0.251, —0.217) points normal to the CS.
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Figure 2-3: Magnetic field and plasma data from FGM and CIS instruments in LMN coor-

dinates on February 03, 2002.

Plot of the same parameters in LMN corrdinates are presented in Figure 2-3. The
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By, reversal, marked by the blue vertical line, represents the CS crossing. This feature is
also taken to represent the X—line in most asymmetric observational studies up to date
[Eastwood et al., 2013]. Note also the density gradient between the high density MSH side
versus the low density MSP side. The midpoint of this gradient is used to represent the
S—Iline, where the inflow velocity, vy goes to zero. The separation between the two is
an expected feature of IDR bounded by asymmetric reconnecting regions. The separation
of the rotational discontinuity (Bj reversal) at the MP and the slow expansion (density
gradient) was first explained as an effect of the asymmetric boundaries in a macroscopic
scale by Levy et al.,[1964].

Tables 2.2 and 2.2 present the measured average values of the density and magnetic
field in the ambient regions before and after the CS crossing. We calculate the density
asymmetry as, Ngsym =< Nysg > / < Nysp > and magnetic field asymmetry as
Busym =< Brvsu > |/ < Brusp >. Note that the average density measured by the
CIS instrument was 0.82; since it’s not below the condition we set we use Nyrspcrs to
calculate the density asymmetry. This is not the case in most events studied in the thesis;

we used < Nygprprw > for measurements in the MSP.

Nysu,crs Nyspors NyspErw
Parameter N asym

(cm™3) (cm™3) (cm™3)

Value < 38.15 >+£1.20 | < 0.82 >%0.35 | < 2.50 >=£1.11 | < 46.56 >=£19.82

Table 2.2: Measured density values of the ambient regions before and after the CS crossing

and calculated density asymmetry.

The guide field was calculated as the average of the out-of-plane component Bj; on
the ambient MSH and MSP regions, < —21.34 >+44.02 and < —21.343 >40.94 repectively.

Hence, Bg= < —21.34 >+2.06. This is 71% of the MSH reconnecting field, (Bg/ <
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Br.vsa >=T71%). The percentage was calculated as conventionally done in simulation
studies of asymmetric reconnection [e.g., Pritchett and Mozer, 2009]. The same method has

been used to calculate the asymmetry for all events in this thesis.

B vsH Br msp
Parameter B asym

(nT) (nT)

Value < —29.84 >£3.08 | < —66.50 >+2.25 | < 0.45 >=£0.05

Table 2.3: Measured magnetic field values of the ambient regions before and after the CS

crossing and calculated magnetic field asymmetry.
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2.6 Determining spatial scales in the IDR

To study the structure of the IDR as it depends on asymmetric boundary conditions, it is
essential to not just determine its normal direction but also to convert the measured time
series into spatial profiles. This will aid in determining distances between specific features
and the reconnection rate. In order to determine the speed of the MP, we use 2 different
methods. Details of a multispacecraft (CVA) method and a single spacecraft (MFR) method
is explained; a comparison of the two speeds that were obtained through the two methods
are included at the end. The goal is to compare measurements of the features in the IDR,
specifically, the separation between the X—line and the S—line and the reconnection rate,
with the values obtained by scaling laws derived by Cassak and Shay [2007]. The way in

which these parameters are calculated is explained using the same event.

2.6.1 Multi-Spacecraft Method

As Haaland et al., [2004] describes, multispacecraft timing methods require that a single
common feature of a disconituity can be identified at four different locations and at different
times when crossing the discontinuity. Identifying a common feature and time tagging this
at each of the four spacecraft is therefore an essential element of timing methods.
Assuming that the orientation of the discontinuity is the same at all 4 spacecraft, a
generic approach to find the velocity of the structure is as follows.
The instantaneous velocity V' (¢), of the MP as a function of time is expressed by the

following polynomial,

V(t) = Ag + Art + Agt® + Ast?, (2.1)

where A;, i= 0,1,2,3 are constants to be determined from the polynomial data.Thus the
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MP thickness is now, d;,(i=0,1,2,3) is,

di _ /tH-Ti V(t)dt — 97, [V(tz) + (AzTZQ)/g + (A3ti7-i2)] (22)

i Ti
The square bracket on the right represents the average MP speed, Ve i, during crossing

time C'R;, which has center time ¢; and duration 27;. i.e,
Vave,i = [V(tl) + (A27Z2)/3 + (Agtin)] . (2.3)

Distance travelled by the MP, between crossing CR; and crossing CRO along a fixed

normal, n, is then

=t A2 Aqt? Ast!
R;-n :/ V(t)dt = Aoty + 1 4 220 4 DB (2.4)
t

=0 2 3 4

where R; (i=0,1,2,3) is the position vector of the SC that experiences crossing CR; relative
to the SC that encounters the first MP crossing (CRO) in the event. For simplicity, we

assume R; to be independent of time during the event.

2.6.2 Constant Velocity Approach

A method, based on timing alone, for determination of the orientation, speed and thickness
of a discontinuity moving past four observing spacecraft was first presented by Russell et
al. [1983], who applied it to interplanetary shocks. Here we review the method where we
assume the velocity of the discontinuity (MP crossig) is the same at all 4 spacecraft also
known as the triangulation method. So we set A= A= A3=0 so that the MP velocity is

constant during the event. Then V(¢)= Ay. Equation (2.4) becomes
R;-m=t(i=1,2,3) (2.5)
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where m is defined by

m=— (2.6)

Equation 2.6 is solved for the 3 components of m and, since |n?| = 1, we get the velocity
V(t)=Ao =1/|m| and n=mA,.

From equation 2.2, individual MP thickness is simply d;=27; Ap.

2.6.3 Applying CVA Method to Case Study

We apply the CVA method to the event on February 03, 2002. Figure 2-5 shows magnetic
field data for all four spacecrafts in GSE from 09:10— 09:20 UT. Note that the reversal in
Bx and Bz occur very closely in time for all 4 spacecraft. Therefore, this is an ideal event
to assume constant velocity across each discontinuity and hence use the CVA method.
The MP crosses the C1, C4, C2, C3 respectively. We set the starting time tg to be
09:14:46.615 UT. Table 2.6.3 lists the times at which the MP crossed each spacecraft which
were only a couple seconds apart. Applying the CVA method we obtained a MP velocity

of vyrp of 45.48+3 km/s.

Spacecraft X (GSE) Y (GSE) Z (GSE) Time Br=0(hr)

C1 32116.9  -6628.1 -52155.6 9.246282
C2 322147 -6614.5  -52153.4 9.247138
C3 321715  -6625.3  -52254.9 9.247188
C4 32208.2 -6572 -52172.6 9.247123

Table 2.4: Position (km) and time of MP crossing for each spacecraft
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Figure 2-5: Magnetic field measurements from FGM for all 4 Cluster spacecrafts.

Recall that we took the time at which C3 crossed the MP to be 09:14:50 UT (marked
by the blue vertical line) which we take to be the X—line. Time at which the density has

the largest gradient 9:15:10 UT (marked by the orange vertical line) is taken to be the
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stagnation point (S-point). Time between the two points is 20 seconds.
Using the average MSP value, we obtained an inertial length d; prsp of 504 km. The

distance between the two points are,

distance = t(s) X varp(km/s) (2.7)

We obtained a distance of 1.8 d; ysp between the X—line and the S-point. The local
reconnection rate R,, can be measured as R,, = Ey = v;nBin. As discussed in Chapter
1, the dayside MP ’breathes’ in and out, moving in the normal direction due to changing
SW conditions at amplitudes larger than the inflow velocity, v;,. Thus, the measured vy
is a combination of the MP motion vy;p and the inflow velocity v;, as described in Wang
et al., [2014]. Since the plasma and magnetic field varies considerably in the MSP, we take
the average of the reconnecting field in the ambient MSH, By, yprsy as B;y, and substracting

vy p from average vy for vy,. Thus,

Rm = Vin X Bin (28)

yields a calculated reconnection rate of 0.61 mV/m. The predicted reconnection rate, Fqgym

from Eq. 1.5 was 0.7440.08 mV /m.

2.7 Single Spacecraft Method: MFR

We now consider a single spacecraft method to estimate the vy;p; Minimization of the
Faraday Residue method [Khrabrov and Sonnerup, 1998] as done Wang et al., [2014]. This
method requires that Ejs is constant in the MP frame [e.g., Mozer and Retino, 2007]. We

calculated the vysp by selecting an interval across the By, reversal region so that,
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N N
S By =Y (~(¥i — vupn) x By} (2.9)
i i
was minimized. Here, N is the number of data points in the interval selected and M is the

/
0y By, =0

out-of-plane direction. We need, —5=
MP

Thus, vyp becomes,

S (EMBL) — £X1 EviY; Bui
N N
> B — % (30 Bui)?

VMP — — (2.10)

This equation is similiar to MFR method except that the normal direction is predetermined
as described above. The negative value for the MP velocity for crossings from MSP to MSH
(outbound crossings) and positive for crossings from crossings from MSH to MSP. Wang et
al., [2014] obtained the electric field Ej; component from —o X B using H velocity from
CODIF instrument while for this event we used the ion velocity from HIA measurements.
We obtained the velocity of the MP, V/p of 32.12 km/s from the single spacecraft, MFR

method. This gave a reconnection rate of 0.33 mV/m.

2.8 Table of Events

Unlike simulations, it becomes challenging to find an event when only one boundary con-
dition is different from the symmetric case to isolate it’s effect on the structure of the DR.
Each individual event must be studied in detail to understand the structural changes due
to the various boundary conditions. Here, we present a table 18 IDR crossings made by
Cluster, with the associated density asymmetry, Nosym, Basym, and the guide field as a
percentage of the reconnecting MSH field, Bg, as calculated in the case study above. If the
event satisfies the adiabatic expansion parameter d; at the CS crossing, and the magnitude

of the total electric field is also included to showcase the different criteria that was fulfilled.
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2.8.1 Summary
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Figure 2-6: Guide Field vs. Nggym, for 18 Cluster events

The plot of guide fields vs. density asymmetries (Figure 2-6) show that the event list spans
a wide range of values; density asymmetries range from values of 1 order of magnitude to
over 3 orders of magnitude, while the guide field ranges from 6—74%. With this list, we are
able to pick out example events to study the effect of (i) Ngsym for events with low guide
fields, (ii) Nasym for events with large guide fields and (iii) effect of a guide field on events
with similar Ngsym.

We now compare observations which depend on asymmetry in plasma density and re-
connecting magnetc fields with theoretical predictions. Specifically, we shall compare the

measured outflow speed and outflow density to the predictions of Cassak and Shay, [2007,
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2009] who derived scaling laws by performing Sweet-Parker type analysis for antiparallel
reconnecting fields as discussed in Section 1.4. By considering the upstream magnetic field
strengths Byssg and Bjssp and the upstream mass densities pprsy and parsp, the scaling

relation for asymmetric outflow density pout,asym and velocity vout,asym Was,

pout ~ (pmsuaByvse + prspBuse)/(Bvusa + Busp) (2.11)
and
y _ |BusaBusp Buysa + Buse (2.12)
t — .
ounasym o pMmsaHBMsP + pruspBusH

Cassak and Shay, [2007, 2009]’s scaling relations were derived with anti-parallel recon-
necting magnetic fields, i.e., magnetic shear was 180°. Hence, from Table 2.5 we chose IDR
crossings with shear angle between the inflow magnetic field on two sides greater than 150°
degrees for this comparison. Predicted values were calculated using average values of the
ambient reconnecting regions (Table 2.5).

Table 2.6 presents measured parameters of ten events with the magnetic shear angle,
predicted outflow density nout,asym, peak density measured during the outflow jet nops peak s
average of the density measured during the outflow jet nps a0y With standard deviations,
predicted outflow speed vout,asym, Peak speed of the measured outflow jet nops peak, average
speed of the measured outflow jet n,ps 40y With standard deviations.

Predicted outflow density values are plotted against measured in the following Figure
2-7. Data points in blue represent the peak values while data points in red represent the
measured average values. The error bars on the red data points represent the standard

deviations.
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Figure 2-7: Predicted outflow density against measured values. Blue data points represents

peak values while the red data points represents the average values.

Measured peak values of the outflow density ngps pear: matched well with predicted values.
Average values of the density fell below predicted values. Similarly, we plotted predictions
against measured values of the outflow velocity in Figure 2-8. For events with jet reversals,

the jet with the lower speed is marked in yellow.
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Figure 2-8: Predicted outflow velocity against measured values. Blue data points represents
peak values while the red data points represents the average values. For events with jet

reversals, jets with lower speeds are marked in yellow.

We note that Cassak and Shay, [2007, 2009)’s predicted the outflow of a jet with the
implicit assumption that both outflow jets were the same. However, as we see in above
Figure 2-8, in cases with jet reversals, the predictions agree better with the higher speed
jet.

We continue to investigate individual events from Table 2.5 in detail throughout the

thesis.
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CHAPTER 3

CASE STUDY: LARGE DENSITY

ASYMMETRY

3.1 Introduction

In this chapter we document several crossings of a reconnection layer poleward of the cusp
made by the Polar spacecraft on 11 April 1997. These are meant to complement and extend
other in situ high latitude observations under asymmetric conditions for a new domain
of parameters. The event we study has various noteworthy features that have not been
reported before. Namely, (1) the IMF was strong (20 nT) and pointed steadily and strongly
northward (B, ~20 nT) without interruption for 13 hours (average clock angle was ~ 20).
An event with such extreme interplanetary parameters has not been studied before in this
context. (2) There was a huge asymmetry in the density (Nyrsu/Nasp =~ 140). (3) When
the in situ observations started, the IMF had been northward-pointing for 6 hours. Thus we
are in the middle of a continuous lobe reconnection process. This is further verified, albeit in
snapshot fashion, by the DMSP F13 satellite dusk-dawn passes over the northern polar cap.
Reverse convection was observed on all passes. Polar is thus seeing a “mature” reconnection
layer. Besides the huge density asymmetry, the traversal of the reconnection layer occured

under an asymmetry in temperature (Thrsp/Tavsp = 0.38) and small asymmetry in the
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magnetic field (Bysg/Busp = 0.85). The shear between the ambient fields was ~ 1559,
comparable in magnitude to the event reported by Retino et al., [2005]. In view of the
large density asymmetry we compare our observations with the simulations of Tanaka et
al., [2008].

Then we also consider the effects of the guide field on the structure of the reconnection
layer by comparing our observations with PIC simulations of asymmetric reconnection in the
presence of a guide field [Pritchett and Mozer, 2009]. As noted, the guide field is expected
to alter the Hall magnetic and electric field configurations and cause additional asymmetries
north and south of the X—line.

