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Chapter 1

Introduction

1.1 The Solar Corona

Our closest star, the Sun, is a G-type yellow dwarf around 4.6 billion years old. It is
a main-sequence star, i.e. half-way through its lifetime and will continue fusing hydrogen
in its core until the helium is depleted and the outer layers are swept away leaving a white
dwarf. Like other main-sequence stars, the Sun creates a magnetic field though vigorous
interior motions. The manifestation of the magnetic field is the highly stratified, dynamic
outer layer of the solar atmosphere, the solar corona. The solar corona is characterized
by periodic changes in activity and structure. In particular, the corona produces dynamic
eruptions that spew high energy particles and radiation into the interplanetary medium.
The catalyst for these eruptions have been investigated for decades, yet a consensus has not
been reached. It is well accepted that the fundamental process driving these eruptions in-
volves the release of magnetic energy.However the process of converting magnetic energy
into kinetic and thermal energy is still debated. Fundamentally, understanding these erup-
tions and specifically coronal jets is intertwined with understanding the physical processes
that are responsible for energy storage and release in the corona. In the following sec-
tions we briefly describe the solar atmosphere and coronal eruptions, in relation to coronal
jets. Specifically I discuss jet morphological and physical properties, associated magnetic

properties, as well their relationship to other solar phenomena.



1.2 Eruptions in Solar Atmosphere

The layers of the solar atmosphere are delineated based on plasma density, temperature
and plasma f3 (the relationship between gas pressure and magnetic pressure), and include
the photosphere, chromosphere, transition region and the corona. The photosphere is a
thin region (.5 Mm) of comparatively dense (102*m>) responsible for emitting most of
the Sun’s light. The chromosphere is characterized by less dense (10'm™3) plasma in
the range from 5,000 K to 7,000 K and stretches from 500 km to about 2,000 km. In the
upper chromosphere the temperature of the atmosphere rises dramatically to 10° K over a
very narrow altitude range. This part of the atmosphere is called the transition region. The
temperature continues to rise until reaching the outermost layer of the atmosphere, the solar
corona (10" - 10’m—3), which extends several solar radii into space and reaches millions
of degrees Kelvin. Figure 1.1 shows the solar interior and atmosphere.

The solar atmosphere is in constant motion,and evolves in activity over of a period
of 22 years, a time period referred to as the solar cycle. During solar minimum, coronal
holes (regions of open magnetic flux) dominate the corona near the poles, spewing the fast
solar wind through open magnetic field lines. During solar maximum, sunspots (regions
of strong magnetic flux) and subsequently coronal eruptions are more frequent and are
responsible for the release of strong eruptions of high energy particles and radiation (called
solar flares), and large amounts of mass, called coronal mass ejections.

Eruptions occur over the solar atmosphere and throughout the solar cycle. Figure 1.4
shows some of the eruptions found in different layers of the solar atmosphere. In the chro-
mosphere, dynamic, spike-like eruptions called spicules, dominate the quiet sun and can
best be observed at the solar limb. In the transition region and corona, active regions often
erupt causing solar flares and sometimes coronal mass ejections. Large coronal eruptions
like flares and coronal mass ejections can influence the Earth’s magnetosphere where they
can trigger magnetic storms, disturbances in communication systems, damage satellites,

cause power outages, and expose astronauts to life-threatening radiation. The eruptions of
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Figure 1.1: Morphology of the Solar Interior and Atmosphere. The dynamics of the upper
solar atmosphere (transition region and corona) is dominated by the magnetic field induced
by turbulent motions in the Sun’s convection zone. Image courtesy of NASA.

coronal jets are on much smaller spatial scales than flares, however they occur much more
frequently, and are ubiquitous over the solar cycle and coronal surface. Coronal jets are
collimated, beam-like eruptions, that originate in the lower corona and propagate outward
along the magnetic field. Jets have various typologies; they are commonly observed with
a bright dome-shaped base, and narrow spire, and thus are often described as having an
inverted-Y shape, but their spire can also be broad, and helical. See Figure 1.4 and 1.6.

Jets are most apparent in EUV and X-ray observations, where they appear bright against
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Figure 1.2: Solar atmosphere as a function of height from [Mariska, 1992]. Above the
chromosphere, temperature dramatically increases in the transition region, while density
decreases exponentially, resulting in low density,10~3kgm — 3, high temperature (over 1
MK) corona.

dark coronal holes, but are also found in active and quiet sun regions. Studies have found
that the formation of jets in the corona occur simultaneously with sudden changes in the
underlying magnetic field [Shimojo et al., 1998]. The Figure 1.3 shows a schematic of the
canonical example of a coronal jet, where magnetic reconnection occurs between the open
region of the ambient magnetic field and closed field of the emerging bipolar region and
corresponding jet in ATIA 131A image.

Spicules, coronal jets, mass ejections, and other solar transient eruptions share many
common properties. Specifically, they are all thought to be driven by the solar magnetic
field [Hale, 1908]. Shown in Figure 1.4a-g are images of the most common types erup-

tions. The magnetic drivers of coronal mass ejections [Webb et al., 2014], coronal jets
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Figure 1.3: Right: Schematic depicting a coronal jet forming as a result of an emerging
flux region in a region of open magnetic field. Left: coronal jet in AIA 131A with narrow
spire and dome-shaped base. Figure from [Shimojo et al., 1998]

[Shibata et al., 1992a], and chromopsheric spicules [Athay, 1976, Beckers, 1972, Sterling
and Hollweg, 1988] are all thought to be formed from the sudden release of highly stressed
magnetic fields. In each case, the key physical processes for producing these eruptions
are changes in the magnetic field (flux emergence or cancellation), local enhancement of
electric current in the corona (formation of a current sheet), and rapid dissipation of elec-
tric current (magnetic reconnection or wave-dissipation) that are responsible for causing
shock heating, mass ejection, and particle acceleration. However, the underlying physical
mechanisms responsible for initiating, driving, and influencing the evolution of eruptions,
specifically coronal jets, is not completely understood. The following sections discuss jet

physical properties, associated magnetic properties, their relationship to other phenomena.

1.3 Coronal Jets: Observations and Models

Several decades of coronal observations show that the changes in the morphology and
concentration of magnetic fields in the photosphere are related to transient and eruptive

events in the solar atmosphere across a range of scales. The process of jet formation and ac-



1NBEET - POE VIV

&
o
2
5
F<
|

LN9EET — T 0I5V

Figure 1.4: Magnetically driven eruptions in the solar atmosphere; spicules(a), coronal
jets(b,d), coronal mass ejections(c), and solar flares(e).

celeration is similar to other transient explosive events in that the primary energy is thought
to be free magnetic energy, generated and stored by magnetic fields which can then be dis-
sipated in a number of complex ways [Shibata et al., 1992d, Shimojo et al., 1996]. The ap-
pearance of jets in EUV wavelengths is associated with changes in the underlying magnetic
field, i.e. jets appear as a result of the cancellation, emergence or moving past opposite po-
larity magnetic flux regions, hinting at their magnetic origin [Shibata et al., 1992b, Moore
et al., 2010]. Figure 1.5, from [Panesar et al., 2018], shows the evolution of an EUV jet
in 193A data from the Solar Dynamics Observatory’s (SDO) Atmospheric Imaging Array
(AIA), which erupts as opposite polarity magnetic flux elements cancel. While magnetic
reconnection plays a role in jet formation, the relationship between reconnection and ob-
served plasma parameters is not well understood. Furthermore, once the jet is formed, the
plasma can be additionally heated and accelerated by secondary mechanisms throughout
the transition region and corona. In the following Chapter, I discuss historical observations
of coronal jets, their morphological features, their relationship to other coronal phenomena,

and current jet models.
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2018]



1.3.1 Jet Observations

Coronal jets are energetic, small-scale eruptions of plasma typically characterized by
a prominent spire, bright loop base, multi-thermal ejecta, and notable changes in under-
lying magnetic flux. The physical properties of jets have been defined depending on the
wavelength band, temperature, and local environment. Therefore they are often grouped
by wavelength range, (white-light, EUV and X-ray jets), local environment (active region,
quiet sun, and coronal hole jets), or height in solar atmosphere (chromospheric, transition
region, coronal jets). Figure 1.6, from Figure 5 in [Moore et al., 2018], shows the onset
and evolution of a coronal jet observed in a polar coronal hole using SDO/AIA 193 A data,
corresponding to temperatures of ~ 1.2 million K. The jet begins with a appearance of a
small loop region (time 22:05:42 UT). A dense region of cool plasma, called a filament, can
be seen rising from the jet base (22:08:06 UT). Filaments appear dark (as absorption) in
EUV images because they have comparatively low temperature and high density and they
absorb the background EUV emission. The filament later erupts along with the formation
of the jet spire (22:11:18 UT). The jet reaches its peak (22:12:54 UT), with a characteristic
culminated spire and bright base. In this case, this jet is considered to be a blow-out type,
which are commonly observed to have filaments as discussed below.

Jets were first observed in X-ray images from Skylab [Withbroe, 1975], where they
appeared as bright linear spires against the dark polar coronal holes. Large scale studies
of X-ray jets were first done by [Shibata et al., 1992a, Strong et al., 1992], and [Shimojo
et al., 1996] using the Soft X-ray Telescope (SXT) [Tsuneta et al., 1991] aboard Yokhoh
[Ogawara et al., 1991]. Jets were found to be throughout the solar corona, appearing in
coronal holes, the quiet sun, and on the periphery of active regions and over the solar cycle
[Shibata et al., 1992a, Shimojo et al., 1996, Shibata et al., 1992d, Shimojo et al., 1998].
Advancements in EUV instruments allowed large, statistical studies using the Extreme
ultraviolet Imaging Telescope (EIT) [Delaboudiniere et al., 1995] and Large Angle and

Spectrometric Coronagraph(LASCO) [Brueckner et al., 1995] instruments aboard SOHO



Figure 1.6: Onset and evolution of a coronal jet observed in AIA 193 A. The jet begins with
a appearance of a small loop region (time 22:05:42 UT), a dark filament can be seen rising
from the jet base (22:08:06 UT) which later erupts. The jet reaches its peak (22:12:54) with
a characteristic culminated spire and bright base. In this case, this jet is considered to be a
blow-out type, which are commonly observed to have filaments. From Figure 5 in [Moore
et al., 2018].



[Wang et al., 1998, Karovska, 1999, Wood et al., 1999], of primarily polar coronal hole jets.
They were found are typically narrow with widths ranging from 1 —4x10* km. Jet spire
lengths were also found to range from 102 to 10* km (up to several Mm). Using LASCO,
[Wang et al., 1998] found that jets emanating from CHs can extend into the far corona, 3-6
Rs, with substantial mass (1.5x10°cm>) and velocities (250 km s~!), fueling the idea that
they could deposit substantial mass and energy into the solar wind The jet in Figure 3.1b
shows an example of a coronal hole jet spire still intact in the extended corona. During
solar maximum, jets also appear near and within ARs. These AR jets are estimated to have
higher velocities ~ 600 km/s, up to 800km/s, and appear brighter than coronal hole jets.
EUV jet lifetimes range from 10~! to 10! hr, and occur ~ 4 times a day [Shibata et al.,
1992b, Strong et al., 1992, Shimojo et al., 1996, 1998, Shibata and Magara, 2011].

EUV instruments like EIT [Domingo et al., 1995, Delaboudiniere et al., 1995], the
Transition Region and Coronal Explorer (TRACE) [Handy et al., 1999], the Solar Terres-
trial Relations Observatory (STEREO)[Kaiser et al., 2008] expanded the observations of
jets in the chromosphere and transition region, using high resolutions far and near UV and
EUYV sensitive bands. Using TRACE, a narrow-band imager with high spatial and tempo-
ral resolution, [Alexander and Fletcher, 1999, Jiang et al., 2007, Sakao et al., 2007, Mulay
et al., 2017] showed evidence that some jets are often accompanied by a cool component,
~ .5—.9MK, often visible in the transition region in EUV emission or in the chromosphere
in Lymana. The cool component is sometimes referred to as a surge [Canfield et al., 1996].

In the past decade, instruments of unprecedented spatial and temporal resolution such as
those on Hinode [Kosugi et al., 2007] and the Solar Dynamics Observatory (SDO) [Pesnell
et al., 2012], and the Interface Region Imaging Spectrometer (IRIS) [De Pontieu et al.,
2014] have provided insight on the complex structure and frequency of coronal jets, and
their relationship to other coronal phenomena. High-resolution observations have prompted
the suggestion that many jets contain miniature filaments (cool plasma) and/or sigmoids

(hot plasma) that erupt to generate the jet [Innes et al., 2009, Raouafi et al., 2010, Hong
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et al., 2014, Sterling et al., 2010b, 2015]. These jets also exhibit helical motion or twist
during the eruption [Cirtain et al., 2007, Savcheva et al., 2007, Shibata and Magara, 2011,
Sterling et al., 2015, Kumar et al., 2018, Shen et al., 2011b]. Stereoscopic observations
using STEREO, provide a 3D view of polar jets, confirming helical structure [Patsourakos
et al., 2008].

Jet plasma parameters can vary widely. Jet electron temperatures have been found to
range from 10%K to 107 K. Similarly, the outflow speeds of jets also vary across bandpass.
Outflow speeds can be from 100 to 103km/s, near the local Alfvén speed. Jets that occur
inside of polar coronal holes are similar to those found in on-disk coronal holes[Nistico
et al., 2010]. Coronal hole jets average speeds of ~ 200 km/s , duration of ~ 30 minutes,
and electron temperatures of 4 —5x10°K [Nisticd et al., 2010]. Jets that occur near ARs
are roughly a factor 3-6 spatially larger than CH jets and more than one order of magnitude
more energetic than QS and CH jets, due to the accumulation of magnetic fluxes associated
with the active region. SDO-AIA observations and Hinode Extreme ultraviolet Imaging
Spectroscope (EIS) [Young et al., 2007] spectroscopic properties of fast recurring AR jet
presented by [Mulay et al., 2016, 2017], estimations of electron temperatures 2x10° , and
election densities of 1x10'%m =3 , which agree with prior measurements from 10*K to
107K. Jets that originate near the center of the active region or in other closed-loop systems,
are confined along the closed loops and often return in-part back to the surface [Hanaoka,
1996, Yang et al., 2012, Cheung et al., 2015, Li et al., 2017]. Conversely, jets that erupt on
the AR periphery, near coronal holes, are launched into the open field [Mulay et al., 2016,
Chandra, R. et al., 2017].

The energy produced by jets can be substantial. Several studies have observed impul-
sive solar energetic particle (SEP) events [Nitta et al., 2015, Innes et al., 2016, Glesener
and Fleishman, 2018] type III radio bursts [Chen et al., 2018], hard X-rays, and jet-scaled
CME:s emitting from active regions jets [Wang et al., 2002, Chifor et al., 2008, Chen et al.,
2013].
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Helical motions are commonly observed in blowout jets, particularly in ones with an
observable filament. [Sterling et al., 2010b,a] suggests the motions are a result of small
erupting filament, and that erupting filaments are the mechanism responsible for most (if
not all) jets. However not all jets exhibit these motions. In a survey of 15 polar jets, [Moore
et al., 2018], found that 6 of the jets were associated with the eruption of a small filament.
In a statistical study of X-ray jets [Savcheva et al., 2007, Cirtain et al., 2007], the authors
measured the transverse oscillations in jets, finding periods with helical motions of ~ 200
seconds, and a peak-to-peak magnitude of 8000 km, supporting the idea the transverse
motions can create Alfvén waves along jet spires, resulting in spire velocities of ~ 800
km/s, close to the local Alfvén speed. Jets can re-occur multiple times in the same location,
called homologous jets. [Panesar et al., 2016] analyzed a set of very energetic recurrent
active region jets that are tied to mini-CMEs, and compared the eruptions of the CME
triggering jets and the non-CME events.

Spectroscopic studies of jets are rare due to the sporadic nature of jets. [Savcheva
et al., 2007] presented a statistical study of jets including the observation of transverse
motions ~ 35 km/s along the spire. This indirectly hinted at the existence of Alfvénic
waves that propagate along the newly reconnected field-lines. Results by [Kim et al., 2007]
confirmed using line spectroscopy detecting non-thermal line broadening and Doppler ve-
locities in jet outflows that are associated with traveling Alfvénic waves. Non-thermal
broadening effects have been attributed to the presence of magnetic reconnection due to
nanoflares[Cargill, 1996], chromospheric evaporation in coronal loops [Patsourakos and
Klimchuk, 2006] and/or Alfvén wave shocks [Antolin et al., 2008], Alfvén wave turbu-
lence [van Ballegooijen et al., 2011]. Nanoflare models predict non-thermal velocities of
20 — 36 kms/s increasing with temperature indicate chromospheric evaporation, velocities
near 25-35 km/s are associated with wave turbulence, and velocities of 100 km/s are asso-
ciated with Alfvén wave shocks [Cargill, 1996, Patsourakos and Klimchuk, 2006, Antolin

et al., 2008, van Ballegooijen et al., 2011], so the previous observations agree well with the
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constraints predicted by the nanoflare model.

1.3.2 Relationship to Coronal Plumes

Coronal plumes are diffuse, long-lived linear features that appear in the polar coronal
holes, and are prominent during solar minimum. Studies using EUV showed that the onsets
of polar plumes are associated with jet eruptions [Innes et al., 2016, Raouafi and Stenborg,
2014]. The authors suggest a tendency for plumes to be dependent on the occurrence of
transients like small-scale jets and that plumes tend to appear in the same regions after jets
have emerged. Thus far the strongest connection appears to be the existence of tiny jet-lets
observed within some plumes [Raouafi and Stenborg, 2014], but it is unclear whether all
plumes are composed of many such events or whether a different mechanism is responsible

for their enhanced density and flows.

1.3.3 Relationship to the Solar Wind

Using both white light and EUV observations, [Wang et al., 1998] found that jets that
originated in polar coronal holes, regions of open magnetic flux, have spires that extend
to 3.7 solar radii. Intact jets spires have also been observed as far as at 1AU using in-situ
measurements [Wang and Sheeley, 2006, Crooker et al., 2012]. Their appearance at such
great distances have lead to speculation that they could contribute mass and energy to the
solar wind. In addition, the extended spires were found to have speeds of 400-1100 km/sec
at the leading edge, but a reduced speed of 250 km/s near the center. [Wang et al., 1998]
suggests this deceleration is due to drag forces from the jet interaction with the slower,
ambient solar wind. Furthermore, [Bout et al., 2002] found that distances of 3-6 Rs, the
density of the extended spires ( 2 — 10°cm?) are up to 50 times the density of the ambient
corona(0.3 — 1.5 x 10°cm?). Using X-ray observations from Hinode-XRT, [Cirtain et al.,
2007, Savcheva et al., 2007], showed that jets occur at much higher rates that previously

observed, supporting the idea that they could contribute a substantial amount of energy and
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mass into the solar wind.

1.3.4 Observational Evidence of Magnetic Reconnection

Coronal jets and other transient eruptions are thought to be the result of magnetic recon-
nection. Magnetic reconnection is the conversion of magnetic free energy, stored in highly
stressed magnetic fields and released as kinetic energy, radiation, and particle acceleration
[Priest et al., 2002]. Evidence of magnetic reconnection in jets, is based on analogous
features that indicate reconnection geometry in larger events, like active region flares and
CME:s [Tsuneta et al., 1992, Shibata et al., 1992a, Shibata, 1999]. These include X shaped
loops, appearance of current sheet, null point, or seperatrix layer, plasmoid ejections and/or
filaments, flows and shrinking loops. These features are pointed out in the observation of a
flare in Figure 1.7. The X shaped loops (a), are indication of 3-D structure represented in
Figure 1.7, where the field lines of the underlying cusp region close in response to recon-
nection, while the upper region opens and extends [Masuda et al., 1994, Tsuneta, 1996, Su
et al., 2013, Gou et al., 2015].

