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Chapter 1 Introduction


Earth’s magnetosphere is often considered to be north-south symmetric, meaning that
 the two hemispheres are assumed to be mirror images of each other. Although this
 can be a useful approximation in many situations, it is seldom or never completely
 true, and a number of different factors lead to interhemispheric asymmetries. The mag-
 netic poles have a different offset from the geographic poles in the two hemispheres,
 and the strength of the terrestrial field can differ at conjugate points. The two hemi-
 spheres also experience opposite season at any given moment, which means that the
 two hemispheres are illuminated differently. Due to the offset of the magnetic poles
 from the geographic poles, there is also a daily variation in the illumination as Earth
 rotates. Differences in illumination will lead to differences in conductivity, affecting
 the magnetosphere-ionosphere coupling differently in the two hemispheres, causing
 north-south asymmetries.


An important source of asymmetry between the two hemispheres is the interaction
 between the interplanetary magnetic field (IMF), which is oftenBydominated, and the
 terrestrial field. Numerous studies have shown that aBycomponent in the IMF leads to
 aBycomponent with the same polarity inside the magnetosphere [e.g.Fairfield, 1979;


Cowley and Hughes, 1983;Kaymaz et al., 1994;Wing et al., 1995;Petrukovich et al.,
 2005;Cao et al., 2014]. The presence of aBycomponent in the closed magnetosphere
 means that the field lines are rotated away from their quiet-time configuration, distorting
 the entire magnetosphere and causing the location of the ionospheric footpoints of the
 magnetic field lines to be displaced in opposite directions in the two hemispheres.


Such displacement is frequently observed in the aurora [Frank and Sigwarth, 2003;


Østgaard et al., 2004, 2005;Reistad et al., 2013, 2016] and is also reflected in both the
 ionospheric convection pattern [e.g. Ruohoniemi and Greenwald, 1995;Thomas and
 Shepherd, 2018] and in the ionospheric and field-aligned current systems [e.g.Anderson
 et al., 2008;Laundal et al., 2018a].


Many properties of the north-south asymmetries, caused by both IMFByand other
 mechanisms, are well documented during steady-state conditions. The asymmetric state
 of the magnetosphere is therefore well known in a statistical sense, but the dynamical
 behavior of the asymmetries in the magnetospheric system is not as well understood.


A profound understanding of the dynamics is, however, central to understand how
 asymmetries are introduced and removed from the magnetospheric system, and to
 determine the relevant physical mechanisms.


The presence of a By component in the magnetosphere with the same sign as the
1



(14)IMF By was first considered a superposition of the IMF and terrestrial field, where
 the IMF field partially “penetrated” the magnetosphere. Although this interpretation
 is consistent with the observed sign of the magnetospheric By component, it cannot
 explain basic properties of the “penetrated”By, like the observed time delay following
 changes in IMFByor variations in the magnitude of the magnetosphericBycomponent
 with location. It was therefore proposed that theBy component is introduced into the
 closed magnetosphere by tail reconnection [Cowley, 1981a]. In this scenario, magnetic
 flux from dayside reconnection is added asymmetrically to the two lobes, with more flux
 added in the pre-midnight sector in one hemisphere and more flux added in the post-
 midnight sector in the other hemisphere. This leads to an asymmetric pressure profile,
 which in turn leads to asymmetric convection, and this asymmetry is introduced into the
 closed magnetosphere when the field lines reconnect in the tail. Later, it was proposed
 that the asymmetric pressure profile in the lobes could distort the entire magnetosphere
 directly through fast-mode pressure waves, without invoking tail reconnection [Khurana
 et al., 1996]. A key difference between the two scenarios is a different time scale in
 response to changes in the IMF orientation, where a much faster response is expected
 from the latter mechanism compared to the former. Recent developments, based on
 both modeling and observations, as well as theoretical considerations, have shown that
 the magnetosphere responds more rapidly than earlier suspected, at time scales that
 are very consistent with asymmetries being introduced by pressure gradients [Tenfjord
 et al., 2015, 2017, 2018]. Since the more recent understanding of how the IMF By


introduces asymmetries in the magnetosphere does not invoke tail reconnection, it is
 relevant to reexamine its role when the magnetospheric system is asymmetric. Does it
 introduce an additionalBycomponent, or does the role of tail reconnection differ from
 earlier suggestions? An answer to this question can enhance our understanding of the
 physical processes that occur in the magnetosphere, and contribute to the determination
 of the relevant time scales in the magnetospheric system. It can also contribute to
 better predictions of the configuration of the magnetosphere, important in for instance
 space-weather purposed. The goal of this thesis has therefore been to investigate how
 near-Earth tail reconnection affects the asymmetries induced by the presence of an IMF
 Bycomponent.


The thesis is based on three papers, two of which are published in peer-reviewed
 journals. In Paper I, we identified several substorm events which occurred during periods
 with a dominating IMF By component and for which conjugate auroral images were
 available. We investigated how the asymmetry evolved during the expansion phase, as
 this phase is known to be associated with increased tail reconnection. We found that the
 north-south asymmetry was reduced in all events with a significant increase in the tail
 reconnection rate and that the rate of change increased with increasing reconnection rate
 in the tail. In Paper II, we studied the convection of open field lines in the magnetotail
 lobes and compared the direction of the convection during weak and strong reconnection
 in the near-Earth tail. We found a more east-west aligned flow pattern for weak tail
 reconnection and a more north-south aligned flow pattern for strong tail reconnection.


This result is consistent with the idea that enhanced reconnection reduces north-south
asymmetries. In Paper III, we presented a case study of the north-south asymmetries in
a geomagnetic storm with an extreme IMFBycomponent, using global images of both
hemispheres along with several complementary data sets. Among several findings, we
found that the relative displacement of conjugate points between the hemispheres was



(15)up to four hours and that this displacement was smallest after substorms, consistent with
 the findings in Paper I.


In the next chapter, we will present background material needed to put the results
of this thesis into context. We will start by introducing the theoretical framework
used to describe the magnetospheric system before we briefly present relevant regions
and physical processes in the near-Earth space. In Chapter 3, we describe different
sources of north-south asymmetries in the magnetospheric system, with a strong focus
on asymmetries induced when the IMF has a non-zeroBycomponent. We present how
this asymmetry is manifested in the Earth’s magnetic field, in the convection pattern,
in the aurora, and in the ionospheric current systems, and then consider both how these
asymmetries arise and how they can be removed. In chapter 4, we present a summary
of the methodology and results for each of the three articles included in this thesis. The
entire thesis will be summarized in chapter 5.
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Chapter 2 Background


In this chapter, we introduce the theoretical framework used in this thesis and give a
 brief description of relevant regions and processes in geospace. First, we present the
 fluid equations that govern how a magnetized plasma dynamically evolves, and discuss
 the interpretation and ranges of validity of the different equations. We then describe
 relevant regions in near-Earth space We also overview how the solar wind and the
 magnetosphere behave as a coupled system, which leads to plasma circulation inside
 the magnetosphere. We conclude the chapter with a sketch of some relevant aspects of
 auroral physics.