The layout of this chapter is as follows. Section (3.2) gives an overview of the interplan-
etary conditions using data acquired by the Wind spacecraft. In section (3.3), we present
typical DMSP F13 observations over the northern polar cap. Section (3.4) gives an overview
of the in situ data of multiple entries into the reconnection layer. This is followed by a de-
tailed study of one event, a complete inbound crossing. The effects of the guide field on the
Hall magnetic and electric field structures as well as the electron behavior are considered

in section (3.5). We end with a summary and a discussion in section (3.6).

3.2 Interplanetary Observations: WIND

Figure 3-1 shows interplanetary plasma and magnetic field data from the Solar Wind Ex-
periment (SWE) [Ogilvie et al., 1995] and Magnetic Field Investigation (MFI) [Lepping et
al., 1995] on spacecraft Wind for the interval 4—20 UT, 11 April 1997. The plasma data
are at ~90 s and magnetic field data are at 3 s temporal resolution. From top to bottom,
the panels display the proton density (« particle-to-proton number density ratio in percent
in red with the scale on the right), bulk speed, temperature (the proton temperature in

black, electron temperature in blue, and the expected proton temperature from the statisti-
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cal analysis of Lopez, [1987] in red), pressure (proton pressure in black, electron pressure in
blue and the magnetic pressure in green), dynamic pressure (including the « particle contri-
bution), the components of the magnetic field in Geocentric Solar Magnetospheric System
(GSM) coordinates, total magnetic field strength, proton 3, and the IMF clock angle, i.e.,
the polar angle in the GSM YZ plane.

Wind was at an ideal location to monitor the effects on the terrestrial MSP, because it
was upstream of Earth and close to the Sun-Earth line. At 12 UT, it was located at (230,
8, 22) Rp in GSE coordinates. With an average speed of 450 km/s, the convection delay
time to the subsolar MP can be estimated as ~ 53 minutes.

Wind was observing an interplanetary coronal mass ejection (ICME). The blue vertical
lines show the estimates of the ICME boundaries, 6—19 UT as identified by Richardson and
Cane [2010]. This transient was identified among other features by a strong magnetic field,
low proton [, and high values of density ratio («/p). The interval between the red lines
is our identification of a magnetic cloud (MC) embedded in the ICME. The leading edge
of the MC is located at the time when the proton temperature falls below the expected
temperature while the trailing edge is drawn at the time when the proton temperature
recovers and the magnetic field direction becomes variable. Defining characteristics of a
MC are a strong magnetic field (average ~18 nT), a large and smooth rotation in the field
vector and a low proton temperature with respect to expected values [Lopez, 1987], and low
proton (3.

There are three major features that are of interest to us: the dynamic pressure profile
(panel 5), the magnetic field behavior, and the clock angle. The dynamic pressure was high,
well above typical values at 1 AU (of the order of ~2.2 nPa). It was also very variable,
ranging from 2.5 nPa to 15 nPa. Note the sharp dynamic pressure drop from 14 nPa to

~4 nPa at 14 UT. Adding the 53 or so minutes convection delay to this, we would expect
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the MP to experience a sudden inflation at around 14:53 UT. Correspondingly, any in situ
measurements being made at the MP would be expected to cease abruptly at this time. We
have a strong magnetic field, with values reaching over 20 nT. IMF B, was the dominant
component and it stayed strongly positive for 13 hours. IMF B, was more variable: it is
mainly negative until 14 UT and mainly positive afterwards. With an average clock angle
of ~ 20" throughout this interval, this is a case of a strong field pointing strongly northward

for 13 hours.
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Figure 3-1: Interplanetary plasma and magnetic field data from SWE and MFT on spacecraft

Wind for the interval 4—20 UT, 11 April 1997. See text for description of each panel.
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3.3 Direct Evidence of Continued Reconnection: DMSP F13

We now present measurements made by the Defense Meteorological Satellite Program
(DMSP) F13 satellite to study the convection in the northern polar cap region. The F13
satellite followed a sun-synchronous, approximately dusk-dawn orbit at low altitudes. Fig-
ures 3-2—3-4 show plots of data acquired by three sensors on the F13 satellite. Figure
3-2 shows a pass which occurred about three hours before the MP in situ data which we
present below were acquired (11:15—11:42 UT); the measurements in Figure 3-3 are during
the event (14:38—15:05 UT); and those in Figure 3-4 are two hours later (16:19—16:46 UT)
on 11 April 1997.

The panels show, from top to bottom, the ion (dotted) and electron differential number
fluxes (cm™2 s7! st 1), the average energy of the ions (dotted) and electrons (eV), color-
coded electron and ion spectrograms in the 30 eV to 30 keV energy range, and the horizontal
(cross—track, in black) and vertical (in green) ion flow speeds (ms™1).

When F13 passed the northern hemisphere and reached the very high latitude polar
cap at 14:51 UT (Figure 3-3), we note that the cross-track component showed a clear
sunward flow which reached up to 1 km/s. At lower latitudes the flow was antisunward.
Similarly, a very clear sunward flow of approximately 2 km/s was seen in Figure 3-2 when
F13 approached ~82° MLAT at 11:28 UT, and a sunward flow, greater than 1 km/s was
seen in Figure 3-4 when F13 approached ~86° MLAT at 16:32 UT. These flow patterns are
all cases of reverse convection [Maezawa, 1976; Crooker, 1992]. This ionospheric signature
of reconnection poleward of the cusp persisted throughout the whole interval of northward
IMF. During its observation of the reconnection layer between 14:30—15:00 UT, Polar was

seeing a reconnection process which had been ongoing for hours.
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Figure 3-2: DMSP F13 precipitation and ion drift for the time interval 11:15—11:42 UT
(three hours before the event) on an approximately dusk-dawn orbit. From top to bottom
the ion (dotted) and electron number differential fluxes (cm~2 s~! sr~!), the average energy
of the ions (dotted) and electrons (eV), color-coded electron and ion spectra in the 30 eV
to 30 keV energy range, and the horizontal (cross-track, in black) and vertical (in green)

ion flow speeds (ms™!).
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Figure 3-3: DMSP F13 precipitation and ion drift for the time interval 14:38—15:05 UT

(during the event). Panels same as Figure 3%)23
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Figure 3-4: DMSP F13 precipitation and ion drift for the time interval 16:19—16:46 UT

(two hours after the event). Panels same as Figure 3-2.

From panels 3 in Figure 3-2—3-4 we note that in the polar cap the electron precipitation
was sporadically very intense. It rose to very high energies up to 1 keV, and was also
inhomogeneous. Note also the presence of energetic ion bursts at 14:52 UT. This type of
precipitation is often referred to as a “polar shower” [Shinohara and Kokubun, 1996]. It is
very different from the homogeneous electron precipitation arising from dayside reconnection
at low latitudes and called the “polar rain” [Fairfield and Scudder, 1985], which is typically

devoid of ion precipitation.
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3.4 In Situ Observations: Polar

3.4.1 Overview of Multiple Crossings

At 14:00 UT Polar was located at (3.12, 1.58, 7.61) R (GSM). During the time when in situ
MP observations were obtained, Polar was at 79.8° MLAT at 14:30 UT, and had reached
81.1° MLAT by 15:00 UT. The MLT range was 17-18 hours, i.e., Polar was at duskside high
latitudes at the poleward side of the northern cusp.

We used data from the Magnetic Field Experiment (MFE) [Russell et al., 1995], proton
and electron data from the HYDRA instrument [Scudder et al., 1995], and the densities
derived from the spacecraft potential [Harvey et al., 1995]. Figure 3-5 gives an overview
of observations Polar made in the interval 14:30—15:00 UT. The panels show, from top to
bottom, the electron density from the spacecraft potential (6 s resolution), proton temper-
ature (13.8 s resolution), the components of the velocity vector (13.8 s resolution), the total
bulk speed, the components of the magnetic field (13.8 s resolution) in GSM coordinates,

and total field strength.
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Figure 3-5: Plasma and magnetic field data from the HYDRA and MFE instruments, and
density from spacecraft potential, on Polar for the period 14:30—15:00 UT. From top to
bottom the panels show the electron density, proton temperature, GSM components of
bulk speed, total bulk speed, GSM components of magnetic field and total field strength.
Reconnection jets are indicated by the red labels 1-3 while the partial crossings are shown
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The plot shows that Polar made two complete MP crossings: an outbound crossing from
14:30—14:36 UT, and an inbound crossing from 14:52—14:55 UT. During the outbound
crossing, the spacecraft started in a regime on the poleward edge of the cusp characterized
by B, > 0, B, < 0 with low density and high temperature and went to a dense and cold
regime where B, < 0, B, > 0. These regimes correspond to the MSP and MSH, respectively.
During the inbound crossing at ~14:52 UT, Polar moved from a regime with B, < 0, B, > 0
(MSH) to a regime with B, > 0, B, < 0 (MSP). After the inbound crossing, observations
of reconnection signatures stopped. Subsequently, no further reconnection signatures were
seen and the spacecraft stayed in the MSP. As noted before, the convection delay time was
estimated to be ~53 min. We noticed a sharp dynamic pressure drop at 14:00 UT at Wind
(Figure 3-1, panel 5). This would then arrive at Polar’s location at roughly 14:53 UT,
which coincides closely with the time of the inbound crossing noted here. This is in very
good agreement with Polar’s exit from the MP environment. Note the magnetic field rise
coincident with the density minimum at ~14:31 UT on the outbound pass. This feature
was also seen on the inbound pass. The main focus of this work is to examine this inbound
crossing in detail.

In between the two complete crossings, Polar evidently made several partial entries from
the MSH to the MP boundary layer, i.e., not entering to the MSP proper, during the interval
14:42—14:48 UT (green bar). This is suggested by the density dips (not as low as the MSP)
as well as fluctuations in the magnetic field, including strong field depressions. Note that
the temperature increased during these partial crossings but did not reach MSP values.
Note also the two-humped total velocity profile (panel 6) and total magnetic field profile
(panel 10), suggesting that the spacecraft had crossed into the reconnection jet from the
MSH side but had not progressed as far as the MSP proper. Accordingly, for most of the

interval in Figure 3-5, the spacecraft was in the MSH with its high density of ~14 cm™3.
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The Alfvén Mach number when Polar observed the MSH flow was 0.2—0.3 (not shown),
i.e., the MSH flow was sub-Alfvénic. After ~14:54 UT the spacecraft was in the MSP, as
demonstrated by the plasma density of ~0.1 cm ™3, the magnetic field orientation, and the
low velocity.

During the intervals 14:30—14:35 UT, 14:42—14:46 UT and 14:52—14:54 UT, Polar ob-
served accelerated sunward and southward flows (V, > 0, V, < 0) that reached up to
~500 km/s and are marked by the red labels, 1—3. These are the reconnection jets. The
strong sunward flows are preceded by weaker anti-sunward flows in the MSH, (for example
14:47—-14:50 UT) with V, < 0, V., > 0 of roughly equal strength (~100 km/s). They are
in the direction of the MSH flow. If they were counter streaming flows due to reconnection
they would be stronger; they are too weak to be jet reversals. We therefore interpret these
flow data as Polar traversing the reconnection layer earthward of the X—line.

We now advance plausible evidence of entries into the IDR during these crossings. Lets
start with the adibatic expansion parameter J; introduced in Chapter 1. Figure 3-6 shows
in GSM coordinates the components of the convection electric field —V, x B in black and
the spin averaged, measured electric field in red. Underneath each component panel is
plotted the difference between the two. The last panel then shows the d; parameter. It
reaches and even exceeds values of >1 at the crossings. Thus at these times the IDR is
crossed. Everywhere else in the interval §; is small and we can reasonably assume the ions

are magnetized.
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Figure 3-6: The components of the convection electric field

:55

—V; x B in black and the spin

averaged, measured electric field in red (GSM) for the period 14:30—15:00 UT. Underneath

each component panel is plotted the difference between the two. The last panel shows the
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In Figure 3-7, we draw a cartoon to qualitatively visualize Polar’s orbit relative to the
reconnection layer. The MSH and MSP regimes are labeled in red. The MSH field lines
are shown in purple while the MSP field lines are in black. The trajectory during the time
interval 14:30—15:00 UT is marked by green arrows, starting at the label S and ending at
the label E. The thick blue arrows show the reconnection jets. The trajectory relative to
the reconnection layer was determined by the density, magnetic field orientation and bulk

velocity. The figure contains further information which will be described later.
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Figure 3-7: Cartoon interpreting the trajectory of Polar making several entries to the re-
connection layer on one side of the X—line. The start and end of the trajectory during the
time interval 14:30—15:00 UT are marked by S and E, respectively.The MSH and MSP are
labeled in red. The MSH field lines are in purple and the MSP field lines are in black. The
thick blue arrow shows the reconnection jets. The electron flow is shown by the dotted red

line.
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3.4.2 An Event with Extreme Density Asymmetry

Our focus is now on the complete inbound crossing. We present Polar observations for
the four-min interval 14:50:30—14:54:30 UT. We use high resolution data from MFE (~8
Hz) and Electric Field Investigation (EFI) [Harvey et al., 1995] (~41 Hz) instruments. We
obtained the MP normal N by forming a cross product between the ambient MSH and MSP
fields, taking averages over 14:50:00—14:50:30 UT for the former and 14:53:45—14:54:15 UT
for the latter as described in Chapter 2. We obtained N= (0.840, -0.021, 0.541), i.e., N
points mainly sunward and northward, L= (-0.541, 0.013, 0.841), i.e., mainly northward
and anti-sunward, and M= (-0.025, -0.999, 0) i.e., pointing westward.

The EFT instrument measures three components of the electric field through three sen-
sors arranged orthogonal to each other; two sensors on the spin plane and the one on the
spin axis. The on-axis booms are closer to the spacecraft and thus are more sensitive to
the spacecraft potential and the plasma environment around the spacecraft. To get rid of
an offset, we discarded the on-axis measurements and obtained the third component us-
ing an assumption: we reconstructed the third component by assuming that there are no
field-aligned potential drops, i.e., the parallel electric field is zero, E-B = 0, which is a
valid assumption for the time scales considered; the same way the third component was
calculated for measurements from the Cluster EFW instrument. However, the results from
this assumption become less trustworthy when the magnetic field is too weak [see Eastwood
et al., 2007].

Figure 3-8 shows the Polar observations from 14:50:30—14:54:30 UT. From top to bot-
tom, the panels show the electron density on a log scale, electron density on a linear scale,
the LMN components of the magnetic field, the total magnetic field strength, ion outflow
bulk velocity in the L-direction V;r, the LMN components of the electric field and the total

electric field. The red traces in panels 8-10 represent the components of the convection
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electric field.

