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Abstract

The ubiquitous relativistic jet phenomena associated with black holes play a major
role in high and very-high-energy (VHE) astrophysics. In particular, observations indicate
that blazars (active galactic nuclei with highly beamed relativistic jets pointing to the
line of sight) show highly variable VHE emission, implying extremely compact emission
regions. The real mechanism able to explain the particle acceleration process responsible
for this emission is still debated, but magnetic reconnection has been lately discussed
as a strong potential candidate. In this thesis, by means of three-dimensional special
relativistic magnetohydrodinamical (3D-SRMHD) numerical simulations, we investigate
the acceleration of test particles injected in a magnetized relativistic jet subject to current-
driven kink instability (CDKI), which drives turbulence and fast magnetic reconnection.
We find that once the turbulence is fully developed in the jet, achieving a nearly stationary
state, the amplitude of the excited wiggles along the jet spine also attains a maximum
growth, causing the disruption of the magnetic field lines and the formation of several
sites of fast reconnection. This occurs after the CDKI achieves a plateau in its non-
linear growth. We performed a systematic search of magnetic reconnection sites in the
evolved jet and obtained average magnetic reconnection rates of ∼ 0.05 (in units of the
Alfvén speed) which are comparable to the predictions of the theory of turbulence-induced
fast reconnection. Hundreds to thousands of protons injected in the nearly stationary
snapshots of the jet, experience an exponential acceleration up to maximum energy. For
a background magnetic field of B ∼ 0.1 G, this saturation energy is ∼ 1016 eV, while for
B ∼ 10 G it is ∼ 1018 eV. The Larmor radius of the particles attaining the saturation
energy corresponds to the size of the acceleration region, being of the order of the diameter
of the perturbed jet. During this exponential acceleration, the velocity component of the
particles that is predominantly accelerated is the parallel one to the local magnetic field.
This regime of particle acceleration is very similar in all these evolved snapshots and
lasts for several hundred hours until the saturation energy. The simulations reveal a clear
association of the accelerated particles with the regions of fast reconnection, indicating its
dominant role in the acceleration process. Beyond those saturation values, the particles
suffer further acceleration to energies up to 100 times larger, but at a slower rate due to
drift in the varying magnetic field. In the early stages of the development of the non-
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linear growth of CDKI in the jet, when there are still no sites of fast reconnection, injected
particles are also efficiently accelerated, but by magnetic curvature drift in the wiggling
jet spine. However, in order to particles to be accelerated by this process, they have to be
injected with an initial energy much larger than that required for particles to accelerate
in reconnection sites. Finally, we have also obtained from the simulations an acceleration
time due to reconnection with a weak dependence on the particles energy E, tA ∝ E0.1.
The energy spectrum of the accelerated particles develops a high energy tail with a power-
law index p ∼ -1.2 at the beginning of the acceleration, in agreement with earlier works.
Our results provide an appropriate multi-dimensional framework for exploring this process
in real systems and explain their complex emission patterns, especially in the very high
energy bands and the associated neutrino emission recently detected in some blazars.

Keywords: Method: numerical; Magnetohydrodynamic; Particle acceleration; High
energy astrophysics; Cosmic rays; Jets (Astronomy).
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Resumo

Os fenômeno onipresente de jatos relativísticos associados a buracos negros desem-
penha um papel importante na astrofísica de altas e muito altas energias (em inglês,
VHE). Em particular, as observações indicam que os blazares (núcleos galácticos ativos
com jatos relativísticos de feixe colimado apontando para a linha de visada) mostram emis-
são VHE altamente variável, implicando em regiões de emissão extremamente compactas.
Nesta tese, realizando simulações numéricas tridimensionais relativíticas magnetohydrod-
inâmicas com relatividade especial (3D-SRMHD), investigamos a aceleração de partículas
teste injetadas em um jato magentizado relativístico sujeito à instabilidade de torção des-
encadeada por correntes (em inglês, current driven kink instability, CDKI), a qual excita
turbulência e reconexão magnética rápida. Verificamos que uma vez que a turbulência
está totalmente desenvolvida no jato, atingindo um estado quase estacionário, a amplitude
das torções excitadas ao longo da coluna do jato também atinge um crescimento máximo,
causando o rompimento das linhas do campo magnético e a formação de vários locais de
reconexão rápida. Isso ocorre depois que a CDKI atinge um platô em seu crescimento não
linear. Realizamos uma identificação sistemática dos sítios de reconexão magnética no
jato e obtivemos taxas médias de reconexão magnética de ∼ 0.05 (em unidades da veloci-
dade de Alfvén) que são comparáveis às previsões da teoria da reconexão rápida induzida
por turbulência. Centenas a milhares de prótons, injetados em passos temporais no qual
o jato está aproximadamente estacionário, experimentam uma aceleração exponencial até
uma energia máxima. Para um campo magnético no jato de B ∼ 0.1 G, esta energia de
saturação é∼ 1016 eV, enquanto para B ∼ 10 G é∼ 1018 eV. O raio de Larmor das partícu-
las que atingem a energia de saturação corresponde ao tamanho da região de aceleração,
sendo da ordem do diâmetro do jato perturbado. Durante essa aceleração exponencial, a
componente de velocidade das partículas que é predominantemente acelerada é a paralela
ao campo magnético local. Este regime de aceleração de partículas é muito semelhante em
todos os intervalos mais evoluídos do jato e dura por várias centenas de horas até a energia
de saturação. As simulações revelam uma clara associação das partículas aceleradas com
as regiões de reconexão rápida, indicando seu papel dominante no processo de aceleração.
Além desses valores de saturação, as partículas sofrem aceleração adicional para energias
até 100 vezes maiores, mas a uma taxa mais lenta, devido a drift no campo magnético
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variável. Nos estágios iniciais do desenvolvimento do crescimento não linear da CDKI no
jato, quando ainda não há locais de reconexão magnética rápida, as partículas injetadas
também são eficientemente aceleradas, mas por drift devido à curvatura do campo mag-
nético na espinha restorcida do jato. No entanto, para que as partículas sejam aceleradas
por esse processo, elas precisam ser injetadas com uma energia inicial muito maior do
que a necessária para elas acelerarem nos locais de reconexão magnética. Finalmente,
também obtivemos das simulações um tempo de aceleração devido à reconexão com uma
fraca dependência da energia das partículas E, tA ∝ E0.1. O espectro de energia das
partículas aceleradas desenvolve uma cauda de alta energia com índice de lei de potência
p ∼ -1.2, no início da aceleração, o qual é compatível com trabalhos anteriores. Nossos
resultados fornecem uma estrutura multidimensional apropriada para explorar aceleração
em sistemas reais e explicar padrões de emissão complexos nos mesmos, especialmente nas
bandas de energia muito altas e também a emissão de neutrinos associada, recentemente
detectados em alguns blazares.

Palavras-chave: Método: numérico; Magnetohidrodinâmica; Aceleração de partículas;
Astrofísica de altas energías; Raios cósmicos; Jatos (Astronomia).
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Chapter 1

Introduction

Astrophysical jets are supersonic collimated flows that transport mass, momentum,
energy and magnetic flux, which are present in different classes of astrophysical sources,
from young stellar objects (YSOs) with thermal non relativistic jets, to relativistic jets
propagating with velocities close to the light speed in X-ray binary systems that host a
stellar-mass black hole (also denominated BH XRBs or microquasars), active galaxies that
host supermassive black holes (BH)1 in their nucleus (or AGNs), and gamma-ray-bursts
(GRBs) whose engine is still not known, but it is ultimately produced by the merger of
black holes or neutron stars (Spruit et al., 2001; Giannios, 2008; McKinney and Uzdensky,
2012; Giannios and Uzdensky, 2019). Since most of these compact objects are not visible,
the jet arising from them propagating over very large distances can provide information
about their progenitors. For instance AGN jets can travel distances & 106 pc, which is up
to 109 times the Schwartzschild radius, RS = 2GM/c2, of their central supermassive black
hole. Therefore, the jets can provide important information about the physical processes
that take place in their internal regions (Das, 1999; de Gouveia Dal Pino, 2005; Matthews
et al., 2020). Currently, there are major puzzles related to the origin of the very high
energy (VHE) variable emission observed, especially in high luminous AGN jets pointing
to the line of sight (named blazars). These observations put severe constraints on existing
models of acceleration of the particles that are responsible for this VHE emission in these
sources (see e.g., Aharonian et al., 2007; Giannios et al., 2009; de Gouveia Dal Pino and
Kowal, 2015; de Gouveia Dal Pino et al., 2018; Christie et al., 2019; Alves et al., 2018;
Matthews et al., 2020)

In this Ph.D. work, we investigate the acceleration of test particles injected in the
magnetically dominated regions of a three-dimensional relativistic magnetohydrodynami-
cal jet, and show that magnetic reconnection is the dominant particle acceleration process,
that provides a potential solution for this puzzle. In the next Sections, we present a brief
overview of the physical and radiative properties of relativistic jets and, in particular, of

1A supermassive BH has a mass of the order 106−10M�, where M� is the solar mass.
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those connected with AGN blazars. Then, we discuss the particle acceleration processes
that may be relevant in such systems and, especially, the mechanism of magnetic recon-
nection and how it can be driven in relativistic magnetized jets. Finally, we draw the plan
and the aims of this thesis, describing the contents of the next chapters.

1.1 Relativistic jets

Relativistic, collimated jets are ubiquitous in astrophysical sources, as stressed. Their
propagation speeds spam from mildly (v ∼ 0.26c)- or highly-relativistic (v ∼ 0.92c) in
microquasars and AGNs, to ultra-relativistic (v ∼ 0.9999c) ones in GRBs. An important
property common to all these classes of objects is the required presence of magnetic
fields to allow their formation. There are different models to explain the formation of a
jet and the most accepted are those that involve the combination of magnetic field and
rotation (e.g., Blandford and Znajek, 1977; Blandford and Payne, 1982). In a steady jet,
the relativistic energy and angular momentum outflows are carried predominantly by the
electromagnetic field (or Poynting-flux). According to Blandford and Znajek (1977), the
relativistic jet is driven by the rotational energy of the BH, which twists the magnetic
field lines that in turn, transport energy to the surroundings, pulling the flow outward
as a Poynting-flux dominated2 jet. Another mechanism of jet formation, proposed by
Blandford and Payne (1982) claims that the accretion disk, rotating around the BH,
can transfer angular momentum and energy to the magnetic field lines embedded in it
and these will raise from the disk accelerating the surrounding ionized gas (plasma) in a
perpendicular to the disk and anchored in the disk, they rotate with the disk and ionized
matter by a magneto-centrifugal process along the field lines which are wound up, forming
a steady jet with a helical magnetic field structure.

Observed polarized non-thermal3 emission in all wavelengths also evidences that these
jets are highly magnetized, especially near the launching region, at the source (e.g., Lau-
rent et al., 2011; Doeleman et al., 2012; Martí-Vidal et al., 2015). For instance, it has
been reported evidences of a helical magnetic field feature in the radio galaxy M87 jet
(Figure 1.1) (Harris et al., 2003; Blandford et al., 2019). General relativistic magnetohy-
drodynamic (GRMHD) simulations with accretion disks around the spinning black hole
of these sources are compatible with the observations and the proposed mechanisms for
jet formation (Blandford and Znajek, 1977; Blandford and Payne, 1982). They reveal the

2The Poynting flux in plasma is given by S = (c/4π)E×B. A system is Poynting flux dominated if S
is very strong, or in other words, if the plasma thermal pressure and inertial forces are smaller than the
magnetic Lorentz force.

3The non-thermal emission happens when the emitted radiation does not depend on the temperature
of the emitter, but on non-thermal processes, for instance, Synchrotron radiation and Compton scattering
(Rybicki and Lightman, 1991).
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formation of a Poynting flux dominated jet spine with a large Lorentz factor4, surrounded
by a mildly relativistic (matter-dominated) sheath, and a sub-relativistic wind (e.g., McK-
inney, 2006; Hardee et al., 2007; Abramowicz and Fragile, 2013; Yuan and Narayan, 2014).
This spine-sheath structure has indeed been inferred from very-long-baseline Interferom-
etry (VLBI) observations from nearby radiogalaxies like M87 (Kovalev et al., 2007), 3C84
(Nagai et al., 2014), and Cyg A (Boccardi et al., 2015), as well as in blazars like Mrk501
(Giroletti et al., 2004) and 3C273 (Lobanov and Zensus, 2001)(see Section 1.1.1).

Another important constraint from the observations is the fact that at distances large
enough from the sources these jets should become kinetically dominated and as such, they
should convert most of the magnetic energy into kinetic. A parameter that defines the
degree of magnetization of a relativistic jet is the σ parameter, defined as the ratio of the
magnetic plus electric energy flux to the mass energy flux. For values of σ ≥ 1, the jet is
considered magnetically dominated (see Section 3.1.4, in Chapter 3). A mechanism that
could favor the conversion from magnetic to kinetically dominated in jets is magnetic
reconnection (e.g., Giannios, 2010; de Gouveia Dal Pino and Kowal, 2015; de Gouveia
Dal Pino et al., 2018; Werner et al., 2018, and references there in). Lately, this process
has been largely investigated in the framework of compact sources like pulsar nebulae
(e.g., Lyubarsky and Kirk, 2001; Clausen-Brown and Lyutikov, 2012; Cerutti et al., 2014;
Sironi and Spitkovsky, 2014), gamma-ray bursts (GRBs) (e.g., Drenkhahn and Spruit,
2002; Giannios and Spruit, 2007; Zhang and Yan, 2011), as well as jets and accretion
flows around black holes (e.g., de Gouveia Dal Pino and Lazarian, 2005; Giannios et al.,
2009; de Gouveia Dal Pino et al., 2010b,a; Giannios, 2010; McKinney and Uzdensky,
2012; Kadowaki et al., 2015; Singh et al., 2015; Khiali et al., 2015; Singh et al., 2016;
Sironi et al., 2015; de Gouveia Dal Pino et al., 2018; Kadowaki et al., 2018b,a; Rodriguez-
Ramirez et al., 2019; Christie et al., 2019; Fowler et al., 2019; Giannios and Uzdensky,
2019; Nishikawa et al., 2020; Nathanail et al., 2020; Davelaar et al., 2020).