2.1 Theoretical framework


Plasma is a fully ionized gas and is the most abundant substance in the universe. It
 consists of roughly the same amount of positively and negatively charged particles, and
 is therefore quasineutral in the stationary state and electrically neutral when viewed
 from the outside. Since all the particles in the plasma have an electric charge, it behaves
 fundamentally different than a neutral gas.


2.1.1 The plasma state


There are certain criteria that must be fulfilled for an ionized gas to be considered
 an ideal plasma [e.g.Baumjohann and Treumann, 2012]. The electric potential of a
 charged particle is given by Coulomb’s law


ΦC= q


4π0r (2.1)


where0is the permittivity of free space,qthe charge of the particle andrthe distance
 from the particle. Particles in the ionized gas with opposite charge will shield this
 potential, and the potential is therefore altered. This is known as the Debye potential,
 an is given by


ΦD =ΦCexp
 


− r
 λD





(2.2)
Here,λDis a characteristic length scale called the Debye length, and the potential goes
to zero whenr > λD. For shielding to occur, the spatial dimension of the plasma must
5



(18)be much larger than the Debye length. In an electron-proton plasma, the Debye length
 is


λD=
 r0kT


ne2 (2.3)


wherek,T, andnare the Boltzmann constant, the temperature and the electron density,
 respectively.


A sphere with radiusλDis called a Debye sphere, and the number of particles inside
 this sphere is given by


ND = 4


3πnλ3D (2.4)


NDis called the plasma parameter, andND 1 is required for an ionized gas to behave
 as a plasma. Inserting equation 2.3 into equation 2.4, we see that the plasma parameter
 is proportional toT32n−12. High temperatures, low densities, or both therefore lead to
 ND 1.


Due to their low mass, electrons are more mobile than ions. When a force disturbs
 the quasineutrality of the plasma, the electrons are accelerated and oscillate around
 the new equilibrium to restore charge neutrality. The frequency of this oscillation is
 known as the plasma frequency. If neutrals are present in the gas, collisions between
 electrons and neutrals can force the electrons into equilibrium with the neutrals, and thus
 preventing the electrons from establishing charge neutrality. A necessary condition for
 quasineutrality is therefore that the collision frequency between electrons and neutral
 must therefore be smaller than the plasma frequency.


To summarize, an ionized gas behaves as an ideal plasma if its spatial scale is large
 enough for electrical shielding to occur, it has a combination of high temperature and
 low density and a negligible electron-neutral collision frequency.


2.1.2 Fluid description of a magnetized plasma


A convenient and powerful way of describing a magnetized plasma is to consider it
 as a continuum, i.e. a fluid. This is called magnetohydrodynamics (MHD) and is
 sufficiently accurate to describe most macroscopic plasma phenomena [Parker, 1996].


MHD is derived from first-principle physics and is able to self-consistently describe the
dynamical behavior of magnetized plasma. In MHD, no distinction is made between the
different particles that make up the plasma. The timescales of variation must therefore
be longer than the characteristic timescale of the heaviest ion, which means that the
frequency of any variations must be less than the ion gyrofrequency. Similarly, the length
scales of variation must be larger than the ion gyroradius. Hence, temporal variations
must be sufficiently slow and spatial variations sufficiently large for the MHD equations
to be valid. In the following, we present the governing equations in MHD, describe how
they can be interpreted and explain their physical implications. Derivations of these
equations are given in most introductory space plasma books [e.g. Baumjohann and
Treumann, 2012;Goldston and Rutherford, 1995].



(19)Conservation of mass and momentum


The mass continuity equation in MHD is


∂ρ


∂t +∇ · (ρv)=0 (2.5)


where ρis the mass density andvis the plasma bulk velocity. The equation states that
 the mass density of the fluid is conserved.


Conservation of momentum is given by the momentum equation
 ρ


∂v


∂t +v· ∇v
 


=−∇ ·P+J×B (2.6)


Here, P is the plasma pressure,J the current density, andBthe magnetic field. The
 functional form of this equation is similar to well-known fluid equations, like the Navier-
 Stokes equation, but with some important differences. P is a tensor, emphasizing that
 the pressure in a magnetized plasma is in general anisotropic (dependent on direction).


In some cases the pressure can be considered isotropic, and∇ ·P reduces to∇p, where
 pis the scalar pressure. To examine theJ×Bterm more closely, we must supplement
 the momentum equation with Maxwell’s equations


∇ ·E= ρc
 0


Poisson’s equation (2.7a)


∇ ·B=0 Gauss’s law (2.7b)


∇ ×E=−∂B


∂t Faraday’s law (2.7c)


∇ ×B= µ0J+µ00


∂E


∂t ≈ µ0J Ampère’s law (2.7d)


In these expressions,Eis the electric field, ρcis the charge density and µ0is the per-
 meability of free space. As stated above, the MHD approach is only valid if temporal
 changes are sufficiently slow and spatial variations are sufficiently large. The displace-
 ment term in Ampere’s law can therefore, in most cases, be neglected. This affects
 current continuity in an MHD system, which can be seen by taking the divergence of
 equation 2.7d:


∇ ·J=∇ ·
  1


µ0


∇ ×B
 


=0 (2.8)


This result states that any current in an MHD system must close on itself. By the aid of
 equation 2.7d, we can now rewrite theJ×Bterm in equation 2.6 as


J×B=−1


µ0B× (∇ ×B)=−∇B2


2µ0 +(B· ∇)B


µ0 (2.9)


whereBis the magnitude ofB. Introducing ˆbas the unit vector parallel to the magnetic
 field, we obtain


J×B=−∇B2


2µ0 +bˆbˆ∇B2
 2µ0 +B2


µ0


bˆ· ∇bˆ (2.10)



(20)Further, we can rewrite the third term on the right-hand side of this equation to obtain
 B2


µ0


bˆ · ∇bˆ =−B2
 µ0


Rc


Rc2 (2.11)


whereRcis the local radius of curvature. Defining the magnetic pressure
 pm= B2


2µ0 (2.12)


we see than the two first terms on the right hand side of equation 2.10 imply that a
 gradient in the magnetic pressure perpendicular to the magnetic field exerts a force on
 the plasma. This force is equivalent to the plasma pressure force and acts to restore
 pressure balance in the magnetic field by forcing plasma from regions with a stronger
 field to regions with a weaker field. From equation 2.11, we see that there is also a force
 that acts anti-parallel to the radius of curvature of a bent field line. This force is the
 magnetic tension force, and is analogous to the tension force exerted on a rubber band
 that has been stretched. The magnetic tension force thus acts to straighten any bent field
 line. Both of these forces are associated with electric currents flowing in the plasma,
 perpendicular to the magnetic field.