The ambient MSH and MSP are labeled in red. We took the averages of the ambient
density in the MSH from 14:50:00—14:50:30 UT, and in the MSP, from 14:53:45—14:54:15
UT and obtained a ratio of Nassp/Nysp =~ 140. This is thus a case of a very pro-
nounced density asymmetry. By contrast, the ambient magnetic field strength ratio is
Bursa/Busp = 0.85 and there is a magnetic shear of 155° between the MSP and MSH

fields.

63



POLAR/HYDRA/MFE/EDI April 11, 1997 (LMN)
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Figure 3-8: Plasma, electric field and magnetic field data from HYDRA, EFI, and MFE
instruments on Polar for the period 14:50:30—14:54:30 UT. From top to bottom panels show
electron density in log scale, electron density in linear scale (derived from the spacecraft
potential), LMN components of magnetic field, total magnetic field, V7, LMN components of
electric field and total electric field. The black dotted vertical lines indicate the separatrices
while the blue vertical line marks the complete inbound crossing. The density dip regions
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The first and third vertical guidelines bracket the region where the reconnection sig-
natures are seen. The blue guide line at 14:52:07 UT marks the definitive CS crossing
where By, reverses polarity. This reversal took 4 s. In the interval shown, the spacecraft
started at the high density MSH (average ~14 cm~3), encountered a density dip region at
14:51:15—14:51:45 UT (first green bar, panel 2), a strong negative gradient and another
density dip region at 14:53:03—14:53:33 UT (second green bar, panel 1) before it recovered
to the low density MSP value (average ~0.1 cm™3). The two density dips help define the two
separatrices. This identification is further confirmed by the fact that the vertical guidelines
form boundaries between quiet and turbulent electric fields [Mozer et al., 2002; Andre et
al., 2004; Khotyaintsev et al., 2006]. Note that the declining density profile occurred after
the By, polarity reversal (blue vertical line) without any overlap, as did also the flow jet.
Importantly, this decreasing density profile was interrupted for 30 s from 14:52:30—14:53:00
UT by a clear field and flow feature that we discuss further below.

There are apparent temporal variations, in particular, on the MSH side of the CS. For
example, By made two brief excursions to negative values at 14:51:37 UT and 14:52:00 UT
before the definitive By, polarity change. Note that |E| = 0 at these times. Recall also that
the solar wind dynamic pressure was variable. It is likely that Polar was observing temporal
fluctuations produced in the interplanetary medium.

The figure furnishes compelling observational evidence of a huge contrast between the
MSH side and the MSP side of the CS. Soon after the spacecraft crossed over to the MSP
side of the CS, a sunward and southward-pointing ion jet that reached up to 500 km/s was
seen. This occurred at the sharp density gradient on the MSP side (panel 1) of the CS.

In the electric field data (panels 8—11) the two black vertical dotted lines delimit the
region of strong electric field activity, as noted. We identified these as the separatrices. All

components of the electric field fluctuations were clearly larger on the MSP side of the CS
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than on the MSH side. The electric field strength reached values of 60 mV/m. Most of the
activity was in the normal component of the electric field, Fy. The Ex component has a
clear polarity change from smaller (negative) to larger (positive) where we identified the CS
crossing (blue vertical line), i.e., Ex is pointing towards the CS on both sides. These are
the Hall electric fields. The largest fluctuations occurred when the spacecraft traversed the
jet, where Ey peaked at 60 mV/m during the strong density gradient. Note that Ej was
the least perturbed component and was essentially 0 throughout the interval.

There was an isolated peak in electric field activity associated with the start of the
density dip region on the MSH side, where Ey reached up to 30 mV/m in the negative
direction. On the MSP side, in middle of the extended density dip region, there was an
isolated peak with positive F reaching 45 mV/m.

The out-of-plane B is mainly positive on both sides of the CS but fluctuated more on
the MSH side. In the density dip region on the MSH side of the MP (first green bar), there
was an excursion of Bjs to large negative values, lasting for ~13 s. This is coincident with
the total magnetic field depression and |E| ~ 0.

A pronounced feature of the data was observed during the negative density gradient from
14:52:38—14:52:52 UT. Here the flow was attenuated to ~200 km/s (in the spacecraft frame)
and the density rose to 7 cm™3. Interestingly, the magnetic field executed clear deflections
with a bipolar signature in By whose peak-to-peak amplitude was 25 nT. Simultaneously
there were unipolar deflections in By, and Bj;. In addition, the electric field has a clear
depression, essentially vanishing at the center of the interval. We return to this feature in

the discussion section.
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3.5 Effect of the Guide Field

Figure 3-9 shows measurements made by the HYDRA instrument [Scudder et al., 1995].
From top to bottom the figure shows a spectrogram of the differential energy fluxes (as
a function of time with the energy color-coded) for electrons and ions, the electron skew
and the electron anisotropy for the period 14:00—15:00 UT. The data have been corrected
for spacecraft potential effects. The electron skew and anisotropy are moments of the

J|

distribution functions defined as 5 and

J”;i*” respectively, where J| is the current
density aligned with the field, J_|| is the current density opposite to the field, and J is the
current density perpendicular to the field. Accordingly, the electron skew indicates whether
the particles moving parallel to the field are aligned or opposed to it. The anisotropy
indicates whether the electrons are moving mostly perpendicular or parallel to magnetic
field. We notice very detailed ongoing electron dynamics at the same time as the crossings.

The outbound crossing at 14:30—14:36 UT, the shorter inbound crossing 14:52—14:55
UT and the partial crossings 14:42—14:48 UT are clearly observed in the electron and ion

spectra as enhancements in the intensity of higher energy particles (above ~200 eV for

electrons, above 4 x 103 eV for ions).
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Figure 3-9: Differential energy fluxes (as a function of time and energy) for electrons and
ions, electron skew (indicates whether particles are aligned or opposed to the magnetic
field), anisotropy (indicates whether particles are perpendicular or parallel to the magnetic

field), from the HYDRA instrument for the period of 14:00—15:00 UT.



The skew at the MSH separatrix at 14:51:10 UT of high energy electrons (100 eV—1
keV) is blue and at lower energy red (< 100 eV) while the anisotropy is red. This indicates
that the high energy electrons are flowing opposed and parallel to the field while the low
energy electrons are flowing aligned and parallel to the field and towards the X—line. The
skew at the MSP separatrix at 14:53:30 UT of the high energy electrons (> 1 keV) is red
and the low energy electrons (< 100 eV) are yellow while the anisotropy is red, i.e., the
electrons are flowing aligned and parallel to the magnetic field and away from the X—line.
The flow of the electrons are shown by red traces in Figure 3-7. On the side of the X—line
where Polar is crossing, this electron flow creates the out-of-plane Hall magnetic field By
which points in the negative M- direction (The electron flow shown by the red traces on
the tailward side of the X—line are drawn from expectations of bipolar Hall fields and not
from observations.)

Taking the average of the ambient fields of the MSH and MSP in the out-of-plane M-
direction, we have an average guide field of ~30 nT (see panel 4, 3-8), which is ~ 25% of
the total field. We recall that Polar’s position is on the sunward side of the X—line (Figure
3-7). The guide field, B, points opposite to the Hall magnetic field, By.

The measured By is the sum of the two, By = Bg + By . Figure 3-8 showed that the
measured Bj is unipolar and mostly positive on both sides of the CS. The guide field Bg
acts to weaken the Hall field, making the out-of-plane Bj; change sign at one point. This is
clear evidence that the guide field has distorted the expected Hall magnetic field structure.
Also note that near the MSH separatix, there is an interval where Bj; has opposite polarity

(negative) and exceeds the guide field Bg.
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3.6 Summary and Discussion

3.6.1 Summary

In this paper we have presented Polar observations of processes at a high latitude magnetic
reconnection site on the poleward edge of the cusp, on 11 April 1997. We have provided
interplanetary observations through the Wind spacecraft, which was at an ideal location
to monitor the solar wind. We have an exceptional case of a strong IMF pointing strongly
northward for 13 hours. Through DMSP data we also provided direct evidence of continued
reconnection through ionospheric flows at high latitudes. The spacecraft recorded continu-
ous reverse convection in the northern polar cap for 12 hours during the time period when
Wind observed strong northward IMF (Bz ~20 nT).

Through an overview of the ion and magnetic field behavior we showed that Polar made
several encounters with the reconnection layer. It made two complete MP crossings; one
outbound and one inbound, and encountered sunward/southward flowing jets. Since the
anti-sunward flows were too weak to be a jet reversals, i.e., their speeds were not higher
than the MSH flow, we concluded that Polar traversed the reconnection layer earthward of
the X—line.

We then focused on the last, inbound crossing. This was an event with a density
asymmetry of over two orders of magnitude Nyrsp/Nysp ~ 140. To the best of our
knowledge, an event with such a high density asymmetry has not been analyzed before
either in observations or in simulations.

We also analyzed the electron behavior during our interval of interest through the dif-
ferential energy fluxes, electron skew and anisotropy obtained from HYDRA. We provided
evidence of low-energy electrons moving from the MSH separatrix to the MSP separatrix.
The associated current densities are the source of the Hall magnetic field structure, which

pointed opposite to the guide field.
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There was a clear contrast in fields and particle behavior before and after the By, reversal.
Most activity was located between the CS and the MSP separatrix: (i) very strong electric
fields (up to 60 mV/m), (ii) the sunward flow was located on the MSP side, (iii) the electric
field component (Ey) had larger values, and (iv) En had a clear bipolar structure, changing
sign at the Bp, reversal.

We also found two density dip regions at the start and the end of the reconnection layer
encounter, one on the MSH separatrix and one on the MSP separatrix. At these density
depressions we noted isolated peaks in En pointing towards the CS. The two density dips
bracketed the interval where there were electric field fluctuations. They thus served as good
indicators of the separatrices.

During this crossing, a strong Vj, component is seen (Figure 3-5, panel 4). We therefore
examined how much of the Ey component may be due to the convective electric field by
plotting —Vp x B in Figure 3-8 in LMN coordinates (red traces). We overlaid this result
on the measured electric field to compare the two. The values of the N component of the
—V, x B are a small fraction of the high values of the electric fields seen, especially on the
MSP side. Further, it does not reproduce the localized peaks in E seen at the density
depletions. From this we believe that most of the electric field is Hall-related and not due
to the convective electric field.

We advanced a plausibility argument that Polar crossed the IDR because the magne-
tization condition, §; =~ 0, is not satisfied. Other considerations are consistent with this
conclusion. Firstly, according to Eastwood et al., [2010], “one of the most significant sig-
natures [of the IDR] is in fact the total DC electric field (which is in large part dominated
by the Hall electric field), which can attain peak values of several tens of millivolts per
meter”. Such strong fields were observed by Polar. Secondly, there was evidence of Hall

electric fields pointing towards the CS. This direction is consistent with expectations for
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the IDR [e.g., Tanaka et. al., 2008]. Finally, despite having data from a single spacecraft
crossing on one side of the X—line, a qualitative argument that the spacecraft is not too
far from the X—line is based on the flow speed. The observed flows are sub-alfvénic. Using
the equation for outflow speed derived by Cassak and Shay [2007] (their equation 14), for
symmetric magnetic fields and asymmetric densities, the maximum ion flow in our event
was 500 km/s or 0.58 Vy;fyen. Nevertheless, we point out that these are in the nature of

plausibility arguments. This is because there is no absolute criterion for identifying the

IDR.

3.6.2 Structure of the Ion Diffusion Region

We now discuss how the structure of the IDR depends on the size of the density asymmetry.

(i) Mozer et al. [2008al], examined the effect that a density asymmetry has on the
Hall fields. The authors gave quantitative theoretical estimates of how Nysym, affects Hall
fields. Considering the generalized Ohm’s law (Equation 1.1), the Hall fields were found to
depend on the relative size of the ratio %, where By is the anti-parallel component of the
reconnecting fields and n is the number density. The higher the value of %, the stronger
the observed Hall fields. Thus, for example, if quantity % is larger on the MSP side, as is
normally the case in subsolar MP and lobe reconnection, the Hall electric field on the MSP
side is stronger than on the MSH side. As a data example, they studied an inbound crossing
of the dayside MP made by three THEMIS spacecraft. The density asymmetry between
the two regions was 25; i.e., modest compared to the asymmetry reported in this paper.
The guide field was 20 nT (40 % of the total magnetic field). The ratio % was 50 on the
MSP side and only 0.4 on the MSH side. Correspondingly, the Hall electric field observed
was 8 mV/m on the MSP side and was insignificant on the MSH side. The % ratio in our

case is higher than this on both sides of the CS, and thus the Hall electric fields should be
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stronger than those reported in Mozer et al. [2008a]. And this is indeed observed.

(ii) A very important effect of density asymmetry is its influence on the reconnection
rate. Using 2D compressible MHD simulations with anomalous resistivity, Borovsky and
Hesse [2007] found that for symmetric magnetic fields on both sides of the CS, the rate
of magnetic reconnection decreases with increasing density asymmetry. They plotted the
reconnection rate as a function of the density ratio, for ratios up to ~300 (see their Figure
5). For equal densities, the normalized reconnection rate had a value of ~0.16. For a
density ratio of 10 and 100, the reconnection rate had dropped by a factor of ~2 and ~8,
respectively. Similarly, in their 2D PIC simulations with no guide field, Tanaka et al. [2008]
studied the reconnected magnetic flux as a function of time for cases with density ratios of
1 and 10 (see their Figure 11). For the symmetric case, the growth rate was faster and the
saturation level was higher than the asymmetric case.

We now consider theoretical calculations (Cassak and Shay [2007]) for 4 different density
ratios, spanning a wide range: (i) ratio = 1, i.e. no asymmetry (ii) ratio = 10 (iii) ratio
= 30 and finally our case, i.e., (iv) ratio = 140. We use the theoretical scaling relation for
the reconnection rate as derived by Cassak and Shay, Equation 1.5. We keep p; fixed and
vary pa. We take the aspect ratio % = 0.1. Applying this to the four cases, we obtain, E =
0.1, 0.03, 0.02, 0.01, i.e. E decreases with increasing density asymmetry.

(iii) In our data, we noted that the density gradient occurs after the By, reversal. This
separation has a theoretical background. A general feature of asymmetric reconnection
is that the stagnation point (S—point) and the X—line are not colocated as discussed in
Chapter 1, section 1.4 [Cassak and Shay, 2007, 2009; Birn et al,, 2008]. This separation is
not only a property of the IDR, i.e., it can be observed even outside it (see figure 3 in Levy
et al. [1964]). Indeed, in simulations of Nakamura and Scholer [2000], they observed this

separation in the exhaust region far away from the DR.
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Let us now compare our observations on this with theoretical expectations. To fix ideas,
let us take a geometry of the DR similar to that of Figure 1 of Cassak and Shay, [2007].