At the magnetic null point (b), the magnetic field goes to 0, coronal resistivity is fi-
nite (not zero) and a region of strong currents forms in response to sharp gradients in the
magnetic field, referred to as the current sheet. In the 2D model, the current sheet is thin
and extends as a result of the topological evolution. In 3D, magnetic nulls and enhanced
currents can be found anywhere the magnetic field changes rapidly. The topology is then
represented by seperatrix layers, or quasi-seperatrix layers [Sui and Holman, 2003, Liu
et al., 2013, Savage et al., 2010, Seaton et al., 2017, Warren et al., 2018], which separate
the inner closed loop system from the upper region. Plasmoids (c) are sometimes observed
after the initial flare (since it is often too bright). They are small magnetic islands formed as
a result of MHD instabilities along the extended current sheet. Active region loops undergo
dynamic changes during the flare, outflows(d) and shrinking loops(e) have been observed,

as well as inflows(d) of plasma draining from the reconnection site [Shibata, 1995, McKen-
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Figure 1.7: Signatures of magnetic reconnection in eruptions.(a) X-shaped loops (b) null-
point-like features (c) plasmoid ejections, (d) plasma inflows/outflows,and (e)shrinking
loops.Figures adopted from [Forbes and Acton, 1996](left) and [Martens, 2003](right)

zie, 1987, Reeves et al., 2008, 2015, McKenzie and Savage, 2009, Savage et al., 2010, 2012,
Liu et al., 2013, Tian et al., 2014, Podgorny and Podgorny, 2020]. The 3-D configuration
of the magnetic field and analysis of some of these features can be examined using coronal
magnetic field extrapolations, specifically Non-linear Force Free Field (NLFFF) models
discussed in Chapter 2.

Magnetic reconnection processes can occur in a slowly, changing in a quasi-steady
way, [Parker, 1972, 1983, van Ballegooijen, 1985]), or sudden and violently, as in the pro-
cesses associated with flares, CMEs, and coronal jets [Tsuneta et al., 1992, Shibata et al.,
1992a, Shibata, 1999]. In these cases, potential driving mechanisms are often classified
in categories of internal tether-cutting reconnection [Moore et al., 2018, Moore and Ster-
ling, 2006], breakout (external tether-cutting) reconnection ,[Antiochos et al., 1999], and
ideal magneto-hydrodynamic (MHD) instabilities [Forbes and Isenberg, 1991, Forbes and
Malherbe, 1991, Low and Zhang, 2002, Torok et al., 2004, Archontis and T6rok, 2008].
Before a filament eruption, a bundle of flux ropes are confined by an overarching arcade.

A magnetic flux rope is a bundle of twisted helical field lines wrapped around a central
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Figure 1.8: a) 3D topological features commonly observed. Figure from [Zhang et al.,
2012]. The location of magnetic null, seperatrix layers, current sheet and resulting jet spire.
b) Schematic of breakout reconnection from [Chen et al., 2016]. Breakout reconnection
occurs when a underlying filament erupts through the overlying arcade.

axial field line. When the flux rope begins to rise reconnection can occur below the flux
tube, referred to as tether-cutting reconnection, or between the flux tube and the overlying
arcade,referred to breakout reconnection. When breakout reconnection occurs on the exte-
rior of the cusp region (external reconnection), a complex multi-polar configuration forms.
In between the overlying arcade, and the filament system, a magnetic null, or seperatrix-fan
structure forms. The null and the surrounding separatrix-fan structure are locations in favor
of current concentration and magnetic reconnection. Figure 1.8 shows a multi-polar ge-
ometry constructed to illustrate some of the key components of a magnetic-breakout setup.
The cusp region, X-shaped structures, slowly rising lower arcade are reproduced in simula-
tions [Lynch et al., 2008]. In breakout reconnection, the slow-rise, then sudden eruption of
the flux rope is often attributed to an mechanical instability, called kink-mode. Kink-mode
instabilities have also been employed to explain the long-lived steady state, then sudden
eruption of prominences, CMEs, and the eruption of filaments in coronal jets.

Another manifestation of magnetic reconnection are plasma instabilities. A variety of
thermal and MHD instabilities are commonly observed in coronal eruptions, particularly

flares [Browning et al., 2008]. Of particular interest are the MHD instabilities observed
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in current sheets because they could result in higher reconnection rates and intermittent
reconnection, often referred to as bursty reconnection. For the application in this work, we
focus the tearing mode, a finite resistive MHD instability. Resistive instabilities appear in
in compressible, highly conductive (i.e. low resistivity) plasma,like long current sheets, if
the magnetic field lines can move independently of the plasma due to the non-zero resistiv-
ity, i.e. if the plasma is not frozen in, and plasma f3 is > 1, converting magnetic energy into
Ohmic heating. The tearing mode instability is the result of a long-waves moving along the
electric field lines. They tear, or break up the current sheet, resulting in small plasmoids
that appear as small dense regions in EUV and X-ray observations [Wei, 1968, Furth et al.,
1963, Bhattacharjee et al., 2009]. Therefore, plasmoid instabilities are expected to occur
in solar eruptions, which are driven by magnetic reconnection [Karpen et al., 2012, Shi-
bata, 1999]. Plasmoids are sometimes observed in the long current sheet behind coronal
mass ejections [McKenzie and Savage, 2009]. See Figure 1.8. The rare observations of
plasmoids in jet spires support the idea that resistive instabilities are at play [Zhang and Ni,
2019, Zhang and Ji, 2014]. Plasmoids that result from instabilities have also been observed

in some jet models [Wyper et al., 2019].

1.4 Leading Coronal Jet Models

X-ray and EUV jet are often loosely grouped by morphological features. They are
considered to be either standard having a narrow spire, or blowout; having a broad spire and
accompanying filament eruption [Shibata et al., 1992c, Moore et al., 2010]. In the section
below, I discuss the umbrella of jet models and how they are applied to the formation of
jets. The first two (standard and blowout) models are only representations of the formation
process, not physical models.The last three mechanisms (magnetic reconnection, filament
eruption, chromospheric evaporation) will be examined closely in this work. Each of these
mechanisms may work independently or in tandem to accelerate plasma in jets. MHD

models have been able to replicate many of the features presented in the schematics, but

17



have not produced an accepted, generalized model.

1.4.1 Standard and Blowout Jets

In the process described by [Moore et al., 2010], standard jets form when a bipolar
magnetic flux region emerges into a mostly unipolar region of the opposite polarity. The
ambient magnetic field lines reconnect with the field lines of the emerging flux element
via external interchange reconnection, forming hot outflows. Standard jets have also been
observed to be initiated in other transient photospheric processes, including magnetic flux
cancellation [Panesar et al., 2016, 2018, Sterling et al., 2015, 2018], magnetic flux fly-by,
flux sheer and/or twist. The defining characteristic of standard jets, is that they maintain a
narrow pencil-like outflow regions over their lifetime.

Conversely, blowout jets are thought to occur as a result of internal reconnection. Work
by [Moore et al., 2010, Sterling et al., 2010b, 2019] suggests blowout jets form as a result
of small filament eruptions, similar to coronal mass ejections. In that case, mini-filaments
form along a sheared polarity inversion line and internal reconnection occurs at the base
of the jet, propelling both hot plasma and the cooler filament outward, often referred to as
tether-cutting reconnection. Additional external reconnection can also occur on the outer
loops of the jet and during the eruption. Blow-out jets are characterized by a broad-spire,
and an accompanying cool component in the ejecta. Often blowout jets appear to have
helical motions or twist, in the jet spire due to the highly twisted filament at its base.
Although filaments have been observed in many jets, not all jets show evidence of a filament
or twisting spire as discussed in section 1.3.1 above. However, the eruption of a twisted
flux rope could explain observations of twist and/or unwinding motions visible in many
blowout jets. In a survey of 15 polar jets, [Moore et al., 2018], found that 6 of the jets
could be initiated breakout reconnection, and the eruption of a small filament. Finally, the
filament schematic [Sterling et al., 2015], shown in Figure 1.9b, predicts that jets formed

through filament eruption should produce a spire that drifts away from the jet’s bright point
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bright point. While the emerging-flux model,[Moore et al., 2018], shown in Figure 1.9a
should result in the spire drifting toward the bright point. In a statistical study of X-ray jets,
[Savcheva and van Ballegooijen, 2009] found that the drift is often away from the bright

point, supporting the filament eruption model.

1.5 Potential Acceleration Mechanisms

Observations show that jets with similar initiation mechanisms can have a wide range of
plasma parameters, non-uniform topological features, and can be found embedded in dif-
ferent coronal environments. Therefore finding a comprehensive explanation of coronal jet
formation and acceleration is difficult. MHD models show that models can be accelerated
from the tension released during magnetic reconnection, the gas pressure gradient formed
during chromospheric evaporation, by the untwisting motion of the field lines, and/or by
Alfvénic waves that transverse along newly reconnected field lines. In the sections follow-
ing we will discuss each of these acceleration mechanisms, and observations features that

can be used to distinguish them.

1.5.0.1 Acceleration Due Primarily to Magnetic Reconnection

In a jet where magnetic reconnection is the main accelerator, plasma is accelerated by
the ’sling-shot” motion of tangled magnetic field lines relieving magnetic tension. Since
the Alfvén velocity is directly proportional to the potential energy of the magnetic field,
plasma velocities near the reconnection site are expected to be near or less than the Alfvén
velocity. These jets would be similar to standard jets, modeled by [ Yokoyama and Shibata,
1995, Miyagoshi and Yokoyama, 2003]. The authors found that if reconnection occurs in
the low corona, the plasma flowing toward the reconnection point, in coronal temperatures
near IMK, and is further heated by the reconnection. Therefore, the jet spire should ap-
pear in X-rays (> 2MK) with less emission in the chromospshere and transition region. In

the framework where reconnection occurs in the transition region or chromosphere, cooler
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sub-coronal temperature plasma can be ejected by the straightened magnetic field lines
[Yokoyama and Shibata, 1995, Moore et al., 2010], demonstrating that cooler jets are the
result of reconnection occurring in the transition region and/or chromosphere while for
hotter X-ray jets, reconnection lies in the low corona. These model predicts are consistent
with observations of a cool and hot component to blow-out jets [Shen et al., 2017, Zhang
and Ni, 2019]. Since this effect involves very small scales (less than 1 km) it is not clear if
it can be observed directly, however signatures like heating and bi-directional flows could
indicate the location of the reconnection region. [Moore et al., 2010] suggested a mag-
netic configuration that consists of a highly sheared core field of the emerging flux, and
an adjacent open field from the ambient corona, called interchange reconnection. Because
the emerging field is highly twisted, tether cutting or breakout reconnection, can develop
in addition to the initial interchange reconnection. The removal of the outer layer of the
emerging fields via external reconnection, called breakout reconnection see Figure 1.9, is
one possible mechanism that may lead to the rise of the sheared core and future blowout
eruption. Breakout reconnection [Antiochos et al., 1999, Moore and Sterling, 2006, Karpen
et al., 2012] may occur with or without the rising core field when the external reconnection
point and current sheet forms. Multiple MHD models have been performed to simulate
the physics of the reconnection jet in 2D [Heyvaerts et al., 1977, Yokoyama and Shibata,
1996a, Moreno-Insertis et al., 2008], however these models assume an ideal gas, with no
radiation cooling, and no heat conduction. In this work we determine if magnetic tension is
the primary acceleration mechanism in coronal jets. One way to determine if the release of
magnetic tension is driving jet acceleration is to look for observational signatures of recon-
nection in the jet spire such as the plasmoids, retracting loops, flows, etc. and/or examine
the coronal magnetic topology. If the release of magnetic tension is accelerating jet plasma,
we also expect plasma at different temperatures to have a similar velocity, since magnetic

tension would accelerate plasma of similar density equally.
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1.5.0.2 Acceleration Due to Filament Eruptions

Twisting and unwinding motions are commonly seen in jets, particularly in ones with
filaments [Liu et al., 2019, Shen et al., 2011a, Chen, 2012, Hong et al., 2013, Schmieder
et al., 2013]. These helical motions have been observed to produce counter-clockwise,
transverse velocities range from 40 km /s to 200 km/s [Shen et al., 2011a, Lui, 2009,
Schmieder et al., 2013] and rotation speeds on the order of ~ 7 minutes [Liu et al., 2009,
Chen et al., 2012, Zhu et al., 2016]. and periods are on the order of 4 to 9 min. Transverse
velocities are slightly lower than longitudinal velocities along the jet axis. The twisting
motions are often explained by the release of accumulated magnetic helicity into the up-
per solar atmosphere due to the reconnection between a twisted bipole and open fields
[Yokoyama and Shibata, 1996a,b]. In these cases, a twisted flux rope is embedded beneath
the reconnection site before reconnection occurs. After reconnection, the field lines begin
to straighten, accelerating the plasma by the release of magnetic tension referred to as the
sling-shot effect. The newly reconnected field line are twisted at one end, and untwisted
the other creating magnetic gradient along the open field lines. Plasma along the field line
can be accelerated two ways. The untwisting motion could deposit additional energy via
torque from the sling-shot effect or non-linear torsional Alfvén waves can propagate along
the field lines and can deposit energy by compressing plasma as it propagates. This type of
mechanism has been modeled by several authors including [Pariat et al., 2009, Rachmeler
et al., 2010, Pariat et al., 2010, 2015a].

[Pariat et al., 2009, 2010] numerically simulated the formation of untwisting active re-
gion jets as a result of the continuous pumping of magnetic free energy and helicity into
the corona from the photosphere, which is interpreted as upward propagation of torsional
Alfvén waves at a speed of hundreds of km/sec. Transverse velocities were also success-
fully reproduced in numerical simulations of emerging closed field into ambient open field
[Yokoyama and Shibata, 1996a]. [Wyper et al., 2019] developed a 3-D MHD simulation

of blowout-helical jets near active regions. In those cases they found that these jets can

21



be formed via the combination of breakout reconnection and kinking of the erupting fila-
ment. Their model suggests that multiple mechanisms may be responsible for the eruption
of coronal jets. The idea that jets could become unstable via MHD destabilization mecha-
nisms, such as the kink instability [Raouafi et al., 2016] is also supported by observations
[Zhu et al., 2017]. [Liu et al., 2019], established a lower limit for the number of twist re-
quired before small flux ropes become unstable. They found that coronal jets can reach a
kink instability threshold of 1.3 turns. Other observational studies [Liu et al., 2019], also
finds fluctuations in the current sheet and filament before the jet eruption. However the role
of helicity in jet eruptions, is not firmly established. In active regions, models have been
able to successfully model flare eruptions with and without the presence of helicity, sug-
gesting that helicity may not be necessary for an eruption to occur. However these studies
also show that helical active regions tend to erupt more frequently and with more energy
[Nindos and Andrews, 2004, Nindos, 2009, Georgoulis et al., 2009, Pariat et al., 2015b].
[Wyper et al., 2019] developed a 3-D MHD simulation of jets on the periphery of active
regions. These jets tend to be larger and more energetic because of the increased concen-
tration of magnetic flux introduced by the active region. The authors reproduced the helical
motion observed in jets by embedding filaments, supporting the idea that helical jets (of a
comparable magnitude) are formed through the release of highly twisted filaments. If the
acceleration of jet plasma is due to filament eruptions and in-turn torsional Alfvén waves,
we expect to observed to presence of a filament and helical motions in jet spires. Further-
more, we except to observe velocities near the Alfvén speed and for plasma of different
temperatures to have similar velocities. In this work, we examine the motion of jet inorder

to determine if this type of mechanism is at work.

1.5.0.3 Acceleration Due to Chromospheric Evaporation

Chromospheric evaporation is often associated with flaring active regions, when mag-

netic reconnection in the corona heats and drives chromospheric material upward at veloc-
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ities comparable to the local sound speed, set by the plasma temperature [Neupert, 1968,
Antiochos and Sturrock, 1978, Acton et al., 1982]. Energy is imparted onto the chromo-
sphere in the form of conduction fronts, accelerated energetic particles, and/or adiabatic
compression by magnetic field lines. The pressure in the chromosphere and the corona
are very different along the same magnetic field line, therefore the heated chromospheric
plasma is then accelerated by the pressure gradient. In those cases, the most discriminating
observations are enhanced blue shifts in hot spectroscopic lines and a notable increase in
plasma velocity as a function of temperature. In order for chromospheric evaporation to oc-
cur the energy released in magnetic reconnection must be large enough to heat the cooler,
more dense chromospheric plasma. In active regions, [Fisher et al., 1984, 1985] defined
an upper limit to describe the relationship between free magnetic energy and velocity due
to chromospheric evaporation. They predicted jet temperature-dependent velocities should
remain less than 2.35C, where Cy is the local sound speed. In addition, the velocities
should be less than the Alfvén speed, since the temperature-dependent velocity is domi-
nated by the gas pressure rather than the magnetic field tension. [Longcope et al., 2010]
extended the work of [Fisher et al., 1984], by using a numerical model that incorporated
plasma parameters such as temperature and density. The authors were able to determine
a threshold for explosive reconnection to occur, and thus allow chromospheric evapora-
tion to occur. The authors developed an analytic model that describes the kinetic, thermal
and non-thermal energies expected for flares, establishing a relationship between thermal
energy flux, explosive reconnection and kinetic energy. The threshold for chromospheric
evaporation occurs when explosive reconnection occurs, i.e when unit flux per area input
into the corona is greater than the energy required to heat dense chromospheric plasma.
Large jets often have energies that exceed this threshold, allowing explosive reconnection
to occur. Therefore, coronal jets could also exhibit evidence of chromospheric evaporation
when magnetic reconnection occurs. In [Matsui et al., 2012], the authors investigated a

jet observed by multi-wavelength spectroscopic and imaging observations. [Matsui et al.,
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2012] found velocity increased as a function of temperature for an EUV (IMK — 8MK)
jet, within the upper limit set by Fisher, 2.35C;. The velocity of the cooler plasma, (~ logT
4.9) showed a enhanced blue shift, and velocity well above the threshold for explosive
chromospheric evaporation. The authors concluded that magnetic reconnection was re-
sponsible for accelerating the cool component of the jet, while chromospheric evaporation
was responsible for accelerating the hot and warm plasma.

2.5 and 2D hydrodynamic models of chromospheric evaporation in active regions pre-
dict that chromospheric evaporation is initiated sequentially in overlying loops as the loop
footpoints mover further apart, resulting in soft X-ray emission [ Yokoyama, 1998, Yokoyama
and Shibata, 2001, 1995]. These models also show that the upward motion of the recon-
nection point and the increasing loop foot point separation. These are parameters that can
be compared to observations as discussed in Chapter 5. However, few existing numeri-
cal studies include thermal conduction, which is necessary for producing the evaporation.
Since the flow velocity is dependent upon pressure, and therefore temperature, a straight
forward way to determine if chromospheric reconnection plays a role in the acceleration
of jet plasma is to look for a correlation between temperature and velocity. In this study,
we use a novel technique to investigate the acceleration mechanism in six coronal jets by

examining their temperature as a function of velocity as discussed in Chapter 2.

1.6 Summary and Motivation

Coronal jets are energetic eruptions, identified by a culminated spire, bright loop base,
multi-thermal ejecta, and notable changes in underlying magnetic flux including magnetic
emergence, cancellation, or the close motion of opposite polarity bipoles [Shibata et al.,
1992b, Shimojo et al., 1996, 1998]. Coronal jets observed using EUV and X-ray instru-
ments have been found to have velocities have been found to have velocities from 100 -800
km/s, spire lengths up to 3Ry, and occur frequently making them candidates for deposit-

ing mass and energy into the solar wind [Shibata et al., 1992b,c, Savcheva et al., 2007,
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Cirtain et al., 2007, Filippov et al., 2015, Moreno-Insertis et al., 2008] X-ray and EUV jet
are often loosely grouped by morphological features as either standard; having a narrow
spire, or blowout; having a broad spire and accompanying filament eruption [Shibata et al.,
1992c, Moore et al., 2010]. Although jets have been observed for decades, a consensus on
their formation and the acceleration in their plasma spires has not been found. Magnetic
reconnection is widely accepted to be responsible for jets, however the process is complex.
Understanding the underling magnetic field and topology is necessary for understanding
jet formation, however few models explore the effect of different initiation mechanisms
or perform magnetic field extrapolations to determine the 3D magnetic field structure. Of
these studies, the results have been contradictory. [Young and Muglach, 2014a,b] report
converging motions and flux cancellation in the magnetograms at the base of the jet while
[Liu et al., 2011] demonstrated the emergence of flux associated with a blowout jet. Fur-
thermore, most of these models rely on a magnetic flux cancellation as the photospheric
driver, when recent studies show that magnetic cancellation is often observed, and may
account for most jets [Sterling et al., 2019, Podgorny and Podgorny, 2020, Panesar et al.,
2016].