1.1.1 Rapid variability in AGN Blazars: a theoretical challenge

The nucleus of a galaxy is called AGN when it contains a supermassive BH which
accretes gas through a disk and emits high, non-stellar luminosity covering the whole
electromagnetic spectrum (Beckmann and Shrader, 2012; Blandford et al., 2019). These
AGNs can form relativistic jets, as described above, and can be classified from their radio-
loudness and physical emission, as radio-loud (RL) and radio-quiet (RQ) objects, with and
without large-scale emission (see e.g. Wilson and Colbert, 1995). The radiation emitted
by AGNs is certainly not isotropic for this reason. They may appear quite different when
viewed from different angles (see Figure 1.2). RQ AGN can be divided in two subclasses,

4The Lorentz factor γ = (1 − β2)−1/2, where β = v/c is the ratio between the velocity of the source
and the speed of light.
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Figure 1.1: Images of the FRI radio galaxy M87 on scales from the outer lobes to near
the black hole. (a) Lobe, jet and outer lobes, showing the present outburst and a more
ancient one almost perpendicular to the former; (b) galaxy jet and inner lobes; (c) full
view of the black hole jet; (d) innermost jet; (e) jet launching region near supermassive
black hole; and (f) inner accretion disk and black hole (Blandford et al., 2019).

Seyfert 1 and 2. Seyfert 1 are viewed close to their pole, while Seyfert 2 close to their
equatorial plane. RL AGNs are subdivided into low power (Fanaroff-Riley class I, FRI)
radio galaxies, and BL Lacertae (BL Lac) objects. BL Lacs, in turn, are a sub-class of the
blazars. These include all AGNs with the jet pointing close to the line-of-sight (≤ 20−30)
(Figures 1.2 and 1.3), characterized by highly luminous and rapidly variable continuum
emission at all observed frequencies from radio to gamma-rays (e.g., Urry and Padovani,
1995). They include both the BL Lacs and flat-spectrum radio quasars (FSRQs). While
both blazar classes share the properties of a nonthermal continuum, by definition FSRQs
have strong and broad (rest-frame equivalent width EWr & 5A) optical emission lines,
while in BL Lacs the optical lines are weak (EWr . 5A) or absent. FSRQs have higher
bolometric luminosities than BL Lacs and can exhibit signs of thermal activity possibly
related to an accretion disk in their optical and UV spectra, in contrast to BL Lacs, which
have smooth continua. The broad emission lines are intrinsically brighter in FSRQs than
in BL Lacs, although with distributions spanning a similar range in luminosity over four
decades (e.g., Sambruna, 1997). In the high energies, BL Lacs are characterized by a
spectral energy distribution in which two peaks occur (e.g., one at hard X-rays and the
other at high energy (HE) or very high energy (VHE) γ-rays). In the classification of the
AGNs viewed at larger angles, if the large-scale lobes dominate the radio emission, then
the object is a classical FRI radio galaxy. While FRI are low-luminosity radio galaxies,
FR II are high-luminosity radio galaxies with dominating core emission (Antonucci, 1993;
Urry and Padovani, 1995; Beckmann and Shrader, 2012; Blandford et al., 2019).

Among all classes of relativistic jets, reconnection can be particularly important in
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Figure 1.2: Schematic representation of the different classes of AGNs. In this diagram,
QSO stands for "quasi-stellar-object", BLRG for "broad-line-region", NLRG for "narrow-
line-region", FSRQ for "flat-spectrum-radio-quasar", and BL Lac for "BL Lacertae", the
prototype of this sub-class (see text for more details, and Beckmann and Shrader, 2012).

blazars (Figure 1.3). Having a jet pointing close to the line-of-sight is a geometry par-
ticularly favorable since relativistic effects, like the Doppler boosting5 with an apparent
enhancement of the observed emission, are maximized. As stressed, blazars are charac-
terized by rapid variability, non-thermal emission in all wavelengths, which is generally
attributed to relativistic particles (protons and electrons) accelerated stochastically in
recollimation shocks along the jet and in their head (de Gouveia Dal Pino, 2005; Mizuno
et al., 2015; Hovatta and Lindfors, 2019; Matthews et al., 2020, e.g.), resulting in heavily
Doppler boosted observed radiation (see e.g. Jorstad et al., 2017).

However, there is increasing evidence that shock acceleration may not be always as
efficient, particularly in the magnetically dominated regions of these jets where shocks are

5The Doppler boosting (or relativistic beaming) is a relativistic effect which modifies the apparent
luminosity (L0) of the emitting matter by L = L0δ

n, when it is moving close to the speed of light, where δ
is the Doppler factor δ = γ−1(1−β cos θ)−1 and θ the jet orientation with respect to the line of sight, and
n depends on the geometry and spectral index and is typically in the range between 2 and 3 (Kellermann
et al., 2007).
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Figure 1.3: Schematic representation of a Blazar showing that the jet that emerges
from the source (an accretion disk surrounding a BH) points to our line of sight
in the Earth. The cartoon also shows a proton (p) that escapes from the source
and cascades into pions (π), electron-positron pairs (e±), and neutrinos (ν) while
propagating into the ambient medium (IceCube/NASA https://www.km3net.org/km3net-congratulates-icecube/
credit-icecube-nasa-artistic-view-of-a-blazar-emitting-neutrinos-and-gamma-rays/ ).

Figure 1.4: (A) Gamma-ray observations by Fermi-LAT and (B) MAGIC superposed to
IceCube observations. Here we can see the blazars TXS 0506+056 and PKS 052+049.
Gray and red curves show the 50% and 90% neutrino containment regions, respectively
(Aartsen et al., 2018).
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faint, to explain the very high energy emission (Sironi et al., 2013; de Gouveia Dal Pino
and Kowal, 2015; Bell et al., 2018). This may be the case, for instance, of the blazars
PKS 2155-304 (Aharonian et al., 2007) and MRK501 (Albert et al., 2007) (see also 3C
279 (Ackermann et al., 2016) and 3C 54.3 (Britto et al., 2016)). They produce very short
duration gamma-ray flares, of minutes or less, at the TeV band, which imply extremely
compact acceleration/emission regions.

In fact, in 2006, an extremely bright flare of BL Lac PKS 2155-304 was observed at TeV
with a timescale flux variability of ∼ 200 s (Aharonian et al., 2007). Causality arguments
imply that the emission region has an extension l ∼ cδt, where δt is the time variability.
This is much shorter than the Schwartzchild radius of the supermassive black holes of
these blazars (MBH ∼ 109M�) rg/c = GM/c3 = 1.4M9 h, where rg is the gravitational
(Schwartzschild) radius and M9 = M/109M� is the black hole mass. In other words, this
emission should be produced in extremely compact zones in the jet. Furthermore, the fact
that we observe these TeV photons, implies that the corresponding Lorentz factor of the
emission region has to be Γ ∼ 50, which is much larger than the typical jet bulk values in
these sources (Γ ' 5− 10). This larger Lorentz factor ensures that gamma-rays will not
be re-absorbed within the source, due to electron-positron pair creation (e.g., Begelman
et al., 2008).

The only mechanism that seems to be able to drive both, the high variability and com-
pactness of the TeV emission is fast magnetic reconnection involving misaligned current
sheets inside the jet. This was first suggested by Giannios et al. (2009) and they called
their model "jets-in-a-jet". They invoked the emission of plasma “blobs” by magnetic re-
connection inside a Poynting-flux dominated jet, with Lorentz factor of the blob, Γco � 1.
They considered a magnetic energy dissipation through magnetic reconnection by current-
driven instabilities. Using this model, they explained the emission of TeV gamma-rays
by a jet with a bulk Lorentz factor Γ ∼ 10 (see also, Giannios, 2013; Kushwaha et al.,
2017). A similar mechanism has been also invoked to explain the prompt emission in
gamma-ray-bursts (e.g. Giannios, 2008; Zhang and Yan, 2011).

Another striking recent discovery has been the simultaneous detection of gamma-rays
and high-energy neutrinos, with the energy of ∼ 290 TeV, from the blazar TXS 0506
+056 (Aartsen et al., 2018). This has evidenced, for the first time, the presence of high-
energy protons interacting with ambient photons creating a flux of high-energy pions and
a subsequent decay in gamma-rays and neutrinos (Figure 1.4). Neutrinos travel freely
and are not stopped by other particles or deflected by magnetic fields (see Figure 1.3).
The observation of astrophysical high energy neutrinos coming from blazars implies the
presence of high-energy protons with energies∼ 1 PeV in the jet, something that up to now
was not obvious6. It has been argued that if these protons are produced in magnetically

6In fact, the chemical composition of relativistic jets is still a matter of debate. The absence of
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dominated regions of the jet near the core, then since shocks there are faint, they have to
be probably accelerated by fast magnetic reconnection (e.g., de Gouveia Dal Pino et al.,
2018).

In the next section, we will discuss this mechanism.

1.2 Magnetic reconnection as a particle acceleration

mechanism

Magnetic reconnection is produced from the merging of two magnetic fluxes of opposite
polarity (Parker, 1957). For reviews on this subject, we refer to e.g.,(Parker, 1957; Zweibel
and Yamada, 2009; Lazarian et al., 2012, 2020). Here, we will present only a very brief
summary of reconnection driven by turbulence. If the microscopic Ohmic resistivity7 is
non null, the magnetic field lines may annihilate at the contact discontinuity (or current
sheet).

Reconnection is fast when its rate VR is a substantial fraction of the local Alfvén
speed, VA. The ubiquitous turbulence in astrophysical flows is acknowledged as one of the
main driving mechanisms of fast reconnection due to the wandering of the magnetic field
lines that allows for many simultaneous events of reconnection and the broadening of the
outflow region removing the reconnected flux more efficiently. These two factors result
in the reconnection rate to be independent of the generally small microscopic magnetic
resistivity (Lazarian and Vishniac, 1999) (see also Eyink et al., 2011; Kowal et al., 2009;
Takamoto et al., 2015; Santos-Lima et al., 2010, 2020),

Vrec = min

[(
L

l

)1/2

,

(
l

L

)1/2
](

Vl
VA

)1/2

, (1.1)

where Vl and l are the velocity and size of the turbulent eddies at injection scale, L is the
length of the system and VA is the Alfvén speed.

The break and rearrangement of the reconnected lines cause the conversion of magnetic
energy into kinetic energy and particle acceleration (Zweibel and Yamada, 2009; Yamada
et al., 2016).

thermal emission from these systems does not allow for direct measurements of their chemical contents.
The usual observation of Synchrotron emission from these systems is naturally interpreted as produced
by relativistic electrons. But the baryonic contents in these jets are much harder to infer or detect from
observations. The simultaneous detection in TSX 0506+056 of gamma-rays and neutrinos has been the
first direct signature of a baryonic content in these systems.

7The Ohmic resistivity or electric resistivity, η = meνc/nee
2 (where νc is the collision frequency

between electrons and ions, me is the electron mass, ne is the local density of electrons and e is the
electron charge), quantifies the resistance of matter to conduct electric charge. The magnetic resistivity
coefficient, in turn, is given by νM = ηc2/4π. Non-null magnetic resistivity allows for reconnection,
diffusion and decay of the magnetic field (e.g. Bittencourt, 2004).
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de Gouveia Dal Pino and Lazarian (2005) first realized that particles could be acceler-
ated in a fast magnetic reconnection site in a similar way as in diffusive shock acceleration
(Bell, 1978; Blandford and Eichler, 1987) by first order Fermi process. For reviews on
particle acceleration by magnetic reconnection see, e.g. de Gouveia Dal Pino and Kowal
(2015); Matthews et al. (2020). In other words, when particles are trapped between the
two converging magnetic flux tubes, they move back and forth between the two fluxes in
the reconnection discontinuity (or current sheet) (see the top panel of Figure 1.5), gaining
energy due to head-on collisions with magnetic fluctuations at a rate ∆E/E ∝ VR/c,
which implies a first order Fermi process and an exponential acceleration. This has been
successfully tested numerically and Figure 1.5 shows an example of a magnetohydrody-
namical (MHD) simulation of a current sheet with a single test particle trapped in it,
suffering exponential Fermi acceleration, as described (Kowal et al., 2011) (see also Drake
et al., 2006; Kowal et al., 2012).

Kowal et al. (2011), in particular, have demonstrated by means of two- and three-
dimensional (2D and 3D) MHD simulations with test particles, the equivalence between
this process and that of particles being accelerated within 2D merging magnetic islands
(or plasmoids) excited, e.g., by tearing mode instability8. It is important to remark that
magnetic islands are actually the 2D cross-sections of 3D flux tubes and in real systems,
reconnection is 3D, and thus particle accelerates in reconnection sites (e.g. de Gouveia
Dal Pino and Kowal, 2015).