We calculate the values for the relative distances of the interior structure as given by their

equations (26) and (27). We obtain % ~ % = 1.13 and % ~ ng; = 0.006. Parameters
0x1 and dxo are the distances from the corresponding upstream edges of the DR to the
X—line and, similarly, dg; and dg2 are the distances from the edges to the S—point (Refer
to Figure 1-6). Thus, according to these calculations, the X—line has shifted very slightly
to the MSH side, and is located almost at the center of the DR. This is because the MSH
and MSP have almost equal magnetic field strength. The S—point, however, is displaced to
the MSP side, and by a considerable amount.

(iv) We next turn to the width of the DR. Cassak and Shay [2009] derived the half-

thickness of the DR in their equation (17), i.e., § ~ % (\/% + \/%) doyt Where the ion

2 1/2
m. .
P ) and outflow mass density, pout ~ o1Ba+p2B1 - o have

inertial length dy,; = ( 145,

4meZpout
p1 = 14.2 x 105 x my, kgm™3, By = 985 x 1072 T, po = 0.1 x 105 x m,, kgm=3 and
By = 111.7 x 1079 T. We then obtain a DR width of about 166 km. This is about 2 ion
inertial lengths and ~ 6 proton Larmor radii. In this context we mention that in their
comparisons of THEMIS data with PIC simulations with density ratios varying from 10 to

30, with a guide field, Mozer et al. [2008b] found the thickness of the current sheet to be

of order a few d;.

3.6.3 Comparison with Observations and Numerical Simulations

We now compare our observations to the event reported by Retino et al. [2005, 2006]. In
their example of an outbound crossing of a reconnection layer poleward of the cusp under
northward IMF, on the 3 December 2001. The Nysr/Narsp = 10. They ignored the small

Bisym and considered a zero guide field (Refer to Figure 1 in Retino et al., [2006], also seen
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in more detail in Figure 1 of Tanaka et al., [2008]). The 3 December 2001 event was an
outbound pass.

Proceeding from the MSP to the MSH side of the CS, Retino et al., [2006] subdivided
the separatrix region (SR) on the MSP side of the MP into three distinct adjacent regions
indicated in the paper by the yellow, magenta and blue layers. The first regime (yellow layer)
was then separated into three subregions based on density, electric field and magnetic field
activity and a “bulge” region. The first subregion was a sharp density cavity adjacent to
the MSP separatrix that coincided exactly with the En peak of ~40 mV /m. In the second
subregion, the density increased gradually over the MSP level while Ey decreased. A sharp
density gradient that brought the density up to MSH values and electric field fluctuations
that showed strong emissions around the lower-hybrid frequency range formed the third
subregion.

The next regime (magenta layer) lasting ~14 s highlighted the main part of the tailward
jet which reached a maximum speed of ~500 km/s. The last regime (blue layer) showed
the CS as a rotational discontinuity where By changed sign from positive to negative with
non—zero By which lasted for 5 seconds. The CS crossing overlapped the trailing edge of
the jet.

We see all these regimes in our event but not necessarily in the same order. For compar-
ison, proceeding from the MSP side in Figure 3-8 (right to left), we first saw an extended
density dip region (second green bar) lasting for 22 s, with a peak in Fx that reached 45
mV/m. While Retino et al., [2005]’s Ey peak is localized exactly at the density dip in the
SR, we did not see direct correspondence due to the longer extended cavity in our event.
Afterwards we saw a sharp density gradient which lasted ~ 70 s with very high fluctuations
(wavy behavior) in the electric field strength. This is much stronger wave activity than in

the 3 December 2001 event.
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We do not see a gradual increase in density, the region that was labeled as subregion 2
in Retino et al.,’s 3 December 2001 event, but rather a sudden peak in the density gradient.
This is due to the special feature that was noted in end of section 3.4.2. We noted that
the entire ion reconnection jet coincides in time with this sharp density gradient. The
rotational discontinuity (B, reversal) followed. The reconnecting magnetic field By, reversed
at 14:52:07 UT, meanwhile the peak of the ion jet interval was at 14:52:15—14:52:40 UT.
There was no overlap between the jet and the CS crossing. The greater bias that the data
show may be attributed to the higher density ratio that our event has (140 vs. 10). If we
were to color code our event as Retino et al., [2006] did, the region classified as subregion 3
(the sharp density gradient), and “bulge” region in the first regime would overlap with the
second regime where the tailward jet was observed.

In our case the duration of the density gradient is ~70 s, much longer than on the 3
December 2001 event. This may be an indication that the boundary layer is wider. This
may, in turn, be due to the long duration (~13 hours) of ongoing reconnection.

We compare the results obtained for a density asymmetry = 10 with our results. Assum-

ing equal magnetic field strengths in the upstream regions, the ratios for the event Retino et

al. reported are gi‘(—i ~ g—f =1and % ~ Z?g; = 0.1. Thus the X—line would be exactly at
the center, but the S—line would be shifted towards the MSP but not by the same amount
as for the higher density asymmetry. In our example the ~140 density asymmetry causes
the S—line to be displaced 10 times more towards the MSP side that in the case of the
moderate density asymmetry.

Next we compare our observations to the simulations of Tanaka et al., [2008], who
provided a comparison between virtual observations in 2D PIC simulation results and the

Cluster MP crossing on 3 December 2001 reported by Retino et al., [2005]. The emphasis

was on the density asymmetry. The key features in the observations that were used to set the
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initial conditions were (1) the reconnecting magnetic fields were approximately anti-parallel
and the magnitudes on both sides were the same. (2) The density profile was asymmetric,
with Narsg/Naysp = 10. (3) The ion outflow in the MP results from the reconnection jet.
The simulation reproduced the observed features in the 3 December 2001 event, namely,
(1) the prominent density dip region detected at the SR on the MSP side of the MP, (2)
the intense En pointing to the center of the MP at the location where the density dip is
located, (3) the ion bulk outflow was biased towards the MSP side, and (4) the out-of-plane
Bjs had a bipolar structure.

Our results are in good agreement with these predictions in so far as they refer to the
density asymmetry. We are able to see both density cavities, on the MSP as well as the
MSH separatrix (see the green bars on panels 1 and 2 in Figure 3-8). The MSH separatrix
was not seen in Retino et al., [2005] example. The ion jet is biased strongly towards the
MSP side of the CS.

We now consider the effects of the guide field. Pritchett and Mozer [2009] used 2D
PIC simulations to examine the reconnection layer at the subsolar MP in the presence of a
guide field on top of a density asymmetry. The coordinate system used in the simulations
had X directed from the MSH side toward the MSP side of the current layer, Y is directed
dawnward, and Z is directed northward. The density asymmetry across the current layer
was 10 (Nassg/Narsp = 10) while the reversing magnetic field ratio was 3 (Byrsy/Basp =
0.33). The initial guide field was equal to the MSH B, field, giving a magnetic shear 117°.

The most significant effect of the guide field was to introduce a distinct north-south
asymmetry about the X—line. The electron flows from the high density (MSH) to the low
density (MSP) side of the CS dominated the in-plane Hall currents which, in turn, strongly
enhanced the out-of-plane B, field on one side of the X—line (northward for a dawnward

directed guide field) and decreased it on the other side. On the weakened field side (in the
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case considered in that paper, this is southward of the X—line), there was a weakening of
the Hall out-of-plane fields, and the presence of bipolar electric field with a sharp increase
at the separatrix (see their Figure 5). On the enhanced magnetic field side (the northward
side of the X—line) there was a bipolar pair of electric fields and an electron velocity shear
flow layer, structures not present on the other side (the southern side of the X—line). For
comparison to our event in this chapter, April 11, 1997, we are interested in the weakened
side of the X—line.

Referring to our event, as expected in asymmetric reconnection, as By, changes sign, the
out-of-plane magnetic field, By, is mostly positive on both sides of the crossing indicating
a unipolar structure, apart from one excursion to negative values. This is consistent with
the trajectory of Polar traversing one side of the X—line. We do not see any pronounced
differences in strengths when comparing the magnetic field Bps on either side of the CS.
In addition, as argued above, the guide field pointed opposite to the Hall magnetic field
which weakened the out-of-plane Bj; component. This is exactly what was seen in the
simulations.

Interestingly, at the MSH SR (first green bar in Figure 3-8) of the event we report, By
was ~ 50 nT in the negative direction and lasted for ~13 s. This was coincident with the
total magnetic field depression and electric field going towards 0. A similar Bjs reversal is
also reproduced in the simulations. As Pritchett and Mozer [2009] state, “the B, magnitude
is substantially reduced, and the field even changes sign in a small region inside the MSH
separatrix”.

The simulations predict that the electric field should be dominated by the strong MSH-
directed normal component, Ex. The other components should be much weaker, as we
also observe. In our case, the electric field reaches up to 60 mV/m on the MSP side and

isolated peaks at the MSH and MSP separatrices with values of 30 mV/m and 45 mV/m
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respectively.

As noted at the end of section 3.4.2, we noticed an unusual feature in the exhaust
region which occurred during the negative density gradient. i.e., when the spacecraft was
traversing to the MSP side. Here the flow was attenuated and the density increased. The
magnetic field had a clear bipolar signature in By with peak-to-peak amplitude ~ 25 nT
and simultaneous deflections in By, and Bj; which lasted for 40 s. The magnetic component
signature and its duration are similar to that of an FTE [Russell and Elphic, 1978] and bear
resemblance to the propagating bulge in the exhaust region that Retino et al., [2006] named
a micro-FTE. The amplitude of this micro-FTE in the event on 3 December 2001 was ~40
nT and lasted for 5 s. However, in our case other features argue against this being a micro-
FTE. The electric field oscillations weakened considerably and vanished at the center of the
interval. Simultaneously, the total magnetic field decreased to 50 nT. The field depression
was not typical of FTEs. So we think that this feature is likely to be a magnetic island in
the exhaust region. It might have been produced by the process of magnetic reconnection
(see Eastwood et al., [2007]).

One might ask whether Polar crossed not only the IDR but also the much smaller electron
diffusion region (EDR). A way of finding out is to calculate the electron thermal Mach

number, M, | = <1L‘:‘1|>, where u, is the electron bulk velocity and (we i) is the electron

thermal speed derived from the perpendicular temperature. In the EDR this quantity
exceeds unity [Scudder et al., 2012]. Consulting electron data (not shown) for the interval
from one separatrix to the other, we find that the maximum M, | ~ 0.17. It thus appears
that Polar did not cross the EDR.

In summary, we have presented a case of reconnection at the poleward edge of the cusp
hallmarked by a large density asymmetry and a guide field. Comparing with relevant sim-

ulations we found good agreement. There were, however, some discrepancies. In our view,
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it would be worthwhile to conduct numerical simulations with a higher density asymmetry
than usually done. From an observational point of view, it would be nice to examine data
from crossings on both sides of the X—line under the same external conditions to permit
observational comparisons. The Magentospheric Multi-scale mission (MMS) will be able to

achieve these goals.
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CHAPTER 4

EFFECT OF A GUIDE FIELD AT

HIGH-LATITUDES POLEWARD OF THE

CUSP

4.1 Introduction

In this chapter we study the effect of a guide field on the Hall field structure of the IDR.
Ideally, to isolate effects of a guide field we would require an event with negligible density
asymmetry. As discussed in Chapter 2, unlike simulations, it becomes challenging to find
an event when only one boundary condition is different from the symmetric case to isolate
the effect of that boundary condition on the structure of the IDR. Here, we picked events
with low values of N4y, and high guide fields from our table 2.5 in Chapter 2 and compare
these events to predictions of asymmetric simulations with a guide field.

When considering the effect of the guide field on the Hall magnetic and electric field
structure of the DR, as discussed in previous chapters, the presence of a density asymmetry
changes the out-of-plane quadrupolar Hall field configuration to a bipolar configuration as
seen when a spacecraft crosses from one side of the X-line to the other. One key effect that is

brought about by the guide field on top of the bipolar feature, is a ‘North-South’ asymmetry
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in the out-of-plane Hall field, By component. In events poleward of the northern/southern
cusp, this will become an asymmetry between the sunward side and tailward side of the
X-line giving a ‘sunward-tailward’ asymmetry. We shall focus on this feature in our study.
Other major effects caused by the guide field is the motion of the X-line due to the electron
diamagnetic drift [Swisdak et al., 2003; Pritchett, 2008] and the changes in reconnection
rate.

The layout of this chapter is as follows. Section 4.2 gives a summary of the key findings
of Pritchett and Mozer, [2009] 2D PIC simulation study with emphasis on the Hall magnetic
and electric field features in the presence of an uniform guide field. In Section 4.3, we present
two events with similar and moderate guide fields (26% of the reconnecting By, ysgp) with
clear jet reversals. Events with jet reversals allow us to compare both sides, the sunward
and tailward side of the X-line, to showcase the effect of the guide field on the Hall field
structure. The density asymmetries differed in the two case studies. This is followed by an
analysis of three other crossings on one side of the X-line, with high guide field percentages
(>60%) in Section 4.4. We analyze the enhancement in the out-of-plane component with
respect to the guide field and the average of the two reconnecting fields (as done in the

simulation). A summary and a discussion is provided in Section 4.5.

4.2 Predictions from 2D PIC Simulation

Pritchett and Mozer, [2009] studied asymmetric reconnection in the presence of a guide
field using 2D PIC simulations. The scenario they considered represented the configuration
of reconnection between the MSH and MSP regions at the subsolar point. Reconnection
was initiated by applying a spatially and temporally steady convection electric field at the
high density /low magnetic field MSH side of the current layer to imitate driven asymmetric

reconnection, which was an extension of Pritchett, [2008]’s work.
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We present figures from Pritchett and Mozer [2009] when reconnection was well estab-
lished, to illustrate the key findings of their study that is related to our data analysis.
Coordinate system for the simulation was as follows: X was directed from the MSH side
towards the MSP side of the current layer, Y was directed dawnward and Z was directed
northward. In space-fixed GSE coordinate system, X would be reversed and pointing sun-
ward (MSP to MSH) and Y would be reversed and pointing duskward.

Initial conditions of the reconnecting regions of the simulation had a density asymmetry
of 10 (Nasym = Nusu/Nusp = 10) and a jump factor of three in the reversing magnetic
field, giving a magnetic asymmetry of Bosym = Bymsu/Busp = 0.33. The magnetic shear
angle across the current sheet was 117°. A uniform guide field of equal strength to the
reconnecting magnetic field By, yysp was applied and was directed dawn-ward, i.e., along
Y. Following the convention used in this thesis, this implies a guide field of Bg/Br msa =
100%. The ion beta in the MSH, f; pysm was 3.0.