The variety of jet initiators and properties make the ability to determine the formation
process difficult. This is further complicated by the wide range of jet plasma parameters,
topological features, and the environments in which they are embedded. Furthermore, once
the jet is initiated, the plasma can be additionally heated and accelerated by secondary
mechanisms throughout the transition region and corona. Three mechanisms have been
proposed, the acceleration due to magnetic tension, the energy enhancements associated
with a twisted-erupting flux rope, and the secondary effect of chromospheric evaporation
driven by a pressure gradient. MHD models of these mechanisms produce predictions that
can be compared to observations. First, the magnetic tension model predicts plasma veloci-
ties near the local Alfvén speed, since the acceleration is caused by the release of magnetic

field, similar to standard jets [Yokoyama and Shibata, 1995, Miyagoshi and Yokoyama,
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2003]. Erupting filament models, predict a break-out reconnection topology and plasma
velocities that are similar across temperature. Finally, since the flow velocity in the evapo-
ration model is dependent upon pressure, and therefore temperature, a straight forward way
to determine if chromospheric reconnection plays a role in the acceleration of jet plasma
is to look for a correlation between temperature and velocity as applied in [Matsui et al.,
2012]. The topology of blow-out and standard jets can also be examined by determin-
ing if reconnection occurs externally only (standard jet) or both internally and externally
(blowout jet). It is possible that all effects play a role during the formation and acceleration
of a jet, with different relative importance, and/or during the different phases of the jet.
The specific contribution from the three mechanisms may also depend on the type of jet
and specific magnetic configuration and its evolution. What is needed is thorough inves-
tigation of coronal jets through both observations and analysis of the magnetic topology,
on a case-by-case basis to determine which mechanisms are, or are not, contributing to jet
formation.

The aim of body of work is to examine acceleration mechanisms and magnetic topolog-
ical evolution of in coronal jets using a 2-step approach. First we use a novel technique to
investigate the acceleration mechanism in six coronal jets by examining their temperature
as a function of velocity. Using observations from Hinode’s X-ray Telescope (XRT), Solar
Dynamics Observatory’s Atmospheric Imaging Array (SDO-AIA), and Interface Region
Imaging Spectrograph (IRIS), we capture the plane of sky velocities along the jet spire.
When available, we use IRIS spectroscopic observations of Si IV line profiles to calculate
Doppler velocities and non-thermal line broadening. We construct differential emission
measures (DEMs) as a proxy for temperature, and determine if the jets show evidence for
chromospheric evaporation. We look for evidence of twist and/or erupting filaments by
constructing time-distance plots perpendicular to the jet spire.

To investigate the magnetic evolution of the coronal jet, we use the NLFFF, with the flux

insertion method using the Coronal Modeling System, NLFFF implementation software
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[van Ballegooijen, 2004]. Using the 3D magnetic field topology, we locate the null, or
quasi-seperatrix regions that are most likely to be the site of magnetic reconnection and
particle acceleration. We use the evolution of the field to determine which locations are
most relevant to the erupt, thus eliminating potential jet models. The results of this analysis
will access the predictions of these competing jet models and examine the possibility that
multiple acceleration mechanism can be present in jet formation.

Chapter 2 discusses the analysis methods including calculation of temperature, velocity
and emission measure, as well as the NLFFF model setup and extrapolation procedures.
In Chapter 3, I discuss the observations of six coronal jets, their coronal and magnetic
evolution, and the appearance of helical motions in their spire. In Chapter 4, I present the
results of our observational analysis. Chapter 5, discusses the results of the topological
models for a subset of jets. Finally, Chapter 6 summarizes these results, interpretation and

future work.
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Figure 1.9: Top: Standard Jet Model Schematic: The ambient, open, magnetic field lines
reconnect with the closed field of the em%%ging flux elements. Bottom: Blowout Jet
Schematic: Blowout jets are thought to form™as a result of both internal and external recon-
nection. Figures from [Moore et al., 2010]



Figure 1.10: Figures from [Pariat et al., 2015a]. 2.5D models predict jets can be accel-
erated via torsional Alfvén waves that propagate due to twist in the magnetic field (left)
and/or gas pressure driven, chromospheric evaporation(right). Model of the untwisting jet
predict Doppler shifted velocities, and velocities approaching the Alfvén speed. Models of
the evaporation jet predict temperature-dependent velocities less than 2.5 time local sound
speed,Cs, with or without twisted flux rope.
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Chapter 2

Methodology

The aim of this research is to examine possible acceleration mechanisms in coronal jets
using a combination of multi-wavelength observations and magnetic topological modeling.
In this chapter, I describe the analysis methods and instruments used to investigate the
acceleration mechanisms in six coronal jets. In Section 1, I describe a novel approach
to investigate chromospheric evaporation. In section 2, I describe the Coronal Modeling

System (CMS) and the Flux Insertion Method.

2.1 Examining Chromospheric Evaporation in Jets

To determine if jets show evidence of chromospheric evaporation, we calculate the
plane of sky velocity as a function of temperature for each of the jets. Using observations
from Hinode’s X-ray Telescope (XRT), Solar Dynamics Observatory’s Atmospheric Imag-
ing Array (SDO-AIA), and the Interface Region Imaging Spectrograph (IRIS), we capture
the plane of sky velocities along the jet spire. When available, we use IRIS spectroscopic
observations of Si IV line profiles to calculate Doppler velocities and non-thermal line
broadening. We construct differential emission measures (DEMs) as a proxy for tempera-
ture, and determine if the jets show evidence of temperature-dependent velocity, indicating

chromospheric evaporation. Below I describe the instruments used in this analysis.

2.1.1 Instrumentation and Data Reduction

2.1.1.1 SDO’s Atmospheric Imaging Array (AIA)

Solar Dynamics Observatory’s [Pesnell et al., 2012], Atmospheric Imaging Array [Lemen

et al., 2011, Boerner et al., 2012] provides continuous observations of the full solar disk
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with 0.6 arcsec per pixel resolution. AIA is capable of imaging each channel at a 12 second
cadence with a 4096 x4096 pixel CCD [Boerner et al., 2012]. Each CCD is divided into
four 2048x2048 quadrants, with 16-megapixel charge couple devices (CCDs ), which are
read out separately and simultaneously at a 2 Mpix/sec rate. In this study we use six AIA
channels, sensitive to coronal temperatures from ~ logT 5.5 to 7.0 K (10° K to 107 K).
The AIA 304A channel was not included in DEM calculations because it images optically
thick plasma, while DEM analysis requires optically thin emission. We process each of
the SDO images using standard routines found in the SolarSoft software library [Handy
et al., 1999], such as aia_prep.pro, which removes bad pixels, corrects CCD vignetting and
flat—fielding, normalizes images by the exposure time and ensures each of the images are
aligned channel [Freeland and Handy, 1998]. Typically SDO-AIA images are aligned at
on sub-pixel level, however in some cases, some images were manually shifted to ensure
sub-pixel alignment. Once we confirm alignment, we use the six channels along with the
Fe XVIII component of the 94A channel to calculate the plane of sky velocity and the
differential emission measure (see section 3.2.1).

Each AIA EUV channel is dominated by emission from Fe ions, and the channels are
centered around the following wavelengths: 94 A (Fe X, Fe XIV, Fe XVIII), 131 A (Fe
VIIIL, Fe XXI), 171 A (Fe IX), 193 A (Fe XII, Ca XVII, Fe XXIV), 211 A (Fe XIV),
and 335 A (Fe XVI) [O’Dwyer et al., 2010], which are sensitive to temperatures from
SMK—-8 MK,[Del Zanna et al., 2015]. In Table 2.1.1.1 , we list the Fe ionization states
that dominate each channel, the corresponding temperature plasma, and field of view for
each instrument used in this analysis. Figure 2.1 shows an AIA image in each wavelength

and the corresponding peak temperature.
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1600 A 304 A 171 A
10,000 K (0.05 MK) (0.8 MK) (1.6 MK)
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“

21 A 335 A 94 A 131 A
(2 MK) (2.8 MK) (L17MK)  (0.4/11 MK)

Figure 2.1: SDO/AIA channels and corresponding peak temperature from temperature re-
sponse function observed in each channel. Figure courtesy of K.Reeves.
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Figure 2.2: Temperature response functions of AIA and XRT channels.
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2.1.1.2 Separation of Fe XVIII component of 94A channel

The AIA 94A channel is sensitive to temperatures from logT 5.5- logT 7.0 [Boerner
et al., 2012], with response peaks at logT 6.0 and logT 7.0. Figure 2.2 shows the tempera-
ture response functions of AIA and XRT channels. In order to calculate the velocity of the
only the hot emission, dominated by the Fe XVIII line, see Table 2.1.1.1, we separate the
Fe XVIII component of the AIA 94A channel line from the remaining emission using the
method of [Warren et al., 2012]. This method has been applied to active region loops and
coronal jets. The relevance in this case is to determine if the emission in Fe XVIII, has a
higher velocity than the velocity of the cooler component. We perform this step for all of
the jets in this study. The ATIA 131A temperature response is also peaked at both a cool and
hot temperature, but there is currently not a way to separate the hot and cool components

in observational data.

2.1.1.3 SDO-Helioseismic and Magnetic Imager (HMI)

The Helioseismic and Magnetic Imager [Scherrer et al., 2012] onboard SDO, provides
line-of-sight magnetograms at a 12 second cadence. We use LOS magnetograms to ex-
amine the underlying magnetic field of each of the jets and determine if the jet formed as
a result of flux cancellation, emergence, proximity to an opposite polarity flux element,
and/or a combination of effects. From the magnetograms we determine if the underlying
magnetic flux is associated with emerging flux, canceling flux, a combination of both or
neither. A full disk magnetogram and an AIA 193 A image for one of the jets in this study

are shown in Figure 2.3.

2.1.1.4 Hinode/X-ray Telescope (XRT)

The X-ray Telescope (XRT) [Golub et al., 2007] onboard HINODE [Kosugi et al., 2007]
1s a grazing incidence X-ray imager, equipped with a 2048 x2048 CCD with 1.0286 arcsec

pixel resolution in eight X-ray channels, with a broad-band response between 1 and 200
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AlA 193 2015-01-17 07:31:18 HMI LOS magnetogram 2015-01-17 07:31:24

Figure 2.3: AIA 193A and corresponding HMI line-of-sight (LOS) magnetogram.

A. The cadence of XRT observations can vary depending on the observing program and
interruptions from satellite safety operations. The XRT images were processed using the
standard software xrtprep.pro, which removes high frequency noise, normalizes by
the exposure time, and corrects for vignetting [Kobelski et al., 2014] and we use tempera-
ture response functions according to the calibration of [Narukage et al., 2011, 2014]. When
available we use Aluminum-poly (Al-poly) and Thin-Beryllium (Be-thin) channels, which
are sensitive to temperatures greater than 2MK, to calculate plane of sky velocity and the

derive the differential emission measures.

2.1.1.5 Interface Region Imaging Spectrometer (IRIS)

The Interface Region Imaging Spectrometer [De Pontieu et al., 2014] is equipped with
both a slit-jaw imager and a spectrometer, that are sensitive to plasma in the far and near
UV. The IRIS Slit Jaw Imager provides spectra in four different pass-bands (C II 1330 4-—
1.0, Si IV 1400+— 1.0, Mg I k 2796+—1.0, and Mg II wing 2830 A) with up to a two
second cadence and 0.33 arc-sec resolution. We use slit-jaw images from the 1330A and

1400A channels, when available, to calculate the line of sight velocity of two jets analyzed
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Figure 2.4: Example of the plane of sky velocity. Left:We select points along the spire of
the jet. This artificial ’slit’ is taken for each time-step, creating the stack-plot. Right: The
velocity is determined by fitting a line to the leading edge of emission in the stack-plot
(white line)

in this study. We use level 2 data which has been dark corrected, flat-fielded, de-spiked, re-
oriented and geometric and wavelength calibrated. One of the jets has high cadence raster

observations in at the full spectral resolution (26 mA).

2.1.2 Calculating Plane of Sky Velocity

To calculate the plane of sky velocity we create stack-plots (time-distance plots) of
intensity verses time for an artificial slice along the spire of the jet similar to methods used
in [Savcheva et al., 2007] and [Mulay et al., 2017]. We select the jet spire, above the base,
to the end of the jet. We interpolate 100 points in between the two endpoints, creating a
line of 100 segments. We determine the intensity along the slice, for each of the images in
the data cube, and create a intensity stack plot. We can then select the line of sight velocity
by fitting a straight line to stackplot. The final velocity is the slope of the line. We show
an example of this process in Figure 2.4. In cases where the spire of a jet is broad, such as
blow-out jets, we select several lines along the direction of motion and add all of the lines

to determine the average bulk velocity. The spire of some jets, are curved and not easily
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approximated using straight line. For these jets, we select 15 points along the jet spire and
interpolate the along the spire using a 2 dimensional fit. We then calculate the distance
along the spire at each increment and create a time-distance plot using the intensity versus
distance. We repeat this process with XRT Al-poly and Be-thin, and IRIS 1330 and 1400A
images when data is available. To calculate the error we simply choose 3 lines within the
pixels along the brightest portion of the jet an calculate the standard deviation of the three

values.

2.1.3 Differential Emission Measure and Emission Measure Weighted Temperature

Both AIA and XRT are broad band channels, i.e the temperature response function is
sensitive to a range of temperatures, see Figure 2.2, thus we can employ a differential emis-
sion measure method to determine plasma temperature. A DEM represents the distribution
of plasma, along a line of sight, as a function of temperature; assuming the emission in
optically thin and in thermodynamic and ionization equilibrium. The DEM uses a linear
combination of the temperature responses convolved with the observed intensity to deter-
mine the amount of plasma of a given temperature along the line of sight. The DEM is a

set of functions that satisfy the equation:
li(x) = /DEM(T,x)Gi(T)dT(cmsK_ 1) (2.1)

where /i is the measured intensity for a given channel, and G is the *gaunt factor’ or contri-
bution factor calculated from the temperature response function for each of the filters and
the instrument response(sensitivity). The gaunt factor folds solar elemental abundances and
given plasma temperature and density, and calculates how material at a given temperature
emits radiation, i.e. solar emissivity. Atomic abundance information for the instrument re-
sponse was calculated using Chianti atomic database, version 8.0.7 [Del Zanna et al., 2015,

Dere et al., 2019]. The most recent version is 9.0 [Dere et al., 2019].
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Figure 2.2 shows the temperature response functions of the EUV channels of AIA,
i.e the sensitivity of each channel to plasma at a given temperature. We use the DEM
solver package, xrt_dem _iterative2, available in SolarSoft [Weber et al., 2004] to calculate
DEM along the spire, similar to work by [Weber et al., 2004, Schmelz et al., 2009a, 2010,
Winebarger et al., 2011] for active region loops. Here we provide a brief summary of
the DEM algorithm. For more details see [Weber et al., 2004, Golub et al., 2004, Cheng
et al., 2012]. The routine calculates the DEM by guessing an initial DEM (creating a
synthetic DEM), folding it throughout the temperature response functions of each of the
observed channels to generate predicted emission. The calculated fluxes are compared to
the observed fluxes and the goodness of fit (x2) is calculated. This process is repeated
to minimize y? using mpfit, a routine that preforms a Levenberg-Marquardt least squares
minimization. In each iteration the observed fluxes are varied within the observational
error, and the new DEM is used as input for the next iteration. The program uses Monte
Carlo iterations over the range of the observational error to calculate the variation in the
DEM. The range of solutions are shown in blue in Figure 2.5.

The xrt_dem_interative2.pro software package requires user input for the XRT and AIA
temperature response functions. XRT filter responses were calculated using the XRT stan-
dard SolarSoft software (make_xrt_temp_resp) and elemental abundances from the Chi-
anti database [Del Zanna et al., 2015, Dere et al., 2019]. The AIA temperature response
functions were calculated using aia_get_response.pro. These routines account for the time-
dependent contamination of the XRT and AIA CCD. By imputing the date, the program cal-
culates estimated degradation of XRT (see [Narukage et al., 2011, Urayama et al., 2008])
and AIA ([Boerner et al., 2014]). We calculate the response function of the Fe XVIII
component of ATA 94 A as described in Section 2.1.1.2. We then subtract the Fe XVIII
component from the original temperature response, to capture the cool or residual response
function that we will call 94c. Calculating the DEM is not without challenges. The DEM

solutions derived from xrt_dem_interative2.pro are not well constrained in high temper-
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atures (>7.5 MK), because AIA is not sensitive to those temperatures. In those cases
DEMs may overestimate the amount of high temperature plasma [Schmelz et al., 2009b,
Winebarger et al., 2011]. Here when possible, we use additional data from Hinode-XRT to
constrain the DEM.

Once the DEM is calculated, other parameters can be estimated, such as plasma density,
thermal X-ray flux, thermal energy, and emission measure (EM)-weighted temperatures.
Here we describe the calculation of emission measure weighted temperature, commonly
used as a proxy for density.

Integrating DEM over a particular range of temperatures, produces the emission mea-

sure,which is used as a proxy for density:
EM = / DEM(T)dT 2.2)

and emission measure weighted average temperature:

T = / DEM(T)TdT JEM (2.3)
T

If we assume the filling factor of 1, we can derive density as n = 4/ ==, where h is the

depth of the column of plasma along the line of sight.

2.1.3.1 Error Calculation of Intensity

To calculate the error in intensity for each of the channels we use the method of [Gehrels
et al., 1986]. The /DN is commonly used to calculate the error in intensity [Weber et al.,
2004, Schmelz et al., 2009a, 2010, Winebarger et al., 2011], but in this case several channels
contained faint emission, only a small percentage higher than the background emission.

Thus we use the following equation to calculate error in intensity.

O0DN =1+ +/DN;+0.75 (2.4)

40



This equation approximates the Poisson statistics for low counts but converges to v DN
for high counts. We apply this method to the six AIA channels including the modified Fe

XVIII and 94¢ from 94A channel and XRT data when available.

2.1.3.2 Assigning Temperature per Channel

Using the temperature response function, emission, and DEM we can determine the
distribution of temperatures, in each channel, and determine which temperature is primar-
ily contributing to the observed emission in each channel. Figure 2.5-Figure 2.8, show
examples of this process. Figure 2.5 shows the DEM for Jet 1, observed 2015-10-24. The
DEM solution (black solid line) peaks near logT 5.5 and 6.5. The blue lines are Monte
Carlo iterations within the boundaries of the input error as discussed in Section 2.1.3. Us-
ing the temperature response function for each filter, we can determine the contribution
of each temperature bin, to the total intensity. Figure 2.6 , shows percentage contributed
to emission in AIA channels 131, 211,171 A respectively. We indicate the contribution
factor (percentage each temperature bin contributes to the total) by the density of vertical
tick-marks, similar to a rugplot, shown at the bottom of the plots. In this example, for Jet
1, we find the highest percentage in the 131A channel is near temperature of ~ logT 5.4,
therefore there is a high density of tickmarks near logT 5.4. We refer to the temperature
bin with the highest percent, as Tprime. In this case, for channel 131A Tprime is logT 5.4.
There are four cases for which Tprime is ambiguous, two caused by the distribution of the
temperature response function, and 2 caused by the calculated distribution of temperatures.
Case(1): The temperature response for 131A channels, is peaked near both cool and hot
temperatures. See Figure 2.2. Therefore, for some jets, the contribution distribution in the
131A channel is bi-modal because of this effect. Case(2): The temperature response func-
tion is broad i.e. the channels is equally sensitive to a wide range of temperatures. In this
example, AIA 335A is not dominated strongly by one particular temperature. Thus when

emission is folded into the temperature response function, we often get a broad range of
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temperatures for Tprime. In these cases Tprime is taken with caution. Case (3): In some
channels, the jet emission is dominated equally by a cool and warm components, such as
211A channel in Figure 2.7. This situation would result in a concentration of tickmarks
near both temperatures, therefore it is difficult to select Tprime. Case(4): The percent con-
tribution is distributed across temperature. For example, contribution percentage the 171A
channel in Figure 2.8 is distributed across many temperatures, even though the temperature
response function of 171A is strongly peaked near LogT = 6.0. In each of these cases, we
examine the effect of these possible temperatures on our interpretation. To select Tprime
we consider the jet observations. If the jet has both a fast moving hot component and a
slow moving cool component, these components would overlap in a stack-plot used to cal-
culate POS velocity. It would be difficult to spatially separate the slow moving component.
Therefore, we are most likely calculating the velocity of the fast moving component. In
these cases, we select the hotter component of Tprime, since it most likely represents the
temperature of the plasma for which we have measured a velocity. Using this method, we
can determine the velocity in each channel and determine primary contributing tempera-
ture bin, thus measuring the velocity as a function of temperature using imaging data. We

discuss the results of this analysis in Section 3.2.1.