Ohm’s law and the frozen-in theorem


The momentum equation describes how both ions and electrons move together as a
 single fluid, and is found by adding the individual momentum equations of the ions and
 electrons. Another important relation is found by subtracting the momentum equation
 of the ions from the momentum equation of the electrons, resulting in the generalized
 Ohm’s law


E+v×B=ηJ+ 1


ne(J×B− ∇ ·Pe)+ me


ne2
 ∂J


∂t +Jv+vJ
 


(2.13)
 This equation can be viewed as the momentum equation of the electrons in the rest frame
 of the ions. Under certain conditions, the terms on the rights side can be neglected. The
 first term is a resistive term, with resistivity


η= meνc


ne2 (2.14)


Here,νcis the collision frequency. Plasmas in geospace (with the notable exception of
 the plasma in the ionosphere) are collisionless, which means that the νc = 0. Hence,
 these plasmas exhibit no resistivity, and the first term in equation 2.13 can safely be
 omitted. The second term in equation 2.13 is called the Hall term, and the third term
 includes the electron pressure. These terms can both be neglected if the characteristic
 length scale of the plasma regime under consideration is large compared to the gyro-
 radius of the ions, i.e. that the gradient of the macroscopic plasma variables is not too
 large. The two last terms in the generalized Ohm’s law represent electron inertia. They
 can be ignored if processes that are sufficiently slow are considered, so that the electrons
 are able to establish quasineutrality effectively instantaneously. Neglecting all terms on
 the left-hand side of equation 2.13, we are left with


E+v×B=0 (2.15)



(21)This is referred to as the ideal Ohm’s law.


When equation 2.15 holds, it has an important impact on how the plasma and
 magnetic field moves. To see this, we first recast the equation by taking its curl together
 with equation 2.7c to obtain,


∂B


∂t =∇ × (v×B) (2.16)


This is the induction equation for a collisionless plasma. Let us then consider the
 magnetic flux through an arbitrary surfaceS. Magnetic flux is defined by the integral


Φ=∬


S


B·dS (2.17)


and if the surface is moving with velocityv, its time derivative is given by
 dΦ


dt =


∬


S


∂B


∂t ·dS+


∮


C


B· (v×dl) (2.18)


The first integral on the right-hand side is the change due to temporal variations in the
 magnetic field, and the second integral is the change due to the motion of the surface
 itself. Using equation 2.16 to replace the first term and by applying stokes theorem on
 the second term on, we are left with


dΦ
 dt =∬


S


[∇ × (v×B) − ∇ × (v×B)] ·dS=0 (2.19)
 This important result tells us that the amount of magnetic flux through any surface
 moving with the plasma remains unchanged, and that the plasma and the magnetic field
 therefore move together. We say that the magnetic field is “frozen” into the plasma, and
 this result is therefore referred to as the frozen-in theorem. Another consequence of
 equation 2.15 is that the electric field vanishes in the rest frame of the plasma.


Equation of state


To complete the set of equations, we need to describe the temporal evolution of the
 plasma pressure. The pressure is directly related to the temperature of the plasma, and
 in principle, an equation describing the heat flux of the system is needed to describe
 the evolution of P. Often, however, the pressure is related to the other variables in
 the MHD system by assuming an equation of state (i.e. by assuming that it follows a
 certain thermodynamical process). A common approach is to assume that the plasma
 is adiabatic. This means that it is assumed that any process occurs so fast that no heat
 can be transported to the surroundings with a corresponding heat flux of zero. This can
 be expressed mathematically as


d


dt(pρ−γ)=0 (2.20)


where γ = 5/3 is the adiabatic constant. At other times, it can be more appropriate
to assume that the plasma is isothermal. This description assumes that any process is



(22)Figure 2.1: Sketch of magnetic reconnection, adopted from Baumjohann and Treumann
 [2012]. Black lines indicate field lines, the red arrows indicate forces. (a) Two plasma regimes
 with oppositely directed magnetic fields. (b) The two regimes are forced together until they
 reconnect in the middle. (c) Reconnection occurs at the X-line (the intersection of the two
 dotted lines) and the field lines merge to form two new field lines. The newly reconnected
 field lines are bent and are accelerated away from the reconnection region by the tension force,
 depleting the pressure at the X-line and sucking in more flux to the process. The yellow area
 indicates the ion diffusion region (where ions are no longer frozen in) and the green area
 indicate the electron diffusion region (where electrons are no longer frozen in).


so slow that all excess heat can be transported away and that the plasma remains at its
 initial temperature. The pressure is then simply


p=nkT0 (2.21)


whereT0is the initial temperature.


2.1.3 Magnetic reconnection


A very important process can occur when plasma with non-parallel magnetic fields
 are forced together. During such conditions, there are sharp gradients in the magnetic
 field, which means that the frozen-in condition breaks down, and kinetic effects become
 important. The field line at either side of the boundary can then merge together and
 form two new field lines. The process is most efficient in the magnetic field in the
 two regions are completely anti-parallel, but it can occur as long as the fields in the
 two plasma populations have a component that is anti-parallel. A sketch is shown in
 Figure 2.1, where it is shown how oppositely directed field lines merge at the X-line,
 forming two new field lines.



2.2 Overview of near-Earth space


Here we describe the different regions of geospace, as well as some important physical
processes. We first present the solar wind before describing the different regions in
Earth’s magnetospheric system. We then explain how the solar wind and magnetosphere
can couple, leading to plasma circulation, current systems, and aurora. For a more
detailed description of the various regions in geospace, we refer toKivelson and Russell
[1995] andBaumjohann and Treumann[2012].