Figure 4-1 presents the normal (X) and out-of-plane (Y) components of the magnetic
field. The reconnecting magnetic field Bx was not constant as a function of X (horizontal
axis) and was enhanced in magnitude at the MSH separatrix (on the left). Although we
cannot showcase this feature in the events chosen for this chapter, we note that the X-line
was shifted southward due to the diamagnetic drift, by about 2d; relative to the maximum

at Z = 0 of the driving electric field on the boundary.
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Figure 4-1: The normal (X) and out-of-plane (Y) components of the magnetic field. Left
side represents the MSH while the right side represents the MSP. Reproduced from Pritchett

and Mozer, [2009]

For a dawn-ward directed guide field, there was a significant enhancement in the By
field on the northern outflow region (NOR) of the X-line with a maximum of ~0.9By just
inside the MSH separatrix. Here, By is the average of the asymptotic values of the reversing
magnetic field magnitudes on the MSH and the MSP sides of the current layer (i.e., By =
(IBysu|+|Bumsp|)/2). Note that the in Figure 4-1(b) color bar is mostly in the positive
range.

They observed a significant reduction in By field in the southern outflow region (SOR)
of the X-line; the field even changed sign in the small region inside the MSH separatrix
(dark blue in the MSH side indicating opposite polarity). The weakening and enhancement
of the Hall magnetic fields in NOR and SOR was what was phrased as the North-South

asymmetry about the X-line.
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Figure 4-2 shows the Z component of the bulk ion and electron flow velocities and the
resulting current density Jz. They noted that the ion outflow in the NOR peaked along the
MSP separatrix (to the right) and extended on either side of the right half of the outflow
region and into the MSP (i.e., outflow jet is biased towards the MSP side of the current
layer. See also Tanaka et. al., [2008]). In the SOR, the ion outflow was weaker, and
filled the entire island. Furthermore, the electron flow was strongly concentrated on the
separatrices. This represented the electron flow from the high density side (MSH) to the
low density (MSP) side of the layer. Electron flow was much larger than the ion flow and

this, in turn, determined the current density.

(a)

10

Figure 4-2: Z component of the bulk ion (a) and electron (b) flow velocities and the resulting
current density Jz (c). Left side represents the MSH while the right side represents the

MSP. Reproduced from Pritchett and Mozer, [2009].

This in-plane Hall current strengthens the By field just inside the northern MSH sepa-
ratrix (left side) and is the cause for the By structure seen in Figure 4-1(b). Jz reinforces
By to a lesser degree just inside the MSP separatrix (right side). In the southern hemi-

sphere, the By field is reduced in magnitude (and even reversed). Apart from the electron
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flow along the separatrices, an important feature they noticed was a distinct outflow in the
center of the northern island, starting at the X-line, that extended several d; away from the
X-line as seen in Figure 4-2(b), and a weaker return flow next to the outflow in the MSP
side. This created a velocity shear layer in the immediate vicinity of the X-line, and the
resulting current density, continued to weaken the By field in this region. Data examples
presented in the Section below shows this feature. Note that this feature was not present
in the SOR, since there was no electron shear layer in the southern side.

Figure 4-3 shows the X and Z components of the electric field. There was a strong MSH
directed Fx component. This Ex component plays a role of opposing the ion inflow from
the MSH side and maintaining charge neutrality with much less dense population of MSP
electrons. Fy and Ez are much weaker; the reconnection Fy field being the weakest and
uniform over the whole island region (not shown) and Fz mainly along the separatrices

with large values at the MSP separatrix.

| 0.4
0.2
1 Ho
:
. -0.2
1 B -0.4
MSP

Figure 4-3: The X and Z components of the electric field. Reproduced from Pritchett and

Mozer, [2009].
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We now turn to data examples with a guide field.

4.3 Observations: Hall field structure on both sides of the

X-line

4.3.1 Case Study 1: April 03, 2008

First, we present an event at high latitudes poleward of the southern cusp on April 03,
2008 during the interval 3:40—4:10 UT measured by C3. The spacecraft observed a clear jet
reversal, therefore we use this particular event to examine the contrast between the sunward
side and tailward side of the X-line. The IMF conditions during this event were extremely
stable. From 3:00-7:00 UT the average clock angle was ~9° for the entire 4 hour duration.

At 03:30:30 UT, C3 was located at (2.59, -7.71, -9.80) Rr (GSE) and -75.96 MLAT,
and at 04:00:30 UT, travelled to (2.12, -7.41, -9.53) Rg (GSE) and -76.12 MLAT. The MLT
range was 08:15:32—07:37:13 h. Additionally, C3 travelled from a high density MSH region
with Bxy,z >0 (GSE) to a low density MSP region with By y,z <0 (GSE) confirming an
inbound MP crossing at high latitudes poleward of the cusp. As explained in Chapter 2, the
coordinate system of the data was rotated from GSE to current sheet centered coordinates.
The current sheet normal in GSE coordinates was N = (0.72, -0.36, -0.59) pointing from the
MSP to the MSH side of the current sheet. L = (-0.66, -0.62, -0.43), pointed anti-sunward
and contains the reconnecting fields, while M = (-0.21, 0.70, -0.68) is the out-of-plane
component containing the guide field.

Figure 4-4 presents plasma, magnetic field and electric field measurements during the
interval 3:40—4:10 UT. From top to bottom, the panels show, ion density (with electron
density derived from SC potential overlaid in red), ion density in linear scale, ion tempera-

ture, By, total magnetic field strength, V7, total bulk velocity, E, total electric field and

87



0;. The dashed blue vertical line marks the jet reversal while the two purple dashed lines
bracket the interval of the two oppositely directed outflow jets. The average values of the

ambient regions before and after the current sheet crossing are presented in Table 4.1.

NuyisH Nyisua Br vsH B vmsp Bg

<21.34 > +£1.04 | <0.21 > £0.05 | < —15.97 > £2.33 | < 39.53 > +£0.46 | < 4.20 > £0.56

Table 4.1: Average density and magnetic field values of the ambient MSH and MSP, before

and after the MP crossing and the guide field

The Ngysym and Bggym for this event was < 99.32 > £22.6 and < 0.40 > 30.06 respec-
tively. The resulting guide field was 26.28% of the reconnecting MSH magnetic field. The
magnetic shear between the reconnecting fields was 159.2°. Using average values in the
ambient MSH region before the MP crossing, the beta in the MSH, Sassp, was 1.86.

The By, component showed that C3 made several attempts to cross over from the MSH
to the MSP side, starting at 03:53:30 UT. These partial crossings were verified by the dips
in density (not as low as MSP values) and peaks in the total temperature (not as high as
MSP values). The complete crossing occurred at ~03:57:52 UT.

C3 observed a clear jet reversal; first a tailward directed jet (jet #1) and then a sunward
directed jet (jet #2). Jet #1 had a peak value of, Vops peak= 205.12 km/s and average
Vobs,avg = < 158.28 > £33.48 km//s while jet #2 had a peak value in the opposite direction,
Vobs,peak= -170.67 km /s and average, vops qvg= < —145.43 > +14.09 km/s.

C3 observed jet #2 for a longer period which may indicate that the outflow jet filled
the entire sunward outflow region. The tailward directed jet #1 was stronger and its peak
was more localized towards the MSP side of the CS. This is in agreement to the ion outflow

pattern observed in the simulation (see Figure 4-2(a)).
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Figure 4-4: Plasma, magnetic field and electric field data from the CIS, FGM and EFW
instruments, on C3 for the period 03:40—04:10 UT on April 03, 2008. From top to bottom
the panels show the ion density (with electron density derived from SC potential overlaid
in red), ion density in linear scale, ion temperature, By, total magnetic field strength, V7,
total bulk velocity, Fy, total electric field and §;. Bottom insert shows a 1 minute interval

of the Fy component centered on the jet retirsal.



Figure 4-5 is a cartoon to help visualize Cluster’s orbit relative to the reconnection layer
and the expected Hall field structure. Similar to Figure 3-7 in Chapter 3, the MSH field
lines are shown in purple, and the MSP fields lines are in black. The trajectory during the
time interval considered is marked by the green arrows, starting at the label S and ending
at the label E. The thick blue arrows show the reconnection jets. The expected Hall field
polarity is marked in orange while the positive guide field is marked in purple.

We turn to the Hall electric field features. As expected for asymmetric reconnection
events, the normal component of the electric field, E showed increased activity in the
MSP side [Mozer et al., 2008 and Chapter 3]. To the left of the blue vertical line in Figure
4-4, in the tailward outflow jet (jet #1), Ey was more positive than negative, showing that
the Hall electric fields Ey directed towards the MSH on the MSP side was stronger. See
expanded view of Fy near the V7, reversal at the bottom of Figure 4-4. To the right of the
blue vertical line, in the sunward outflow jet (jet #2), the measured Ex was mostly positive
yet again showcasing strong MP current sheet directed Hall electric field. The total electric
field peaked at ~25 mV/m.

In the time interval considered, we note that the quality flag was low after 04:01:32.017
UT, i.e., data was untrustworthy after this time. However, this does not affect our electric
field measurements and the §; calculations near the curent sheet crossing since the data set
centered at the Vi reversal from 03:57:30—03:59:30 UT had a high quality flag. The last
panel of Figure 4-4 shows the adiabatic parameter, ¢; rose above 1 (highlighted in blue),
during the tailward and sunward outflow regions. This coupled with the strong total electric

field [Eastwood et al., 2008] provides confirmation of an IDR crossing during the jet reversal.
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Figure 4-5: Schamatic of C3 trajectory during the interval 03:57—04:02 UT. See text above

for details.

Expectations for the polarity of the out-of-plane Bj; field is as follows. During jet #1,
the positive (although moderate) guide field superimposes on the expected positive Hall
field that arises from the Hall current. Since By; = By + Bg, the By field is enhanced
by B¢ and expected polarity on the tailward outflow region should be overall positive and
rise above the background guide field (refer to Figure 4-1(b) and schematic 4-5).

Meanwhile, during jet #2, in the sunward side of the X-line, the guide field acts to
weaken the Hall field. The measured Bj; should be either negative or overall below the
background guide field.

In order to examine the Hall magnetic field signatures near the X-line, we zoom in to
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a 1 minute interval centered on the jet reversal. Taking the time of reversal in the Vp,
component to be C3 passing very near to the X-line, Figure 4-6 shows measured Bjs in
red and By in black. The background guide field, B¢, taken to be uniform is represented
by the horizontal purple dashed line. The left side represents the tailward outflow region
("enhanced side’) while the right side represents the sunward outflow region ('weakened
side’). Close to the dashed blue vertical line, By changes from negative to positive values

as expected (Refer to Figure 4-5).
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Figure 4-6: 1 minute interval of measured out-of-plane magnetic field component Bj; and
normal component By centered at the jet reversal on April 03, 2008. The background
guide field is represented by the purple dashed horizontal line. The blue dashed vertical
line represents the time of the jet reversal at 03:58:16.116 UT as previous figure. Left of
the blue line represents the tailward outflow region and the right of the blue line represents

the sunward outflow region.
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Right of the dashed blue vertical line, measured Bj; was mostly below the background
guide field (labelled R3), and on average took a negative value matching the expected
polarity during the sunward jet.

To the left of the dashed blue vertical line, at the beginning of the interval, the measured
B changed polarity from an average of ~ —9nT to positive values, although momentarily,
peaking at 6.69 nT (labelled R1). This is a 59% enhancement from the background guide
field. In asymmetric reconnection, the measured By is expected to have a positive polarity
(above purple background guide field line) during the tailward outflow region. Note that
the polarity of By just before jet reversal (right at the X-line) was however negative. Recall
that the simluations showed a distinct electron outflow in the center of the northern island,
and a weaker return flow adjacent to the outflow in the MSP side (see Figure 4-2(b)). This
feature implies that there is an electron velocity shear layer that extends northward from
the X-line, i.e., on the enhanced side of the X-line. This in turn generates a current density
(Figure 4-2(c)) that tends to weaken the B, field magnitude by 30—40% in the immediate
vicinity of the X-line. The guide field of this event is not as high as the guide field in
the simulation study. However, we note in Figure 4-6 that the Bjs field magnitude has
been weakened. Thus we ascribe the discrepancy in the polarity of Bj; from the expected
positive polarity to the electron velocity shear layer. This feature is seen more clearly in
the next case study as well. Thus, this event provides an observational example to the Hall

field structure near the X-line seen in Pritchett and Mozer, [2009).

4.3.2 Case Study 2: February 05, 2006

For comparison, we present another event where C1 observed a jet reversal during an
inbound crossing on February 05, 2006. The interval 17:44—17:50 UT is shown in Figure

4-7(a) which presents the same panels as Figure 4-4 without the last 3 panels, due to the
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lack of electric field data during this time interval. The blue dashed vertical line marks the
reversal in Vi, while the dashed purple lines bracket the interval where Vj changes from
positive values to negative values (17:46:15-17:47:15 UT).

The guide field was < 12.35 > +2.60 nT which was 26% of the ambient By, yrsg.; same
as Case Study 1 above. However, the density in the reconnecting regions was < 49.40 > £4.0
in the MSH to < 0.03 > £0.007 in the MSP giving a large asymmetry of ~1725.

The jet reversal which took ~10s indicates that C1 traversed very close to the X-line.
The tailward directed jet (positive V7,) had a peak value of 257.12 km/s (<190.84>+ 48.11
km/s). Note that this positive V7, jet has an attenuation before the reversal. The sunward
directed jet (negative V1) peaked at —131.16 km/s (<-117.56>+ 13.39 km/s. Recall that
polarity of the guide field was positive. The polarity of the V7, components then indicate that
C1 measured the ’enhanced side’ of the X-line first, and then crossed over the 'weakened’
side. Also note that both jets are biased towards the MSP side of the current sheet. This
is an expected feature due to the large density asymmetry [Tanaka et al., 2008].

As before we zoom in on the interval near the V7, reversal to study the Hall field structure
(Figure 4-7(b)). The blue dashed line indicates the time of V7, reversal. Bjs measurements
are mainly positive and above the background guide field value to the left of the blue
line (labelled R1); the positive guide field has enhanced the tailward side of the X-line,
as expected through simulations (see schematic in Figure 4-5). The Hall field to the right
of the blue line is also positive, although much less than the left side (R3). The guide
field has weakened the measured By, field (By; = By + Bg). Now, note the momentary
drop in Bjs below the background guide field (R2) very close to the X-line (V7 reversal)
similar to the previous event. This again provides observational evidence of the effect of
the electron velocity shear layer right next X-line effecting the measured out-of-plane field

(Figure 4-1(b)).
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Figure 4-7: (a) shows panels same as Figure 4-4 for event on February 05, 2006 during
interval 17:44-17:50 UT, without the last 3 panels due to lack of electric field data during

this time. (b) shows same parameters as Figure 4-6.