The realization that reconnection acceleration can be a fundamental mechanism to
explain observed non-thermal, highly variable emission, especially at very-high-energies
(VHEs), in magnetically dominated sources, has motivated intensive study mainly through
2D and 3D particle-in-cell (PIC)9 simulations of current sheets in a slab geometry in kinetic
plasmas (e.g. Drake et al., 2006; Zenitani and Hoshino, 2001, 2007, 2008; Lyubarsky and
Liverts, 2008; Drake et al., 2010; Clausen-Brown and Lyutikov, 2012; Cerutti et al., 2012;
Li et al., 2015; Lyutikov et al., 2017; Werner et al., 2018, 2019; Sironi and Spitkovsky,
2014; Guo et al., 2015, 2016). These studies have probed only the kinetic scales of the
process i.e., of a few hundreds of the skin depth length10. To assess the stochastic Fermi
mechanism at the macroscopic scales of collisional flows present in most astrophysical
systems, the tracking of test particle distributions in such flows is also a very useful
and complementary tool to help in the understanding of the overall process across the

8Thin current sheets are generally unstable to resistive reconnecting instabilities, the archetype of
which is the tearing mode instability. The fastest modes of this instability have wavelengths greater than
the thickness of the current sheet and cause its breaking (Furth et al., 1963; Tenerani et al., 2015).

9Particle-in-cell or PIC method modeling the fluid of plasma gives primacy to the kinetic interaction
among the constituent particles of the plasma in the self-consistent electric and magnetic fields (Büchner
et al., 2003; Tskhakaya, 2008).

10The skin depth length of the plasma (ls) is the depth in which low-frequency electromagnetic radiation
can penetrate in the plasma. It is given by the relation ls = c/ωp, where ωp is the plasma frequency
Stenson et al. (2017)
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Figure 1.5: Reconnection sheet showing the magnetic field distribution with two fluxes of
opposite polarity +B and −B. In the left panel, the line traces the trajectory of a test
particle, when it enters the magnetic field discontinuity (current sheet) it bounces back
and forth and its energy increases exponentially. The change of colors in the trajectory
from red to white corresponds to the growth of the particle energy. The right panel showns
the variation of the particle kinetic energy with the x coordinate and with the time (de
Gouveia Dal Pino and Lazarian, 2005; Kowal et al., 2011).
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Figure 1.6: The left panels show particle kinetic energy distributions for 10,000 protons
injected in fast magnetic reconnection (top) and 3D turbulence (bottom). The colors red
or blue indicate the parallel or perpendicular velocity component to the local magnetic
field being accelerated. The diagram in the detail shows the accelerated particles spec-
trum where we see the development of a power law tail in the high energy. In the right
panels, XY cuts through the domain at z = 0 of the absolute value of current density |J|
overlapped with the magnetic vectors (Kowal et al., 2012).

scales. Such studies have been performed combining 2D and 3D MHD simulations with
the injection of thousands of test particles in the reconnection domain (Kowal et al., 2011,
2012; del Valle et al., 2016; Beresnyak and Li, 2016; de Gouveia Dal Pino et al., 2018,
2020).

In particular, Kowal et al. (2012) have distinguished the first order Fermi process that
occurs inside large scale current sheets with embedded turbulence driving fast reconnec-
tion, from a second order Fermi process11 occurring in pure turbulent environments (see
also Brunetti and Lazarian, 2011; Brunetti and Vazza, 2020). It is worth to note that in
a more recent PIC study, (Comisso and Sironi, 2018, 2019) also considered a pure tur-
bulent, magnetically-dominated system, but with no guide field and found that particles
are initially exponentially accelerated in small scale reconnecting current sheets and then,
undergo further acceleration by stochastic interactions with the turbulent fluctuations at
a slower rate. This is, in principle, similar to the process described above, especially in
Kowal et al. (2012, see their Figure 1, here shown in the bottom panel of Figure 1.6). But

11We note that while the first-order Fermi process favors mainly head-on collisions where particles
mostly "gain" energy during the stochastic process within the current sheet, in a second-order Fermi
acceleration, there is no large scale converging field and particles can both, gain energy in head-on
collisions and also loose energy due to "receding" collisions with the magnetic fluctuations of the turbulent
flow. In this case, the energy gain is second order, δE/E ∼ (Vrec/c)

2 (e.g. de Gouveia Dal Pino and
Kowal, 2015).
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in an MHD environment, the presence of turbulence naturally leads to fast reconnection
with the formation of 3D current sheets in the entire turbulent domain (Lazarian-Vishniac
theory, Lazarian and Vishniac, 1999) and to stochastic particle acceleration in these sites,
as described previously. A key difference between Comisso and Sironi (2018, 2019) simu-
lations and those of Kowal et al. (2012) (and the ones in the present work, see Chapter
3) is that in the latter there is the underlying large scale magnetic field that favors the
confinement of the particles in the regions where the current sheets are formed and thus
the exponential acceleration can be sustained longer and not only during the initial stages.

Both, PIC and test particle+MHD approaches have probed the efficiency of the
stochastic reconnection acceleration, particularly in 3D dimensions, with an exponen-
tial growth of the particle energy in time, implying a power-law energy dependence of
the acceleration rate, and the production of an extended, non-thermal distribution of rel-
ativistic particles with a power-law tail (e.g., del Valle et al., 2016). The results above
are applicable to magnetized astrophysical flows in general and especially to relativistic
jets in regions near the source where they are possibly magnetically dominated. The in-
vestigation of magnetic reconnection acceleration in these objects is the main goal of the
present thesis.

1.3 Fast magnetic reconnection in relativistic jets

The presence of instabilities in the jet can drive turbulence and thus fast magnetic
reconnection (e.g., Spruit et al., 2001; Barniol Duran et al., 2017; de Gouveia Dal Pino
et al., 2018; Gill et al., 2018). In particular, jets with helical magnetic field structure can
be subject to the current-driven kink (CDK) instability (e.g., Begelman, 1998; Giannios
and Spruit, 2006; Mizuno et al., 2009, 2011, 2012, 2014; Das and Begelman, 2019).

1.3.1 Current-driven kink instability (CDKI)

It is known, from theory and laboratory experiments of plasma physics that cylindrical,
magnetized plasmas are unstable to various kinds of instabilities (Bateman, 1978; Hsu and
Bellan, 2002; Bellan et al., 2005; Moser and Bellan, 2012). In magnetized outflows, the
instabilities can be driven by two classes, pressure-driven and current-driven instabilities
(Das and Begelman, 2019). Pressure-driven instability is induced by the electric current
perpendicular to the magnetic field (j⊥) and by the interaction between the pressure of the
gas and the magnetic tension of the magnetic field lines, and the instability occurs when
the plasma pressure gradient is strong enough to push the plasma out of the curvature of
magnetic field lines. Current-driven instabilities are driven by the current parallel to the
magnetic field (j//).
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Let us consider a cylindrical jet with initial helical magnetic field geometry, with the
poloidal (or Br and Bz) and toroidal (Bφ) components. When the column of plasma
of the straight jet suffers a kink in the transverse direction, the toroidal magnetic field
component is first distorted on one side only, creating an unbalancing on the magnetic
tension force between this side and the opposite one, that leads to further tension and
distortion of the column, as we see in Figure 1.7.

Quantitatively, if the toroidal field is dominant, then the jet is subject to this current-
driven kink instability (Begelman, 1998), and the so called Kruskal-Shafranov criterion
for this instability (Bateman, 1978),

qcrit >
2πR

Lz

∣∣∣∣Bp

Bφ

∣∣∣∣ , (1.2)

where R is the jet radius, Lz its length, and qcrit = 1 for ideal MHD and smaller than 1 for
RMHD and rotating jets (Narayan et al., 2009; Guan et al., 2014). Thus, in configurations
with strong toroidal magnetic field, the CDK mode is unstable, and the growth time of
the CDK is calculated by (Bateman, 1978)

tkink '
2πR

c

Bp

Bφ

. (1.3)

where c is the speed of light.

More generally, in 3D jet structures, we can investigate the stability of cylindrical
magnetized flows initially in equilibrium if we consider perturbations on the magnetic
field of the form (Lyubarskii, 1999; Hardee, 2004)

f(r, φ, z) = f(r) exp{i(ωt+mφ− kz)} , (1.4)

where the flow is along the z-axis, m is an integer azimuthal wavenumber which describes
different models of instability, k is vertical wavenumber and ω is the modal frequency.
Different types of instabilities are developed for different values of modes, which involve
pinch (m = 0), helical or kink (m = ±1), elliptical (m = ±2) or triangular (m = ±3)
(see Figure 1.8). For instabilities with m 6= 0 the wave propagates at an angle to the
flow direction. The positive or negative sign specifies the wave propagation direction,
when viewed outwards along with the flow in the clockwise and counterclockwise sense,
respectively. The fastest-growing mode is |m| = 1, i.e. the CDKI, because it affects the
jet axis, and its center of mass changes into a spiral shape. For all other values of |m|, the
center of mass remains on the axis and the perturbations are concentrated on the outside
(see for more details on this instability Bateman, 1978; Begelman, 1998; Lyubarskii, 1999;
Hardee, 2004; Braithwaite, 2006; Narayan et al., 2009; Das and Begelman, 2019).
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Figure 1.7: This panel shows the distortion of the helical magnetic field caused by the
kink instability (Roth, 1997).

1.3.2 Magnetic reconnection driven by CDKI

As we have explained above, jets with strong helical or toroidal fields are subject
to CDKI. This instability distorts the jet column and induces non-helical currents that
ultimately can break the magnetic field lines and drive magnetic reconnection (see Figure
1.7). In this work, we will investigate the acceleration of particles mainly by magnetic
reconnection induced by CDKI in relativistic jets.

A number of recent numerical works have revealed that this instability can operate
in the jet spine without disrupting the entire jet structure, converting magnetic into
kinetic energy, and driving reconnection (Porth and Komissarov, 2015; Singh et al., 2016;
Bromberg and Tchekhovskoy, 2016; Tchekhovskoy and Bromberg, 2016; Striani et al.,
2016; Bromberg et al., 2019; Davelaar et al., 2020). In particular, in their 3D relativistic
MHD (RMHD) simulations of Poynting flux dominated, rotating jets with helical fields,
Singh et al. (2016) verified that the CDK-induced-turbulence triggers the formation of
current-sheets with fast reconnection rates ∼ 0.05VA. Following Singh et al. (2016), in this
work, we will perform numerical simulations of relativistic jets and drive this instability in
order to excite the formation of fast reconnection, which will allow for particle acceleration
investigation.

1.4 Another particle acceleration mechanism: magnetic

curvature drift

Current driven kink instability (CDKI) in a jet can drive another particle acceleration
mechanism. Magnetic curvature drift is produced when the magnetic field lines are curved
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Figure 1.8: Types of instabilities in the plasma column with strong toroidal magnetic fields
for modes m = 0, m = 1 and m = 2 where m = 1 corresponds to the kink instability
(Braithwaite, 2006).

and the particle has a velocity component (v||) along the curved field (Alves et al., 2018).
The particles experiment a centrifugal force perpendicular to the magnetic field

Fc = γmv2||
Rc

R2
c

, (1.5)

where Rc is the radius of curvature of the magnetic field lines. Then, the curvature drift
(in Gaussian units) is,

vcurv =
c

q

Fc ×B

B2
= −

γmv2||c

q

Rc ×B

R2
cB

2
=
γmv2||c

q

B× (B · ∇B)

B4
, (1.6)

where γ is the Lorentz factor, c the light speed, m and q are the mass and the charge of
the particle, respectively (Bittencourt, 2004).

As we mentioned earlier, the CDKI causes the jets to move bodily in a transverse
direction and develop helical motions of the jet spine. These sideways motions give rise to
an inductive electric field E = −v×B/c. In Alves et al. (2018), the authors investigated
particle acceleration in the early non-linear stage of the CDKI, before the development
of turbulence and the break of the magnetic field lines, and verified that particles are
accelerated by magnetic curvature drift. They show that a net axial electric field emerges
as a consequence of the nonlinear development of the CDKI. Figure 1.9 extracted from
Alves et al. (2018) is a schematic 2D representation of the yz-plane of the center of the

15



Figure 1.9: Schematic representation of the development of curvature drift acceleration
(see text for more details) (extracted from Alves et al., 2018).

jet. It shows the velocity vy of the flow along the axis as a consequence of the radial
motions of the jet by the CDKI, and the direction of the toroidal magnetic field by Bx.
In this 2D representation of the jet, the inductive electric field is given by Ez = vyBx/c,
and in early stages the axially averaged electric field 〈Ez〉 is practically null, but as the
distortion of the jet grows, 〈Ez〉 increases (see right panel of Figure 1.9) giving rise to
an acceleration of particles in this direction. Alves et al. (2018) find that this electric
field enables particle acceleration perpendicular to the magnetic field lines via the guiding
center curvature drift with a velocity equal to equation (1.6).

In Chapter 3, we will see that this particle acceleration process also occurs in our
simulations in the early stages of the development of the CDKI in the jet.