2.1.4 Intensity, Doppler Velocity and Non-Thermal Line Broadening

Spectral lines can broaden, increase in width in excess of the full-width-half-max (FWHM)
of the theoretical line, because of instrumental effects, chaotic motions along the line of
sight, or multi-thermal plasma along the line of sight. The analysis of spectroscopic line
profiles can provide information on the distribution of electron temperatures, the direction
of motion and flow velocities, and measure of turbulent motion or turbulent (small scale/un-
resolved) flows moving in multiple directions. The presence of multi-thermal plasma along
the line of sight could also lead to line broadening, so the DEM is used determine if it is

isothermal. IRIS does not have an absolute wavelength because there is not no calibra-

42



25E
74 F
23 F

22 F

DEM cm™°

21 F
o0 F

19F

18 E

rc

1 R |

&} 7 &}
Log Temperature (K)

Figure 2.5: DEM of Jetl Observed 2015-10-24

0.35

0.30

0.25

0.20

0.15

0.10

Percent Contribution to total DEM

0.05

0.00

T T

Tprime: 5.5

AlIA Bandpass: 131

PR "

cova v b b b e vy

4.5

5.0

IR T
5.5

PRI R R S
6.0 6.5 7.0
Temperature (log T)

N
o

Figure 2.6: AIA131A Percent Contribution to Total DEM

tion lamp on—board (See IRIS technical notes 20). We use level 2 data with corrected

vignetting and calibrate the data using the standard solarsoft IRIS autofit routines. We take

and additional step to calibrate the rest wavelength of the Si IV line by averaging over a
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Figure 2.9: Example calculation of Tprime for Jet: The temperatures contributing the min-
imum, median and maximum emission.
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quiet region along and across the raster.

2.2 Examining Rotation in Jets

Jets have often been found to be accompanied by small filament eruptions [Sterling
et al., 2015, Savcheva et al., 2007, Sterling et al., 2018]. However, it is unclear if the
eruption of the filament initiates the jet via internal tether-cutting reconnection, or if the
eruption of the jet allows the filament to escape along the newly opened magnetic field lines
after external reconnection has occurred. Blowout jets have been explained as the result of
a strongly sheared field, and filament undergoing tether-cutting reconnection, releasing a
twisted filed and flux rope into the corona. In the tether-cutting scenario, if a filament
eruption initiates jet eruption, we expect to see evidence of the twisted filament and/or
helical motion of the field erupt with jet as has been shown by 3D MHD models [Pariat
et al., 2015b, Wyper et al., 2019, lijima and Yokoyama, 2017] and observations [Mulay
et al., 2017, Filippov et al., 2015, Joshi et al., 2018]. Some studies have also shown that
kink instability could play a role in the eruption of the inner filament. In this section we
investigate if there is a presence of a filament, and if the resulting jet exhibits any helical
motion. If helical motion is present, torsional Alfvén waves could also be contributing to
the acceleration of jet plasma [Pariat et al., 2015b]. The amount of twist present in the
filament to determine if twist and resulting torsional Alfvén waves could contribute to jet
acceleration. Ideally, we would use stereoscopic data which allow us to view the jet from
multiple angles. However for the purpose of this research, identifying twist through line-
of-sight images is sufficient. The aim is only to note the presence of helical motion and/or
a filament that could be contributing to the acceleration of the jet. We use the lack of twist
to eliminate potential acceleration mechanisms. i.e. if helical motion is present then there
is a possibility that the jet plasma is accelerated by internal reconnection and consequently
torsional Alfvén waves. If no evidence of twist is present, then we conclude that the jet

is not being accelerated by torsional Alfvén waves induced by a twisted field and internal
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Figure 2.10: Left: SDO/AIA 193A image of jet observed 2015-01-17 at 07:32:42 UT.
White line indicates a vertical cut that was taken to make the distance-time plots on right.

tether-cutting reconnection. Since an erupting filament is often associated with twisted jets,
we expect to find evidence of twist and evidence of an erupting filament, within the same
jets. To observe helical motion, we create a time-distance plots of each of the jets in this
study using AIA 193A images. Figure 2.10 shows the result of this analysis. The images
on the right show the location of the vertical slice used to generate the images on the right.
The slices are taken perpendicular to the longitudinal motion of spire, shown by the dotted
white line in the images in the left panel.

The white line in Figure 2.10, shows the orientation of the slice. When filaments are
present, they appear as dark regions in the spire and are noted by yellow arrows. Helical
motions are highlighted by curved or diagonal, white-dotted lines. The presence of helical
motion perpendicular to the longitudinal motion of spire appears as repeating diagonal or
sinusoidal motions in time-distance plots (depending on the number of twists). If both
the upward and downward motion is captured, the time-distance plots will show symmetric
inclinations and declination. We note that coronal dimmings can also appear as dark regions
in EUYV, and have been observed in jets[Lee et al., 2013]. However, dimming are associated
with the evacuation of plasma near the jet base and/or along coronal loops, not along the
spire, therefore EUV images are appropriate for this study. Filaments can be seen erupting

within the jet spire and/or entangled with the spire eruption. If there is not twist, but there is
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evidence of a filament, we expect that the eruption of the filament is is not directly related

to the acceleration of the jet spire.

2.3 Determining the Likely Sites of Reconnection

Coronal eruptions are driven by the magnetic reconnection in the coronal magnetic
field. Since the corona field is not observable, often magnetic field extrapolations based
on photospheric magnetic field are used. These extrapolations can then be examined to in-
vestigate the evolution of the coronal field, commonly referred to as magnetic topological
analysis. Topological changes in the magnetic field are very useful in determining where
and how the corona evolves. The combination of MHD simulations and magnetic field ex-
trapolations of active regions have established that the primary regions where reconnection
is most likely to occur are also associated with the regions most likely contain a current
sheet and/or regions of enhanced current density Demoulin et al. [1993, 1994], Priest et al.
[1989], magnetic null points. In 3D, null regions manifest as seperatrix surfaces, quasi-
seperatrix layers (QSL), and separator field lines Priest et al. [1989]. Each of these regions
separate the field into different connectivity domains with the magnetic field vanishing at
the intersection, i.e magnetic field lines across seperatrix surfaces are discontinuous, in turn
creating regions of enhanced current density and current sheets. Thus, the severity of this
change is a measure of the strength of QSLs. In the sections below, we discuss how NLFFF
models and QSL visualization tools can be applied to coronal jets to understand topological

changes during the eruption.

2.3.1 Role of Non-linear Force Free Topological Models

Deriving the strength and direction of the 3D magnetic field of the corona is essential
for identifying the location of magnetic reconnection and the topology that supports it. A
straightforward way, would involve directly measuring the magnetic field of the corona,

however current direct measurements are rare and insufficient to create a 3D picture. The
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magnetic field of the corona is weak, only measuring 1 to 10 Gauss, except right above solar
active regions where it reaches ~ 300 - 800 Gauss [Kuhn and Stein, 1996, Lin and Forbes,
2000]. New instruments such as Daniel K. Inouye Solar Telescope (DKIST) [Schmidt
etal., 2016], plan to address part of this problem by measuring magnetic fields of the chro-
mosphere and the corona. Currently, the most accurate measure of the magnetic field is
derived from the photosphere, where the Zeeman effect [Harvey, 1969] is applied to de-
tect a frequency-modulated polarization signal, sensitive to the strength and direction of
the magnetic field. From these measurements, we can use topological models to derive
the coronal magnetic field. Generally, these methods belong to four classes in increas-
ing level of sophistication: potential field extrapolations [Demoulin et al., 1993], linear
force-free extrapolation [Wang et al., 2000, Baker et al., 2009], non-linear force-free field
(NLFFF) models from LOS magnetograms [Wiegelmann, 2008, Wiegelmann and Sakurai,
2012, van Ballegooijen and Cranmer, 2010] and NLFFF extrapolations from vector mag-
netograms [Schrijver et al., 2008]. Each of these methods assume that Lorentz forces are
negligible, that the field evolves slowly through a series of quasi-equilibrium states. This
approximation applies for any slowly evolving low-Beta plasma where the magnetic field
pressure dominates the gas pressure, the gravitational forces, and kinematic plasma prop-
erties. Each of these models calculates magnetic topological features that can be compared
to observations and MHD models, including coronal null points, the seperatrix surface,and
the quasi-seperatrix layer (QSL) surrounding the flux rope. Below we describe the role of

NLFFF models in describing the magnetic topology of coronal jets.

2.3.2 Justification of NLFFF Models

The solar corona is composed of magnetized plasma with large electrical conductiv-
ity. Therefore the vector magnetic field, B, the electric field, E, the electric current den-
sity, j, and the plasma velocity,v, can be described in terms of magneto-hydrodynamic

equations (MHD), where particle interactions are ignored and the magnetized plasma is
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considered a continuous, ’flux-frozen’, and force-free fluid [Priest et al., 1994]. The flux
frozen and force-free conditions are derived from the induction equation and equation of
motion, which govern the coupled relationship between B and j for an evolving magnetic
field. Specifically, the electrical conductivity of the magnetic field is given by Maxwell’s
equation:

JB

VxE:—W (2.5)

In addition, the plasma experiences the Lorentz force, (j x B). The current density, j, is
related to E by Ohm’s Law, j = E /o , where o is electrical conductivity. The induction
equation can then be written as:

JB

1
W:V><(v><B)—‘u—GV><(V><B) (2.6)

where U , is the magnetic permeability.

In the lower corona, the magnetic field pressure is typically is orders of magnitude
higher than the gas pressure, and the length scale of particle interaction is much lower than
the Reynolds number. Thus, the plasma is *flux-frozen’ and confined to move along the
magnetic field lines [Alfvén, 1942]. Therefore the magnetic pressure dominates plasma
motion, and other forces, other than the magnetic tension it exerts on itself, can be ignored
and the Lorentz force j x B = 0. This condition is called *force free’ and applies describes
a magnetic field in which the magnetic pressure and magnetic tension forces are in equi-
librium, and gravity and other forces are negligible. The force-free state results in two
consequences. First, the first term in the induction equation goes to 0, and it reduces to:

JB

~ = V’B (2.7)

where 7 is the magnetic diffusivity, ‘%. Second, the magnetostatic state is described by a
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simplified equation of motion:

0=-Vp+jxB (2.8)

where j = ﬁV x B, and V - B = 0. Finally, the magnetic field, B, and the current density,
J» are related by Ampre’s Law:

V x B = u0j (2.9)

where, (0 is the permeability of vacuum. Since the Lorentz force is zero, the current

density and the magnetic field must be parallel. So, they can be written as:
ulj = aB (2.10)

where « is called the force-free function. Ampere’s law can then be written in the following
form:

VxB=oB 2.11)

Hence, the electric currents must flow parallel or anti-parallel to the field lines B)J and
B ~ J with a proportionality parameter ¢ (r), where (r) = aB(r), shows how o changes
as a function of distance r. If o is set to zero, then this describes force-free potential
field models [Demoulin et al., 1993]. If « is constant across the field, then this describes
linear force-free, non-potential field models [Wang et al., 2000, Baker et al., 2009]. If
« is allowed to vary from field line to field line, then this describes the non-linear, force
free approach [Wiegelmann, 2008, Wiegelmann and Sakurai, 2012, van Ballegooijen and
Cranmer, 2010].

Potential and linear force-free models are popular because they are mathematically sim-
plistic and only require line of sight magnetograms, as opposed to extrapolation methods,
which can use vector magnetograms. However, potential field and linear force-free models
assume that the magnetic field is uniform across the region, and potential field models as-

sume that there is no free magnetic energy in the system. Thus, these are not applicable for
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eruptions that are thought to be caused by the sudden release of stored free energy in the
form of strong electrical currents such as coronal jets.

A different approach is to use a non-linear force-free magnetic model, where o changes
as a function of distance. A key difference in NLFFF models is that the mean large-scale
magnetic field remains force-free, except in regions where a non-potential, current-carrying
field is introduced in the form of a flux rope. This deviation from the force-free, potential
field condition allows the magnetic field to store and release magnetic energy and it is
more representative of the topology of coronal eruptions, where the magnetic topology
suddenly changes from storage to energy release. NLFFF models they have been applied
to jets previously, with conflicting results. [Chandra, R. et al., 2017], examined the topo-
logical features of blowout jets and found evidence of a bald-patch topology, that could be
responsible for jet shape and formation. While in [Thalmann et al., 2013] breakout recon-
nection in conjunction with kink-instabilities were responsible for jet eruption. Although,
these studies conflict, they show that NLFFF models can be useful tools to determine the
magnetic topology in coronal jets. One key difference in the previously discussed NLFFF
models is their approach to dissipating magnetic flux elements and release stored magnetic
energy. The magnetic field of the corona is anchored to the photosphere, and ultimately
the convection zone, where turbulent random motions slowly disperse the field. In the pho-
tosphere this motion manifests as the slow decay of active regions, and weakening of flux
concentrations. In the corona, where the field is ’frozen-in’ the random motions result in
entangled field lines, and small-scale reconnection events, called nano-flares. Over time,
the large scale field is restructured, and regions of concentrated flux are diffused. Fila-
ments are observed to slowly rise in response the the weakened field, until a critical point
is reached leading to rapid eruption. This behavior is most often studied in filament erup-
tions, including those associated with active regions (sigmoids), large scale prominence,
and CME initiation. This deviation from the force-free, potential field condition allows the

NLFFF models to extrapolate a magnetic field to store and release magnetic energy, more
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representative of the topology of coronal eruptions, where the magnetic topology suddenly
changes from storage to energy release.

In magneto-relaxation models, diffusion is simulated by the continual evolution of the
magnetic field through a series of steps in NLFFF equilibrium, using the evolved photo-
spheric boundary and iterating the magnetic induction equation at each step. One advantage
of this method is that the field retains a 'memory’, and allows for continuous evolution of
current density and free magnetic energy, rather than recalculating the field from the pho-
toshpere at each step, as in other NLFFF models. In addition, magneto-frictional models
are computationally faster, allowing us to explore several different magnetic configurations
to best match observations. Finally, these models are data-driven; the lower boundary con-
dition is a magnetogram, the inserted filament is matched by observations, and the test of
the final model is the fit of the coronal magnetic field with observation, in this case of
jet spires and domes. NLFFF models using magneto-frictional relaxation have been suc-
cessfully applied to active region sigmoids[Savcheva et al., 2012b, 2015, 2012a, Mackay
etal., 2011], filament eruptions [Karna et al., 2019], and the quiet sun [Meyer et al., 2013].
Applications of NLFFF models with magneto-frictional relaxation to jets are rare [Cheung
et al., 2015]. Recently [Chen et al., 2018] applied a NLFFF model using flux insertion and
magneto-frictional relaxation to a large coronal jet observed at the periphery of an active
region and traced the source of semi-relativistic electron beams to the null region predicted
by the model. We discuss the analysis of this jet in Chapter 3. In this work we examine
coronal jets using a non-linear force free model, with magneto-frictional relaxation using
SDO/AIA LOS magnetograms as the lower boundary condition. These models allow com-
paratively quick 3-D models of the structure of the coronal magnetic field, for an instant in
time. These models use magnetograms as input and so are able to match particular obser-
vations. In the research presented here, we use the Coronal Modeling System (CMS) and
Non-Linear Force Free model,with the flux insertion method to map the 3D structure of the

magnetic field for jets analysed in this study.
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2.3.3 The Coronal Modeling System

The Coronal Modeling System (CMS) is a Non-linear Force Free Field developed by
Aad van Ballegooijen [van Ballegooijen et al., 2011, van Ballegooijen and Cranmer, 2010],
that constructs the topological magnetic field of the corona using the flux-rope insertion
method with magneto-frictional relaxation discussed in detail by [van Ballegooijen, 2004,
van Ballegooijen et al., 2007, Bobra et al., 2008, Su et al., 2013, Savcheva et al., 2012a].
This method involves inserting a weakly twisted flux rope into a potential field and then
allowing the field to relax to a force-free state through magneto-frictional relaxation. The
models are constrained by HMI LOS magnetograms as the lower photospheric boundary
conditions, and AIA observations of the jet spire and dome. Advantages of this method
are that it only requires LOS magnetograms (as opposed to vector magnetograms), it is
constrained by data rather than idealized sources, and is computationally quick (compared
to MHD simulations), thus allowing a range of magnetic topologies to be explored. We note
that CMS also has a capacity to construct a topological model using vector magnetograms,
but they are not necessary for this work. Each NLFFF model computes magnetic energy,
free energy, potential energy and relative magnetic helicity. In this section we summarize
the process of constructing the topological model using the flux rope insertion method. See
[Bobra et al., 2008] for a more detailed description of the model. Figure 2.11 illustrates
each step of the process.

1.) Calculate a global potential field and a local potential field. The process begins
with inputting a full-disk HMI line-of-sight magnetogram and synoptic carrington magne-
togram that captures the 27 day solar rotation. The code extracts the magnetic map from the
observed magnetograms. Step a in Figure 2.11 At each point the global radial field is com-
puted, B, = B / cos 6, where B is the LOS magnetic field and 6 is the heliocentric angle.
This formula is accurate (a) when the observed field is radial on the Sun, and (b) when we
observe away from solar limb, and preferably near disk center. The formula is not accurate

in sunspot penumbrae away from disk center because the magnetic field in the penumbra
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Figure 2.11: Steps in generating NLFFF model with flux insertion

has a strong horizontal component. The LOS magnetic field is not as accurate near the

limb, due to limb effects. Next, a region of interest is selected (a 3D wedge from the solar
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surface to ~ 2R) and the high resolution potential field is calculated, thus dividing the
map into 2 parts; the high resolution (HRES) region within the selected region of interest,
and low-resolution (LRES) outside of the region of interest. The region of interest is anal-
ysed using a smaller grid, thus higher resolution, while the distant regions use smaller grids
(lower resolution). The potential field in the LRES region is computed from the Carrington
magnetogram, with the the full disk HMI magnetogram inserted as the lower boundary. The
potential feild is calculated in spherical coordinates by: B, = Bm,(R%)Zr - V(%—lf) where
B,,r is the open-ended radial component of the field, R is the solar radius, %—‘f describes
the change in magnetic flux vector components as a function of spatial coordinates (dis-
tance). The HRES area contains currents, while the more distant region is a current free,
potential-field. The result is a map of the magnetic field where By matches the radial field
in the photosphere and aa—lf at the open ended radial field. The calculation is done is such
a way that the normal component of magnetic field at the side boundaries of the HIRES
domain is continuous across these side boundaries.

2) Insert Flux rope Next we select the flux rope path and specify its parameters. Step
b in Figure 2.11 shows the path of the selected flux rope (blue line). The flux-rope path is
manually selected using AIA 304 and AIA 193 A images as a guide. In EUV the flux rope
appears as dark S or J shaped feature, that lies in between the positive and negative polarity
flux (called the polarity inversion line). We manually draw the path of the flux rope, from
positive to negative polarity flux at small height above the photosphere. The exact path
of the flux rope is not needed, we can adjust the path of the flux rope if the extrapolation
does not match observations. The flux rope is given a set of axial (flux that runs along the
path,¢ in Mx) and poloidal flux (closed field lines that run around the flux rope per unit
length in Mx per unit length cm ~!) based on the strength of the magnetic flux at the base
of the jet. We run a grid of axial and poliodal fluxes beginning with /sim 20 percent of
the positive magnetic flux. Typical values of axial and poloidal flux are 1E20, and 1ES,

respectively. Flux ropes are known to have a sinistral (S-shaped with left helical twist)
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or dextral(inverse S twist and right helical twist) direction of the magnetic field along the
channel, with respect to the positive polarity [Martin, 1998]. Therefore we identify the flux
rope as positive or negative axial flux depending on the direction of the twist. At the two
ends of the path, the tube is anchored in the photosphere and helicity is concentrated in the
center of the flux tube rather than the ends.