4.4 Comparison of 3 events with large B; (>60%)

We now consider 3 Cluster crossings on one side of the X-line with similar Bg% and small
(<50 em™3) Nysym (small compared to the asymmetries that are above 3 orders of magni-
tude). The spacecraft crossed the ’enhanced side’ of X-line in the chosen events, therefore

allowing us to determine and compare the enhancement caused by the large guide field.
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4.4.1 Case Study 3: April 03, 2008

We present 1 case study (Figure 4-8) in detail (Event A) out of 3, to illustrate how the
enhancement with respect to the background guide field was determined.

C3 started in the dense and cold MSH region and crossed a current sheet at ~06:41:07
UT. The LMN components in GSE along with the Ny, and Bg percentage are presented
in Table 4.2. This sharp reversal in By, is marked by a dashed blue veritical line. The
spacecraft then encountered a sunward directed outflow jet, a large density dip of about 0.5
cm ™3, the peak of the sunward outflow jet V;z, -297.31 km/s at 06:41:47 UT (average was
< —258.64 > £29.61 km/s). The final transit to the tenuous and hot MSP region occured
just after the S-line. The S-line is marked by the negative gradient in density from 06:42:01
to 06:42:07 UT and zero inflow velocity (Vy=0). Note that Exy changes from low negative
values to large positive values at the current sheet crossing. This is the Hall electric field
directed towards the current sheet with a higher magnitude on the MSP side reaching a
magnitude of ~25 mV/m.

We picked the interval in which the outflow jet was observed and obtained the av-
erage of the out-of-plane magnetic field component,Bj 4.4, as well as the peak value
Bt pear- Enhancement of By with respect to the guide field was calculated as ((|Baspeak| —
|Ba|)/|Bal) x 100%. Similarly, in order to compare against By, as done in Pritchett and
Mozer [2009] simulation study, the enhancement was calculated also with respect to By.

Results of the 3 case studies are summarized in Table 4.2. Events on April 12, 2007
[03:40-04:10 UT], February 03, 2002 [09:10 - 09:20 UT] and December 03, 2001 [10:47-10:53
UT] are presented in the table as Event A, B, C respectively. From the left to right, the
columns present the event name, the current sheet normal coordinate in GSE, the magnetic
local time at the MP crossing, the average density asymmetry, the guide field (percentage

with respect to By, pmsw), peak value in By, the average of By in the outflow region, and
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Figure 4-8: Plasma, magnetic field and electric field data from the CIS, FGM and EFW
instruments, on C3 for the period 03:40—04:10 UT. From top to bottom the panels show
the ion density (with electron density derived from SC potential overlaid in red), ion density
in linear scale, ion temperature, By, (Bjs overlaid in red), total magnetic field strength, V7,
total bulk velocity, Ey, total electric field and §;.
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the enhancement of the Hall field with respect to the background guide field and By.

4.5 Summary and Discussion

In this chapter we considered the effect of a guide field on the Hall field structure. We found
good agreement with features in the observations and the features of a 2D PIC simulation
in the presence of a density asymmetry of 10 and a guide field of 100% [Pritchett and
Mozer, 2009]. From our table of events that had a wide range of asymmetries and guide
fields, we picked out 5 case studies for this analysis. We first picked two events [April 03,
2008 and February 05, 2006] that have clear flow reversals and a guide field of 26% of the
reconnecting By, prsp. We showed that the measured out-of-plane component B)y, which is
a superposition of the Hall field By and the guide field Bg, matched the expected polarity
produced in the simulations. The positive guide field weakened the Hall magnetic field in
the sunward outflow region of the X-line, while it enhanced the Hall field in the tailward
outflow region showing a sunward-tailward asymmetry about the X-line. Additionally, the
data showed that at the vicinity of the X-line on the ’enhanced side’ of the X-line, due to
an electron velocity shear layer, the Hall field was weakened, and changed polarity. This
feature was also predicted in the simulations.

The measured normal component of the electric field, Ey was stronger on the MSP
side and was directed towards the MSH side. This matched the expected Hall electric field
configuration predicted by asymmetric simulations.

In the ‘enhanced side’ of the X-line, the outflow speed was much higher than the other
side. The peak in outflow speed was localized towards the MSP separatrix. The outflow jet
on the ‘weakened side’ was weaker and was measured for a longer duration, indicating that
it filled the entire outflow region. This too is in agreement with the 2D PIC simulations.

In addition to the two flow reversal events, we also compared three cases of crossings
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by Cluster of just one (enhanced) side of the X-line. These events had a guide field range
of 60-75% and small density asymmetries. We normalized the peaks in By; with By as
done in the simulations and obtained an enhancement of ~40-60% in outflow regions of
these events. The enhancements with respect to the background guide field was between
~50-140%. In the simulations, for a stronger guide field (100%), the peak enhancement in
By was 90% of By. Thus these observations of Cluster crossings at poleward of the cusp

are consistent with asymmetric simulation studies in the presence of a guide field.
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CHAPTER 5

EPISODIC LARGE (~90 %) FIELD
DEPRESSIONS NEAR THE MAGNETIC

SEPARATRIX

5.1 Introduction

We present a detailed observational two-spacecraft study of three encounters of prominent
magnetic depressions (MDs) by the Cluster spacecraft. On February 05, 2006, the spacecraft
C1 encountered the MSH boundary layer (MSBL) adjacent to the MP, at high latitudes
poleward of the southern cusp. The focus of this study is the distinctive characteristics of
these deep MDs which have an average duration of ~30 s and portray wave-like structures.
These dropouts of magnetic field are not accompanied by rises in plasma density. Simulta-
neously, as C1 observed these dips, C3 which was ~5000 km tailward and southward of C1
observed strong sunward plasma flows which also have some MDs.

The chapter is organized as follows. Section 5.2 gives an overview of the interplanetary
conditions using data acquired by the ACE spacecraft. In section 5.3, we present an overview
of plasma and magnetic field data on both C1 and C3 during a longer interval. This is

followed by a detailed study in Section 5.4 of the MDs observed by C1 during a shorter
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interval, highlighting their specific characteristics since MDs are encountered in various
contexts. Section 5.5 presents an analysis of what was observed by C3 during the same
time. The electron and ion properties are examined in Section 5.6 to determine the specific
regions poleward of the southern cusp that the SC was traversing. We end with a summary
of the characteristics of these MDs in Section 5.7, along with short discussion of possible

causes of these depressions.

5.2 Interplanetary Observations

Figure 5 — 1 shows interplanetary plasma and magnetic field data from the Solar Wind
Experiment SWEPAM [McComas et al., 1998] and MAG instrument [Smith et al., 1998] on
spacecraft ACE for the interval 16—19 UT, 05 February 2006. The plasma data are at ~64
s and magnetic field data are at 0.35 s temporal resolution. From top to bottom, the panels
display the proton density, proton temperature, dynamic pressure, plasma bulk speed, GSE
components of the magnetic field, total magnetic field strength, and IMF clock angle.

At this time, ACE was located approximately ~218 Rg upstream from earth and within
~14 Rpg of the Earth-Sun line. Note that the data has been shifted in time to account for
the SW travel time from ACE to Earth. The IMF was northward for the entire period; By
was positive, with an average clock angle of 38° from 17:00—18:00 UT.

The SW conditions during this 3 hour interval were quiet and steady. We note a few
minor fluctuations in the magnetic field, in the beginning of the interval from 16:00—17:00
UT, mainly in the By and Bz components. The Bx component was constant at ~2 nT
during this time. The SW density varied from 10—20 cm ™2 and the dynamic pressure varied
between 2 and 4 nPa for almost the entire 3 hour interval (rose to 5.5 nPa after ~ 18:45
UT). The SW speed was slow, remaining at around 350 km/s. The interval of interest in

Cluster observations for this chapter was from ~17:20—17:50 UT, so we conclude that the
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SW was steady with very minor fluctuations in all parameters displayed in the plot during
this time. The strongly NW orientation of the IMF was favorable for reconnection poleward

of the cusp.
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Figure 5-1: Interplanetary plasma and magnetic field data from SWEPAM and MAG on
spacecraft ACE for the interval 16—19 UT, 5 February 2006. From top to bottom, the panels
display the proton density, proton temperature, dynamic pressure, plasma bulk speed, GSE

components of the magnetic field, total magnetic field strength, and IMF clock angle.
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5.3 Overview of C1 and C3

Data from all four Cluster spacecraft during the time interval 17:20—17:50 UT on February
05, 2006 are analyzed. Figure 5 — 2(a) shows the position of the spacecraft at 17:30 UT in
Rp(GSE) on XZ, XY and YZ planes.

C2 was earthward and closest to C1 while C4 was sunward and southward, and was
furthest away from C1. Meanwhile, C3 was tailward and southward from C1. During the
interval 17:20—17:50 UT, C2 was in the MSP while C4 was in the MSH characterized by the
constant low density and high density plasma respectively, and no reversal in the magnetic
field components (not shown). Due to the lack of ion moment data from C2 and C4 we
focus only on data from C1 and C3 for the analysis of this event.

Figure 5 — 2(a) shows that the separation between C1 (black dot) and C3 (green dot)
was mostly in the X and Z directions. At 17:30 UT C1 was located at (2.66, -3.50, -8.32)
Rp (GSE) and C3 was located at (2.08, -3.61, -8.83) R (GSE). The separation distance
was ~4950 km. C3 was tailward and southward of C1.

Figure 5 — 2(b) shows the trajectory of C1 and C3 in the XY and XZ (GSE) planes for
the interval 17:00—18:00 UT, both moving earthward and northward with C3 leading and
C1 trailing behind. At 17:30 UT, C1 was at —79° MLAT and C3 was at —83° and reached
—81° and —85° by 18:00 UT. The MLT range was 08:30—10:30; i.e., C1 and C3 was at very
high latitudes dawn side poleward of the southern cusp.

We then examined the magnetic and plasma parameters of C1 and C3 with measure-
ments made by the FGM and CIS instruments for the interval 17:20—17:50 UT. Figure 5—3
shows, from top to bottom, density in linear scale, temperature, the GSE components of
the magnetic field, the total magnetic field strength, GSE components of velocity, and the
total bulk speed. Measurements from C1 are in black while the measurements from C3 are

overlaid in green.
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Figure 5-2: (a): Spacecraft separation of C1, C2, C3, C4 at 17:30 UT in Rg(GSE). (b):
Trajectory of C1 (black) and C3 (purple) during the time interval 17-18 UT, in the XY and
XZ plane.

During this 30 minute interval, there were two complete inbound crossings, first by C3
and then by C1. The black dashed vertical line at ~17:30:31 UT indicates the time at which
C3 crossed the current sheet as indicated by the clear reversals in all three components of
the magnetic field (Bxyz > 0 to Bxyz < 0). The negative density gradient, after the
current sheet crossing, indicates that C3 crossed a boundary layer and finally entered the
MSP region after ~17:35 UT. While C3 was in the boundary layer, the spacecraft observed

a continuous high speed flow for about 5 minutes (thick blue bar). The start and end points
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Figure 5-3: Magnetic field and plasma data from the FGM and CIS instruments on C1 and
C3 for the period 17:20—17:50 UT. From top to bottom the panels show density linear scale,
temperature, the GSE components of the magnetic field, the total magnetic field strength,

GSE components of bulk speed, and the total bulk speed.
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of this increased flow feature are well defined; there was a clear rise and fall of the velocity
in all three components with an average total velocity of ~250 km/s. The flow is sunward,
northward and duskward as expected for a reconnection outflow in this region. Note the
sporadic dips in the total magnetic field (panel 6) with a prominent one being at 17:31:30
UT. We shall discuss this feature further in Section 5.5. There was a density asymmetry of
over 3 orders of magnitude (~ 1270) during this crossing. The magnetic field asymmetry
was 0.40. When C3 was crossing the current sheet, C1 was in the MSBL, as we shall show
through a study of ion and electrons spectra to be presented later.

At the beginning of the interval, from ~17:20—17:25, it is apparent that C1 observed
mirror mode waves illustrated by the fluctuating behavior in the magnetic field and density.
The oscillating dips in magnetic field strength correlated to increases in density as expected
in mirror mode waves. Furthermore, the condition for the mirror instability [Southwood and

Kivelson, 1993]
T, /T)

was fulfilled (not shown). C1 then observes 3 prominent and smooth (decreased fluctu-
ations) dropouts of the total magnetic field during a 6 min interval, 17:31 — 17:38 UT.
These prominent dips were observed by C1 while C3 was observing the strong sunward
reconnection jet. We analyze this closely in the next section.

At around 17:46:25 UT (dashed red vertical line), with an abrupt decrease in density,
C1 made an inbound crossing into the MSP during which the spacecraft observed a jet
reversal indicated on all 3 components of the bulk velocity. C1 first observed an accelerated
southward and tailward jet (Vx < 0 and Vz < 0) that reached up to ~275 km/s and then
a northward and sunward jet (Vx > 0 and Vz > 0) that reached up to ~125 km/s in
the opposite direction. Aspects of this flow reversal was examined in the previous chapter.

After ~17:48 UT, C1 and C3 were both in the MSP.
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5.4 Analysis of Magnetic Depressions observed by C1

We now focus on the measurements of deep magnetic depressions (MDs) and the associated
patterns in density, temperature, bulk flow and pressure observed by C1 during a 10 minute
period, 17:20—17:40 UT. From top to bottom, the panels in Figure 5 — 4(a) show the ion
density, ion temperature, GSE components of the magnetic field, and total magnetic field
strength. The last panel plots the mirror instability criteria, i.e., the value of % —-1- i
Figure 5 —4(b) presents the GSE components of the velocity, total bulk speed and the pres-
sure. The total plasma pressure (Piy) in black, with ion pressure (P;), magnetic pressure
(Py), electron pressure (P.) overlaid in blue, red and green respectively. We assumed that
T; = 8T, as Stasiewicz et al., [2001] did for the P, calculation. The shaded grey areas in
both Figures 5 — 4 (a) and (b) mark the intervals of deep MDs while the purple vertical
lines mark the total magnetic field minimum inside the MDs.