1.5 Goal of this work

In this thesis, we will expand upon the previous studies described above. We will per-
form 3D special relativistic magnetohydrodynamical (SRMHD) simulations of a Poynting-
flux-dominated jet with an initial helical magnetic field, subject to the CDKI. Then, we
will apply a magnetic reconnection search-algorithm, developed in Kadowaki et al. (2018b)
to the simulated jet (Singh et al., 2016). With this search algorithm, we will identify sites
of reconnection and obtain robust values of the reconnection rates and the magnetic power
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of every reconnection events inside the jet, in different snapshots, as well as the topologi-
cal characteristics of each reconnection region (see also Kadowaki et al., 2018a). Then, in
order to obtain a full understanding of how the magnetic energy released by reconnection
can be channeled into energetic nonthermal particles in the fast reconnection regions, we
will investigate in situ particle acceleration by injecting hundreds to thousands of test
particles in the 3D SRMHD jet model.

Below, we give the guide lines of the next chapters of this thesis. In Chapter 2,
we describe the numerical methodology and the setup of the codes that we employ in
this thesis, namely the SRMHD code for the jet simulation (RAISHIN, Mizuno et al.,
2006, 2011, 2012, 2014; Singh et al., 2016), the search algorithm of reconnection sites
(Kadowaki et al., 2018b), and the test particle acceleration code (GACCEL, Kowal et al.,
2011, 2012). In Chapter 3, we present the results of this work, i.e., the acceleration of test
particles mostly by magnetic reconnection driven in the relativistic jet by the development
of the CDKI. We obtain the properties of the acceleration such as the particles energy
growth with time, the acceleration rate, and the particles spectrum, as well as the spatial
correlations of the accelerated particles with the reconnection regions. Finally, in Chapter
4, we discuss our findings, compare our results with former numerical studies and present
the prospects for futures works.

We should remark that the results of this thesis have been summarized in two papers
recently submitted to publication Medina-Torrejón et al. (2021); Kadowaki et al. (2021),
The first of which is already published and the second already accepted. Preliminary
results of this study have been also presented in de Gouveia Dal Pino et al. (2018, 2020).
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Chapter 2

Numerical Methodology for Relativistic
MHD Jet Simulations and Test Particle
Simulations

In this chapter, we describe the numerical methodology employed to develop our study.

As stressed, we investigate in this work the acceleration of particles injected in a three-
dimensional (3D) relativistic magnetohydrodynamical jet subject to current-driven kink
instability (CDKI), which drives turbulence and fast magnetic reconnection. Following
Kowal et al. (2011, 2012) and del Valle et al. (2016) (see also de Gouveia Dal Pino and
Kowal, 2015), we inject test particles (100 - 10,000 protons) into frozen-in-time 3D MHD
domains. However, instead of taking a large scale single current-sheet with embedded
controlled weak stochastic turbulence, as in these former works (see also del Valle et al.,
2016; de Gouveia Dal Pino and Kowal, 2015), we consider here in− situ particle acceler-
ation in a relativistic 3D MHD jet where turbulence and fast magnetic reconnection are
naturally induced by CDKI Mizuno et al. (2012); Singh et al. (2016). As in Kowal et al.
(2011, 2012), we neglect the macroscopic MHD dynamical time variations (see further jus-
tification for this in Chapter 3). Once the instability reaches saturation and turbulence
is fully developed with the appearance of several sites of fast reconnection in the jet, we
inject test particles into a snapshot to follow their acceleration. Furthermore, in order to
identify magnetic reconnection regions in our jet domain built by the MHD simulations,
we used an algorithm developed by Kadowaki et al. (2018b); ? which identifies current
density (J = c∇×B/4π) peaks characterizing the presence of magnetic discontinuities or
current sheets in a given simulation snapshot.

We describe in the next sections the numerical methods for these three parts of our
study, namely, for the 3D MHD relativistic simulations of the jet, using the RAISHIN

code (Mizuno et al., 2006, 2011, 2012), for the search algorithm of magnetic reconnection

18



regions (Kadowaki et al., 2018b), and for the test particle simulations employing the
GACCEL code (Kowal et al., 2011, 2012; del Valle et al., 2016).

2.1 3D MHD simulations of Relativistic jets

We perform special relativistic magnetohydrodynamics (SRMHD) simulations of a
jet using the 3D well tested general relativistic magnetohydrodynamics (GRMHD) code
RAISHIN (Mizuno et al., 2006, 2011, 2014). We consider in this analysis a fully developed
jet, taking a portion of it (tower jet), far enough from the progenitor source and also far
enough from its terminal shock (the jet head). We adopt an Eulerian frame moving with
the bulk velocity of the flow.

RAISHIN code utilizes conservative, high-resolution shock capturing scheme (Godunov
type scheme) to solve the 3D ideal SRMHD equations. We have employed a Harten-Lax-
van Leer-Einfeldt (HLLE) approximate Riemann solver to compute the intercell fluxes
in the computational grid (see Einfeldt, 1988; Komissarov, 1999). Besides, a method of
flux-interpolated, constrained transport (flux-CT) is used to maintain a divergence-free
magnetic field 1. We employ the flux-CT scheme introduced by (Tóth, 2000). For the
time advance of the equations, we use a multistep TVD Runge-Kutta third-order (RK3)
method (e.g. Bodenheimer et al., 2006). In Appendix A, we describe briefly the Godunov
scheme with the HLLE Riemann solver here employed and in Appendix B the flux-CT
scheme. For more details, see Mizuno et al. (2006, 2011).

We integrate numerically the fundamental MHD variables P = (ρ, p, vi, Bk), called
the “primitive variables”, where ρ is the rest-mass density (measured in the comoving
frame), p is the gas pressure and vi is the three velocity vector of the fluid as measured
by the Eulerian observer and Bk is the three vector of the magnetic field measured also
in the Eulerian frame. The evolution of the MHD equations is written in conservative
form. They give the time derivatives for “conserved” variables U(P) in terms of source
variables S(P) and the divergence of flux variables F. The evolution of the eight scalar
fluid equations of GRMHD can be written in a compact way as follows (Mizuno et al.,
2006; Del Zanna et al., 2007),

∂U

∂t
+
∂Fi(U)

∂xi
= S . (2.1)

In our simulations we use the metric of Minkowski as an appropriate one to integrate
the SRMHD equations without source variables (S = 0). The conserved form for SRMHD

1In a numerical solution the absence of magnetic monopoles is not satisfied because of the numerical er-
rors. In order to maintain divergence-free magnetic fields in the RAISHIN code, it is used flux-interpolated,
constrained transport scheme (Tóth, 2000). This scheme conserves ∇ ·B = 0 at each grid cell.
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is:

∂U

∂t
+
∂Fi(U)

∂xi
= 0 , (2.2)

where the quantities U and F are

U =


D

Sj

τ

Bk

 , (2.3)

Fi =


Dvi

Sjvi + (p+ b2/2)δij − bjBi/γ

τvi + (p+ b2/2)vi − btBi/γ

viBk − vkBi

 , (2.4)

where D = γρ is the mass density measured by the Eulerian observer, γ = (1− v2)−1/2 is
the Lorentz factor, Si is the momentum density of the magnetized fluid,

Si = (ρh+ b2)γ2vi − btbi , (2.5)

h = 1 + u+ p/ρ is the specific enthalpy, and u is internal energy, bµ is the magnetic field
4-vector measured by a comoving observer

bt = γ(v ·B) , (2.6)

bi =
Bi

γ
+ vibt , (2.7)

τ is the total energy density,

τ = (ρh+ b2)γ2 − (p+
b2

2
)− (bt)2 −D . (2.8)

In order to close our system of equations, we have adopted an ideal gas equation of
state with p = (Γ− 1)ρu, where Γ = 5/3 the adiabatic index.

2.1.1 Initial and Boundary Conditions

The code setup for the spatial development of CDKI is similar to one in Mizuno et al.
(2012) and Singh et al. (2016), that is, a jet rotating with an angular velocity Ω0 = 2.0

in code units with an initial force-free helical magnetic field and decreasing radial density
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profile.

The computational domain is 6L× 6L× 6L in a Cartesian (x, y, z) coordinate system,
where L is the length scale unit of the computation domain. The code unit (c.u.) for the
velocity is the speed of light c, the magnetic field is in units of

√
4πρ0c2, the density is in

units of ρ0 (being ρ0 = 1.0 in the code), the pressure is in units of ρ0c2 and the time is in
units of L/c.

We have chosen, in our simulations, a force-free helical magnetic field for the ini-
tial configuration with constant pitch (P = RBz/Bφ) (Mizuno et al., 2009, 2011). The
force-free steady-state equilibrium of a rotating jet in cylindrical coordinates (R, φ, z) is
described by (Istomin and Pariev, 1994)

ΩBz

c2
d

dR
(ΩR2Bz) = Bz

dBz

dR
+
Bφ

R

d

dR
(RBφ) , (2.9)

where Ω is the angular velocity of a magnetic field B = (0, Bφ, Bz). Based on previous
works (Mizuno et al., 2012; Singh et al., 2016), the initial angular velocity of the jet is
written in the following form

Ω =

{
Ω0 if R ≤ R0

Ω0R0/R if R > R0 ,
(2.10)

here R0 is the radius of the jet core. In the simulations R0 = (1/4)L and Ω0 = 2.0 c/L.
The initial poloidal magnetic field component of the jet is

Bz =
B0

1 + (R/a)2
, (2.11)

where a is the characteristic radius of the magnetic field, for the simulations a = R0 =

(1/4)L. From (2.9) and this poloidal magnetic field, an analytical solution for the toroidal
magnetic field is given by

Bφ = −B0(R/a)[1 + (Ωa)2]1/2

1 + (R/a)2
. (2.12)

In force-free MHD, the true plasma velocity is undefined. As we only can define the
drift velocity (v = cE×B/B2) in the chosen configuration for the simulation, the initial
poloidal and toroidal components of the drift velocity are given by

vz = −BφBz

B2
ΩR , (2.13)

vφ =

(
1−

B2
φ

B2

)
ΩR . (2.14)
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The initial density profile decreases with the radius according to

ρ = ρ1

√
B2

B2
0

(2.15)

where ρ1 = 0.8ρ0 and the magnetic field amplitude is B0 = 0.7 c.u. at the jet spine.

We assume an initial gas pressure decreasing radially, similar to equation (2.10)

p =

{
p0 if R ≤ Rp

p0Rp/R if R > Rp ,
(2.16)

with Rp = (1/2)L and p0 = 0.02 in units of ρ0c2. These values correspond to an initial
beta parameter β = p0/(B

2
0/8π) = 0.08 and a magnetization parameter σ0 = B2

0/γ
2ρh =

0.6 (where h is the specific enthalpy) at the jet axis. The sound speed is given by cs/c =

(Γp/ρh)1/2, the Alfven speed is given by

vA
c
≡
[

b2

ρh+ b2

]1/2
, (2.17)

where b is the magnetic field measured in the comoving frame,

b2 =
B2

γ2
+ (v ·B)2 , (2.18)

where γ is the bulk Lorentz factor of the jet. The initial profiles are presented in Figure
2.1, where we show the initial magnetic field components, the velocity components, the
density, and Alfven speed as a function of the radial distance to the jet axis.

In order to drive the instability and induce turbulence, we break the symmetry at the
initial MHD equilibrium configuration applying a precession perturbation in all regions
with a radial velocity profile given by

vR
c

=
δv

N
exp

(
− R

Ra

) N∑
n=1

cos(mθ) sin

(
πnz

Lz

)
, (2.19)

where the amplitude of the perturbation is δv = 0.01c, the radial width Ra = 0.25L,
N = 8, λ = 2π/k = Lz/n and Lz = 6L is the grid length in z direction, k = 2πn/Lz the
wave number, and we consider the mode m = 1 in order to induce the CDK instability
(see Chapter 1).

Table 2.1 gives the initial conditions for the jet model. We consider two different
grid resolutions in the three directions: ∆L = L/40, corresponding to 240 cells in each
direction (model j240 in Table 2.1), and ∆L = L/80, corresponding to 480 cells in each
direction (model j480 in Table 2.1). Both models, j240 and j480 have the same initial
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(a) Bφ (b) Bz

(c) Vφ (d) Vz

(e) ρ (f) Varel

Figure 2.1: Radial profiles of the initial parameters for the simulations j240 and j480:
Radial profiles of (a) the toroidal magnetic field |Bφ| (in units of

√
4πρ0c2), (b) the axial

magnetic field Bz (also in units of
√

4πρ0c2), (c) the toroidal velocity vφ (in units of c), (d)
the axial velocity vz (also in units of c), (e) the density ρ (in units of ρ0) for a decreasing
density profile with Ω0 = 2.0 and (f) the Alfven speed vA/c.
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Table 2.1: Parameters for the MHD simulations.

Model Resolution p0[ρ0c
2] B0[

√
4πρ0c2] Ω0[c/L] R0[L] σ0

j240 2403 0.02 0.7 2.0 0.25 0.6
j480 4803 0.02 0.7 2.0 0.25 0.6

conditions. In Table 2.1, p0, B0 and Ω0 are the initial gas pressure, the initial poloidal
magnetic field, and the jet initial angular velocity in the jet axis, respectively. R0 is
the initial radius of the jet core, before the perturbation. The initial magnetization is
σ0 = B2

0/γ
2ρh = 0.6 (where h is the specific enthalpy) at the jet axis. The latter increases

to maximum values around unity in more evolved times (see Chapter 3). We should
remark that, although it is generally believed that the jet is highly magnetized at the
launching site (Chapter 1), the location of the region where effective acceleration and
radiative dissipation occurs is not well understood yet. Nevertheless, it is reasonable to
suppose that an efficient reconnection acceleration and dissipation should occur when
the magnetization has decreased to values σ ∼ 1. This is, in fact, compatible with a
recent proposal by Giannios and Uzdensky (2019). In this work, we will explore a similar
magnetization condition (Chapter 3).