3) Relax the model using Non-linear Force Free topological model The next step is
to relax the field into a force-free equilibrium state using a process called magneto-frictional
relaxation [Yang et al., 1986, van Ballegooijen, 2004]. Magneto-frictional relaxation is the
processes by which the magnetic field is evolved by the induction equation, slowly or quasi-
steadily at a velocity proportional to the Lorentz force. As in the passages above, plasma
in the coronal is low-f and considered ’frozen in’, and force-free. However ,the filament,
when in motion, experiences a small frictional force with respect to the ambient corona
described by the velocity,v, v = F /v, where F is the Lorentz force, and v is the co-efficient
of friction. Therefore by imposing this small force, magneto-friction acts to incrementally
dissipate magnetic energy, allowing the filament to move upward. Essentially, magneto-
friction has the effect of expanding the flux rope until its magnetic pressure balances the
magnetic tension applied by the surrounding potential arcade for each step in the iteration.
Thus the magnetic field at each step is described as:

JB

ST —V XE (2.12)

where E = —v x B+ 1nj. An additional term, hyper-diffusion is added to the induc-
tion equation to describe the relationship between the stressed non-potential, flux rope and
the diffusion rate of magneto-frictional diffusion. Without hyperdiffusion, when helicity
increases, the Lorentz force would result increasingly larger frictional forces, and larger
upward motions of the filament. Instead, hyperdiffusion works to dissipate the increased
helicity at the boundaries of the HRES region, allowing helicity to be conserved, and al-

lowing the field to evolve in steps of in quasi-equilibrium. The MF method assumes plasma
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velocity to be proportional to the Lorentz force, so that the field evolves toward a nonlinear
force-free state. Thus the magnetic field can be written as a combination of both diffusion
mechanisms:

JB

B _, 5
E:Vx(va)—niVxB+?V(nhB Va) (2.13)

where 1), is the hyper-diffusion [Boozer, 1986, Bhattacharjee and Kwok, 1986], and both
hyper and regular diffusion are constant in space. During the relaxation process, the bot-
tom boundary is fixed as defined by the LoS magnetogram, the side boundaries are fixed as
defined by the potential-field values of the low- resolution full-Sun potential-field extrapo-
lation, and the top boundary is open. Other than the fixed boundaries, magnetic fields are
allowed to vary throughout the wedge volume. The cell size is increased in the HRES re-
gion, and reduced in the LRES region to increase computational speed. In the photosphere,
the grid size is ~ 1.5x1073R, or 1 megameter. In this study we use 90,000 iterations of
increasing grid size to relax the model into a force-free state. Magneto-frictional evolution
has two possible outcomes: either the flux rope settles into a force-free state (called stable
model), or the field expands indefinitely and never reaches a force-free state , i.e an ’erup-
tion” occurs (unstable model) [Bobra et al., 2008, Su et al., 2013]. This is not an eruption
in the same sense of 3D MHD models, where magnetic energy is released as thermal and
kinetic energy. Instead, an eruption means the flux rope is no longer in equilibrium with the
surrounding region, i.e. the loss of equilibrium occurs when the forces due to the axial and
poloidal fluxes become larger than downward magnetic force of the overlying field. During
the flux insertion process, we first create a stable model, in which the topological features
are matched but the forces due to the torordial and axial fluxes are less than the overlying
field. Once a stable model is found, we increase the axial flux until an unstable model is
created.

4.) Match the result with Observations For each jet we construct a grid of NLFFF
models with different axial and poliodal fluxes until we determine which model matches

observational properties,.i.e. the jet spire and dome direction and location. This process
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involves mapping the field lines of the model and matching them with observations in
AIA images. CMS uses a three-dimensional visualization tool that displays field lines in
projection onto the plane of the sky. First, the image is aligned with the model using the
limb of the Sun. Then we hand select field lines that best represent topological features in
AIA observations. In Figure 2.11c, we have selected field lines where we expect to find
evidence of reconnection between the ambient corona and the jet loop system. We select
lines along the jet spire, near the jet base, and near the interface region between the jet and
ambient corona. We can see that the spire length direction and cusp is well matched by the
topological model.

5.) Compare best-fit model to data Once we have found a best fit model, we can use
the 3D topological features to identify regions of concentrated current density, and topo-
logical features like magnetic nulls , seperatrix layers and quasi-seperatrix layers. Figure
2.11d shows an cut of the current distribution in the SZ plane of the jet. We can identify the
magnetic null as the region where the magnetic field converges and goes to 0, highlighted
by the yellow arrow.

Finally, we record the parameters of the filament, magnetic energy, free energy, po-
tential energy and relative magnetic helicity. These parameters can then be compared to

predictions from MHD simulations and observations.

2.3.4 Quasi-Seperatrix Layer Visualization Tool

CMS outputs a 3D topological model of the magnetic structure of the jet. From there,
we then can examine a proxy for the squashing factor, Q [Titov, 2007] in the magnetic
field. Q, describes regions of sharp discontinuities in the magnetic field and is calculated
by calculating the derivative of magnetic field for bundles of magnetic field lines where
each domain is bound by a 3D seperatrix or quasi-seperatrix layer(s) [Priest et al., 1994,
Demoulin et al., 1993, 1994], which separates the null point from the outer open magnetic

field lines, and the inner closed loops. The QSL calculation is a useful proxy to investigate

58



the electric field in regions of enhanced current density where current sheets are expected
to develop [Aulanier et al., 2005]. Work by [Janvier et al., 2016, Chintzoglou et al., 2017]
compared the regions of enhanced current density calculated by QSLs, with those of calcu-
lated by MHD model of an active region. They showed that QSLs can accurately give the
locations of magnetic nulls and separatrices in evolving magnetic topology. [Tassev and
Savcheva, 2017] developed software capable of calculating calculating Q in three dimen-
sions, given a 3D sampling of magnetic field measurements spherical or Cartesian coordi-
nates. This model has also been successfully applied to sigmoidal active regions [Savcheva

et al., 2012a] and filament cavities [Karna et al., 2019].
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Chapter 3

Results: Evidence for Chromospheric Evaporation in Coronal Jets

3.1 Description and Evolution of Jets

A straight forward way to determine if chromospheric reconnection plays a role in the
acceleration of jet plasma is to look for a correlation between temperature and velocity.
In this study, we use a novel technique to investigate the acceleration mechanism in six
coronal jets. Using observations from Hinode’s X-ray Telescope (XRT), Solar Dynamics
Observatory’s Atmospheric Imaging Array (SDO-AIA), and the Interface Region Imaging
Spectrograph (IRIS), we capture the plane of sky velocities along the jet spire. When avail-
able, we use IRIS spectroscopic observations of Si IV line profiles to calculate Doppler
velocities and non-thermal line broadening. We construct differential emission measures
(DEMs) as a proxy for temperature, and determine if the jets show evidence for chromo-
spheric evaporation. We also look for evidence of twist and/or erupting filaments in order
to eliminate acceleration mechanisms. We present evidence of a temperature-dependent
velocity in at least 2 jets with velocities ranging from 200-500 km/s, consistent with chro-
mospheric evaporation.

We observed six coronal jets using imaging data primarily from SDO-AIA. When avail-
able we include observations from Hinode-XRT, and IRIS slit-jaw and spectroscopic data.
Four of the jets are observed using both XRT and SDO images, two use only SDO AIA
data, and two jets are analyzed using XRT, AIA, and IRIS data. We have selected jets that
are distinct from the background, with a spire that is easily identifiable in EUV and X-ray
images, with visible foot points, and a high enough image cadence to calculate the plane
of sky velocity. We do not include small jet-like eruptions, surges, and eruptions in AIA
304A that do not have an EUV counterpart. In the section below, we describe the instru-

ments used in this study, data preparation, and jet observations. Figure 3.1 shows images
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of six jets observed in the SDO/AIA 193A channel on or near the time of peak emission.

Jet 2 is a quiet sun jet. All other jets occur in the periphery of active regions.
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Figure 3.1: Six jets observed in the SDO/AIA 193A channel on or near their time of peak
emission. Jets 1,2,4-6 occur on the periphery of active region. Jet 3 appears in a quiet

region.

Below, we discuss the coronal evolution of each of the jets in this study. There are six
jets, all observed with AIA, two with additional observations with XRT, two with additional
IRIS slit jaw imager, two with IRIS spectrometer data. These observations are summarized

in Table 3.1. We describe the coronal evolution, and the evolution of the filament when ob-
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Jets Observed in this Study

Jet Number, Type, Region Peak Time Instruments Utilized
Jet 1. Standard, AR 2015-10-24 13:25 UT AIA,XRT,IRIS
Jet 2. Blowout, AR 2015-01-17 07:32 UT AIA, IRIS
Jet 3. Blowout, QR 2012-09-21 03:35 UT AIA
Jet 4. Blowout, AR 2014-11-01 19:05 UT AIA
Jet 5.Standard, AR 2017-07-13 08:33 UT AIA,XRT,IRIS
Jet 6. Standard, AR 2017-02-01 00:21 UT AIA, IRIS

Table 3.1: Jets observed in this Study. Jets are listed by type, embedded region, date and
time near peak of eruption, and instruments used in analysis.

served. We have calculated the plane-of-sky (POS) velocity using the procedure described
in Section 3.2.1. To examine if there is evidence of twist, we follow the procedure de-
scribed in Section 2.2. The aim of this body of work is to examine possible acceleration
mechanisms in coronal jets using multi-wavelength observations. To determine if jets show
evidence of chromospheric evaporation, we calculate the plane of sky velocity as a function
of temperature for each of the jets. Both AIA and XRT are broad band channels, i.e the
temperature response function is sensitive to a range of temperatures, see Figure 2.2, thus

we can employ a differential emission measure technique to determine plasma temperature.

3.1.1  Jet1 Observed 2015-10-24 13:25 UT

Jet 1 shown in Figure 3.1a develops near the center of of an active region (NOAA
12434) ~13:25 UT. It has a narrow pencil-like spire in EUV, therefore we consider this
jet to be ’standard’. It is also accompanied by an eruption of cool, dense narrow jet-like
spire in 304A. The jet was observed in XRT Al/Poly and Be-thin channels (using 2.5 min
cadence), IRIS 1400 slit-jaw imager, and the AIA EUV channels. The eruption duration is
~ 30 minutes from (13:20-13:30 UT) and peak POS velocity to be ~ 550 km/s.
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Figure 3.2: Jet 1 Observed 2015-10-24 in AIA channels.

3.1.2  Jet 2 Observed 2015-01-17 07:32 UT

Jet 2 shown in Figure 3.1b develops starting at ~ 07:32 UT between two large compact
negative flux regions in an active region in the south west limb of the solar disk, preceded
by several smaller eruptions. The jet can be classified as ’blowout’, since it has a wide
curtain-like spire in EUV, and a similar eruption in UV (SDO 304A). The jet spire has a
helical motion and a visible filament that lies along the polarity inversion line of the lower
positive flux region. This filament erupts at the same time of the jet. Later, we develop a
non-linear force free model of this region and discuss the impact of the filament on the jet

trajectory.

3.1.3  Jet 3 Observed 2012-09-21 03:35 UT

Jet 3 shown in Figure 3.1c develops in the quiet sun ~ 07:31 UT. This jet has a broad
spire and an accompanying eruption and emission in ATIA 304 A. No active regions, bright
points or plumes were present, however the region is the site of strong disorganized mag-

netic flux. After the eruption, material can be seen falling back onto the disk on nearby
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Figure 3.3: Jet 2 Observed 2015-01-17 in AIA channels.

field lines. Minutes before the eruption, positive polarity flux can bee seen moving towards
a smaller negative polarity region. The negative flux appears to cancel, becoming more
compact and circular shaped. The eruption occurs when the two opposite polarity (and
now more compact) regions become close to each other, resulting in an s-shaped eruption
and twisted jet spire. Jet 3’s duration is about 10 minutes from (03:34-3:44). After the
eruption, a smaller bipolar region remains and the positive polarity flux continues to cancel

while the negative flux appears to become more compact.

3.1.4 Jet4 on2014-11-01 00:21 UT

Jet 4 shown in Figure 3.1d develops on the southern periphery of AR12203 near disk
center ~ 19:01 UT. The AR lies between two other small active regions that interact fre-
quently. The region erupts several times for a few hours, we focus on the eruption beginning
~ 1901-19:17 UT that results in a bright narrow spire on the outer boundary of the bubble
of the ejecta.

At the time of the eruption there appear to be two filaments present, a small one on the

right along the boundary, and a larger filament to the left. The eruption is circular and broad,
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Figure 3.4: Jet 3 Observed 2012-09-21 in AIA channels.

Figure 3.5: Jet 4 Observed 2014-11-01 in AIA channels.
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rather than the narrow spire typically seen in jets, with several parts moving at different
velocities (we discuss the calculation of velocity in Section 3.2.1).This eruption is most
effectively classified as a blowout jet, since it resembles a small CME, with corresponding
eruptions in AIA 304 A. This eruption is associated with Type III radio bursts and semi-
relativistic particles [Chen et al., 2018].

The region where the jet develops is on the boundary of the negative flux region, and
diffuse positive flux regions. Before the eruption a small bipolar region emerges between
the negative and positive regions, resulting in a small eruption that appears to destabilize
the lower region, culminating in a circular eruption that encompasses the lower portion
of the active region. Magnetically the jet appears to originate from positive polarity flux
emerging between two regions of negative polarity. Later eruptions appear to be due to the
continual emergence and cancellation of this flux. The eruption’s lifetime is ~ 20 minutes

from (19:01-19:20 UT).

3.1.5 Jet52017-07-13 08:33 UT

Jets 5 in shown in Figure 3.1e erupts within AR12665, a large sigmoidal active region.
The jet emanates from a region with re-occurring jets that erupt several times over a two
day period. This jet and the other re-occurring jets are all standard, with a characteristic
bright point at their base. The spire of the jets is narrow and at the peak of eruption the
material appears to follow the magnetic field lines, back downward towards the disk. Jet
observations were taken using SDO at a 12 second cadence and Hinode Be-Thin at an 8
sec cadence during a high data rate campaign. The eruption’s lifetime is ~ 20 minutes
from (19:01-19:20). Magnetically, the jet we focus on erupts over a bipolar region. The
jet appears to be the result of magnetic flux cancellation between small regions of opposite
polarity flux and is one of several other jets emanating from the same active region. Over
the course of the eruption, the positive polarity flux is eroded, leaving a small amount,

which is responsible for the appearance of bright point in EUV.
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Figure 3.6: Jet 5 Observed 2017-07-13 in AIA channels.

3.1.6 Jet 62017-02-01 00:21 UT

Jet 6, shown in Figure 3.1f erupts near the southwestern region of the a small, unnamed
active region. A filament can also be seen erupting near the jet, but it is very small, so it
is not clear if the eruption of the filament is the catalyst for the jet’s eruption or if a re-
configuration of the magnetic topology is responsible for both jet and filament initiation.
The erupted plasma has a broad structure. We consider this jet a blowout jet, but it could
also be classified as a small surge. This eruption was observed by IRIS spectrometer and
the raster slit aligns with the jet spire. Therefore we can calculate the plane of sky velocity,
Doppler velocity and non-thermal broadening for the jet spire. See Section 4. The jet erupts

when negative flux emerges into near the base of the active region.
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Figure 3.7: Jet 6 Observed 2017-02-01 in AIA channels.

3.2 Examining Chromospheric Evaporation in Jets
3.2.1 Results of Temperature vs Velocity Analysis

In Figures 3.8 - 3.13 we plot the line of sight velocity as a function of temperature for
the six jets in this study. The plane of sky (POS) velocity is calculated using the stack
plot method (described in section 2.1.2) and the temperature distribution for each channel,
Tprime, is calculated from the DEM. POS velocity is calculated for the following channels;
IRIS slit-jaw 1400 and 1330 A, ATA-131,171,193,211,335, and 94A channel separated into
the Fe XVIII and ’cool’ residual components, and XRT channels, Al-poly and Be-thin.
The channels included in the DEM analysis are the AIA-EUV channels and XRT-X-ray
channels when available. The IRIS 1330 and 1400 A channels contain emission from both
optically thick and optically thin plasma. We are not able to separate these components
at this time, so these channels are not included in the DEM calculation. Instead, Tprime
is taken as the peak formation temperatures for the spectroscopic lines that are the main
contributors to the emission in the slit jaw channels. For the 1330 A channel the primary

contributor is C II, at a peak formation temperature of LogT 4.6, and for the 1400 A channel
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the primary contributor is Si IV at LogT 4.8.

In the Figures below we also plot the sound speed (dotted black curve) and 2.35 x the
sound speed (dashed black curve). [Fisher et al., 1985] estimated the maximum temperature
expected if plasma is accelerated due to chromospheric evaporation in active region flares,
which was found to be 2.35Cs. [Matsui et al., 2012] found a similar trend when applied
to one observation of a coronal jet with the Hinode/EIS spectrometer. In this work, if the
plasma velocity increases as a function of temperature and lies within 2.35Cs limit, we
interpret this as evidence of chromospheric evaporation. In each plot, the error in velocity
in indicated by vertical lines at the largest temperature contributor, Tprime, in each channel.
All of the jets in this study are observed using AIA but do not always have XRT or IRIS
observations. The observations used for each jet, are described in Table 1. In the following
section, we will refer to the channels used to calculate velocity Vchannels, and refer to the
channels used to calculate DEM as Tchannels.

Figure 3.8 shows velocity vs temperature for Jet 1, observed 2015-10-24T12:54. The
velocity is calculated using the 6 AIA-EUV channels, Al-poly, Bethin, IRIS-slit jaw. The
velocity in the hot channels (Bethin, Alpoly, Fe XVIII, 211A ) and the cool channels
(171,193 A ) both follow an increasing temperature-dependent trend. In the 335A channel
(dark blue), the temperature contribution seems to be bimodal, i.e. a large number of tick-
marks near logT 5.3 and logT 6.2. Still, the upward trend is apparent, and the velocities
for the majority of the channels lies within the bounds of the local sound speed and upper
limit of 2.35Cs. If we assume the plasma temperature of the IRIS 1330 A channel is the
formation temperature of CII (logT 4.3), then the trend is extended to cooler temperatures.
We interpret this result to indicate the presence of chromospheric evaporation as predicted
by [Fisher et al., 1985].

Figure 3.9 shows velocity vs temperature for Jet 2, observed 2015-01-17T07:20UT. The
Fe XVIII component of this jet had very low signal, therefore we were not able to reliably

calculate the velocity. The other AIA channels appear to be very similar across velocity.
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The 193 A channel (teal) has a Tprime value of 6.3 and a speed of 350 km/s but the 94c
(dark green) and 335 A channels both have hotter values of Tprime, but lower speeds.
Therefore, we conclude that chromospheric evaporation is not responsible the acceleration

in this jet.

Figure 3.10 shows velocity vs temperature for Jet 3, observed 2012-09-21T03:30. Jet
3 was a blowout jet, accompanied by a large filament eruption and the eruption of large
amounts of chromospheric plasma. In this jet, the POS velocity in all channels is similar
at ~300 km/s, though there is a slight increase as a function of temperature in the 171,
193, 211, and 94c A channels. The temperature and velocity appear to show an inverse
relationship in some channels (94c and Fel8). Therefore, we conclude that chromospheric
evaporation may be responsible for the cooler channels, but not the warmer channels. In
several channels, there appears to be a two primary components, near logT 5.2 and logT 6.8.
The Fe XVIII temperature is notably higher than the other jets, even though the primary
velocity is similar. The apparent increase in velocity as a function of temperature for the
cooler channels, along with the slower speed for the Fel8 channel indicates that there is a
cool component driven by chromospheric evaporation, and a hot component driven by the
motion of the magnetic field, as in ?.