(23)Figure 2.2: Sketch of the Parker spiral, showing the configuration of the IMF as it expands
 away from the Sun. Green field lines point away from the Sun, red field lines point toward the
 Sun. AfterParker[1963].


2.2.1 The solar wind and the IMF


The Sun is continuously emitting magnetized plasma into the surrounding space. This
 outflow of matter is called the solar wind, and the magnetic field embedded in the
 plasma is referred to as the interplanetary magnetic field (IMF). While the direction
 of the solar wind is mostly radial, the direction of the IMF can in principle be in any
 direction.


At Earth, it is convenient to represent the IMF vector in geocentric solar magneto-
 spheric (GSM) coordinates, as this coordinate system takes into account the daily and
 annual variations in the orientation of Earth’s magnetic dipole axis. This coordinate sys-
 tem has thex-axis aligned with the Earth-Sun line and thez-axis in the plane containing
 both thex-axis and Earth’s magnetic dipole axis. They-axis completes the right-handed
 coordinate system, and is thus always perpendicular to the dipole axis. In this coordi-
 nate system, we can define the orientation of the IMF in the plane perpendicular to the
 x-axis. This is referred to as the IMF clock angle defined as


θCA=arctan
 By


Bz
 


(2.22)
 using the four-quadrant inverse tangent. The clock angle is an important factor in
 controlling the coupling between the IMF and the terrestrial field, and, as we shall see
 in the next chapter, introduces asymmetries when IMFBy ,0.


As the IMF, which is frozen into the solar wind plasma, expands radially away from
the Sun, its footpoints remain anchored at the Sun’s surface. They corotate with the
Sun, leading to a spiral shape known as the Parker spiral. This is sketched in Figure 2.2.



(24)Figure 2.3: Histogram of the distribution of IMF directions based on solar wind data from the
 OMNI data set between 1981 and 2018. The numbers indicate the number of 1-minute data
 records. (a) Distribution ofθCA. (b) Distribution ofθEq.


The IMF is therefore, to the first order, sorted into two sectors; the towards sector when
 the magnetic field points towards the Sun (IMF Bx >0) and the away sector when the
 magnetic field points away form the Sun (IMFBx <0). Each sector is associated with
 an IMF By component with opposite polarity of the IMFBx component. In addition,
 the IMF has either a positive or negative z component. We note that the IMF is not
 always organized into this two sector structure, and that both the IMF and solar wind
 can be highly variable.


The distribution ofθCAat Earth’s orbit, based on 37 years of data from the OMNI
 database [King and Papitashvili, 2005] is presented in Figure 2.3a. It is clear from the
 figure thatθCAcan have any direction, but also that a dominatingBycomponent is the
 most common orientation. Similarly to θCA, we can define the orientation of the IMF
 in the equatorial plane as


θEq=arctan
 By


Bx





(2.23)
 The distribution ofθEqis displayed in Figure 2.3b. Here we see a clear signature of the
 anti-correlation betweenBxandBydue to the Parker spiral configuration, but also that
 θEqoccasionally has another orientation.


2.2.2 The magnetospheric system


Earth is a magnetized planet and the terrestrial field is approximately dipolar. The
magnetic field points outward in the southern hemisphere and inward in the northern
hemisphere. The cavity in space dominated by this magnetic field is called the magne-
tosphere. The shape and size of the magnetosphere are highly influenced by the solar
wind and the IMF. A shock region, referred to as the bow shock, are formed upstream
of the magnetosphere. As the solar wind passes the bow shock, it becomes subsonic,
and kinetic energy is transformed to thermal energy, increasing the temperature, density
and magnetic field strength in the plasma. It is this shocked plasma that interact directly
with the terrestrial field. It alters the shape of the outer magnetosphere, compressing it



(25)Figure 2.4: A schematic view of the magnetospheric system, including the major regions
 and the large-scale current systems. Solid lines indicate the magnetic field, dotted lines the
 convection of plasma and the colored arrows indicate large-scale current systems. The figure
 is adopted fromKivelson and Russell[1995].


at the dayside and stretching it into a long tail at the nightside.


A schematic view of the magnetosphere, with the most important regions and large
 scale current systems, is shown in Figure 2.4. The plasma inside the magnetosphere is
 unevenly distributed, and there are several distinct regions with a more or less defined
 boundary. Closest to Earth is the neutral atmosphere. The upper part of the atmosphere
 is the ionosphere, which serves as a boundary level between the neutral atmosphere
 below and the fully ionized plasma in the magnetosphere above. The ionosphere is
 partially ionized, and the plasma is produced as sunlight ionizes the neutral atmosphere.


The ions and electrons in the plasma can also be lost through recombination. Since
 illumination is needed to produce the dense ionospheric plasma, the plasma density in
 the dark hemisphere is much lower than in the sunlit hemisphere, and the density profile
 is subject to daily and annual variations. The ionospheric conductivity is also subject
 to the same variations, as this physical quantity is directly dependent on the number of
 charge carriers available.


The region above the ionosphere, at lower and middle latitudes, is the plasmasphere.


This is a region with a cold, dense plasma of ionospheric origin, which corotates with the
Earth. It extends to about 4RE, where the plasma density fall off sharply. The region



(26)outside the plasmasphere is called the radiation belt and consists of more energetic
 plasma. The particles that make up the plasma content are trapped in the terrestrial
 dipole field and oscillate between the two hemispheres. These particles carry the ring
 current. The plasma sheet is located at the tailward end of the radiation belt. The
 magnetic field topology changes in the plasma sheet, from a dipole-like field at the
 inner boundary to a more stretched field further down-tail. In this region, the plasma is
 hot and is the source region of the discrete nightside aurora.


All the magnetospheric regions described so far consist of closed field lines, meaning
 field lines that are connected to both hemispheres. These are different from the field
 lines at higher latitudes, often referred to as the polar cap, which are called open because
 one end is connected to either the northern or southern hemisphere, while the other end
 is connected to the IMF. The lobes are the regions at either side of the plasma sheet,
 extending to the magnetopause in both the northern and southern hemisphere. This
 is a vast region filled with cold, low-density plasma. The boundary layer between the
 lobes and the magnetosheath plasma is called the plasma mantle, and the plasma in
 this region also has a population of hot magnetosheath plasma, that has entered into
 the magnetosphere due to their high thermal velocity. In front of the lobes and mapped
 to the dayside ionosphere is a small region in both hemispheres called the polar cusps.


This region is the cleft between the field lines at the sunward and tailward side of the
 magnetosphere. The magnetosheath plasma has direct access to the magnetosphere is
 this region, and precipitating particles can create high latitude aurora at the footpoint of
 these field lines.