We impose outflow boundaries (i.e. zero gradients for all variables ) in the transverse
directions x and y (at x = y = ±3L), and adopt periodic boundaries in the z direction in
a similar way to the setup in Mizuno et al. (2009, 2011, 2012). Outflow conditions allow
all the variables to evolve freely at the transverse boundaries avoiding artificial numerical
effects. The periodic boundaries in the z-direction allow to maintain the CDKI growing
until the saturation and disruption inside of the domain (see Chapter 3).

2.2 Algorithm of identification of current sheets

The aim of the magnetic reconnection search algorithm (Kadowaki et al., 2018b; ?) is
to locate current sheets in an MHD fluid. The first step is to calculate the local maximum
magnitude of the current density (J = c∇ × B/4π). The algorithm scans through all
points with current density values greater than the globally averaged magnitude of current
density (j > 〈|J|〉), and sets a threshold current density

jthr = ε〈|J|〉 , (2.20)

where ε > 1 is a free parameter. Within a surrounding cubic subarray whose size we can
choose, the algorithm selects those cells that have local maximum (jmax = MAX(|J|)),
and each subarray is centered at the candidate point (see Figure 2.2).

To identify the points of each given current sheet, the following condition must be
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Figure 2.2: Sketch sample of a 2D subarray centered at the cell with jmax identified. The
choice of the size is 3× 3 cells.

satisfied, each point must have a magnitude of current density greater than a minimal
value,

jmin = bjmax , (2.21)

where b is a parameter (b < 1). The current sheet is determined considering the points
adjacent to the peak with current densities greater than jmin (for 2D analysis we determine
four points, for 3D analysis six points) and also from this list, the algorithm adds the
adjacent points with current densities above jmin.

The next step of the algorithm is to check whether the local maximum is located
between magnetic field lines of opposite polarity. The cells that follow this condition
of opposite polarity are possible sites of reconnection. Following what Zhdankin et al.
(2013) done to measure the current sheet thickness, we can determine the direction of the
fastest drops in current density (or the highest variance of |J|) from the peak, computing
numerically the current density 3D Hessian matrix (Hijk) at the peak, which corresponds
to the second-order partial derivatives of the current density magnitude,

Hijk =

∂xx|J|
max
ijk ∂xy|J|maxijk ∂xz|J|maxijk

∂yx|J|maxijk ∂yy|J|maxijk ∂yz|J|maxijk

∂zx|J|maxijk ∂zy|J|maxijk ∂zz|J|maxijk

 . (2.22)

Since the magnetic reconnection topology is complex in a 3D regime and the lines
are not necessarily aligned with one of the axes of the Cartesian coordinate system, the
algorithm adopts a new coordinate system centered in the local reconnection site obtained
from the eigenvalues and eigenvectors of the 3D current density Hijk. The eigenvectors of
Hijk provide the three orthonormal vectors of the new coordinate system centered in the
local reconnection site (the directions will be represented by the unit vectors êi, where
i =1, 2 or 3), see Figure 2.3. The eigenvector associated with the highest eigenvalue of
Hijk, and as we mentioned above, corresponds to the direction of the highest variance of
|J|, this direction is assumed as the thickness of the magnetic reconnection site. In this
work, this direction will be represented by the unit vectors ê1.
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Figure 2.3: The left sketch shows a new coordinate system centered in a local reconnection
site. The right sketch shows how the edges have been defined as the cells with |J| ∼
1/2|Jmax| (Kadowaki et al., 2018b).

The algorithm also allows for the determination of the reconnection velocity. Similarly
as in Kowal et al. (2009), the reconnection rate Vrec = 〈Vin/VA〉 is measured by averaging
the inflow velocity Vin divided by the Alfvén speed VA at the edges of the reconnection
site

Vrec =
[hr|Ve1|/VA]lower + [hr|Ve1|/VA]upper

[hr]lower + [hr]upper
, (2.23)

where |Ve1| = |Vin| is the projection onto the e1 direction, the absolute inflow velocity at
the reconnection edges. And, hr is the distance of the (lower or upper) edges to the center
of the diffusion region.

The relativistic Alfvén speed is given by equations (2.17) and (2.18), where B =

Bê1 ê1 + Bê2 ê2 + Bê3 ê3 is the magnetic field measured through the projection onto the
three eigenvectors of the Hessian matrix. The algorithm identifies the edges and the cells
belonging to a given local magnetic reconnection site, as shown in the right sketch of Figure
2.3, considering only sites with current density |J| greater than half of the maximum local
value given by |J|max. The algorithm also constrains the selection of reconnection sites
based on the symmetry of the inflow velocity and the magnetic field components around
the magnetic discontinuity. This constraint reduces considerably over or underestimations
of the reconnection velocity. Figure 2.4 shows examples of rejected and accepted profiles
of vê1 , Bê2 and Bê3 interpolated along the ê1 axis, considering this symmetry criterion.

For the application of the reconnection search algorithm to the jet in this work, we
have used a modified version of the algorithm developed by Kadowaki et al. (2018b)
in order to include the relativistic effects. Equations 2.20 and 2.21 are applied in the
coordinate frame (here called the jet frame). We have also introduced the reconnection
comoving frame to evaluate quantitatively the reconnection events since each local cell
can move relative to the jet frame with relativistic velocities. Therefore, we transformed
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Figure 2.4: Sample of profiles rejected and accepted, following the criteria of the most
symmetric magnetic and velocity field profiles (Kadowaki et al., 2018b).

all the variables inside each subarray data cube from the jet to the reconnection frame,
via generalized Lorentz transformations. We have also implemented another criterion to
constrain a reconnection region, where at least one of the edge velocities (left or right in
ê2, see Figure 2.3) has to be directed to outside of the reconnect region. This allows for
the removal of sites with positive velocities at the left edge and negative at the right edge,
which are not real reconnection regions because in such cases the plasma is moving back
into the diffusion region instead of going out.

This algorithm is able to perform a systematic search of all reconnection events in the
system, allowing for visualization of the local magnetic topology of the current sheets, as
well as quantification of the reconnection rate and the magnetic power released in these
events, in three different frames (the reconnection, the jet, and the observer’s frame).
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2.3 Simulation of test particle acceleration by magnetic

reconnection in relativistic jets

After simulating the evolution of the relativistic jet subject to the CDKI and the
development of magnetic reconnection regions, and after the identification of these recon-
nection regions and their characteristic velocities of reconnection, we inject thousands of
test particles in different snapshots. We then integrate the trajectories of the particles
within the jet domain using the GACCEL code (developed by Grzegor Kowal, see Kowal
et al., 2011, 2012; del Valle et al., 2016) which solves the equation of motion for each
charged particle

d(γmu)

dt
= q(E +

u

c
×B) , (2.24)

where γ ≡ (1 − u2/c2)−1 is the particle Lorentz factor, c is the speed of light, u, m and
q are the particle velocity, mass and electric charge, respectively. The electric field is
generated by both the background flow of magnetized plasma and by magnetic resistivity
effects, and can be obtained directly from the Ohm‘s law equation

E = −v

c
×B + ηJ , (2.25)

where v is the plasma velocity, J is the current density and η is the Ohmic resistivity
coefficient. Since in our studies we are not interested in the acceleration of particles by
the electric field resulting from resistivity effects, but in the acceleration provided by the
plasma magnetic fluctuations, we neglected the term ηJ. We note that, this term can be
important only in the initial phases of the particle acceleration in the reconnection regions,
but it is soon dominated by the first term, once the particles Larmor radius becomes as
large as the size of the magnetic fluctuations (e.g., Kowal et al., 2011, 2012). Substituting
the Ohm’s law, the equation of motion (2.24) is

d

dt
(γmu) = q[(u− v)×B] . (2.26)

In the current study, we do not include particle radiative losses or their feedback
on the background plasma, therefore test particles can gain or lose energy only through
the interactions with the moving magnetized plasma and its fluctuations. The particle
equation of motion (2.26) was integrated using the fourth-order Runge-Kutta method
and the interpolation of the local values of the plasma velocity v and magnetic field B

at each step of the integration has been done using linear interpolation of the values
from the discrete grid of the MHD simulation domain. We integrated the equation (2.26)
for 100 to 10,000 protons with a randomly chosen initial position in the domain and
direction of motion, with an initial Maxwell distribution of the velocity corresponding to
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a temperature of 1010K (non-relativistic particles) and mean kinetic energy of the order
of 1 MeV (∼ 10−3mpc

2, where mp is the proton mass) for the majority of cases. Only
in one of the models investigated, we assume an initial monoenergetic distribution (see
Chapter 3).

In order to check potential boundary effects, the trajectories of the particles were
integrated considering the background domain with two different boundary conditions:
periodic in all directions, and periodic in the z direction and outflow in the x & y direc-
tions, this latter as in the simulated MHD background. In the first case, the particles may
be reinjected in the domain whenever they escape in any direction, while in the second
case, they return to the environment only if they escape in the z direction. The results,
as we will see in Section 3.2.1, are very similar in both cases, but the first implies much
longer computing time. Also, we have found that the results are very similar whether we
inject the particles in a specific region of the jet with a large concentration of reconnection
sites or in the entire jet because the particles can propagate in the whole box.

As we have described in section 2.1, the background jet simulation is performed in
code units (c.u.), dimensionless equations, but in order to integrate the trajectories of the
particles in the GACCEL code, we need to convert the background conditions in physical
units. The adopted time unit is one hour, the velocity unit is the light speed c. This
implies that L = 1.1 × 1014 cm or 3.5 × 10−5 pc. For the magnetic field we adopt two
possible values that correspond to the initial magnetic field in the jet axis, B0 = 0.094 and
9.4 G. These values come from converting the code unit for the magnetic field strength,
B0 = 0.7 c.u., or B0 = 0.7

√
4πρ0c2 , assuming ρ0 = 1.0 cm−3 and 104 cm−3, respectively.

We note that in the particle framework, the dynamical length scales are settled by
their Larmour radius

rL =
γmc2

q|B|
. (2.27)

In order for the particle eventually, to be able to interact resonantly with the background
plasma magnetic fluctuations, the Larmor radius has to be of the order of the size of these
fluctuations.

For the analysis of our results it is important to compute the acceleration rate of the
particles, which is defined as,

t−1acc =
dE/dt

E
. (2.28)

In order to compute the mean acceleration time tacc of the test particles as a function
of energy, we calculated the aceleration time of each particle in a bin of kinetic energy
between E and E + ∆E

tacc =

NE∑
i=1

ti
NE

, (2.29)

where ti is the acceleration time of particle i and NE is the number of particles with
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energy between E and E + ∆E. The corresponding standard deviation is

σ2 =

NE∑
i=1

(tacc − t̄)2

NE − 1
, (2.30)

where t̄ is the mean value of ti for all the particles with energy between E and E + ∆E.
We will see in Chapter 3 the kinetic energy undergoes a regime of exponential growth.
Thus we can describe it as a power-law energy dependence of the time,

logE = s log t+ b , (2.31)

E = 10bts , (2.32)

where s is the slope of the fitting and b is the intersection of the line with logE axis.
From (2.28) and (2.32)

t−1acc =
s10bts−1

10bts
, (2.33)

t−1acc = st−1 , (2.34)

t−1acc = s10−b/sE−1/s . (2.35)

Therefore, the acceleration time is

tacc ∝ E1/s, (2.36)

or
tacc ∝ Eα , (2.37)

where α is the acceleration time index. From (2.37), we can obtain α as,

α =
∆ log(tacc)

∆ log(E)
. (2.38)

In the next Chapter we will present the results of this work based on the employment
of the numerical techniques described above.
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Chapter 3

Results

In this chapter, we present the results of our study on the acceleration of parti-
cles (protons) injected in a three-dimensional special relativistic magnetohydrodynamical
(SRMHD) jet subject to current-driven kink instability (CDKI), which drives turbulence
and fast magnetic reconnection. First, we show the results of our three-dimensional
SRMHD simulations of the Poynting Flux dominated tower jet subject to CDKI, as de-
scribed in Section 2.1 of Chapter 2. Then, we show the results of the application of the
reconnection search algorithm to the simulated jet, as described in section 2.2 of Chapter
2. Finally, we present the results of the acceleration of test particles in this domain in
different snapshots along the jet evolution, using the method described in Section 2.3 of
Chapter 2. We remark that most of our test particle study has been done using the back-
ground model j240, see Table 2.1. The higher resolution model j480 was performed in
order to test the convergence of the SRMHD results. We will see later on in Section 3.2.3,
that these convergence tests were well succeeded, and for this reason, we have considered
model j240 for most of the acceleration analyses.

3.1 3D MHD simulation of the relativistic tower jet

Figure 3.1 shows the time evolution of the relativistic jet model j240 (see Table 2.1) for
snapshots at t = 25, 30, 40, 44, 46, and 50 L/c. It depicts, in color scales, the isosurface
of the magnetic current density intensity at half maximum in orange and the density map
of the jet central slice (at the plane z-y, and x = 0), as well as the magnetic field lines in
black. As time evolves and the CDKI grows, the jet spine becomes increasingly deformed
and disruptive, driving turbulence and magnetic reconnection.