The three MDs were observed in the interval 17:31—17:38 UT in the MSH side of the
CS, and were roughly equally apart with an average duration of ~30 s. The average ambient
magnetic field strength just before this interval (17:29:00 —17:31:00 UT ) was 52 nT. As
the vertical purple lines guide us, the depression in magnetic field becomes deeper and
deeper (closer to zero) as we progressed. We shall name the depressions MD1, MD2, MD3,
respectively. The minimum value of the magnetic field strength during these depressions
are, 10 nT, 4.3 nT, and 0.6 nT. Accordingly, the deep MDs were a significant 81%, 92%, 99%
drop from the ambient magnetic field. Note that the ambient magnetic field components do
not rotate across the MDs. This implies that the MDs were not entrained on a discontinuity
unlike some magnetic holes in the solar wind. These types of decreases in magnetic field
strength with less than 5° directional change in the ambient field were termed as ’linear

holes’ by Turner et al., [1977].

108



Temp (MK)

B, (T) B, (nT)

B, (nT)

B (nT)

MM criteria

3

C1/CIS/FGM/EFW FEB 05,2006 (GSE) (b) C1/CIS FEB 05,2006 (GSE)
L L L L (OO L 3 L 1

50

Vy (km/s)

-50

=

e e e e NN N R R R NN AL R e N NN SR RN AN 158f
100
50

-50
198
100
50

i |
Vy (km/s)
=

i

V, (km/s)
=

-50
-100

BB R

F e
M ISO;A/\M |
R ph AR § 1o VA ]
R U A AU SR > L )
7\\\\H\H\\‘\\\HHHH‘HHHH\H‘HH\ 50 —
YRR R e RN e e e NN R R N AN NRRRE!
251 Plot Pi Pb ]
ffffffffffffff AZ'OMWMW
[ 2 r ]
L z 15 ‘, -
T TN B ST S = Lo | ||z 7
H b E p
E 05 -
00 Errre Y SO S S
17:30 32 34 38 40

Figure 5-4: Plasma and magnetic field data from the CIS and FGM instruments on C1
for the period 17:30—17:40 UT. From top to bottom the panels on Figure (a) shows ion
density in linear scale, ion temperature, the GSE components of the magnetic field, the
total magnetic field strength and the mirror instability criteria. Figure (b) shows the GSE
components of the ion bulk velocity, total bulk velocity and the total pressure (black) with
plasma pressure, magnetic pressure, and electron pressure overlaid in blue, red and green

respectively.

All 3 MDs are further hallmarked by a three-fold rise in temperature. The MDs were

not associated with density rises at the center of the MDs. The average ambient density
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before the magnetic depression interval (17:27 — 17:30 UT) was 46 cm—2 while the average
ambient temperature during that same time interval was ~1.5 MK. Using ambient plasma
parameters in the MSH, the Alfvén speed cq = B/(uonim;)~ /=167 km/s, the electron
inertial length, d. = ¢/wpe =2 km, the ion inertial length, d; = ¢/wp; =34 km and the
plasma beta, § = 0.88.

The criteria for mirror instability was generally fulfilled in the regions between the MDs,
ie., % —1- i > 1. However, in the center of the MD, the value did not rise above 1.

In Figure 5-4(b), note how each MD is accompanied by significant flow deflections.
These pulsed flows, almost equally spaced, showcased in all 3 components of the bulk flow
velocity changing directions from negative values and peaking at a positive ~100 km/s. Le.,
they are sunward and duskward flow bursts as opposed to the ambient flow. We may infer
from the the direction and strength that these flows are related to reconnection poleward
of the cusp.

What’s most remarkable is the fact that the total velocity during this ~7 min interval
of MDs remained relatively constant at ~90 km/s, more visible in the last panel on Figure
5-3 (thick purple bar).

The last panel of Figure 5-4(b) gives insight to the pressure during this interval. The
ion pressure, P; rises at the center of the MDs while the magnetic pressure, P, drops. The
electron pressure was almost negligible but may vary since the values were derived under
the assumption of T; = 8T.. However, the total pressure (black trace), Pyt = P; + Py
+ P, stayed roughly constant. We conclude that it was the rise in temperature, i.e., the

heated plasma that was keeping the pressure balanced inside the MDs.
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B (nT)

Figure 5-5 shows the components of the velocity perpendicular (black) and parallel (red)
to the magnetic field and angle between the veloctity and magnetic field vectors. At the
edges of each MD the flow was perpendicular to the field (v = 0). At the center, the flow

was closely aligned to the field (parallel or antiparallel) showcasing a vortex-like behavior.
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Figure 5-6: Total magnetic field with parallel and perpendicualr temperature for the time

interval 17:30—17:39 UT

A closer look at the features in ion temperature are presented in Figure 5 — 6. We
note two significant trends in the behavior of the parallel (red) and perpendicular (blue)
temperature of ions inside the MDs: (i) strong temperature rise in both 7' and Tj, and

(ii) the temperature was isotropic. Additionaly, these MDs are embedded in a layer that
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was characterized by a temperature anisotropy; the perpendicular temperature was ~1 MK
higher than the parallel component outside the MDs 7'y > T|. Hence we concluded that
an important characteristic of MDs was that the ion temperature is high and isotropic at
the center.

Next, we shall study the field and flow phenomena observed by C3 during the same time

interval.

5.5 Observations from C3

Figure 5-7 shows plasma and magnetic field data on C3 for the same time interval as Cl1
above. Top to bottom, the panels show the ion density, ion temperature, XYZ components
of the magnetic field, total magnetic field, XYZ components of the velocity, and total bulk
speed. The purple vertical lines still represent the times of the total magnetic field minima
inside the deep MDs measured by C1. Recall that at 17:30:31 UT, C3 was southward and
tailward of C1 (Figure 5-2(b)). At the beginning of the interval, although there is an abrupt
change in polarity in the magnetic field components, the density and temperature changed
gradually indicative of a boundary layer crossing. The spacecraft observes 3 clear dips in the
magnetic field strength while crossing the boundary layer before 17:32:00 UT and another
at 17:34:20 UT. These dips were not as drastic as the deep MDs observed by C1. Also,
in this case the magnetic dips are accompanied by density rises (top panel). The dips in
magnetic field observed by C3 are not due to mirror mode instability since the 5, was very
small (not shown).

Last four panels show that C3 observed a well defined, continuous flow from 17:30:30-
17:36:10 UT with a peak value of ~300 km/s. These flows are sunward, duskward and

northward.
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5.6 Electron and ion behavior during the deep MDs

We now focus on the electron and ion behavior on C1, specifically the energization and
directionality, during the same longer interval as Figure 5 — 3. Behavior of heated elec-
trons and ions help distinguish the distinct boundary layer regions near the MP associated
with high latitude reconnection [Onsager et al., 2001]. Electron data from the PEACE
instrument [Johnstone et al., 1997] and ion data from HIA instrument [Reme et al., 1997]
instrument were used for this purpose. In Figure 5 — 8 we show data from both the LEEA
(Low Energy Electron Analyzer) and HEEA (High Energy Electron Analyzer) sensors, with
typical respective energy ranges from 0.6 eV — 1 keV and 35 eV — 26 keV. The CIS-HIA
instrument has an energy range of 5 eV—32 keV. First three panels show the electron energy
flux spectrograms for electrons that are flowing parallel, anti-parallel and perpendicular to
the magnetic field respectively. The last 3 panels repeat the spectrograms for ions. As
in previous figures, the purple dashed vertical lines mark the times of the magnetic field
minima of MD1, MD2, and MD3 observed by C1.

We will first study the regions before (R1) and after (R3) the layer with MDs. Through-
out most of the interval, from 17:20 to 17:47:50 UT, C1 detected dense MSH—like plasma;
the electron population was below ~100 eV and ion population was below 800 eV. Dur-
ing the interval just before the MDs for example, from 17:25—17:30 UT labelled R1, the
electron energy spectrogram was isotropic; the parallel and anti-parallel electron fluxes was
balanced. Meanwhile, T, | =~ 300 eV and T, || ~ 200 eV which are typical values for pristine
MSH electrons. With Ty <T, we confirm that C1 was in the MSH for most of the interval
shown, specifially before observing the MDs. Additionally, C1 observed low electron flux at
higher energies compared to the region just before the MP crossing, continues to confirm
that C1 was in the MSH, magnetically disconnected from the Earth’s field [Onsager et al.,

2001]
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In comparison, towards the end of the interval near the current sheet crossing when C1
observed a flow reversal, marked R3 (not the focus of this chapter), electron flux at higher
energies averaged over all directions, gradually increased. This increase was due to both
anti-parallel and perpendicular electron flux increasing. This is a signature of C1 observing
field lines magnetically connected to the earth either inside or outside the MP, or very
near the diffusion region [Onsager et al., 2001]. Also, this signature of enhanced energetic
electrons is due to particle heating at the current sheet. Subsequently, the abrupt decrease
in electron fluxes at energies below 300 eV and ion fluxes at energies below 5 keV confirms
that at around 17:47:50 UT C1 moved from open field lines to closed fields lines of the MSP.

Note the behavior of the electrons and ions in the region marked R2; the layer in which
the MDs were observed. The heated electron flux in the parallel direction was fluctuating
but on average greater than the flux in both anti-parallel and perpendicular directions, i.e.,
there is an excess of the most energetic electrons flowing parallel to the field. The largest
increase in electron energy compared to the MSH region was in the parallel direction.
Although there were a few dropouts in the parallel flux, hot electrons flowing parallel to
the magnetic field between the MDs was a noteworthy feature as seen better in the pitch
angle figure next. Also, the polarity of the Bz component was mostly positive during this
interval which tells us that the SC was outside the MP current layer. We note that these
features are of the MSBL which we confirm further using the pitch angle distribution and
a schematic below.

Now let us focus on the three MDs (along the purple vertical lines). We instantly note
the special behavior of the heated electrons compared to their counterparts in the other
regions as pronounced humps in energy. There was an increase of heated electrons in all
directions (parallel, anti-parallel and perpendicular), with the most prominent and clear

increase in the parallel direction. Heated electrons rose to an energy of ~500 eV in the
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parallel direction, ~150 €V in the anti-parallel direction, and ~200 eV in the perpendicular
direction. Most energetic electrons were field aligned.

The ion energy spectrograms show some similar features to the electrons (bottom three
panels of Figure 5-8). During the MSBL interval (marked R2), there was a clear increase in
the parallel ion fluxes. This was pronounced in the MDs themselves, reaching up to 4 keV.
The antiparallel flux was depleted inside the MDs (yellow spikes) while there was a slight
enhancement in the perpendicular direction (not as high as in the parallel direction). The

heated ions were unidirectional (flowing along the magnetic field) at the center of the MDs.
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We will now take a closer look at the directionality of the electrons using the electron
pitch angle distributions for three energy ranges, (i) low: 5—200 eV, (ii) high: 0.5 —1.5
keV and (iii) highest: 5—10 keV in Figure 5 — 9 for the interval 17:30—17:40 UT. Clear
signatures are seen in the second panel. In the interval marked R2, electrons in the energy
range 0.5 —1.5 keV are field aligned (pitch angle was less than 50°). Inside the MDs (along
the purple lines) the unidirectional streaming becomes isotropic. Less clear patterns are

seen in the low and higher energy ranges.
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Figure 5-9: Electron pitch angle distribution for the energy range 5—200 ¢V, 500—1500 eV

and 5—10 keV.

To visualize the different regions as inferred from the ion and electron data, we present a
schematic of a situation where reconnection occurs at the southern hemisphere between the
MSH (green) and MSP (blue) field lines in Figure 5—10. The dashed grey line represents the
MP current layer. The orange lines represent the MSH field lines that have interconnected

with the MSP field lines through reconnection poleward of the cusp. The orange field lines

119



outside the MP represents the MSBL (marked as R2 in Figure5-8 and Figure 5-9). The
particle signatures that characterize different regions are illustrated schematically by the
red arrows; with the length representing the magnitude of the parallel and antiparallel
temperature of the heated electrons. C1 and C3 are marked at the time where C1 observed

the MDs while C3 observed the sunward reconnection jet.

N

Ci
0 4 C3
N

Figure 5-10: Schematic representation of the different regions encountered by C1 (black
dot) and C3 (green dot) drawn from the perspective of reconnection occuring first in the

Southern Hemisphere.
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Assuming that reconnection has only occurred in the southern hemisphere, the MSBL is
distinguished from other layers as follows; electrons and ions that flow parallel to the mag-
netic field are flowing out of the hot MSP and from the reconnection site where some heating
has occurred. Whereas electrons flowing anti-parallel to the magnetic field are flowing from
above, towards the southern hemisphere reconnection site, still having characteristics of the
MSH plasma. Hence, Tev||>Te,L[Onsager et al., 2001]. The behavior of the plasma i.e.,
moving parallel to magnetic field, just outside the MDs confirms that C1 observed these
prominent depressions in the magnetic field while traversing the MSBL.

C3 was inside the open MSP in its boundary layer and was observing high speed flows
when C1 was observing the MDs in the MSBL. C1 and C3 were both in open field lines
but the accelerated exhaust was not observed in C1 data. Relative positions of C1 and C3
(Figure 5-2) show that C1 was further away, so we infer from the data that C1 was in the

MSBL close to the separatrix when the observations were made.

5.7 Summary and Discussion

5.7.1 Specific characteristics of these MDs

We summarize the characteristics resulting from observations of the large magnetic field
depressions as follows.

Three depressions, up to a 99% decrease from the ambient magnetic field were observed,
outside the MP, in the MSBL poleward of the southern cusp. One of the key differences
from other studies related to prominent magnetic nulls is the fact that these MDs were not
associated with increases in density. Ion temperature rose by a factor of 3 at the center of
the MDs and was isotropic (7', = Tj)).

C1 observed a pulsed flow pattern associated with the MDs. There was a rotation in all

3 components of the bulk flow resulting in a vortex-like structure, while the total velocity
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changed very little. Outside the MDs, in the MSBL, there were heated electrons in the
energy range 0.5 —1.5 keV flowing parallel to the field. Inside the MDs, the electron spec-
trograms showed enhancements in electron flux in all directions, but was most pronounced
in the parallel direction. Through pitch angle distributions, we noted that heated electrons
in the same energy range were isotropic, i.e., they showed no preference in direction with
respect to the magnetic field.

We now consider possible generating mechanisms for these MDs at C1. The lack of
electric field coverage during the interval considered is a strong constraint. A more thorough
analysis is reserved for future work. Here, we suggest the most plausible mechanism for these

magnetic depressions.

Magnetic mirror mode waves

Many studies consider magnetic holes to be a saturated state of the mirror mode instability
typically attained at the inner MSH [ T'surutani et al., 1982, 2011; Winterhalter et al., 1994].
In linear mirror mode structures, the density rises when magnetic field drops, and drops
when the magnetic field rises due to mirroring. A reason that argues against the mirror
mode mechanism is the absence of a density rise associated with magnetic dips expected
even in non-linear theory of mirror mode where they are saturated [Soucek et al., 2008]. In
addition, magnetic dips due to mirror mode instability typically appear in a mirror stable
environment. However, as seen in the last panel of Figure 5-4, the surrounding environment
the MDs appear in, is not mirror stable. Another reason is the rise in temperature; this is
not a requirement for mirror mode waves.