2.2.3 Large-scale plasma circulation in the magnetospheric system


The shocked solar wind plasma in the magnetosheath flowing towards Earth cannot sim-
 ply penetrate into the magnetosphere since the plasma and magnetic fields on both sides
 of the magnetopause obey the frozen-in theorem. Most of the solar wind plasma will
 therefore flow around the magnetosphere. The IMF and the terrestrial field can, how-
 ever, reconnect in regions where the fields have anti-parallel components. This couples
 the solar wind and the terrestrial field and leads to transfer of energy and momentum
 into the magnetospheric system. The coupling also leads to plasma circulation inside
 the magnetosphere. We review the two most important cycles here.


The Dungey cycle


In section 2.1.3, we described how the magnetic field in two different plasma regimes can
 reconnect if the magnetic field in the two regimes has oppositely directed magnetic field.


In Earth’s magnetosphere, the field lines go from the southern pole to the northern pole,
 which means that the terrestrial field always points northward at the magnetic equator.


Reconnection can therefore occur at the dayside magnetopause when the IMF is directed
southward (IMF Bz < 0). This leads to a circulation of magnetospheric plasma first
described byDungey[1961] and is often referred to as the Dungey cycle. An illustration
of the Dungey cycle for IMF By = 0 is shown in Figure 2.5. This is actually a rare
state of the system, and as seen in Figure 2.3, By is usually non-zero. The solar wind
is flowing towards the magnetosphere with a negative IMFBz component. At stage 1,
the field line in the solar wind reconnects with the closed terrestrial field line at the



(27)Figure 2.5: Plasma circulation for IMF Bz < 0 andBy = 0. (a) The IMF reconnects with
 the terrestrial field at the dayside magnetopause. Subsequently, the newly open field lines are
 dragged tailward by the solar wind and added to the lobes. Increased lobe pressure will force the
 field lines towards the plasma sheet, where the field lines can reconnect again. Tension acting
 on the newly closed field line will send it Earthward, where it deflects around the Earth and
 back to the dayside to repeat the cycle. (b) The ionospheric convection pattern resulting from
 the Dungey cycle. Tailward convection of open field lines across the polar cap and sunward
 convection of closed field lines at lower latitudes.


dayside magnetopause. This creates two open field lines, one in each hemisphere. Since


∇ ·B=0 must be true everywhere, exactly the same amount of magnetic flux is opened
 in each hemisphere. The newly opened field lines are dragged tailward across the polar
 cap by the flowing solar wind and added to the lobes (stage 2–4). As more magnetic
 flux is added to the lobes, the magnetic pressure increases and forces the field lines
 towards the plasma sheet (stage 5). The field lines in the tail can reconnect in stage 6,
 creating a closed field line and a pure IMF field line. The tension force acting on
 these newly reconnected field lines accelerates them away from the reconnection site.


The closed field line therefore moves Earthward through stage 7, and as it encounters
 the strong dipole field near Earth, it deflects around at the flanks. As the process at
 the earlier stages continues, magnetic flux is eroded from the dayside magnetosphere.


This depletes the pressure in this region, and the closed field lines convect towards the
 dayside magnetopause in response to this pressure imbalance, completing the cycle.


The sketch in Figure 2.5b illustrates the ionospheric signature of the Dungey cycle.


The red circle indicates the open-closed boundary (OCB), where the region inside this
boundary is called the polar cap and consists of open field lines. The field lines are
opened by dayside reconnection at stage 1, and convects tailward across the polar cap
through stage 2–5. At stage 6, the field lines reconnect in the tail, and the field lines
are again closed. The closed field lines then convect back to the dayside, either at dusk



(28)Figure 2.6: A schematic view of the ECPC paradigm fromCowley and Lockwood[1992].


(a) Initial zero-flow equilibrium with open flux F. The solid black line indicates the OCB.


(b) Magnetic flux dF is opened at the dayside. The solid line indicates the OCB just after
 the impulse, whereas the dashed line indicates the new zero-flow equilibrium. (c) Flows are
 excited to take the perturbed system to a new equilibrium. (d) New zero-flow equilibrium with
 fluxF+dF.


or dawn, to repeat the cycle (stage 7–8). We emphasize that the symmetric convection
 system illustrated in Figure 2.5 is a rare state of the system. Most often the reconnection
 geometry and convection are asymmetric in the two hemispheres due to the presence
 of a non-zero IMFBy component and/or due to the orientation of Earth’s dipole axis.


There is also a dawn-dusk asymmetry in the system, which we discuss below.


The expanding/contracting polar cap paradigm


Although the opening of magnetic flux by dayside reconnection and the closing of
 magnetic flux by tail reconnection must balance on longer time scales, the two processes
 are not necessarily directly related at shorter time scales and should be treated as
 different processes. There can therefore be periods where the dayside reconnection rate
 significantly exceeds the nightside reconnection rate. More magnetic flux is therefore
 opened at the dayside than is being closed at the nightside, and the amount of open
 flux increases. This excite plasma flows, which act to expand the size of the polar
 cap. The opposite can also occur, when the tail reconnection rate exceeds the dayside
 reconnection rate. The amount of open flux is reduced, and the polar cap contracts. This
 two-stage consideration of the magnetospheric plasma circulation is thus referred to as
 the expanding/contracting polar cap (ECPC) paradigm and was suggested bySiscoe and
 Huang[1985] and fully described byCowley and Lockwood[1992].


A schematic view of the polar cap response to a pulse of dayside reconnection



(29)Figure 2.7: A schematic view of the magnetospheric convection excited by a dayside reconnec-
 tion pulse, taken fromCowley and Lockwood[1992]. The solid lines indicate the magnetopause
 just after the impulse, whereas the dashed lines indicate the new equilibrium magnetopause.


Arrows indicate the plasma flow. (a) Plasma flow is initiated towards the region where flux
 have been depleted by dayside reconnection. (b) Plasma flow is initiated to redistribute the
 plasma added to the northern and southern lobe.


is shown in Figure 2.6, taken from Cowley and Lockwood[1992]. The polar cap is
 initially in a zero-flow equilibrium, with open fluxF, as shown in Figure 2.6a. A pulse
 of dayside reconnection occurs in Figure 2.6b, and the magnetic fluxdF is opened at
 the dayside. In response to this perturbed system, plasma flows are initiated to take the
 system towards a new zero-flow equilibrium. These flows are sketched in Figure 2.6c,
 illustrating how the open flux content is redistributed. Figure 2.6d illustrates the new
 zero-flow equilibrium, with an expanded polar cap containing fluxF+dF.