In the next section we describe in detail the development of these reconnection events.
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Figure 3.1: Time evolution of the tower jet at t = 25, 30, 40, 44, 46 and 50 L/c (from
top left to bottom right). The diagrams depict isosurfaces of the current density intensity
at half maximum |J | (orange color), the solid black lines correspond to the magnetic
field lines, and the green circles correspond to the position of fast magnetic reconnection
regions (with velocities larger than or equal to the average reconnection speed) identified
with the algorithm described in Section 2.2. At z-y plane, it is shown the density map of
the central slice of the jet (at x = 0). The time t is in units of L/c, the density in units
of ρo, and the current density is also in code units.
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Figure 3.2: Diagrams of three magnetic reconnection sites in the jet frame, selected from
snapshot t = 50L/c. The diagrams were produced by a line integral convolution (LIC)
method combined with the 2D projection of the magnetic field (top diagrams) and current
density (bottom diagrams) magnitudes in the ê1-ê2 plane.

3.1.1 Identification of current sheets in our simulations

The resolution of our simulated jet is large enough to allow us to follow the growth
of the turbulence and disentangle the reconnection structures. We used the algorithm
described in Section 2.2 of Chapter 2 (Kadowaki et al., 2018b; ?) to identify sites of fast
reconnection in our simulations of the relativistic jet. We used the parameters values ε
(associated to the threshold current density, see equation (2.20)) and b (which corresponds
to the minimum value for the current sheet, see equation (2.21)) equal to 5 and 0.1,
respectively. At each potential reconnection site, we determine a cubic subarray size of
3×3×3 cells. This means, the current sheets (Figure 2.3 right) for our jet have been defined
by the cells with |J| > 0.1 |Jmax|, because unlike the study in the shear box (Kadowaki
et al., 2018b), in the jet not so many reconnection regions were identified. As selection
criteria, we consider only the opposite sign of the magnetic field and the reconnection
speeds, without considering the symmetry of the profiles, or the criteria of the outflow
velocity, as explained in Section 2.2. Since each local maximum cell can move relative to
the jet frame with relativistic velocities, we have introduced the reconnection comoving
frame, to evaluate quantitatively the reconnection events, then, we transformed all the
variables from the jet to the reconnection frame, via generalized Lorentz transformations
(see Section 2.2).

In order to verify how reconnection events can behave along with the relativistic jet, we
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have selected a sample of sites identified as magnetic reconnection structures by the search
algorithm. Figure 3.2 shows the 2D maps of three such sites in the jet frame, selected
at t = 50L/c snapshot. These have been produced using the line integral convolution
(LIC) method (Cabral and Leedom, 1993) to represent, at the same diagram, the magnetic
streamlines, and the magnetic field (top diagrams), and current density (bottom diagrams)
magnitudes. The diagrams correspond to an arbitrary slice in the ê1-ê2 plane (the local
coordinate system at the jet frame, see section 2.2), and they were obtained by a cubic
interpolation of the data, for visualization purposes. The bottom diagrams of Figure 3.2
show the high concentration of the magnetic field around the reconnection sheets. The
column on the left shows an elongated “bow-shaped” magnetic island with an X-point-like
structure right below, whereas the middle diagrams show a complex topology with at
least three magnetic islands. The right column shows similar behavior with two islands
(already reconnected) separated by an X-point-like structure, and accumulated magnetic
field lines (in reconnection) below them. The diagrams show clearly the anti-correlation
between the magnetic field and the current density, as we should expect for reconnection
events. This study is useful to follow the time evolution of these structures since each
example may represent reconnection events in different stages. Moreover, such analysis
allows us to identify false-positives events in our sample (i.e., regions identified by the
search algorithm that are actually not associated with reconnection events). However, for
a complete analysis, it would be necessary to check about 200 sites per snapshot separately
in a total of ∼ 660 snapshots for model j240, but that is out of the scope of the present
study.

In spite of the information provided by Figure 3.2, the 2D projection of the magnetic
field components is not enough to reveal the complex 3D topology of a reconnection
event. Furthermore, 3D reconnection does not always imply that the three components
of the magnetic field are annihilating at a time as we see in this work in most cases,
where only one of the components of the magnetic field is annihilated (see also, e.g.,
Priest et al., 2003; Parnell et al., 2010; Yamada et al., 2010; Pontin et al., 2011, and
references therein). Figure 3.3 shows a sample of identified reconnection sites (green and
black circles in the top diagram) in the jet frame, at t = 50L/c. The top diagram shows
a zoom-in plot of the magnetic field streamlines (black and magenta lines). The colored
arrows represent the axes ê1, ê2, and ê3 (yellow, blue, and red, respectively) of the local
coordinate system, the orange isosurface corresponds to the associated current sheet with
half of the maximum value of |J | at the primary reconnection site (green circle), and the
black circles correspond to secondary reconnection events. The black lines represent the
asymptotic (non-reconnected) magnetic field far away from the diffusion region, whereas
the magenta lines represent the twisted and braided magnetic field lines that produce a
thin and strong current density isosurface with the maximum value at the green circle’s
position. As we expected, the ê1-axis is perpendicular to the current sheet, whereas the
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Figure 3.3: The top diagram shows a zoom-in plot of the magnetic field streamlines
(black and magenta lines) around a sample of identified reconnection sites (green and
black circles), at t = 50L/c, in the jet frame. The colored arrows represent the axes of the
local coordinate system, and the orange isosurface corresponds to the associated current
sheet with half of the maximum value of |J | at the primary reconnection site (green circle).
The bottom diagrams show the corresponding 2D LIC maps (as in Figure 3.2).
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Figure 3.4: Time-distribution of the Lorentz factor (Γ) of the diffusion regions with respect
to the jet frame, for the model j240. The histogram corresponds to Lorentz factors
obtained during the entire evolution of the simulation (with 200 bins in each direction).

ê2-ê3 plane is aligned it. The ê3 axis matches the direction of the local magnetic guide
field, proving the efficiency of the algorithm in separating the dominant non-reconnected
magnetic component from those in reconnection.

Finally, the 2D LIC maps at the bottom of Figure 3.3 show the magnetic (left panel)
and current density magnitudes (right panel) around the primary reconnection site, green
circle in the top diagram. Both maps show a magnetic island topology as a result of
the projection of the reconnected components in the ê1-ê2 plane. The local magnetic
guide field is still present but hidden by the projection. Therefore, despite the useful
information obtained from these 2D maps, the overall 3D scenario and the real nature of
the magnetic islands, which are 2D projections of reconnected flux tubes (Kowal et al.,
2011), should be analyzed carefully. This discussion is important since the formation of
current sheets along the jet due to reconnection events is expected (see, e.g., Giannios
et al., 2009; Christie et al., 2019), but the real magnetic topology will be more complex
than island-like or plasmoid structures (Singh et al., 2016).

Figure 3.4 shows that the time-distribution of the Lorentz factor (Γ) in the diffusion
regions, which has a maximum value of 1.09 at ∼ 45L/c. Thus although we have used the
Lorentz transformation to obtain the velocity profiles around the diffusion region in the
reconnection reference frame, such correction will not change significantly with respect to
the Galilean transformation. Therefore, the velocities of the reconnection sites are mildly
relativistic at the jet frame, with Lorentz factors of the order of unity.
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Figure 3.5: Time evolution in code units of the reconnection velocity in the tower jet for the
two resolutions investigated in this work. It includes to the whole sample of reconnection
regions (with symmetric and nonsymmetric profiles). The time t is in units of L/c. The
shaded light blue and red colors give the entire distribution of reconnection velocities from
maximum to minimum values for the two jet models, j240 and j480, respectively. The
blue and red lines give the corresponding average reconnection speeds, < Vrec >, for each
model (over all identified sites in each snapshot).

Figure 3.5 presents the evolution of the mean reconnection velocity, equation 2.23
(normalized by the total local Alfvén velocity, equation 2.17), in the jet obtained from
the computation of the reconnection velocity in each identified current sheet employing
the search algorithm (Kadowaki et al., 2018b). It compares also the time evolution of
the average reconnection rate obtained for the reference jet model with resolution of 2403

cells (model j240, blue line), with the higher resolution model 4803 (model j480, red line)
cells, indicating that they are both similar.

In Figure 3.1, the green dots characterize all sites of fast reconnection (identified with
the search algorithm), that is, with reconnection velocities larger than or equal to the
average reconnection rate obtained for each snapshot. Table 3.1 presents this average
and the maximum reconnection velocity values for each of the snapshots of Figure 3.1 (in
units of local Alfvén speed), as well as the number of reconnection sites (or counts) with
reconnection velocities larger than the average value.

We note that in t = 25 L/c, there are no green dots (or reconnection regions), because
turbulence and fast reconnection is driven by the CDKI have not developed yet, but
in t = 30 L/c, we identify already the break of symmetry of the plasma column and
the appearance of a few fast reconnection sites at the jet axis. We find that until near
t = 40L/c, there are still very few sites of fast reconnection, but in this snapshot and
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Table 3.1: Reconnection velocity values in units of the local Alfvén speed in j240.

Jet snapshot 〈Vrec〉 max(Vrec) Total counts Counts (Vrec ≥ 〈Vrec〉)
25 0 0 0 0
30 0.01 0.02 25 11 (44%)
40 0.03 0.06 130 55 (42%)
44 0.03 0.1 161 58 (36%)
46 0.04 0.2 121 39 (32%)
50 0.05 0.1 136 66 (49%)

beyond, there are several sites spread over all the jet domain, as we see in t = 44, 46, and
50L/c, in Figure 3.1. It is interesting that in the snapshot t = 40L/c, though it presents
several sites, their reconnection velocities are all around the average (see values of 〈Vrec〉
and max(Vrec) in table 3.1), contrary to what we see in the more evolved snapshots where
there are sites with very high reconnection speeds.

3.1.2 Development of current driven kink instability (CDKI)

As an indicator of the growth of the CDKI in Figure 3.6 we show the time evolution
of the volume-averaged kinetic energy transverse to the z-axis within a cylinder of radius
R/L 6 3.0 around the jet axis (Mizuno et al., 2009, 2011, 2012; Singh et al., 2016),

Ek,xy =
1

Vb

∫
Vb

ρv2x + ρv2y
2

dxdydz . (3.1)

The difference between this energy value and the initial energy value (at t = 0) indicates
the radial motion induced by the growth of CDKI and this difference is depicted in the
left panel of Figure 3.6. The volume-averaged total relativistic electromagnetic energy

Eem =
1

Vb

∫
Vb

B2 + [v2B2 − (v ·B)2]

2
dxdydz , (3.2)

where Vb is the total volume where the average is calculated (see right panel of Figure
3.6).

As in Mizuno et al. (2012) and Singh et al. (2016), we can use the diagrams of the
energy density evolution to quantify the growth of the CDKI. As it develops, electromag-
netic energy is converted into kinetic energy and this is a striking feature revealed by
Figure 3.6. Note that in this Figure, the electromagnetic energy is presented on a linear
scale, while the kinetic energy is on a log scale. The initial relaxation of the system to
equilibrium leads to a hump in the kinetic and electromagnetic energy density curve (until
∼ 10 L/c). Though the centrifugal and pressure forces of our initial setup are small, they
are not entirely negligible and thus the initial force-free magnetic configuration is not in
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Figure 3.6: Volume-averaged energy time evolution within a cylinder of radius R/L ≤ 3.0
for the simulation. In red: kinetic energy transverse to the z-axis. In blue: total elec-
tromagnetic energy. The kinetic energy density is in log scale, while the electromagnetic
energy density is in linear scale.

real equilibrium. Therefore, a little relaxation occurs after a few times steps. The kink
instability comes into play only after the relaxation finishes. There is an initial linear
growth of the electromagnetic energy between 10 and ∼ 30 L/c due to the increasing
wiggling distortion of the magnetic field structure in the jet spine in the initial increase
of the CDKI (which in a log scale would be harder to perceive; see e.g. Mizuno et al.,
2012). After a slower increase, the kinetic energy undergoes an exponential growth from
t ∼ 30 L/c to a maximum near t ∼ 40 L/c, after which it approximately reaches a plateau
while the magnetic energy decreases (see more details in Singh et al., 2016). We note that
this plateau time also coincides with the one after which we have detected an increase
in the turbulence and the number of fast reconnection sites in Figure 3.1. This plateau
regime characterizes the achievement of non-linear saturation of the CDKI and a nearly
steady-state turbulent regime in the system.

If we go back to Figure 3.5 and take a closer look, we see that after the time t ∼ 40L/c,
i.e. when the CDKI reaches the plateau, both resolution models have some variability in
the peak of the reconnection speed attaining values as large as 0.23 and 0.38 for the model
j240 and 480, respectively. But average reconnections rates are similar and fast during
the nearly stationary turbulent regime for both models. The fact that these maximum
reconnection rates are achieved after the CDKI reaches saturation and the kinetic energy
increases in the system is clear evidence that fast magnetic reconnection is being driven
by this instability.

The absence of significant differences between the two resolution models of Figure 3.5
are also compatible with the fact that fast magnetic reconnection driven by turbulence is
independent of the numerical resistivity (as obtained by Kowal et al., 2009, 2012; Kad-
owaki et al., 2018b). This is in agreement with the turbulence-induced fast reconnection
theory of Lazarian and Vishniac (1999), which predicts that the turbulence speeds up the
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reconnection independently of the Ohmic resistivity of the environment.

In the next section, we extend a little more upon the analysis of the distribution of
the reconnection sites.