Figure 3.11 shows velocity vs temperature for Jet 4,observed 2015-11-01. This jet
was part of a complicated structure that erupted near an active region and contained a large
erupting CME-like mass and filament. The velocities do not follow an apparent temperature
dependent trend. There is not a large spread in temperature, and the velocities of the hottest
plasma are slower than expected for chromospheric evaporation. Therefore, we conclude
that CE is not contributing to the acceleration of this jet. We discuss this possibility of twist
as an primary accelerator in section 1.5.0.1.

Figure 3.12 shows velocity vs temperature for Jet 5, observed 2017-06-13. This jet was
one of several re-occurring jets from a large active region. The velocity and temperature

to follow a trend characteristic of chromospheric evaporation. The velocity of several AIA
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Figure 3.8: Plane of sky velocity as a function of temperature for Jet 1, corresponding to
Figure 3.1a.
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Figure 3.1b.
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Figure 3.10: Plane of sky velocity as a function of temperature for Jet 3, corresponding to
Figure 3.1c.
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Figure 3.11: Plane of sky velocity as a function of temperature for Jet 4, corresponding to
Figure 3.1d.
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Figure 3.12: Plane of sky velocity as a function of temperature for Jet 5, corresponding to
Figure 3.1e.
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Figure 3.13: Plane of sky velocity as a function of temperature for Jet 6, corresponding to
Figure 3.1f.
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channels (171,193, 211, 131, Fe XVIII, 94C) are very similar but do show an temperature
dependency. The velocity for channels IRIS 1330, 1400 and AIA 171 and 335 A shown in
yellow, light blue, respectively, are increasing in a trend very similar to what is expected
for chromospheric evaporation. The X-ray velocities lie on the cusp of the upper limit
for chromospheric evaporation, but also show a temperature dependence. Therefore for
this jet, we conclude that chromospheric evaporation is primarily responsible for the jet’s
acceleration. However, because some of the cooler channels lie outside of the bounds
predicted by CE, additional considerations may be in order.

Figure 3.13 shows velocity vs temperature for Jet 6,0bserved 2017-02-01. Most chan-
nels in this jet appear to have a equal contribution of cool and warm plasma. Some channels
(171,193,94c¢) are increasing as a function of Tprime, these trends may indicate a hot-fast
component, and slow-cool component, similar to jets discussed in [Shimojo et al., 1998],
where magnetic magnetic tension accelerates most of the jet plasma, while CE plays a

small-role in the jet acceleration.

3.3 Examining Rotation in Jets
3.3.1 Results of Perpendicular Motion

To observe helical motion, we create a time-distance plots of each of the jets in this
study using AIA 193A images. Figure 2.10 shows the result of this analysis. The images on
the right show the location of the vertical slice used to generate the images on the right.The
white arrow in Figure 2.10a, shows the orientation of the slice. When filaments are present,
they appear as dark regions in the spire and are noted by yellow arrows. Helical motions
are highlighted by curved or diagonal, white-dotted lines. The presence of helical motion
perpendicular to the longitudinal motion of spire, appear as repeating diagonal or sinusoidal
motions in time-distance plots (depending on the number of twists). If both the upward and

downward motion is captured, the time-distance plots will show symmetric inclinations
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and declination. We note that coronal dimmings can also appear as dark regions in EUYV,
and have been observed in jets [Lee et al., 2013]. However, dimmings are associated with
the evacuation of plasma near the jet base and/or along coronal loops, not along the spire,
therefore EUV images are appropriate for this study. Filaments can be seen erupting within
the jet spire and/or entangled with the spire eruption.

In Jet 1, shown in Figure 3.14a, a filament erupts alongside the jet, but does not erupt
within the jet. This region was the site of several large oscillating spicules that erupted
independently of the jet eruption. No filament can been seen erupting along the jet spire.
There does not appear to be any helical motion visible along the spire. There is evidence
of repetitive motion in the jet spire as indicated by up and down motion in intensity in
Figure 3.14. We interpret these regions to be plasmoid ejections, indicative of magnetic
reconnection as discussed in Chapter 1. The plasmoids can also be seen in the EUV image
as enhanced circular regions in the the spire. Plasmoid observations in jets are rare. Their
presence in this jet (and not in any of the others in this study) may indicate the sling-shot
effect from magnetic reconnection plays a major role in its acceleration.

Jet 2, shown in Figure 3.14b,a large erupting filament and helical motions are clearly
visible. The jet is highly twisted, and appears to unravel as it erupts. Two similar bright
regions appear from above (~ 40pixels) and below (~ 15 pixels) the jet axis, noted by
white dotted lines. The upper region appears ~ 1 second after the lower region, but has
a very similar appearance. Later several sinusoidal motions can be seen in the jet spire.
Oscillations have been studied in jet spires [Chandrashekhar et al., 2014, Zhelyazkov et al.,
2017]. We are not able to determine if these motions are associated with oscillations, how-
ever these motions are much faster than previous studies, with periods of tens of seconds
rather than 5 minutes [Savcheva et al., 2007, Chandrashekhar et al., 2014]. For this study,
the most relevant observation is the initial helical motion of the jet, entangled with the
filament.

Jet 3 shown in Figure 3.15c, also shows the presence of an erupting filament and large
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scale unwinding motion. The filament erupts in the upper portion of the jet. The oscillatory
motions of bright region captures the large-scale, counter-clockwise twist in the jet spire.
The filament can be seen in the right panel (white lines). A filament eruption and helical
motion can also be seen in Jet 4, Figure 3.15d.Within the two bright edges of the jet, we find
evidence of sinusoidal motions (white dotted lines on right panel). We also see two very
similar regions that appear opposite of each other 1 minute apart, similar to Jet 2. In this
case we can trace what appears to be the motion of the filament (dark region, white-dotted
lines). After two periods (~ 5 minutes after start of eruption), the same dark regions appear
as bright regions, ~ 19:17 and 19:20. We interpret this as evidence of the filament being
heated in the process of the eruption. Filaments have often been observed being heated
during CME eruptions [Green et al., 2007], and jets may produce a similar event. In this
case, it is possible that the heating of the filament is associated with the acceleration of the
jet spire.

Jet 5, shown in Figure 3.16e, also shows oscillatory motion along the spire, and the
appearance of an erupting filament. In this case, the untwisting motion on the lower edge
of the jet is disrupted, but the upward and downward motion of material is visible on the
upper edge of the jet. This jet occurs in very dynamic active region with several erupting
jets, a so-called ’jet geyser’ [Paraschiv and Donea, 2019]. The region before the jet eruption
is complicated and a twisting filament and ambient corona is also visible before the eruption
8:09-08:20 UT. This eruption appears to follow the background field, erupting and twisting
in a similar way.

Jet 6, shown in Figure 2.10f, also involves the eruption of a filament eruption along the
lower edge of the jet. As the jet erupts a dark, curved loop appears nearby. The loops are
possibly being evacuated by the eruption of the jet or other processes nearby. In this case,
the dark region in the upper portion of the jet can be traced to the base of the loop, therefore
it is most likely a coronal dimming. However, the lower dark region, is a filament and is

visible in IRIS 1400 images. Interestingly the filament appears to be twisted but the jet
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Figure 3.14: Figure a-b (Left):Jets 1-2 in SDO/AIA 193A/. White dotted line indicates a
vertical cut that was taken to make the distance-time plots on right. Right: Time-Distance
plots of Jets 1-2 in AIA 193A. The direction of slice is indicated by the white arrow. Jets 2
is associated with a filament eruption (pointed out by yellow arrow in both images). White
dotted lines indicate regions of curvature associated with unwinding. Jets 2 shows twisting
motion, while Jets 1 shows no twist. Jet 1 is not associated with a visible filament.

spire does not appear to have any twisting motion. Therefore, we do not think the motion
of the filament is imparting energy into the jet acceleration.

In summary, Jets 2,3,4 and 5 show evidence of both twist and filaments in agreement
of the filament eruption models presented by [Sterling et al., 2010b, Pariat et al., 2015b].
Jets 1 and 6 show no evidence of twist. Jet 1 is not twisted, nor associated with a visible
filament, while Jet 6 shows evidence of an erupting filament, but it is not highly twisted.
In these two cases, even when a filament is present, they do not appear to impart energy
onto the erupting jets. However, it is possible that the filaments in these jets are too small to
have an observable effect. The oscillatory motions found here have periods ranging from ~

30 seconds to 2 minutes, which is considerably higher than other reports on timescales of
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Figure 3.15: Figure c-d (Left):Jets 3-4 in SDO/AIA 193A/. White dotted line indicates a
vertical cut that was taken to make the distance-time plots on right. Right: Time-Distance
plots of Jets 3-4 in AIA 193A. Jets 3,4 are associated with a filament eruption (pointed
out by yellow arrow in both images). White dotted lines indicate regions of curvature
associated with unwinding. Jets 3,4 show twisting motion.
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Figure 3.16: Figure e-f (Left):Jets 5-6 in SDO/AIA 193A/. White dotted line indicates a
vertical cut that was taken to make the distance-time plots on right. Right: Time-Distance
plots of Jets 5-6 in AIA 193A/. The direction of slice is indicated by the white arrow. Jets
5,6 are associated with a filament eruption (pointed out by yellow arrow in both images).
White dotted lines indicate regions of curvature associated with unwinding. Jets 5,6 show
twisting motion.

5 minutes or more. If torsional Alfvén waves are contributing to the acceleration of these
jets, then they may explain the high period oscillations, since the periods here are similar

to those of Alfven waves traveling in jet spires in 3D MHD models Pariat et al. [2009].

3.4 Spectroscopic Analysis of Two Jets

Non-thermal line broadening in spectroscopic lines has been also attributed to the pres-
ence of magnetic reconnection due to nanoflares[Cargill, 1996], chromospheric evapora-
tion in coronal loops [Patsourakos et al., 2008], Alfvén wave shocks [Antolin et al., 2008],
and/or Alfvén wave turbulence [van Ballegooijen et al., 2011].

[Savcheva et al., 2007] presented a statistical study of jets including the observation of
transverse motions ~ 35 km/s along the spire. This indirectly hinted at the existence of
Alfvénic waves that propagate along the newly reconnected field-lines. Results by [Kim
et al., 2007] used line spectroscopy to detect non-thermal line broadening and Doppler

velocities in jet outflows and confirmed that they are associated with traveling Alfvénic
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waves. Two jets in this study have IRIS spectroscopic raster observations. During obser-
vations of Jet 1, on 2015-10-24, the IRIS slit moves across the jet dome and base of the
spire. In the observation of Jet 5, observed 2017-02-01, the IRIS slit lies directly over the
jet spire. Therefore we are able to calculate the non-thermal line broadening, plane of sky
velocity, and Doppler velocity for these two jets. See Figures 3.17 and 3.18 .

We use level 2 data with corrected vignetting and calibrate the data using the standard
SolarSoft IRIS autofit routines. We take and additional step to calibrate the rest wavelength
of the Si IV line by averaging over a quiet region along and across the raster.

Figure 3.17 shows the square root of intensity (a), Doppler velocity (b) and non-thermal
line width (c) for Jet 1,in IRIS Si IV 1402.7 A line. The jet spire is visible (outlined in
the yellow dotted box) in each of the images. We find 10-15 km/s red-shifted Doppler
velocities along the jet spire. See 3.17b. In this case we expect to see red-shifted plasma
because the jet erupts on the limb, and the ejecta moves away from the observer, towards the
outer limb along the line of sight. The upper jet footpoint, we find larger Doppler velocities
of ~ 20 km/s. The yellow arrow in Figure 3.17b points to regions with velocities up to
45 km/s. Some of these pixels also appear as enhanced emission in 3.17a, but the highest
velocities are comparatively dim. Since we only have IRIS spectroscopic observations, we
cannot verify that these flows are temperature dependent. We do not evidence of twist in
the spire of the jet. If twist is present we expect blue-shifted and red-shifted plasma of
the same magnitude, to lie along the spire as shown in the model in Figure 1.10 bottom.
The blue-shifted material near the jet spire is a small inconsequential filament. In Figure
3.17¢c, we find enhancements in non-thermal width ~ 55-90 km near the base of the jet
spire (pointed out by yellow arrow), and at the jet footpoints. Two pixels at the base of
the spire are black, indicating they were not able to be fit using the default single gaussian.
We have fit these pixels using a double gaussian. However the error in these calculations
need more work, so they are not included here. Even so, the remaining pixels show large

enhancements in Non-Thermal Width, intensity and Doppler velocity. We interpret these
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enhancements to be evidence of reconnection taking place at the base of the spire.

Figure 3.18 shows the log intensity (a), Doppler Velocity (b) and Non-thermal line
width (c) for Jet 6, observed 2017-02-01, in the Si IV line at 1402.7 A. The jet spire is
highlighted by the yellow-dotted box in each of the figures. In Figure 3.18b, the negative
Doppler shifted plasma (blue) in the jet spire ~ 90-100 km/s, appears to originate near a
region of enhanced emission in 3.18a, and non-thermal line width (3.18c). These 2 point-
like regions of only a few pixels (pointed out by white arrow) show large enhancements
in non-thermal width~ 90 km, similar to Jet 1. We interpret this correlation to indicate
reconnection occurring near the base of the spire. The blue-shifted spire in 3.18b, indicates
outward moving velocities of about the same speed as the red-shifted pixels. Alongside
the spire, we find evidence of red-shifted plasma of ~ 27 km/s. As mentioned earlier,
if helical motion is present, we expect to see re-shifted and blue-shifted material of the
same magnitude. It is not clear if the red-shifted flows are indicating twist since they
are considerably slower. Interestingly, we see large velocities opposite of the jet spire
near the jet base that are also correlated with enhancements in non-thermal width. These
regions may be evidence of bifurcating flows moving away from the reconnection region,

supporting the idea that the pixels (pointed out by arrows) are near the reconnection region.

3.5 Summary of Observational Analysis

In this study we investigate the acceleration mechanisms of 6 coronal jets. The aim
of this body of work is to identify acceleration mechanisms of coronal jets using obser-
vations of plasma properties, magnetic field evolution and physical properties of twist (or
lack thereof). We look for evidence of chromospheric evaporation, using the plane of sky
velocity as a function of temperature, and compare the velocity to the local sound speed.
We also look for evidence of filaments and twist, that could imply the presence of filament
eruptions and resulting torsional Alfvén waves. When possible we use spectroscopic data to

determine if there is evidence of bi-directional flows and/or reconnection from the appear-
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Figure 3.17: Square root of the Intensity, Doppler Velocity, Non-Thermal Width calculated
from IRIS spectrometer for jet observed 2015-10-24, Jet 1.
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IRIS spectrometer for jet observed 2017-02-01, Jet 6.

82

88

22 F3 45



ance of non-thermal broadening. We find that four of the jets have a temperature dependent
velocities within the limits 3.5Cs > velocity > Cs consistent with chromospheric evapo-
ration. We summarize the results for each jet below. Jet 1 is a standard jet with a simple
spire. It showed no evidence of a filament, nor evidence of twist in both time-distance plots
and spectroscopic observations. However, this jet does show a clear temperature-dependent
velocity. We interpret this relationship to be clear evidence of chromospheric evaporation.
Because the temperature dependent velocity is clear, with no evidence of twist, chromop-
sheric evaporation may be the primary accelerator of this jet. Jet 2 exhibits evidence of a
filament eruption, and twisted motion along the jet spire, therefore torsional Alfvén waves
may be contributing to the acceleration of the jet spire, particularly since this jet did not
show strong evidence of CE. The cooler channels in Jet 3 show some temperature depen-
dence, however this trend does not extend to the warmer temperatures since warm channels
have velocities consistent across all temperature bins (~350km/s). These two separate
trends suggest that chromospheric evaporation may be a contributor to the acceleration of
the cooler components of this jet, but not the warmer plasma. This jet also contained an
erupting filament, possibly related to its acceleration. Jets 4 and 5 both show evidence of an
erupting filament and twisting/unwinding motions. The a temperature-dependent velocity
relationship is not observed. Jet 6 shows a temperature-dependent velocity consistent with
chromospheric evaporation, although the trend is not as clear as Jet 1. The velocities of
warm plasma are similar, but does show a temperature dependence. The presence of chro-
mospheric evaporation is confirmed for Jets 6, using IRIS spectroscopic observations which
indicate no twist in the spire outflow and the possible presence of a reconnection site at the
base of the jet. Overall, we find that 2 of the jets have temperature-dependent velocities
(Jet 1 and 6) and velocities from 200- 500 km/s consistent with chromospheric evapora-
tion. Figure 2.4. Using IRIS spectroscopic observations we have confirmed the presence of
upflows (blue shifted) and downflows(red-shifted) bifurcating near the reconnecting point

at the base of the Jet 1 and Jet 6. We interpret these flows to be spectroscopic evidence
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of chromospheric evaporation, although additional mechanisms may also contribute. Jets
2-5 all exhibit helical motions along the jet spire, indicating twist, possibly induced by the
erupting filaments. We expect torsional Alfvén waves or other mechanisms to be factors in

the acceleration of these jets.

84



Chapter 4

Defining Likely Sites of Reconnection

4.0.1 Results of NLFFF Model

In this work, we complete a through topological analysis of four coronal jets using the
Coronal Modeling System (CMS), a non-linear force free topological model visualization
tool. As described in Chapter 2, section 2.3, we employ a NLFFF with flux insertion
and magneto-frictional diffusion method to model the eruption of Jets 1-4 from Figure
3.1. We calculate the magnetic field using a HMI LOS magnetogram shortly before the
eruption. We draw a filament along the magnetic inversion line using AIA 304 and 193
A images as guide. We run a series of models and compare the topology generated by
CMS to features observed in AIA images, such as the jet spire, base and active region
loops to find the best fit. For Jet 4, we also compare the magnetic topological evolution
to the thermal evolution using the emission measure weighted temperature. For Jets 3
and 4 we have also calculated the Q, or the squashing factor, using a visualization tool
developed by [Tassev and Savcheva, 2017]. The squashing factor defines regions where the
gradient in the magnetic field is steep, corresponding to enhanced current density. Often
these regions are the magnetic null, seperatrix layers, or quasi-seperatrix layers, i.e. regions
where magnetic reconnection is likely to occur. In the sections below, we discuss the results

of the 3D NLFFF topological model for Jets 1-4.

4.0.2 Topological Model of Jet 1 Observed 10-24-2015

Figure 4.1 shows the result of the 3D topological model for the jet observed 2015-10-
24, referred to as Jet 1. This jet was observed on the limb, near the center of an active

region. The magnetic structure is simple, thus the spire was modeled using a potential field
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model. In this case the potential field matched the jet spire and base, so the flux insertion
method was not necessary. Figure 4.1 shows the potential field extrapolation of the jet in
3D view where contours outline regions of field +/—100 G (a,b) and 2D view(c). The jet
erupts when a negative polarity (green) region emerges, then cancels with a positive(red)
polarity flux region, characteristic of the standard jet model presented by [Shibata et al.,
1992¢, Moore et al., 2010]. Select magnetic field lines (blue and purple lines) show the
coronal topology and direction of the jet spire. The total energy 5x10°2 ergs.