A sketch of the magnetospheric response to the dayside reconnection pulse is shown
 in Figure 2.7. Figure 2.7a shows the equatorial plane, where plasma flows are excited
 towards the region of depleted magnetic flux. Figure 2.7b shows the cross-section of
 the magnetotail, indicating plasma flows that distribute the magnetic flux added to the
 two lobes. These flows expand the cross-section and inflate the magnetosphere.


Changes in the amount of open flux suggest that there is an imbalance between
 the dayside and nightside reconnection rates, increasing when dayside reconnection
 dominates and decreasing when nightside reconnection dominates. Siscoe and Huang
 [1985] formulates this relation as


dFPC


dt =ΦD−ΦN (2.24)


whereΦD andΦN are the dayside and nightside reconnection rates, respectively. We
utilize this relation in Paper I to estimate the nightside/tail reconnection rate. This is
done by estimating the OCB from auroral images, as described in section 2.2.4. The
dayside reconnection rate can be estimated from a coupling function [Burton et al.,
1975;Perreault and Akasofu, 1978; Newell et al., 2007;Milan et al., 2012; Tenfjord
and Østgaard, 2013]. Such functions are empirically based, using solar wind and IMF
values as input, and thus reflect the average dayside reconnection rate for given solar
wind conditions.



(30)Figure 2.8: Plasma circulation for IMFBz>0 andBy=0. (a) The IMF reconnects with a lobe
 field line in the northern hemisphere. The newly reconnected field line is dragged tailwards
 and towards the flank by the solar wind. (b) The ionospheric convection pattern resulting from
 lobe reconnection with sunward convection at high latitudes and tailward convection at lower
 latitudes. Notice that the entire circulation is on open field lines inside the polar cap.


Lobe reconnection


Reconnection between the IMF and terrestrial field can also occur when the IMF is
 northward. The IMF is then anti-parallel to the lobe field lines, and this can lead to
 high latitude reconnection. The situation is sketched in Figure 2.8a. The IMF, with a
 positive Bz component and noBy component, reconnects with a lobe field line in the
 northern hemisphere in stage 1. The field line moves slightly forward due to tension
 force (stage 2), but it is soon dragged both towards the flank and towards the tail by
 the solar wind (stage 3). For a purely northward IMF, about the same amount of flux
 is dragged towards dusk as towards dawn. As more field lines reconnect in the lobe,
 the pressure is depleted in the central lobe and increases at the flanks. The field lines
 therefore move to equalize the pressure imbalance, leading to the completion of the
 circulation. Notice that lobe reconnection does not change the amount of open flux in
 the polar cap; it only redistributes magnetic flux.


The ionospheric convection pattern resulting from lobe reconnection is sketched in
 Figure 2.8b. We see that two convection cells form entirely inside the polar cap, with
 reversed direction compared to the convection pattern resulting from the Dungey cycle.


The field lines flow toward the dayside at high latitudes and toward the nightside at
slightly lower latitudes. We emphasize that this sketch is for IMFBy =0, which is a
rare state of the system (Figure 2.3). Most often there is a Bycomponent present that
will make one big lobe cell and one small lobe cell and in some cases a single large cell
[Heelis et al., 1986].



(31)Relation to field-aligned currents


As seen in Figure 2.4, several large scale current systems exist in the magnetosphere.


All the currents that flow perpendicular to the magnetic field are the consequence of
 force balance and can be described by the momentum equation (Equation 2.6). We can
 use the current at the dayside magnetopause to illustrate this behavior. The dynamic
 pressure of the solar wind compresses the magnetopause at the dayside, and this pressure
 is opposed by the magnetic pressure of the magnetosphere. This force points towards
 the Sun and it can be seen from theJ×Bterm in equation 2.6 that this force is associated
 with a current flowing from dawn to dusk.


The field-aligned currents have a different role, which is to transport energy and
 momentum along the magnetic field. When the field lines are dragged across the
 polar cap, as they circulate in the Dungey cycle, their footpoints experience drag in the
 ionosphere caused by collisions with neutral particles. The field lines therefore move
 at a slower rate at the ionospheric end, and the field lines are stretched and bent. This
 increases the magnetic tension or stress on the field lines, resulting in a tension force
 that points towards the tail in the ionosphere. The tension force acts to straighten the
 field lines, and the field lines bend until the tension force overcomes the collisional drag.


Since the tension force points toward the tail and since the magnetic field points into
 the northern hemisphere, a current flows across the polar cap, from dawn to dusk. This
 current system consists of a field-aligned current flowing into the ionosphere at dawn
 and a field-aligned current flowing out of the ionosphere at dusk. The current is closed
 by a current flowing from dusk to dawn at the magnetopause. The source of momentum
 and energy is the solar wind; kinetic energy is converted to magnetic energy as the
 field lines are bent and stretched, the energy and momentum are communicated to the
 ionosphere through field-aligned currents where the stress is released by converting it
 to mechanical energy in the ionosphere.


Figure 2.9 displays the large scale field-aligned currents and the divergence-free
 currents in the northern hemisphere for zero dipole tilt and southward IMF using
 the Average Magnetic field and Polar current System (AMPS) model [Laundal et al.,
 2018a]. The colors represent the field-aligned currents, where blue indicate currents
 flowing into the ionosphere and red indicate currents flowing out of the ionosphere.


The upward flowing currents at dusk and downward flowing currents at dawn, which
 make up the inner ring, are the Region 1 currents, whereas the downward flowing
 currents at dusk and upward flowing currents at dawn, which make up the outer ring,
 are the Region 2 currents [Iijima and Potemra, 1976]. The black contours are the
 divergence-free currents. In the sunlit hemisphere, these currents resemble the shape of
 the convection pattern, but the equivalent currents deviate from the average convection
 in the dark hemisphere [Laundal et al., 2015, 2016, 2018a]. As described above,
 the tailward convection across the polar cap is associated with a downward current at
 dawn and an upward current at dusk, and thus make up part of the Region 1 current
 system. Applying the same reasoning, a pair of upward and downward currents are
 also associated with the sunward convection of closed field lines, thus making up the
 Region 2 currents and the rest of the Region 1 currents. For these conditions, strictly
 southward IMF and zero dipole tilt, the pattern is practically identical in the southern
 hemisphere.