3.1.3 Distribution of the Magnetic Reconnection Velocities

Figure 3.7 shows different histograms of the magnetic reconnection rate (Vrec), for
the model j240. The left diagrams correspond to time-distributions obtained during the
entire evolution of the simulation (with 200 bins in each direction), and the right diagrams
correspond to 1D-distributions obtained between 50 and 66L/c time steps (with 140 bins),
when the system is already in a quasi-steady turbulent regime (see also Section 3.1.2). The
left top diagram shows, also, sporadic and slow reconnection events with values Vrec < 0.01

around t = 20L/c. These events should be analyzed carefully because at this time the
CDKI is still growing and possibly they are not real reconnection layers. However, they
are not significant, as we will see later since the inferred reconnection speeds are very
low. Furthermore, we note that there is a lack of events, especially between 33 and 34
L/c, this may be happening because, at these times the CDKI is still growing, and the
magnetic field is getting distorted, but with almost no disruption. After t ∼ 35L/c, the
number of events and the value of Vrec increase as the system reaches the saturation of
the exponential growth of the kink instability (see Table 3.1 and Section 3.1.2), with the
fastest rate of Vrec ∼ 0.23 (at t = 56L/c).

The right top histogram shows that the distribution of Vrec does not resemble a normal
distribution, showing a long tail on the side of the fastest rates (similar to the results
obtained by Kadowaki et al., 2018b, for non-relativistic accretion disk systems). This
skewed feature is characteristic of a log-normal distribution, and to test this hypothesis we
have performed fits (black lines in the right histograms). We also constrained the sample
in order to obtain the reconnection rate only for the most symmetric profiles (bottom
histograms of Figure 3.7), we obtained from the fit of the constrained sample an average
reconnection rate of the order of 0.050±0.021, which does not differ from the value of the
original sample (〈Vrec〉 = 0.051± 0.026). Furthermore, this value is compatible with that
found in Singh et al. (2016). We note that the log-normal distribution is characteristic of
a turbulent flow, thus being additional evidence that the turbulence induced by the CDKI
(section 3.1.2), is driving the fast reconnection events (in agreement with the theory of
Lazarian and Vishniac, 1999) (see also Santos-Lima et al., 2010; Kadowaki et al., 2018b)
along the relativistic jet.
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Figure 3.7: Histograms of the reconnection rate Vrec for the model j240. The left diagrams
correspond to time-distributions obtained during the entire evolution of the simulation
(with 200 bins in each direction), and the right diagrams correspond to 1D-distributions
(red lines) with a log-normal fit (black lines) obtained between the snapshots 50 and 66L/c
(with 140 bins). The top distributions correspond to the whole sample, and the bottom
ones correspond to a constrained sample considering only the most symmetric profiles of
the velocity and magnetic fields at the edge of the diffusion regions.

41



Figure 3.8: Two-dimensional cuts in the x − z plane at y = 0, in logarithm scale of the
current density ∇ × B (left panels), and magnetization parameter σ = B2/γ2ρh (right
panels) at t = 44, 46 and 50 L/c (from top to bottom). The time t is in units of L/c.
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3.1.4 Magnetization parameter and Current sheet

As stressed before, regions where magnetic reconnection occurs are regions of enhanced
current densities, due to the abrupt change of direction of the magnetic field. Therefore,
regions of large current densities are where magnetic reconnection is possibly occurring.
The magnetic discontinuities (current sheets) obviously are also characterized by a sharp
decrease in the magnetization parameter. This implies, as stressed many times before,
that magnetic reconnection regions are sites of maximum energy dissipation, which can
contribute to the increase in kinetic energy of the relativistic tower jet and also allow for
efficient particle acceleration (de Gouveia Dal Pino and Lazarian, 2005).

Figure 3.8 shows two-dimensional slices in the plane x-z at y = 0, of the logarithmic
distribution of the current density intensity (∇×B) and the magnetization parameter σ =

B2/γ2ρh for the model j240 at t = 44, 46, and 50 L/c. This Figure is complementary to
Figure 3.1, as it provides additional information specially for the magnetization parameter
evolution. Comparing the current density with the magnetization parameter diagrams, we
see that regions with large intensity values of current density, especially in the bottom of
the slices for the three different snapshots, coincide with regions where the magnetization
parameter is small. For t = 44 L/c this anti-correlation happens especially in the region
for z between 5.1 e 5.6 L and between 0.7 and 0.9L, and intensifies in the later snapshots.

Comparing with Figure 3.1, we see that these coincide with regions of fast reconnection
in the jet axis and thus are appropriate for particle acceleration. In fact, these regions
can be seen quite populated by particles undergoing acceleration in the two-dimensional
histogram of the position of the particles in Figure 3.9 (see Section 3.2), especially for t
= 46 and 50 L/c. We also note that the magnetization reaches maximum values around
unity in these more evolved times (t = 44, 46 and 50 L/c).

3.2 Particle acceleration

We have injected test particles in different snapshots of the SRMHD jet model j240,
specifically, in the simulation times t = 25, 30, 40, 44, 46, and 50L/c (see also Figure
3.1). Table 3.2 shows the parameters for each test particle model used in the GACCEL code.
"Jet snap" corresponds to the time of the jet snapshot in units L/c, "N" is the number
of injected test particles, "B0" is the value of the initial magnetic field in the jet axis in
Gauss unit. As stressed in Section 2.3, in order to check potential boundary effects, the
trajectories of the particles are integrated considering two different boundary conditions,
periodic in all directions (test particle model names ending with "p" in Table 3.2), or
periodic in the z direction only with outflow boundaries in the x & y directions (test
particle model names ending with "o" in Table 3.2) as in the simulated MHD background
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Figure 3.9: Two-dimensional histograms of particle positions for different snapshots of
the model j240. From top to bottom, t = 25 L/c (ut25o), t = 30 L/c (t30o), t = 44 L/c
(t44o), t = 46 L/c (t46o), and t = 50 L/c (t50o), respectively. Each row, from left to
right, shows histograms projected on xy, xz, and yz plans. To make visualization more
clear, the histograms depict only particles accelerating with increment ∆Ep/Ep > 0.4,
and with energies larger than 102 MeV (∼ 10−1mpc

2), except for t = 25 L/c, for which
the minimum energy depicted is 104 MeV. The different colors indicate the (normalized)
concentration of particles in each region of the jet (see text for details).
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Figure 3.10: Three-dimensional histogram of accelerated particle positions (square sym-
bols) for the snapshot t = 50L/c of jet model j240, in different viewing angles indicated
by the Cartesian axes in the bottom left of each figure. It was integrated over the parti-
cles acceleration time between 100 and 5000 hours, which corresponds to the exponential
acceleration regime (see Figure 3.11, bottom right panel). Only the positions of parti-
cles accelerated with energy increment ∆Ep/Ep > 0.4 were included, and energy between
Ep > 10−1mpc

2 and the saturation energy Ep ∼ 107mpc
2. In order to improve visu-

alization, particles that accelerated to a maximum energy less than 103 MeV were also
removed, and to avoid boundary effects, the counts were constrained to the domain be-
tween [−2.5, 2.5]L in the x and y directions, and [0.5, 5.5]L in the z direction. The circles
correspond to the positions of fast magnetic reconnection sites (with velocities larger than
or equal to the average reconnection speed) and their color, represent their reconnection
velocity in units of the local Alfven speed. The isosurfaces of the current density intensity
at half maximum |J | (yellow color) are also depicted (Jmax/2 ∼ 1.25).
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Table 3.2: Parameters for the test particle simulations.

Test Jet snap. N B0 x & y Initial distribution Jet resolution
t25o 25 1,000 0.094 outflow Maxwellian 2403

ut25o 25 1,000 0.094 outflow Monoenergetic 2403

t30o 30 1,000 0.094 outflow Maxwellian 2403

t40o 40 5,000 0.094 outflow Maxwellian 2403

t44o 44 5,000 0.094 outflow Maxwellian 2403

t46o 46 1,000 0.094 outflow Maxwellian 2403

t50o 50 10,000 0.094 outflow Maxwellian 2403

t50p 50 1,000 0.094 periodic Maxwellian 2403

9t50p 50 100 9.4 periodic Maxwellian 2403

9t50o 50 100 9.4 outflow Maxwellian 2403

480t50o 50 1,000 0.094 outflow Maxwellian 4803

480t30o 30 1,000 0.094 outflow Maxwellian 4803

480t25o 25 1,000 0.094 outflow Maxwellian 4803

(see Section 2.3). This boundary condition is named "x & y" on Table 3.2. In most of
the simulated models, we assume an initial Maxwellian distribution. Only in one of the
models investigated, we have assumed an initial monoenergetic distribution, i.e., for ut25o

in Table 3.2.

Figure 3.9 shows two-dimensional (2D) histograms of the positions of test particles
in the snapshots t = 25, 30, 44, 46 and 50 L/c, projected on planes xy, xz, and yz.
All histograms show only the position of particles accelerated with energy increment
∆Ep/Ep > 0.4 (here Ep is the kinetic energy of the proton) and energy larger than 102

MeV (or ∼ 10−1mpc
2), which is approximately the energy at which it starts an exponential

acceleration growth (see Figure 3.11, bottom panels, in section 3.2.1 below). This condi-
tion applies to all snapshots, except to t = 25 L/c, for which particles start to undergo
an exponential growth only for energies larger than 104 MeV (or ∼ 10mpc

2). Also, only
in this snapshot, the particles were injected with a monoenergetic spectrum (∼ 10mpc

2),
as discussed in section 3.2.2, while in the other snapshots, particles were launched with a
Maxwellian distribution (section 2.3).

When compared to Figure 3.1, Figure 3.9 indicates that particles are mainly accel-
erated along the wiggling jet spine for which the amplitude of the distortion increases
as the CDKI grows and turbulent disruption develops along with the appearance of fast
reconnection regions. Particles are clearly accelerated in these regions where the strength
of the current density is larger and, particularly for times larger than t = 40 L/c, there
are clearly several reconnection sites all over the wiggling structure. Note that while the
CDKI is still growing in the early times, in t = 25 L/c there are no reconnection regions
and in t = 30 L/c only very few along the jet axis. Particle acceleration in these snapshots
will be discussed in section 3.2.2.
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Figure 3.10 further elucidates these connections between particle’s acceleration and
the sites of high current density and fast reconnection. It depicts a 3D histogram of the
accelerated particles for the jet snapshot t = 50L/c, viewed at different angles around
the jet axis. The histogram was integrated over the particle acceleration time interval
between 100 hours and 5000 hours, which corresponds to the exponential acceleration
regime (see Figure 3.11 and section 3.2.1 below). As in Figure 3.9, only the position
of particles accelerated with energy increment ∆Ep/Ep > 0.4, and starting with energy
∼ 10−1mpc

2 (∼ 100 MeV) were included, which is the energy when the particles start
to accelerate exponentially. The particles depicted are accelerated up to the saturation
energy of the exponential regime, ∼ 107mpc

2 (Figure 3.11, bottom panels). This figure
indicates a clear association of the particles position (orange square symbols) with the
acceleration regions, being mostly confined within the wiggling configuration of the half-
maximum current density isocontours along the jet spine (shown in yellow). We also see
a trend for a larger concentration of particles in regions of faster reconnection rates (the
green, yellow, and red circles), particularly in the heights between 1.0 and 3.5L, and
between 4.0 and 5.0L approximately. Besides, we note that there are also accelerated
particles in the bottom and near the top of the domain. Since we have periodic boundary
conditions in z-direction, these particles are likely associated with the reconnection sites
seen in the top of the diagram. Finally, there are a few particles at the right edge around
height 2.0 L (especially when looking at the top diagrams of Figure 3.11) which seem
to be detached from the maximum current density layers. An analysis of their energies
indicates that most of them have already achieved the saturation value and thus have
already disconnected from the reconnection regions.

In the next sections, we describe in detail the properties and the nature of the accel-
eration of the particles.

3.2.1 Magnetic Reconnection acceleration

Let us first discuss in detail particle acceleration in the more evolved snapshots of
the jet, after the CDKI reaches the plateau, driving fully developed, near steady-state
turbulence and fast reconnection all over the jet. Figure 3.11 compares the kinetic energy
evolution of test particles injected in the snapshots t = 40 (the initial time of the plateau),
44, 46, and 50 L/c, from top left to bottom right panels, respectively. The small plots in
detail in each diagram show the evolution of the Larmor radius of the particles, with the
orange line representing the cell size of the jet simulation and the blue line corresponds
to the mean value of the Larmor radius.

As in previous studies of test particles in single currents sheets (Kowal et al., 2011,
2012; del Valle et al., 2016), we clearly see that the injected particles, after an initial
slow drift, undergo an exponential growth in their kinetic energy up to a maximum value
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Figure 3.11: Kinetic energy evolution (normalized by the proton rest mass energy, which
is equivalent to (γ−1)) for the particles injected in the snapshots t =40, 44, 46 and 50L/c
of the jet model j240, from top left to bottom right, respectively. The color bars indicate
the number of particles. The small plots in the upper left of each panel show the time
evolution of the particles gyro-radius. The horizontal orange line corresponds to the cell
size of the simulated background jet, the grey color corresponds to the entire distribution
of gyro-radius values, and the blue line gives the average value.
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around ∼ 107mpc
2 or ∼ 1010 MeV, around t ∼ 103 hr, for the snapshots t = 46, and

50L/c. This is due to the stochastic Fermi-like acceleration in the current sheets, as
described in chapter 1 (see also de Gouveia Dal Pino and Lazarian, 2005; de Gouveia Dal
Pino and Kowal, 2015). The maximum energy growth corresponds to a Larmor radius
E/(qB) ∼ 4L, which is approximately equal to the perturbed jet diameter, above which
the particles escape from the acceleration region (Kowal et al., 2012; del Valle et al.,
2016). Beyond this value, the energy of the particle may still grow further, as we see for
the t = 46 and 50L/c snapshots, but at a smaller rate. As it is seen also in Kowal et al.
(2011, 2012), this is due to further linear drift acceleration in the varying background
large scale magnetic field of the system. The Larmor radius evolution plots indicate
that initially, it is very small compared to the size of the cell. When it approaches the
cell size, particles then start to interact resonantly with the magnetic fluctuations of the
background plasma, undergoing exponential growth both in energy and Larmor radius.