Additionally, the mirror mode instability requires a high beta plasma and a temperature
anisotropy where T'| / T} >1. One may suspect that a saturation of the linear stage of the

mirror mode instability could be at work. However, the mirror instability criterion was
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satisfied outside the MDs but did not hold inside (Figure 5-4). Therefore, two reasons

argue against the structure observed by C1 being mirror mode waves.

Kelvin Helmholtz Waves

A possibility in this specific region of observation are Kelvin-Helmholtz (KH) waves. C3
was seeing a ~ 5 min long strong sunward outflow burst. The MSH flow is antisunward
which results in a shear flow across the region considered and may be conducive to KH
instability.

The high in temperature within the MDs questions the KH mechanism which is not
expected in models of linear KH instability. However, Treumann et al., [1999] stated, ” Holes
may also originate in nonlinear interactions between waves and plasma. For instance, large
plasma eddies can be formed by the Kelvin-Helmholtz instability at the MP. This instability
leads to the formation of plasma vortices where strong currents may flow at the edges of
the vortex from the original magnetic field. Such a vortex would then appear as a structure
similar to a hole. The formation of a magnetic hole through KH instability may depend
on the configuration of the magnetic fields in the two counterstreaming plasma” (see also
Nykyri and Otto, [2001]).

Following Treumann et al., [1999], and Nykyri and Otto, [2001] and the fact that the
plasma flow showcased a vortex-like structure, one may consider the following scenario. KH
waves have become non linear and rolled over. Inside them the magnetic fields have become
anti-parallel causing reconnection inside the rolled over configuration. This reconnection
removes the magnetic field energy to heat the plasma. However, plausibility of this scenario

requires further study with high resolution data.
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Solitons

Another study associated with magnetic depressions was that of Stasiewicz et al., [2003],
where they showed that solitary structures detected at the MP boundary layer were slow
mode magnetosonic solitons caused by the non-linear steepening of Alfvén waves. This
soliton approach was initially introduced by Baumgartel, [1999] as an alternate mechanism
for maintaining magnetic holes in an equilibrium plasma. This mechanism, too, required
anticorrelation between magnetic field and density (See Figure 3 of Stasiewicz et al., [2003]).
The magnetic field depressions (up to 85%) were accompanied by enhanced plasma tem-
perature. Current literature on solitons show that electric field measurements are needed.
Unfortunately, due to the lack of electric field data we cannot examine this mechanism

further.

Kinetic Alfvén waves

Our final scenario seems the most plausible to us. This was prompted by a study of magnetic
holes by Stasiewicz et al., [2001] also observed at high latitudes poleward of the cusp.
The authors proposed that the magnetic holes, which they termed magnetic bubble layers
(MBL), may be related to tearing mode instability driven by strong MP currents, and the
smaller scale fluctuations represent Kinetic Alfvén Waves (KAW). They claimed that these
KAWSs were driven by macroscopic pressure and magnetic field gradients via Hall instability.
Along with the strong depressions (98%) in the ambient magnetic field, characteristics of
their MBL was as follows; (i) enhanced convective flow, vg = E x B/B? which was highly
variable (50-300 km/s), compared to the MSH flow (ii) higher energy ion and electrons,
about twice their initial energy, (iii) the region inside the magnetic bubble island is hotter
than the outside region, (iv) region of highest pressure and temperature was at the center

of the magnetic bubble, (iv) mirror instability condition not fulfilled, (v) strong correlation
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between two orthogonal components Bz and Ey which is characteristic of Alfvén waves,
(vi) magnetic fluctuations were enhanced near the bubble boundary (vii) fluctuations due
to hall instability was largest at the bubble boundary. They explained that the energized
plasma in these holes were due to turbulance caused by KAWs.

While we do not have the ability to verify all these features, some of them are present in
our case. We show Alfvénicity through the perpendicular components of the field and flow
perturbations modified by /uop. The background magnetic field was derived by smoothing
the data. We find that for all three components, the perpendicular perturbation in velocity
and magnetic field were out of phase with each other (not shown), i.e., the KAW are
travelling along the magnetic field. The correlation coefficient in the X,Y,7Z directions were
-0.76, -0.83 and -0.75 respectively. These are good indications of Alfvénicity.

In addition, we considered length scales. The ion thermal gyroradius is proportional to
the square root of the temperature and inversely proportional to the magnetic field. Taking
the average magnetic field in the MD to be 20 nT and temperature to be 3.5x10% K (Figure
5-6), the ion gyroradius will be in the order of 10 km. We assume the MD structure is
convecting with the flow of ~80 km/s. Observations show that the duration of the hole is
on average ~ 40 s. A rough estimate of the size of an MD would be in the order of a few
times 10% km. Therefore the size of the MD would be in the same order or less than the

ion gyroradius.

5.7.2 Future Work

This example will be submitted for publication. To do so, we have to strengthen the
consideration related to the generating mechanisms to arrive at a more solid conclusion.
Future work would be to use high resolution data including electric field measurements.

This will allow us to consider the solition and KH mechanisms in more detail. This work
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can be done by using data from the Magnetospheric Multiscale Mission (MMS) [Burch et.

al., 2016].
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CHAPTER 6

SUMMARY

6.1 Summary of Key Results

Asymmetries in density and magnetic field along with the presence of a guide field cause
several structural deviations from the well accepted symmetric reconnection geometry. The
outflow density, outflow speed, location of the X-line and S-line, structure of the Hall
magnetic and electric field are some of the measurable quantities that are affected by the
asymmetries. Motivated by the fact that the high latitude poleward of the cusp region
presents a wide spectrum of asymmetries as well as guide fields, and is a less examined
area of the MSP in the context of reconnection, we investigated MP crossings made by the
Cluster spacecraft from 2001 to 2008 as well as in one Polar crossing in this specific region.

We identified a collection of 18 reconnection events at high latitudes poleward of the cusp
that fulfilled three or more IDR criteria in Chapter 2. This included five crossings with jet
reversals. The density asymmetry of these events ranged from 1 to 3 orders of magnitude.
All simulations so far only consider a density asymmetry of 10. This study proves that it is
important to consider large density asymmetries in future simulations. Guide field ranged
from 6% to 74% of the reconnecting MSH magnetic field. Near the current sheet crossings,
the total DC electric field ranged from 10 mVm to 72 mV/m. The minimum magnetic shear

in the events was 117° while the maximum was 174° (almost anti-parallel). The adiabatic
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parameter d; rose above unity in 12 out of 18 events (one of the events had no electric field
data to calculate ¢;.)

We compared measured values against predictions of Cassak and Shay [2007, 2009]’s
scaling relations. These scaling relations were derived with antiparallel magnetic fields, i.e.,
magnetic shear of 180°. Hence, we chose crossings with magnetic shear greater than 150°
and compared measured outflow density and outflow jet speed with predictions (equation
1.3 and 1.4). The measured peak of the outflow density during the reconnection jet matched
predictions better than the average value. Similarly, the outflow jet peak values scaled with
predicted values. The average of both quantities fell below the predicted value. In cases
with jet reversals, while Cassak and Shay [2007,2009] did not make a distinction between
the two outflow jets, this study shows that the faster jet matches predictions better.

Non co-location of the X-line and S-line in the exhaust was generally observed for all
events. This was deduced by the separation of the By, reversal and the density gradient.
We picked the point in the density gradient where the inflow velocity, Vi ~ 0, to be the
S-line. We calculated the separation distance for two events.

In Chapter 3, we presented Polar observations of a reconnection layer during an in-
bound pass at high northern latitudes. The interplanetary field of 20 nT pointed strongly
northward continuously for 13 h. Reverse polar cap convection observed repeatedly by the
DMSP F13 satellite provided direct evidence of continued reconnection. This event was
hallmarked by a density asymmetry of 140. Disturbances in fields and plasma were much
more intense on the MSP side of the current sheet. The intense electric field fluctuations
(>60 mV/m) were mainly in the component normal to the current sheet, En. A density
cavity was observed at both separatrices. Isolated Ey peaks were observed at the density
cavity regions.

Polar crossed the IDR on one side of the X-line, and observed sunward and southward
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jets that were biased towards the MSP side of the current sheet. The field reversal at
the CS occurred before the outflow jet, which we argue to be due to the large density
asymmetry. The stagnation line was strongly shifted toward the MSP side of the CS.
We compared observations with simulations which emphasize the density asymmetry and
which also include a guide field, and found good agreement. Remaining discrepancies may
be explained by a density asymmetry much larger than in simulations. This was to our
knowledge the first study of a high-latitude reconnection layer with (1) a large density
asymmetry and (2) steady and continuously strong interplanetary By.

We considered effects of a guide field on the Hall field structure in Chapter 4 using five
Cluster crossings from our events table. First, using two events with jet reversals and a guide
field of 26% of the reconnecting By, prsp we were able to study both sides of the X-line. The
measured out-of-plane B, is a superposition of the Hall field By and the guide field Bg.
We observed that the Bjys component near the CS crossing matched the expected polarity
produced in 2D PIC simulations by Pritchett and Mozer, [2009]. The positive guide field
in both case studies weakened the Hall field in the sunward outflow region and enhanced
the tailward outflow region giving rise to sunward-tailward asymmetry about the X-line.
Furthermore, we showed clear evidence that due to an electron velocity shear layer at the
vicinity of the X-line, on the ’enhanced’ side of the X-line, the Hall field was weakened and
changed polarity. This feature was predicted in the simluations.

The expected Hall electric field En configuration was observed in the data. Ey was
stronger on the MSP side and was directed towards the MSH. The outflow speed was much
higher on the ’enhanced’ side of the X-line, and the peak was localized towards the MSP
separatrix. In agreement with the 2D simulation, the outflow jet on the 'weakened’ side
was weaker and measured for a longer duration in both case studies, indicating that the jet

filled the entire outflow region.
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Next, we picked out three Cluster crossings of one (enhanced) side of the X-line. These
events had a large guide field in the range of 60-75% and small density asymmetries so as
to isolate the effects of the guide field. We normalized the peaks in By; with By (average
of the two reconnecting fields). Simulations with a larger guide field (100%) produced an
enhacement of 90% of By in By;. We measured an enhancement of ~40-60% in Bj; showing
consistency with asymmetric simulation studies with a guide field.

In Chapter 5, we presented a detailed study of three encounters of prominent magnetic
depresssions (MDs) by the Cluster-1 spacecraft in the MSH boundary layer close to the
separatrix with focus on the distinctive characteristics that were measured. A density rise
is expected in most magnetic nulls but this was not the case in this event. The magnetic field
decreased up to 99% from the ambient magnetic field at these MDs. Ion temperature rose
by a factor of three and was isotropic at the center. The electron flux showed enhancements
in all direction inside the MDs, and was most pronounced in the parallel direction indicating
that most energetic electrons were field aligned. Simultaneously C3, tailward of C1, observed
a long (6 minutes) burst of sunward and northward flow.

We compared the observed features with several possible generating mechanisms to un-
derstand a possible cause for such large magnetic depressions in the MSHBL. We considered
magnetic mirror mode waves, Kelvin Helmholtz waves, solitons and kinetic Alfvén waves
as possibilities. The lack of electric field during the event was a strong constraint for us
to arrive at a solid conclusion. We concluded that the kinetic Alfvén waves seemed most
plausible with available data. However, other events with the distinctive characteristics

listed requires further analysis with high resolution data such as those obtained by MMS.
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6.2 Future Work

For future work, we propose investigating properties of the DR in the presence of velocity
shear. Velocity shear becomes significant in reconnection events occuring at high latitudes
poleward of the cusp region. This is mainly due to bulk flow patterns of the MSH. When the
upstream MSH bulk plasma flows around the MP, it gains a potentially sizable component
parallel or antiparallel to the reconnecting magnetic field [Gosling et al., 1991; Fuselier et
al., 2000], which in turn sets up a flow shear across the MP. In contrast, at the subsolar
point, the flow is predominantly not aligned to the MSH magnetic field and is minimal; the
bulk flow is out of the reconnection plane.

In symmetric reconnection in the presence of a velocity shear, the speed of the outflow
jets due to reconnection scales with the local upstream Alfvén speed [e.g., Sonnerup et al.,
1990]. Previous classical models suggest that, in order for stable reconnection to occur, i.e.,
with a stationary X-line, where the reconnecting magnetic field goes to zero, the MSH flow
speed at poleward of the cusp, vy;sy should be sub-Alfvénic. If the flow is super-Alfvénic,
the X-line must propagate tailward, such that, in the frame of reference of the reconnection
site, the flow is still sub-Alfvénic [Cowley and Owen, 1989; Gosling et al., 1991]. In this
model, if vasgy is more than double the MSH Alfvén speed, ca arsH, reconnection could
not occur.

The presence of a flow shear, slows down the reconnection process or even stops it
completely. It has been shown analytically and numerically using MHD models that a
super-Alfvénic flow shear completely suppresses reconnection, while reconnection continued
to occur for sub-alfvénic flow shear [Mitchell and Kan, 1978; Chen and Morrison, 1990; La
Belle-Hamer et al., 1994]. Additionally, outflow speed [Cassak, 2011] and reconnection rate
is shown to decrease in events with sub-Alfvénic flow shear [Chen et al., 1997; Li and Ma,

2010; Faganello et al., 2010; Cassak and Otto, 2011; Voslion et al., 2011; Zhang et al., 2011,
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Wu et al., 2013].

Improvements to the existing theories brought about by the addition of density and
magnetic field asymmetries, in addition to the flow shear, have been recently examined by
Doss et al., 2015. In an antiparallel 2D asymmetric magnetic reconnection scenario, Doss
et al., 2015, performed a theoretical analysis to predict 3 specific features related to the DR,
using arbitrary reconnecting magnetic field strengths, densities, and upstream flow speeds.
The speed at which the isolated X-line is convected by the flow, the reconnection rate, and
the critical flow speed at which reconnection was suppressed were calculated under several
assumptions. They also confirmed their results with two-fluid numerical simulations.

The features of the DR under asymmetric conditions discussed in previous chapters
did not consider an upstream flow parallel or anti-parallel to the reconnecting magnetic
field. However, since this becomes critical at high-latitudes, broadening the current study
to include this external effect is important. Additionally, comparisons to other work that
includes a guide field on top of a velocity shear by Tanaka et al., [2010] would be a further
extention to this study. Comparing such theoretical and simulation predictions with high

resolution data from MMS is reserved for future work.
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