From the figure, it is clear that the pattern is not symmetric about the noon-midnight



(32)Figure 2.9: Field-aligned and divergence-free currents in the northern ionosphere when
 θCA = 180◦ derived from the AMPS model [Laundal et al., 2018a]. Field-aligned currents
 are indicated by colors, red is upward flowing currents and blue is downward flowing currents.


The black contours indicate divergence-free currents.


meridian, as the Dungey cycle suggests. Instead, it is clear that the nightside part of
 the pattern is rotated into the pre-midnight sector, as seen in both the field-aligned
 and divergence-free current patterns, a rotation that occurs in both hemispheres. The
 same rotation is seen in average convection patterns, where the convection throat (the
 gap between the nightside dawn and dusk cell) also moves into the pre-midnight sector
 [Ruohoniemi and Greenwald, 1995]. These are several contributors to this dawn-dusk
 asymmetry. The first is related to the abbreviation caused by Earth’s orbital motion.


The solar wind is mostly radial, but Earth has an orbital motion of about 30 km/s.


This means that in the reference frame of Earth, the solar wind has aVycomponent of
 about 30 km/s. Using average solar wind values, this corresponds to an approximate
 4◦rotation about theZGSMaxis. It has also been demonstrated in simulations that the
 Hall effect is stronger at the duskward side of the magnetosphere, which is a result of
 higher ion temperature, thinner current sheet and smaller normal magnetic field in this
 region, and that this effect also leads to the observed dawn-dusk asymmetry [Lu et al.,
 2016]. In addition, Lotko et al.[2014] have shown that simulations with nonuniform
 ionospheric conductance also leads to the observed shift towards pre-midnight.


Magnetospheric substorms


In the description of plasma circulation above, we described how open field lines in the
magnetotail were closed by tail reconnection as part of the Dungey cycle. The location
of the X-line can often be far down-tail, around 100–200RE, and this is referred to as
distant tail reconnection. Tail reconnection can, however, also commence inside the
closed magnetosphere, and the X-line that forms here is referred to as the near-Earth



(33)Figure 2.10: Configuration of the magnetotail during a substorm, afterHones Jr.[1977]. (a)
 Tail-like magnetosphere. (b) Near-Earth reconnection commences, the near-Earth tail starts
 to be dipolarized. (c and d) Reconnecting closed flux and the formation of a plasma bubble
 (e) Reconnection of open lobe flux is commencing. The near-Earth terrestrial field is now
 quite dipolar. (f and g) The plasma bubble and NENL move tailward. (h) Return to the initial
 configuration, with a tail-like configuration.


neutral line (NENL). If sufficiently large, this type of reconnection event is associated
 with substorms.


A typical substorm starts with a growth phase, a period with loading of magnetic
 flux from dayside reconnection with little or no depletion of magnetic flux by tail
 reconnection. This period is often, but not necessarily, associated with a southward
 IMF component. Magnetic flux accumulates in the magnetotail, which stretches out into
 a long tail-like configuration. This period is associated with an increase of the pressure
 in the magnetotail lobes, as the accumulation of flux increases the cross-sectional area
 of the magnetosphere, exposing it to a larger component of the dynamical pressure
 of the flowing magnetosheath plasma [Fairfield and Ness, 1970;Caan et al., 1975,
 1978]. At substorm onset, reconnection commences at the NENL, often in an explosive
 manner. Initially, closed flux is reconnected at the NENL, which leads to the formation
 of a plasma bubble tailward of the newly formed reconnection line. The field lines
 earthward of the NENL are accelerated towards Earth by the tension force, dipolarizing
 the terrestrial field. Eventually, the reconnection progresses into open field lines, and
 magnetic flux from the lobes is evacuated. Superposed epoch studies of substorms have
 shown that the near-Earth magnetic lobe pressure decreases significantly in this period,
 as the evacuation of lobe flux deflates the magnetosphere [Caan et al., 1975, 1978;


Yamaguchi et al., 2004]. Eventually, the plasma bubble and the X-line move tailward,
 and the magnetosphere gradually reconfigures toward a more tail-like system again. A
 sketch of the different steps in a substorm is shown in Figure 2.10.


A substorm is also associated with a disruption of the cross-tail current, as a substorm
current wedge is formed. The current wedge consists of a field-aligned current going



(34)into the ionosphere at dawn and a field-aligned current going out of the ionosphere at
 dusk. As the current closes through the ionosphere, it enhances the westward electrojet,
 which is quantified by the AL index (based on magnetic perturbations on the ground).


The derivative of the AL index reflects the strength of the current wedge, which is
 related to substorm reconnection, as previously stated. This relation means that the AL
 index can be used as an indirect proxy of near-Earth tail reconnection.


2.2.4 Aurora and particle precipitation


Aurora is generated when electrons and ions precipitate into the upper atmosphere
 and collide with ionospheric atoms and molecules. The aurora forms an oval in both
 hemispheres, approximately centered around the magnetic poles, and the magnetic field
 lines that map to the aurora zones are closed. Auroral emissions can be either diffuse
 or discrete; the former are dim emissions with approximately uniform intensity, and
 the latter are intense emissions confined within narrow bands and exhibit more defined
 boundaries. There are also particles that precipitate into the upper atmosphere on open
 field lines inside the auroral oval. There is a constant background flux of electrons of
 magnetosheath origin that precipitate in this region, known as the polar rain, but the
 energy of these particles are usually too low to cause auroral emissions [Newell and
 Wilson, 2009]. However, there is occasionally strong precipitation within the oval that
 form auroral features. One example is theta aurora, which is the formation of an auroral
 arc that stretches over the polar cap in the noon-midnight direction, often associated
 with a northward IMF [e.g. Newell et al., 2009]. In combination with the oval, the
 illuminated area resembles the letterθ. Another example of auroral emissions on open
 field lines is the appearance of a bright spot at the footpoint of field lines that reconnect
 in the lobes, known as the cusp spot [Milan et al., 2000;Frey et al., 2002].


Discrete aurora is generally associated with field-aligned currents, and the relation
 between the two can be quite clear in some regions. Being much more mobile than ions,
 electrons usually carries the electric currents. Upward flowing currents are therefore
 carried by precipitating electrons, which produce auroral emissions. This is especially
 clear for the upward Region 1 current in the dusk sector, where for instanceOhtani et al.


[2009] have shown a linear relationship between currents and auroral intensity.


Sources of particle precipitation


A charged particle moving in a magnetic field will follow a helix trajectory, gyrating
 around the field lines as it moves parallel to the field. If this particle moves along the
 terrestrial field towards the polar regions, it will encounter a stronger magnetic field.