Figure 4.2 shows the SZ cut of the yellow line in 4.1.c. The magnetic field lines (black)
trace the jet shape and spire direction at the intersection of negative and positive flux regions
and are shown converging to trace the location of the only suspected null point at ~ 5 height
units, corresponding to 5.4 Mm above the photosphere. We note that although a potential
field model fits this jet best, there must be free magnetic energy in the field in order for the
eruption to occur via magnetic reconnection. In addition, it is possible that a filament is
present, but too small to be detected. However, since the magnetic model fits the observed
jet spire, we expect that the eruption of the filament is not crucial to the formation of the
jet and that external reconnection between the jet cusp and ambient corona, is the most
likely catalyst in this eruption. In summary, this jet was found to have a simple, magnetic
topology with only one magnetic null region, characteristic of the standard jet schematic.
The potential field extrapolation was completed and discussed by Natalia Soto [Soto et al.,

2016], a summer REU student.
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Figure 4.1: Potential Field model of jet Observed 2015-10-24 (Jet 1) in 3D view where
contours outline regions of flux +/—100 G (a,b) and 2D view(c). The jet erupts when
a negative polarity (green) region emerges, then cancels with a positive(red) polarity flux
region, characteristic of the standard jet model presented by [Shibata et al., 1992¢, Moore
et al., 2010]. Select magnetic field lines (blue and purple lines) show the coronal topology
and direction of the jet spire.
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Figure 4.2: Potential field model of jet observed 2015-10-24 (Jet 1) in the SZ plane. The
magnetic field lines (black) trace the jet shape and spire direction at the intersection of
negative and positive flux regions. Total potential energy for the region is ~ 5.1x10%? ergs.
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4.0.3 Topological Model of Jet 2, Observed 2015-01-17

Figure 4.3 shows the NLFFF topological model of the jet observed 2015-01-17 (re-
ferred to as Jet 2) with selected field lines. The jet forms in a complex eruption when a
small positive (red) polarity region cancels with negative (green) magnetic flux. The jet
eruption is affected by 3 filaments; a small one to the upper left (top arrow, labeled F1),
the main filament(middle arrow, labeled F2), and a large filament that lies below the AR
(labeled F3), pointed out by yellow arrows in Figure 4.4. Selected field lines of the large
filament are shown in purple and blue lines in Figure 4.3b-d, tightly wound prior to the
eruption. As the eruption evolves, the inner filament begins to rise and the overlying field
lines reconnect with the ambient field and the field lines of the lower large filament (c). The
smaller upper filament erupts creating a small jet, at same time as the eruption of the main
filament and creation of the jet. This scenario is indicative of destabilization of the field by
smaller reconnection events taking place above and below the primary jet, often discussed
in breakout reconnection models [Archontis and Hood, 2013]. The NLFFF model of this
jet was completed and presented by William Wainwright [Wainwright, 2020], a summer
REU student for whom I was a co-advisor.

Figures 4.5 a-j shows the evolution of the Jet 2, observed 2015-01-17, eruption in the
SZ plane, along the yellow line indicated in 4.6. Two possible regions where magnetic
reconnection is likely taking place are identified by yellow (lower region) and blue (upper
region) arrows. A magnetic null develops in the lower region as a result of the rising fila-
ment, wrapped in tightly wound field lines. The magnetic field lines can be seen converging
near ~ 10 height units, corresponding to ~ 10.4 Mm above the photosphere. Simultane-
ously an outer reconnection region between the field of the large filament and main filament
releases twist and straightens as the eruption progresses (blue arrow). This type of 2-step
reconnection is characteristic of the model of blowout jets presented by [Sterling et al.,
2015, Moore et al., 2018] where both internal and external reconnection can cause the field

to re-organize, driven by the eruption of an internal filament.
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However the NLFFF model shows that there are two differences in this jet when com-
pared to the blowout/filament model. Not shown in this figure is the effect of the smaller
eruption to the north of the jet eruption which helps to destabilize the region and weaken
the overlying field. More importantly, the null point (shown by the yellow arrow) does not
appear to rise as predicated by the blow-out and filament models, remaining near 10.4 Mm

9

at step ’j’. Instead, twisted field lines appear to peel away. This indicates external recon-
nection (and possibly a weakened field by the smaller eruption) is driving this eruption, in
a scenario which the outer layers open, allowing the filament to escape rather than the ris-
ing of the filament and internal tether-cutting scenario, described by [Sterling et al., 2015,

Moore et al., 2018]. This type of jet eruption can be attributed to ’break-out’ reconnection,

except in this case the overlying field is weakened by external reconnection first.

4.0.4 Topological Model of Jet 3 Observed 2012-09-21

Figure 4.7 shows the topological model for Jet 3, a large blow-out jet that erupts in the
quiet sun. Prior to the eruption, a small sigmoidal filament is visible in AIA 304 A. Using
this as a guide, we insert a sigmoidal flux rope into the potential field and the result of the
flux insertion is shown in Figure 4.7. In this case, we find the best fit stable model with
axial flux 2.0x10%° Mx and poliodal flux of 5.0 x 10° Mx/cm shown in blue in Figure 4.7
cand 4.7d.

As mentioned earlier, this jet was also examined by Panesar et al. [2017] in a survey of
quiet sun coronal jets. In that study, the authors suggests that this jet forms as a result of the
formation and eruption of a small filament. A schematic of the proposed formation is shown
in Figure 4.0.4. Magnetic field lines and their associated direction (sign) are shown in black.
In their interpretation, a negative polarity flux region sits between two positive polarity
regions. The negative polarity flux region cancels with the majority positive flux region,
forming a dome shaped inner region (b). Flux cancellation via reconnection very low in the

corona (red star in (a)) creates a highly sheared field (black line beneath brown loop in b).
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The authors correlated low lying reconnection with short, low bright coronal loops shown
in Figure 3.1c. The pink star shows an interchange reconnection in the low corona above
the flux cancellation neutral line (c). The blue sigmoid-shaped curve represents a cool-
plasma filament. The reconnection between the open and closed field (pink star, b) resulted
in the formation of newly open field lines and newly closed field lines (red lines in c),
allowing the jet to form. When we compare this interpretation to the results of the NLFFF
(see Figure 4.0.4), we find some similarities. A small filament does indeed form low in
the corona (Figure 4.0.4b), and its rise due to reconnection occurring beneath it forces
reconnection between the region enclosing it (closed lines) and the ambient magnetic field
(open field region). The location of the null region in the NLFFF model. Figure 4.0.4c,
matches well with the location in the schematic (pink star in 4.0.4b). We also see evidence
of the newly closed loop system (red lines Figure 4.0.4¢ ) and those in the NLFFF model
(4.0.4c). However, we note that in the schematic (4.0.4b), the primary reconnection region
is between the closed field lines of the positive and negative flux region, i.e. the pink
star in b, is reconnection the closed field and open field above the filament. Instead, we
find that the region above the filament is closed, and instead reconnects with the open
magnetic field lines 4.0.4. This difference in location is significant because it means that
when reconnecting occurs the twisted filament can unwind and escape along the open field
as observed in EUV. This notable difference also allows more energy to be imparted onto
the jet spire from the twist of the filament, since the magnetic field lines associated with
the filament are opening and becoming straightened. The calculation of the squashing
factor, Q, in Figures 4.15 highlights this difference by showing that the once closed, twisted
field lines, become open during the eruption. This difference shows that rather, than the
filament escaping as a single whole entangled mass (similar to a CME), the twisted field
lines unravel, transforming potential magnetic energy as thermal and kinetic energy along
the field, rather than using potential energy to move a large *'mass’ or bubble as in the case

of a CME. The significance of the unwinding field as a driver in the formation of the jet
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found using the calculation of the squashing factor, Q in Figures 4.15 discussed below. In
this case, we interpret the filament has a more passive role in the eruption; storing magnetic
energy but not driving the initiation of the eruption. In other words, we believe that if
reconnection had not occurred between the external open field and the closed field, the

magnetic configuration would have remained intact.
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4.0.4.1 Correspondence Between Magnetic Topology and Thermal Proprieties

To investigate the correspondence between the thermal properties and magnetic topol-
ogy we overlay the emission measure with the results from the NLFFF model as shown in
Figure 4.13. Emission measure, which is a proxy for density, is shown for LogT 6.0 - LogT
6.3.

Regions of high emission are considered more dense than less bright regions. The field
lines calculated from the NLFFF model are shown in blue or purple lines. Interestingly,
the field lines associated with the null-point region (marked by a yellow star), can be traced

back to regions of high density, as highlighted by the yellow arrows, in Figure 4.13a.

4.0.4.2 Free Magnetic Energy Analysis for Jet 3

Table 4.1 shows the energy calculations for Jet 3 using the flux insertion method. The
free energy calculated by CMS is very similar to the free energy measurement taken as
the difference between the total and potential energy. Therefore, we only compare the free
energy calculated by CMS (referred to as Free Energy -CMS) and the free energy using the
calculated method (referred to as Free Energy Calculated) in Table 4.1 for reference. We
find that overall the free energy in the system decreases after the start of the relaxation pro-
cess (model iterations 10K - 90K) however only by a small percentage, ~ 6.7 percentage
decrease. Indicating that although free energy has reduced there is a large amount of free
energy remaining, therefore it may be possible to fuel subsequent eruptions. We find helic-
ity is declines as the iterations increase. This is expected since helicity would be released
with unwinding flux ropes. In a later study, we plan to use helicity to probe the amount of

additional energy deposited by twist onto the jet spire.

4.0.4.3 Squashing Factor Analysis for Jet 3

In Figure4.15 we plot the calculated QSL at four iterations steps of NLFFF model, using

the method of [Tassev and Savcheva, 2019, 2017]. In the early stages of the jet eruption,
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enhanced Q values are observed surrounding the compact, tightly wound flux rope at the
base of the jet shown in red in Figure 4.15.1a. As the jet erupts the inner twisted regions
began extend and unfold. In Figure 4.15.2a large kink-like structure (pointed out by yellow
arrows) can been seen as the filament begins to untwist. Simultaneously an enhanced region
of current density appears where there had not been (yellow arrow Figure 4.15.2b. The twist
in the filament is transferred to the magnetic field lines, creating the helical eruption 4.15
3a-4a. The regions of current density found at the kink in the twist have dissipated by the
peak of the eruption. However, as the kink moves travels along the spire, the enhanced
region can again be seen 4.15 3b,4b. We interpret the correlation between the enhanced
regions of current density and highly twisted kink, to be evidence of the mostly likely
location of magnetic reconnection. The location of the regions can be determined directly
from the QSL code. We find that these regions coincide with the magnetic null point shown
in Figure ??b, and regions of enhanced current density shown in ??b, supporting the idea
that this region is the most likely location of magnetic reconnection. In summary, we
find a reconnection region below the seperatrix layer, pointing to the location of internal
reconnection. As the jet erupts we find that the internal null rises in a helical motion similar
to the kink instability and internal breakout reconnection or tether-cutting models predicted

by [Antiochos et al., 2002, Antiochos, 1996] and [Moore and Roumeliotis, 1992].
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Figure 4.3: Model of Jet 2 observed 2015-01-17. The jet forms in a complex eruption when
a small positive (red) polarity region cancels with negative (green) magnetic flux regions
in images a-d. The jet eruption is affected by 3 filaments; a small one to the upper left
(upper arrow marked by F1), the main curved filament (middle arrow marked by F2), and a
large filament that lies below the AR (lower arrow marked by F3) in images b,d and d. The
magnetic field of the large filament is shown (purple and blue lines in image c. A close up
of just the jet region is shown in image d. The small upper (F1) and primary jet (F2) are
visible in AIA 193A image (black and white background).
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Figure 4.4: The magnetic topological evolution of Jet 2, observed 2015-01-17 with AIA
193A image in background and overlayed with contours of magnetic flux regions for model
iterations 1K, 3K, 5K, 7K,respectively. In the early stages of the eruption magnetic field
lines (purple and blue) are tightly wound around the large southern filament and the filament
at the base of the jet.As the eruption continues both filaments show a decrease in helicity
and null region forms at the base of the jet spire (yellow arrow in a,b). During and after the
eruption the field lines appear to unwind until becoming ’smoothed’,i.e. less tangled.
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Figure 4.5: Evolution of Jet 2, observed 2015-01-17, in the SZ reference frame correspond-
ing to the slice shown in Figure 4.6 The location of the magnetic null can be seen as a region
where magnetic field lines (black) converge. Two possible null regions; a lower (yellow ar-
row) region where internal reconnection is taking place due to the rising filament, and an
upper region (blue arrows) where the field lines of the jet are reconnecting with the field of
the larger filament.
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321.048, C

Figure 4.6: Evolution of current density from NLFFF model for Jet 2 observed 2015-01-17
at ~ 4.5 Mm, iterations 1K, 3K, 5K, 7K, respectively. White contours show regions of
enhanced current density along the large southern filament and at the base of the jet. A

region of enhanced current appears and dissolves coinciding with the appearance of the jet
(yellow arrows).
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Figure 4.7: The process of selecting a filament for Jet 3, observed 2012-09-21. HMI pho-
tospheric magnetogram before the eruption is shown with contours of —/+ 50 Gauss. Re-
gions of positive magnetic flux (red contours) and negative polarity flux regions(green con-
tours) are shown over AIA 193 A image (b-d). The filament (blue line) is selected along
the polarity inversion line of positive and negative flux regions. The inserted filament has
an axial flux of 1x10?° Mx and a poloidal flux per unit length along the length -5x 10° Mx
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Figure 4.8: NLFFF Model result for Jet 3 observed 2013-09-21. Selected field lines show
jet evolution (purple blue). AIA 193A image of jet near the peak is shown in the back-
ground. The most relevant location of magnetic reconnection (yellow star) is between the
field enclosing the filament and the ambient open magnetic field lines. Magnetic flux re-
gions of positive and negative flux are shown in red and green contours, respectively
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Figure 4.10: Model evolution in SZ space for selected iterations for Jet 3 observed 2013-09-21.
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Figure 4.11: Schematic of Jet 3 proposed by Panesar et al. [2017]. In their interpretation of
jet formation, a negative polarity region (negative sign on middle circle in a-c) sits between
two positive polarity regions. A small filament forms between the positive and negative
polarity regions on right (b).. Reconnection also occurs between the closed loop and open
magnetic field lines (pink star in b). The new configuration includes closed overlying loops
(red) over a small filament (blue line) in figure c.
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Figure 4.12: Emission measure weighted temperature calculated for the Jet 3, at three times
during the jet eruption at 2013-09-21 03:32 UT, 03:33 UT and 03:34 UT. EM is integrated
from 3x10° MK to 1x10® MK (in panels 1a, 2a, 3a) and 1x10® MK to 1x10® MK in
panels (1b, 2b, and 3c), essentially comparing the density of the ’cool’ emission that of the
’warm’ emission.
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Figure 4.13: Emission Measure calculated from Logt 6.0-6.8 and results of NLFFF model
at iteration 60 prior to eruption (Figure, panel c) overlayed. Field lines associated with
the null point region, can be traced to footpoints with enhanced density A.) Early in the
eruption the field lines are aligned with the outer edge of the jet base B.) As the eruption
continues, the outer edge of the jet begins to move outward. C) At Tpeak the outer edge of

the jet has moved several km since Panel A.

Model Iteration | Total Energy (ergs) | Helicity | Free Energy- | Free Energy-
CMS (ergs) Calculated
(ergs)
100 3.24E+33 2.51E+43 | 2.24E+33 2.24E+33
1K 1.45E+33 2.51E+43 | 4.51E+32 4.51E+32
20K 1.18E+33 2.58E+43 | 1.77E+32 1.78E+32
30K 1.17E+33 2.60E+43 | 1.68E+32 1.68E+32
40K 1.16E+33 2.63E+43 | 1.63E+32 1.63E+32
50K 1.16E+33 2.65E+43 | 1.59E+32 1.59E+32
60K 1.16E+33 2.67E+43 | 1.57E+32 1.57E+32
70K 1.15E+33 2.68E+43 | 1.55E+32 1.55E+32
80K 1.15E+33 2.70E+43 | 1.53E+32 1.53E+32
90K 1.15E+33 2.71E+43 | 1.52E+32 1.52E+32

Table 4.1: Free Energy for Jet 3 for each model iteration. Poliodal and Axial Flux used
in this model are 5.0 x10°Mx/cm and 2.0x10?° Mx, respectively. The potential energy
throughout the relaxation processes is 9.99 x 1032 ergs.
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Figure 4.14: Maps of Squashing Factor, Q, for different model iterations.
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Figure 4.15: Maps of Squashing Factor, Q, for different model iterations.
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4.0.5 Topological Model of Jet 4 Observed 2014-11-01

The topological features of Jet 4 were extensively examined by Chen et al. [2018]. In
that paper, the authors investigate the source of Type Il radio emission associated with the
eruption of the coronal jet. Using broadband radio dynamic imaging spectroscopy from the
Karl G. Jansky Very Large Array (VLA) Perley et al. [2011], and AIA observations, they
are able to map the trajectories of semi-relativistic electron beams to a compact region (~
600 km?) in the low solar corona near the base of Jet 4. For that study, we provided the
NLFFF topological model and the associated QSL analysis; the first time the NLFFF model
with flux rope insertion has been applied to a coronal jet. The combination of observations
and topological modeling showed that the beams of semi-relativistic electrons emanate
from behind the erupting jet spire and above the closed arcades, near the region suggested
as the most likely source of magnetic reconnection. In the passages below we discuss the
NLFF model that supported the QSL analysis presented in Chen et al. [2018]. Figure 4.16
shows the magnetic field and filament selection for Jet 4 observed 2014-11-01. Jet 4 erupts
on the periphery of a disk center active region, later named AR12203. In Figure 4.16a, the
HMI LOS magnetogram is shown in black in white with contours of £ 100 G. The jet forms
when positive (red) and negative (green) magnetic flux regions merge and cancel (a). The
filament path is selected on the polarity inversion line between the two polarities; shown
by the yellow arrow in Figure 4.16b. A small number of magnetic field lines (purple and
blue in panel c¢), have been selected to show the magnetic topology of the corona produced
by the NLFF model overlapped with an AIA 193A image near the peak of the jet eruption.
The best fit model for this jet traces the jet spire and base (yellow arrows), as well as active
region loops observed in AIA. The magnetic field lines show that the jet forms between
open (shown as semi-parallel, linear field lines) and closed flux (shown as curved field
lines) regions.

In Figure 4.17, we show the evolution of the coronal magnetic field calculated by the

NLFFF model at different steps in the relaxation process over an AIA 193 A image of the
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jet at the peak of the eruption. The same magnetic field lines are selected in both panels,
at iteration 20K (a) and 60K (b). As mentioned earlier, the NLFFFF model cannot map
specific magnetic field lines in AIA. However, by following particular field lines over the
relaxation process allows us to map where and how bundles of field lines are changing.
The field lines from the NLFFF model show that at the location of the jet, the magnetic
topology changes dramatically from open to closed field near the filament, which we will
refer to as the primary region (upper arrow in image a), and goes from open to closed
near a small negative polarity flux region (lower arrow image a) which we refer to as the
secondary region. The NLFFF model shows that the jet may have been formed in a two-step

acceleration process described in the passages below.

Figure 4.16: Magnetic field and filament path for Jet 4 observed 2014-11-01. The jet forms
in a region of positive (red) and negative (green) polarity magnetic flux regions (a,b) on
the periphery of an active region between open and closed field regions (c). The filament
path is drawn on the based on AIA 304A observations and HMI magnetograms (black and
white background in a,b)

When the jet begins to form, magnetic field lines of opposite polarity come into contact
in two regions; one located at the intersection with the open field (pointed out by blue
arrow) and one near the intersection with the closed field (pointed out by yellow arrow), as
shown in Figure 4.18. The same magnetic field lines from Figure ??c, are drawn as white
lines in Figure 4.18 a-e. The evolution of the magnetic field in Figure 4.18 a-f,shows that

both of these regions are relevant in the evolution of this jet. First, the filament (near yellow
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Figure 4.17: Magnetic field evolution of Jet 4 shown increasing number of magnetic field
lines (purple and blue) and ATA 193A image in the background. Positive (red) and negative
(green) flux regions are found near the base of the jet. The jet erupts near open and closed
regions. The open field lines are shown reconnecting to the closed field during the eruption.

arrow) begins to rise and reconnection occurs between the closed field of the filament, and
the closed, but opposite polarity region of the active region (Figure 4.18, image b). This
causes the re-organization of the field, and closed field lines were once tied to the active
region, are now tied the the second reconnection region (blue arrow in Figures 4.18 ¢ and
d). Now, the closed field of the active region extends to the outer region (blue arrow).
The filament continues to expand until reaching the outer region (blue arrow) where a
secondary reconnection occurs between the open field lines, and the closed field of the new
loop system. In Figures 4.18 f - g2, additional field lines are selected to show the evolution
of the complex region near the time of the jet eruption (f). After the peak of the eruption,
the field again reorganizes, and the field lines of the active region once again closes at
the boundary between open and close field (g1, yellow arrow). Figure g2 shows the final
configuration after the eruption and now a closed flux region (yellow arrow) is embedded
beneath the new active region closed loop system.