The stronger field will reduce the field-aligned component of the particle’s velocity and
increase the perpendicular velocity. If the particle’s initial parallel velocity is low, the
particle eventually stops and is reflected back into the magnetosphere. The particle is
then trapped, and it mirrors between the two hemispheres. If the particle has a large
enough field-aligned velocity component, however, it can precipitate deep into the upper
atmosphere and collide and produce auroral emissions. These particles are lost from
the magnetosphere, and we refer to such particles as being “inside the loss cone”. There
are several mechanisms that can cause electrons and ions to fall within the loss cone
and precipitate into the upper atmosphere, but three mechanisms are most important



(35)[c.f. Newell et al., 2009; Dombeck et al., 2018]: 1) Field-aligned electric fields that
 support field-aligned currents can accelerate charged particles. An upward electric field
 accelerates electrons into the ionosphere. These electrons gain the same parallel energy
 in the potential drop, leading to a monoenergetic energy spectrum. The resulting aurora
 is therefore known as monoenergetic aurora. 2) If the perpendicular scale size of Alvén
 waves is small enough, kinetic effect can lead to an electric field component parallel
 to the magnetic field. This field accelerates electrons, but with different amounts and
 in both direction. This leads to precipitation with a broad range of energies, causing
 intense and discrete auroral emissions, referred to as broadband auroral. 3) Particles can
 be scattered into the loss cone without being accelerated (generally by chorus whistler
 waves), leading to the diffuse aurora.


Determination of the open-closed boundary


Since the precipitation inside the auroral oval is usually too weak to cause aurora
 emissions, the poleward boundary of the oval can be used as a proxy for the OCB.


Studies have shown that there is generally a good agreement between the boundaries
 identified by auroral imagers and the boundary identified by measuring the particle
 precipitation, but that there is a systematic offset between the two [Carbary et al.,
 2003;Boakes et al., 2008;Longden et al., 2010]. As discussed above, there are also
 several auroral phenomena that can form on open field lines inside the oval. These
 phenomena can be separated from the main oval by measuring the particle distribution,
 but in far-ultraviolet (FUV) imagers they are indistinguishable. The presence of a lobe
 spot, for instance, which is often located rather close to the oval, could lead to an
 underestimation of the total amount of open flux, as it could be misinterpreted as part
 of the oval itself. Another source of uncertainty is that the auroral emissions from the
 oval can have very low intensity, especially on the dayside, leading to a large signal to
 noise ratio. The uncertainties associated with identifying the OCB from auroral images
 are compensated by a huge advantage; as long as the poleward boundary is within
 the field-of-view (FOV) of the camera, the OCB can be estimated at all location, and
 the evolution of the boundary can be tracked by using subsequent images. This is in
 contrast to particle detectors, which can identify the boundary with a larger certainty,
 but only at a single location, and only at the time steps where it crosses the boundary.


Furthermore, several of the uncertainties noted above are systematic, which does not
 affect the estimatedchangesin the flux content inside the OCB, as long as the source of
 the error remains fairly stable in the time interval considered.


Auroral substorms


In section 2.2.3, we described the magnetospheric convection during substorms, but
substorms are also associated with an intense, large scale auroral breakup. The auroral
substorm cycle was first described by Akasofu [1964]. A substorm starts with an
onset, which is a sudden, localized brightening of the aurora, typically located at the
equatorward boundary of the oval. The intensified region then expands rapidly, both
westward and eastward, as well as poleward. The region where the aurora has expanded
into in the polar cap is referred to as the bulge, and it has been shown that the edge of
the bulge map to the reconnection region in the tail and that the area of the bulge is



(36)Figure 2.11: Example of an auroral substorm, taken fromLiou et al.[2003]. Following onset,
 the auroral breakup spreads longitudinally and expands poleward.


directly proportional to the decrease of magnetic pressure in the magnetotail during the
 substorm [c.f.Yahnin et al., 2006]. The time interval where the aurora expands poleward
 is called the expansion phase, and the period afterward, when the aurora retreats to
 its initial configuration, is called the recovery phase. Frey et al. [2004] applied the
 following criteria to identify an auroral breakup as a substorm: 1) Occurrence of a clear
 local brightening; 2) longitudinal spreading of the aurora for at least 20 minutes and
 expansion to the poleward boundary of the auroral oval; 3) onset separated by at least
 30 minutes from the previously identified onset. The second criterion was employed
 to eliminate pseudobreakups and the third criterion to eliminate multi-onset substorms.


The description given here is idealized; substorms can be quite variable [Elphinstone
 et al., 1996]. An example of an isolated auroral substorm is displayed in Figure 2.11.


Since the near-Earth reconnection associated with substorms always produces closed
field lines at the Earthward side of the NENL, the process is by definition conjugate.



(37)Pulkkinen et al. [1995] used conjugate auroral images from Viking and Dynamics
 Explorer 1 to study the evolution of a substorm observed in both hemispheres. They
 found that substorm onset in the two hemispheres mapped to the same region in the
 magnetosphere. During the substorm, they still found a good agreement between the
 two hemispheres, though smaller scale aurora features did not show a coherent picture.


Numerous of conjugate studies have shown that onset occurs in both hemispheres
[e.g. Frank and Sigwarth, 2003; Østgaard et al., 2004, 2005; Reistad et al., 2013],
and we are not aware of any studies with global coverage in the two hemispheres
that show onset in only one hemisphere. It is therefore safe to assume that onsets
in the two hemispheres are conjugate. However, Østgaard et al.[2009] investigated
whether magnetotail reconnection could explain the auroral intensities observed in the
two hemispheres. Based on Cluster particle data, they inferred that the energies of the
precipitating particles were too low to account for the auroral intensities observed. The
particles must therefore be accelerated by an additional source as they precipitate, and
such mechanisms are in principle independent in the two hemispheres, therefore leading
to possible intensity differences. As pointed out byPulkkinen et al.[1995], smaller-scale
non-conjugate features can also exist, being produced by for instance potential drops
near the ionosphere. However, the occurrence of large and distinct auroral features that
have similar shape and similar size (contain the same amount of magnetic flux) in both
hemispheres, indicates conjugacy. Further, if the features show the same dynamical
behavior, i.e. show the same variations in intensity, it is a very strong indicator that the
features are magnetically linked. Note that the features will rarely be exactly equal, as
several factors can distort the mapping between the hemispheres.
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