Figure 4.19 a-e, shows the evolution of the magnetic field in the SZ direction, taken

along the yellow line in Figure 4.18. The same magnetic field lines from Figure 4.18 are
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drawn in white. In addition the current density is shown in white in the background of each
of the figures. We can clearly see the discontinuous field in the region near the jet filament
(primary region, yellow arrow) and the secondary region (blue arrow). The secondary
region does not affect the initial eruption, but will impact the eruption later. We interpret
these regions to be the most likely location of magnetic reconnection associated with the
jet eruption. In Figure a-b, the closed loop system of the filament can be seen rising and
reconnection with the open field. A magnetic null point and region of enhanced current
density are located near the yellow arrow in Figure 4.18b. As the eruption progresses these
same field lines are shown to be tied to the lower region (blue arrow ¢ and d), demonstrating
the reconfiguration of the magnetic field. In the final stages of the jet, the secondary region
becomes relevant and the discontinuous field and magnetic null are located near the blue
arrow (d,e). The resulting configuration (f-g2) are shown with additional field lines drawn
(same as Figure 4.18 f-g2). There are two regions, the inner closed loop system, and the
highly curved overlying closed loop system, and a seperatrix layer (g2) between the two
regions; a topology that could support subsequent eruptions.

The magnetic topological evolution of Jet 4 is significant in two ways. First, the NLFFF
topological model shows that the jet evolves in a two-step reconnection process. Jet 4 was
associated with the first observation of semi-relativistic particles emanating from a coronal
jet Chen et al. [2018]. The 2-step reconnection and acceleration supports the idea that par-
ticle velocities could have been enhanced in both regions, resulting in atypical velocities.
Next, the final topology (Figures 4.18 and 4.19 g1, g2) shows the new magnetic field con-
figuration contains an extensive seperatrix layer, making it likely that subsequent eruptions
will occur. This active region was associated with several C1.4 - C1.7 class flares 8 days
later, from 11-09-2014 at 20:35 UT to 11-10-2014 19:54 UT. Unfortunately the base of
the AR and its associated sunspots were already around the limb and not visible during the
eruption. Still, we will able to follow the evolution of the region, up to 1 day before the

flares begin. In future work, we intend to continue field relaxation to determine if additional
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eruptions occur and the resulting configuration.
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Figure 4.18: Evolution of Jet 4 in XY. Selected magnetic field lines (white) are drawn. The
jet is the result of reconnection of a filament at its base (yellow arrow) and a secondary
reconnection with a small closed field region (blue arrow).
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Figure 4.19: Magnetic field evolution of Jet 4 along the yellow slice in Figure 4.18a,b.
Three reconnection features are observed in the jet evolution. Internal null (primary region)
shown by yellow arrows, external null (secondary region) show by blue arrows, a and
seperatrix surface, pointed out by yellow arrow in g1 and blue arrow in g2. The internal null
(primary region) a-gl, and the seperatrix surface (g2) corresponds to regions of enhanced
current density (white).

112



4.0.5.1 QSL Analysis for Jet 4

In the passages below we discuss the QSL visualization analysis presented in Chen et al.
[2018] based off of the NLFFF model discussed above. In that paper, authors use a com-
bination of observations and topological modeling to show that beams of semi-relativistic
electrons emanate from a compact region at the base of the jet spire, in a region where
reconnection is most likely occurring (referred to as the primary region in section above).
In Figures 4.20 and ?? we plot the calculated QSL visualization four iterations steps of
NLFFF model, using the method of [Tassev and Savcheva, 2019, 2017]. Both of these im-
ages are presented and discussed in detail with respect to the electron beam in Chen et al.
[2018]. Here I discuss the implications of the QSL results for determining the topological
evolution responsible for the formation of Jet 4. Figure 4.20 show the results of the QSL
for Jet 4. The secondary region is not pictured in this QSL analysis. During the erup-
tion process the flux rope interacts with the ambient field and forms a reconnection feature
(orange field lines in Figures 4.20 (middle,right).The red parallel lines in (right) show the
source of the semirelatvistic electron beams discussed in Chen et al. [2018].Early in the
eruption, the region enclosing the filament (white region left) image, begins to rise, causing
reconnection between the open (black lines) and closed regions. The reconnecting field
lines are shown in orange. The once closed field lines can be seen opening allowing the jet
to erupt and the inner region to continue to expand. Near the jet peak Figure 4.21 , the field
lines of the underlying region, are shown unraveling and continuing to reconnect withe the
upper region. The location of the vertical lines in ?? right image, are shown by red stars.
In this case, the orange field lines in the Figures correspond to the quasi-seperatrix region
shown in the NLFFF model in Figure 4.19g1 and g2. The white region in Figures 4.20 and
4.21. After the field lines reconnect, they recoil transferring magnetic tension into heat-
ing, resulting in enhanced emission in EUV and and heating along the newly closed loops.
Thus the formation of Jet 4 supports the blow-out jet scenario of formation due to internal

reconnection and an erupting filament as suggested by Shimojo et al. [1996], Moore et al.
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Figure 4.20: Results of QSL visualization for Jet 4, observed 2014-11-01. The regions
of enhanced Q are locations where magnetic reconnection is most likely to occur, corre-
sponding to magnetic nulls and high energy particles (red line). Figure from [Chen et al.,
2016].

[2010], Sterling et al. [2015].

4.0.6 Discussion of Free Magnetic Energy for Jet 4

As mentioned previously, the CMS algorithm also calculates free and potential energy
in the HRES region. Table 4.2 summarizes the parameters found for the eruptive models
for Jet 4. Similar to Jet 3, free energy calculated by CMS is very similar to the free energy
measurement taken as the difference between the total and potential energy. Therefore, we
only compare the total energy calculated by CMS and the free energy calculated by CMS.
In Jet 4, the free energy only decreased a small amount (.17 percent decrease), while the
total energy showed almost no change, supporting the idea that the magnetic configuration

can fuel subsequent eruptions.

4.0.7 Summary of Topological Analysis

In this work, we have used a Non-linear Force Free Model with the flux insertion
method to model the coronal magnetic field of four coronal jets. Jet 1, was found to have a

simple magnetic topology, appropriate for potential field extrapolation. Magnetic reconnec-
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Figure 4.21: Results of QSL visualization for Jet 4, observed 2014-11-01. The regions
of enhanced Q are locations where magnetic reconnection is most likely to occur, corre-

sponding to magnetic nulls and high energy particles (marked with black star). Figure from
[Chen et al., 2016].

Model Total Energy | Free Energy
Iteration (ergs) (ergs)
10K 4.20E+30 -2.89E+31
20K 4.19E+30 -2.89E+31
30K 4.18E+30 -2.89E+31
40K 4.17E+30 -2.89E+31
50K 4.17E+30 -2.89E+31
60K 4.16E+30 -2.89E+31
70K 4.15E+30 -2.90E+31
80K 4.15E+30 -2.90E+31
90K 4.14E+30 -2.90E+31

Table 4.2: Free Energy for Jet 4 for each model iteration. Poliodal and Axial Flux used
in the model are -5.0 x10° Mx / cm and 1.0x 10?° Mx, respectively. The potential energy
throughout the magnetofrictional relaxation process is 3.31x 103! ergs.
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tion is likely occurring externally, where the jet base meets the ambient corona, resulting in
a canonical standard jet. In Jet 2, the jet eruption correlated with the ejection of a S-shaped
filament, whose spire direction was influenced by a large filament to the south, and a small
filament directly northward. We applied the flux-rope insertion method using 3 filaments to
identify regions where magnetic reconnection is likely to occur. Interestingly we find that
the bundled flux rope, does not initiate the ejection as it does not rise as described in MHD
models of filament eruptions. Instead,the outer layers of the external jet cusp are pealed
away via external reconnection, and further destabilized by a small erupting jet north of the
main jet. In this case the eruption is caused by external reconnection and a weakening outer
dome, thus allowing the filament to escape, rather than the upward force of the filament and
tether-cutting reconnection. Jet 3, was previously discussed by [Panesar et al., 2016], and
was found to be the result of magnetic flux cancellation in the quiet sun. A curved filament
is visible in EUV and thus we employ the flux-insertion method to study the magnetic
topological evolution. We also calculate the emission-measure weighted temperature of
the jet and trace the magnetic field topology from the NLFFF to regions of enhanced den-
sity and heating in the temperature maps. For the first time, we can associated the magnetic
field topology of the null region, to regions of enhanced density and heating. Furthermore,
we observe the outward motion of field lines similar to post-flare ribbon loop expansion
observed in solar flares. We also calculate the squashing factor, Q, to locate regions of en-
hanced current density and discontinuities in the magnetic field. We find correlations with
the appearance of QSL and the eruption of the jet, near the same location in the topological
model, thus supporting the idea that this jet formed as a result of internal reconnection.
Jet 4, was discussed in a prior work by [Chen et al., 2018], where we used the flux rope
insertion method to model the active region jet. In that study, we found that the jet forms as
the result of the eruption of a small filament, but is accelerated in a two-step reconnection
process where it is accelerated both at the base, and again by a small flux region in the

spire path. We also calculate Q, for this region and find strong correlations between the
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magnetic null regions and regions of enhanced current density and heating in EUV images.
We analyze the free magnetic energy associated with Jet 3 and Jet 4, and found that free
magnetic energy and helicity are correlated as expected. Furthermore, each of these re-
gions experience a loss of free magnetic energy, however the percentage is small, possibly
indicating enough free energy for further eruptions. Indeed several of the jets occurred in

regions were homologous (repeating jets) were found.
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Chapter 5

Discussion and Future Work

Coronal jets are energetic, small-scale eruptions characterized by a culminated spire,
bright dome-shaped base, and magnetic flux emergence, cancellation or other notable changes
in photopsheric flux. Although coronal jets, specifically, EUV and X-ray jets, have been
studied extensively, a complete picture of their initiation and acceleration mechanisms has
not been found. Current models of jets present 2, informal categories based loosely on their
morphology, and speculation on the location of magnetic reconnection. Namely, ’standard’
jets, are associated with narrow spires, simple magnetic topologies, and are thought to
form via external reconnection, when one polarity region emerges or cancels with a flux
region of the opposite polarity. Conversely, blow-out jets are thought to form when inter-
nal reconnection (with or without external reconnection) frees tightly wound flux tubes,
via tether-cutting reconnection, causing a much more complex eruption of cool and warm
plasma. In each of these scenarios, erupting jet plasma can be accelerated by a number
of different mechanisms working in tandem or independently. The most commonly dis-
cussed are release of magnetic tension resulting in the sling-shot of plasma, the deposition
of energy from twist and/or propagating torsional Alfvén waves, and acceleration due to
the pressure gradient created by suddenly heating chromospheric plasma, known as chro-
mospheric evaporation. Each of these mechanisms present observational clues that can
be tested and used to verify and eliminate jet models. Here we present a novel approach
developed to determine if chromosphere evaporation is responsible for jet acceleration by
calculating jet velocity as a function of temperature. Furthermore, we identify if twist or
filaments are present, indicative of torsional waves. Finally we model the magnetic topo-
logical structure of four jets, to identify regions where magnetic cancellation could occur.

By combining observational tests with topological modeling, we can better identify the
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initiation and acceleration mechanisms for jets.

Jet 1,observed 10-24-2015, was found to have a simple magnetic topology resulting
from flux cancellation, with only one region where the magnetic null would be located. A
filament was not visible and a potential field model was found to fit the jet spire and dome
when compared with AIA 193A observations. Thus, we interpret this to indicate that the
jet follows the canonical, standard jet model (discussed by Moore et al. [2010]), where
magnetic reconnection occurs between the external field of the jet base and the ambient
corona. A filament was not visible and verified by the lack of twist found in the jet spire
in both AIA data and IRIS spectroscopic observations. Instead, we find evidence of plas-
moids, indicative of magnetic reconnection. Furthermore, this jet was found to have a clear
temperature-dependent velocity, within 2.35Cs, characteristic of chromospheric evapora-
tion. Thus we conclude that the primary acceleration this is chromospheric evaporation,
when external magnetic reconnection drives jet initiation. Using IRIS spectroscopic data,
we identify the possible location of magnetic reconnection, based on relatively large en-
hancements in non-thermal width and Doppler velocity. We speculate that the sling-shot
mechanism, may be applied here, but it may not be as impactful as chromospheric evapora-
tion, particularly since the magnetic flux regions associated with the jet are small, compared
to the other jets in this study.

Jet 2, observed 2015-01-17 is a blow-out jet that forms on the periphery of an active
region and a large filament, as a result of magnetic flux cancellation. By examining the re-
lationship between velocity and temperature, jet we find three of the cooler channels (193
and 94c and 171) have a temperature-dependent velocity, but this trend does not apply to
the warmer channels, thus chromospheric evaporation may only contribute partially to the
eruption. The jet is associated with the eruption of a large filament with oscillatory signa-
tures at periods of 1—2 minutes, possibly indicating the presence of torsional Alfvén waves.
The magnetic topology of Jet 2 revealed a complex eruption influenced by a large filament

in the south, small filament northward, and a the eruption of an S-shaped filament at its
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base. Because of the large filament associated with this eruption, we expected to find ev-
idence of internal reconnection and tether-cutting, as in the blowout-jet scenario, however
instead we find evidence of external reconnection where the filament escapes, rather than
drives the eruption. Therefore, we conclude that magnetic tension, along with destabiliza-
tion of the overlying field may be the primary acceleration mechanisms. Although we did
not find a singular velocity as a function of temperature (as expected from magnetic dom-
inated acceleration), the spread of temperatures is narrow. Their similarities appear to hint
a the expected temperature distribution. A study that uses narrow bands of temperature,
for instance spectroscopic observations or by calculating the velocity of emission measure
weighted temperatures over a narrow range, could validate this theory.

Jet 3, is best described as a blow-out quiet-sun jet. The temperature and velocity of
Jet 3 appeared to show an inverse relationship, indicating that chromospheric evaporation
is not a contributor to acceleration. A signature of the hot and cool component of the
jet ws found as discussed by previous authors [Shimojo et al., 1996]. Jet 3 was found
to also be associated with an eruption of a large filament and signatures of oscillatory
behavior of a period of ~ 4 minutes. This jet was previously discussed by [?] as part
of a survey of quiet sun coronal jets. In that study, the authors find that magnetic flux
cancellation leads to the formation of a small filament, which inturn erupts due to internal
magnetic reconnection. In this work, we show no evidence of chromospheric evaporation
and concluded that the acceleration mechanism was more likely related to the mechanical
force from retracting reconnecting lines, often called ’sling-shot” mechanism. Using the
NLFFF, flux-insertion method we have modeled the 3D topological structure of the coronal
jet. We find three probable locations of external magnetic reconnection (magnetic null
points) with the open field and one internal reconnection region. As the jet erupts we
show that the internal null rises in a helical motion as a consequence of kink instability
and breakout reconnection predicted by [??]. The topological model agrees well with the

blow-out jet configuration shown in [Meyer et al., 2019]. For the first time in coronal jets,
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we find trace the magnetic field lines near the internal null point to their foot-points, and
find outward motion of dense plasma similar to the motion of flare ribbons during an active
region flare. We interpret the presence of outwardly moving dense material to be possible
evidence of chromospheric evaporation. However, the velocity-temperature relationship
does not indicate CE is likely not a factor. Therefore we believe that the eruption of the
filament dominates the acceleration of the jet in this case, therefore any evidence of velocity
associated with chromospheric evaporation is lost.

Jet 4 is a large active region, blow-out jet associated with the ejection of a filament, and
CME-like mass through a complex 2-step eruption. We did not find any evidence of chro-
mospheric evaporation in this jet while using the temperature-velocity analysis. The overall
temperature and velocity are higher than other jets, but they are not correlated. Jet 4, was
discussed by [Chen et al., 2018], where we used the flux rope insertion method to model
the magnetic topology and found evidence of semi-relativistic particles that could be traced
by to the reconnection site. We also calculated the squashing factor,Q, for this region and
find strong correlations between the magnetic null regions and regions of enhanced current
density as predicted by the NLFFF model. In Jet 4, we show that the post-eruption con-
figuration contains an extensive seperatrix region, making future eruptions likely. The AR
associated with Jet 4 is associated with several C-class flares, 9 days after the jet eruption.
There are two scenarios for flare production that can be tested using NLFF model. It is
possible that the closed field region again reconnects. However, now that the closed field
encompasses a larger area, this scenario could result in a failed eruption. Failed eruptions
are sometimes observed in active regions when an eruption occurs, but it does not escape
the inner corona and the ejected material returns along closed magnetic field lines. In those
cases the magnetic field tension of the overlying field is greater than the field strength
and/or the same direction as the expanding underlying region. It is possible that the new
field configuration allows the storage, of magnetic energy but not the release, forcing po-

tential magnetic energy to increase until the closed field gives way, resulting in a larger
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eruption as discussed by Antiochos [1996], Antiochos et al. [2002]. Another possibility
is that smaller, failed eruptions continue to re-reorganize and expand the overlying field,
until reaching an open field (or opposite direction) region allowing external reconnection
(flare) and the release of the inner structure in the form of a CME as proposed by Forbes
and Isenberg [1991], Lin and Forbes [2000]. In future work, we intend to continue field
relaxation to determine if additional eruptions occur and the resulting configuration.

Jets 5 and 6 were not modeled using the NLFFF model, but will be included in a future
study. The velocity of some channels of Jet 5 show a slight dependence on temperature.
This jet is a standard jet, but it is also associated with the ejection of a filament and oscilla-
tory behavior with periods, on the order of 4 minutes. The site of this jet is the location of
several repeating jets and a long-lived sigmoidal active region. The velocity for channels
Iris1330, 1400, AIA 171,193, 211, are increasing in a trend very similar to what is expected
for chromospheric evaporation. However, the X-ray velocities lie on the cusp of the upper
limit for chromospheric evaporation. It is possible that chromospheric evaporation plays
a small role in the acceleration of the cooler channels, but magnetic tension for torsional
Alfvén waves are more relevant. Topological modeling in a later study should be more
revealing of the acceleration mechanism.

Jet 6 is best described as a standard jet, since its spire is narrow, however it is also
associated with oscillatory behavior similar to the other jets. However, unlike to others,
this jet does not appear to have a filament and its ejecta does not leave along open radial
magnetic field lines. There are several dark regions near the jet, which we interpret as
coronal dimming, similar to dimming observed in CMEs. Some channels, AIA 171, 193,
and 94c A, increase as a function of temperature, as expected with chromospheric evap-
oration, however the other channels do not follow a similar trend. Therefore, we do not
think chromospheric evaporation is responsible for this jet. IRIS spectroscopic analysis
along the spire of this jet, indicated the presence of bidirectional flows and enhanced non-

thermal broadening for a few pixels at the jet base. Topological modeling could show if

122



these regions correlate with magnetic null regions, supporting the idea that they are the site
of magnetic reconnection.

In this work, we have shown that multiple mechanisms may be responsible for the ac-
celeration of coronal jets and that the combination of observational tests and magnetic mod-
eling are useful in understanding their complex formation. Previous studies of jets using
high spatial and temporal resolution instruments have primarily relied on MHD modeling
and/or case observational studies to investigate formation and acceleration of coronal jets.
This research demonstrates a novel technique that can identify the drivers of their complex
structures, and examines how several acceleration mechanisms may act in tandem.

Future narrow-band observations of jets will be instrumental in developing unified jet
models. However, because jets occur sporadically, spectroscopic observations of jets are
rare. Furthermore, non-thermal heating is difficult to detect with the limited dynamic range
and sensitivity of current EUV and X-ray instrumentation. Direct focusing X-ray telescopes
such as the proposed Focusing Optics X-ray Solar Imager (FOXSI) mission [?] could alle-
viate these problems. Another limitation is the lack of direct measurements of the coronal
magnetic field. NLFFF models allow us to map the coronal magnetic field of jets based
on photospheric magnetograms. A better constraint would be direct coronal magnetic field
measurements. Currently direct measurements of the corona are not substantial for large
scale jet studies. The newly commissioned Daniel K. Inouye Solar Telescope (DKIST)
[Schmidt et al., 2016], instrument has begun making measurements of the chromospheric
magnetic field and will be able to advance our understanding of the complex structure of

coronal jets.
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