We note that in the snapshot t = 40L/c of Figure 3.11, which has not developed yet
full turbulence with a substantial number of very fast reconnection events (Figure 3.1 and
Table 3.1), though particles also undergo exponential acceleration, most of them do not
achieve the saturation energy, contrary to what happens in the more evolved snapshots
where nearly steady-state, and fully developed turbulence has been already achieved. In
the more evolved time 44L/c (see Figure 3.11 top right) we identify a few more particles
achieving the saturation energy similar to t = 46 and 50L/c snapshots, but still a smaller
number. This could, in principle, be also explained by the smaller number of very fast
reconnection sites in t=44 L/c with peak velocities as large as those found in the snapshots
t=46 and 50 L/c, as indicated by Figure 3.5 and Table 3.1. In any case, we will see later
on (in Section 3.2.4) that this snapshot produces very similar particle acceleration times
as those of the more evolved snapshots.

In Figure 3.12 we show the energy evolution of the accelerated particles for the same
snapshots as in Figure 3.11, except that now we have separated the velocity components
of the accelerated particles. The colors depict which component of the velocity of the
particles is being predominantly accelerated, red for the parallel and blue for the per-
pendicular component to the direction of the local magnetic field. More specifically, we
have that in the parallel case u// > u⊥ and du///dt > 0, and in the perpendicular case
u⊥ > u// and du⊥/dt > 0. We note that in the exponential regime, there is a clear
dominance of the parallel component, characterizing an effective electric field mostly par-
allel to the reconnection layers, as expected, though the stochastic nature of the whole
process also allows for the acceleration of the perpendicular component (see also Kowal
et al., 2011, 2012). The slower drift acceleration regimes, both in the beginning and after
the exponential growth regime, are dominated by the acceleration in the perpendicular
direction of the local magnetic field.
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Figure 3.12: Kinetic energy evolution, normalized by the proton rest mass energy, for
the particles injected in the snapshots t =40, 44, 46 and 50L/c of the jet model j240,
from top left to bottom right, respectively. The colors indicate which particle velocity
component is being accelerated (red or blue for parallel or perpendicular component to
the local magnetic field, respectively). The small plots in the upper left inset of each
panel show the time evolution of the particles gyro-radius. The horizontal orange line
corresponds to the cell size of the simulated background jet, the grey color corresponds
to the entire distribution of gyro-radius values, and the blue line gives the average value.
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3.2.2 Particle acceleration in the earlier stages of the CDKI

As remarked previously, there are no identified reconnection events in the jet snapshot
t = 25 L/c (Figure 3.1) and thus one would not expect any acceleration by magnetic
reconnection. Nevertheless, motivated by the recent work of Alves et al. (2018) who
claimed to detect magnetic curvature drift acceleration in a relativistic jet subject to the
kink mode instability, we have also launched test particles in this snapshot in order to seek
out for this process (see test particle model t25o in Table 3.2). The results are presented
in Figure 3.13. The upper diagram (t25o) shows particles launched with similar initial
energy distribution and intensity as in the evolved snapshots of Figure 3.11. In this case,
we see that part of the particles undergo some acceleration, but saturate at an energy
Ep ∼ mpc

2, which is much smaller than the values reached by the particles accelerated by
reconnection in the evolved snapshots of Figure 3.11. Some particles even lose their energy.
On the other hand, if we inject particles with an initial much larger energy 104 MeV or
∼ 10mpc

2 (see test particle model ut25o in Table 3.2), they are accelerated as efficiently as
in the evolved snapshots of Figure 3.11, though we find that part of the particles still lose
their energy as in the run of the top diagram of Figure 3.13. A closer view into the plot
of the Larmor radius evolution, indicates that this also increases exponentially once their
value gets closer to the cell size of the background jet and exceeds it. This exponential
acceleration is similar to what Alves et al. (2018) obtained in their PIC simulation of a
tower jet.

Particle acceleration by magnetic curvature drift may also occur in helical jets subject
to kink mode instability (Alves et al., 2018). It may happen in the early stages of the
development of the instability, before turbulence and reconnection break out. As we have
seen in section 1.3.1, the kink instability induces a growing helical modulation of the
jet spine (see top panels of Figure 3.1), and the transverse motions excite an inductive
electric field, E = −v × B/c. According to Alves et al. (2018), the axial component of
this field 〈Ez〉 becomes strong and coherent throughout the jet spine when the transverse
displacements excited by the tangling magnetic field of the jet become comparable to its
radius, i.e., when the kink instability enters the non-linear regime. This leads to a potent
acceleration that we see in the bottom panel of Figure 3.13. However, we clearly see the
difference from the comparison of the two diagrams of Figure 3.13 that, in order to the
particles feel the effects of curvature drift they require some pre-acceleration.

The Figure 3.14 also depicts the particles kinetic energy evolution as the bottom panel
of Figure 3.13, but with the velocity components separated, being red for the parallel,
and blue for the perpendicular component to the direction of the local magnetic field. In
contrast to the panels of Figure 3.12, we see a dominance of the perpendicular compo-
nent in the exponential regime and beyond that, thus confirming the dominance of the
curvature drift acceleration in this case where the accelerating electric field perpendicular
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Figure 3.13: Kinetic energy evolution for particles injected in the snapshot t = 25 L/c of
the jet model j240. The top panel corresponds to particles injected with a Maxwellian
distribution and < Ep >∼ 10−3mpc

2, as in Figure 3.11. The bottom panel corresponds
to particles injected with a monoenergetic distribution with larger energy Ep ∼ 10mpc

2.
The color bar indicates the number of particles. The small plots in the detail depict the
evolution of the particles gyro-radius, the same as in Figure 3.11.
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Figure 3.14: Kinetic energy evolution for particles injected in the snapshot t = 25 L/c of
the jet model j240, corresponds to particles injected with a monoenergetic distribution
with larger energy Ep ∼ 10mpc

2, the same as in right panel of Figure 3.13. The colors
indicate which particle velocity component is being accelerated (red or blue for parallel
or perpendicular component to the local magnetic field, respectively). The small plot in
the detail depict the evolution of the particles gyro-radius, the same as in Figure 3.13.

to the magnetic field prevails.

Figure 3.15 depicts the kinetic energy evolution of test particles injected in the jet
snapshot t = 30 L/c (t30o in Table 3.2), for which a few fast reconnection sites have been
detected (see Figure 3.1). This snapshot is also still in the non-linear growing phase of
the CDKI in the jet, before saturation (Figure 3.6). The particles were injected with the
same initial energy ∼ 1 MeV (∼ 10−3mpc

2) as in the evolved jet snapshots of Figure 3.11,
or the model of the top panel of Figure 3.13.

Interestingly, the particles now undergo an exponential increase in the kinetic energy
up to the same maximum value of the more evolved snapshots (Figure 3.11, snapshots
t = 46 and 50L/c), even having only a few fast reconnection sites. Furthermore, con-
trary to what we see in snapshot t = 25L/c (Figure 3.13), where particles could accel-
erate by magnetic curvature drift only starting with injection energy around 104 MeV
(or ∼ 10mpc

2), at t = 30L/c they get accelerated starting with energies well below
(∼ 10−3mpc

2), as in the evolved snapshots. These results suggest that the particles are
also experiencing magnetic reconnection acceleration in this case. Moreover, it seems
that when reconnection is present, particles do not require the pre-acceleration, as in
t = 25L/c snapshot (Figure 3.13 bottom panel). During the exponential growth, the fact
that both processes are present, i.e., fast reconnection and a large amplitude tangled spine
with a still coherent magnetic field, it is possible that both mechanisms, curvature drift
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Figure 3.15: Kinetic energy evolution for particles injected in the snapshot t = 30 L/c
of the jet model j240 (t30o). As in Figure 3.11, particles are injected with < Ep >∼
10−3mpc

2 and a Maxwellian distribution. The color bar in the left panel indicates the
number of particles and the small plot in the detail depicts the evolution of the particles
gyro-radius. The two colors in the right panel indicate which velocity component of the
particles is being accelerated (red or blue for parallel or perpendicular component to the
local magnetic field, respectively).

and reconnection acceleration, are operating simultaneously. This combination may also
explain why we see a more efficient acceleration in this snapshot than around t = 40 L/c,
when CDKI had just saturated and turbulent reconnection had just broken out, driven
by it.

In fact, the right panel of Figure 3.15, indicates that the dominant velocity compo-
nent accelerated in the exponential region is the parallel (as in Figure 3.12), though the
number of particles is smaller in this regime, while in the more extended region of slower
acceleration beyond that, where we see a much larger concentration of particles, the dom-
inant component is the perpendicular one. The dominance of the parallel component in
the exponential region is suggestive of a predominance of reconnection acceleration, while
the dominance of the perpendicular component in the second region is characteristic of
curvature and normal drift acceleration.

3.2.3 Resolution Effects

In order to examine potential resolution effects, we have also injected test particles
in the higher resolution background relativistic jet simulation (model j480 of Table 2.1).
Figure 3.16 shows the kinetic energy evolution for accelerated particles launched at snap-
shot t = 50 L/c of this jet (test particle model 480t50o in Table 3.2). The initial conditions
for this run are the same as in the corresponding lower resolution model at t = 50 L/c

(see bottom right panel of Figure 3.11).
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Comparing Figure 3.16 with its lower resolution counterpart in Figure 3.11 (bottom
right panel), we clearly see that they are very similar. The only visible difference is due to
the number of test particles used in each test. In the snapshot of the lower resolution jet
model, we employed 10,000 particles, while in the high resolution jet model we injected
only 1,000 particles, for being computationally much more time consuming and expensive.
The energy growth rate is also very similar in both cases, as we will see in the next section
(Figure 3.18), though the particles in the higher resolution case reach the saturation energy
of the exponential growth regime a little before 103 hr, while in the low resolution jet,
a little after 103 hr, reflecting a slightly larger acceleration rate in the higher resolution
case (see Figure 3.18).

This is due to the fact that in the higher resolution jet (smaller cell size), more regions
of fast magnetic reconnection can be resolved at smaller scales, so that particles, starting
with smaller Larmor radius, can interact more frequently with resonant magnetic fluctua-
tions, making the acceleration rate slightly more efficient. In fact, we have found that the
number of reconnection sites is six times larger than in the lower resolution jet (see Table
3.3). Nevertheless, since the change in the acceleration rates or the particles spectra are
not substantial (see section 3.2.4 and 3.2.5), we proceed our analysis considering mainly
the lower resolution jet model (j240), because the employment of the larger resolution
counterpart for the entire analysis would be computationally rather long and expensive.

We should note that we have also repeated the test particle run for the earlier stages
of the CDKI (see Figure 3.17). For the snapshot t = 25 L/c (as in the top panel of
Figure 3.13, section 3.2.2), but employing the higher resolution jet model (j480), and
we have obtained the same result, thus showing that that result is also not changed by
the increase of the background resolution. It is important to emphasize that the search
algorithm which we are using to identify reconnection sites, also found no reconnection
regions in the higher resolution model at this snapshot (see Table 3.3), as in the lower
resolution (Table 3.1).

On the other hand, for t = 30 L/c, we see that while the search algorithm has identified
25 reconnection sites in the lower resolution jet model (t240), in the higher resolution it
identified only one event (see Tables 3.1 and 3.3). In order to see the effects of these
results, we have also injected test particles in the higher resolution jet snapshot t = 30
L/c and found a similar result as that of the low resolution model in Figure 3.15, i.e.,
particles are acceleretaed up to energies close to 108mpc

2 in ∼ 103 hours (see Figure 3.17,
bottom). This indicates that even a single fast reconnection event is enough to trigger the
particle acceleration. In fact, in the next section we will see that the particle acceleration
times obtained for both resolution models in this snapshot are almost indistinguishable
(see Figure 3.19). A similar behavior is detected in all the other snapshots tested in the
two resolutions.
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Table 3.3: Reconnection velocity values in units of the local Alfvén speed in j480.

Jet snapshot 〈Vrec〉 max(Vrec) Total counts Counts (Vrec ≥ 〈Vrec〉)
25 0 0 0 0
30 0.02 0.02 1 1
40 0.03 0.08 406 178 (44%)
44 0.03 0.1 829 344 (41%)
46 0.03 0.2 844 326 (39%)
50 0.06 0.2 878 352 (40%)
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Figure 3.16: Particle kinetic energy evolution, normalized by the rest mass energy, for
1,000 protons injected in t = 50L/c snapshot of the higher resolution jet model (t480,
see Table 2.1). The initial conditions for the test particles are the same as in the lower
resolution test shown in Figure 3.11 for the same time step (bottom panel), except that
there 10,000 protons were used. The color bar indicates the number of particles. The
small plot on upper left shows the evolution of the particles gyro-radius.
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Figure 3.17: Particle kinetic energy evolution, normalized by the rest mass energy, for
1,000 protons injected in t = 25 (upper) t = 30L/c (bottom) snapshots of the higher
resolution jet model (t480, see Table 2.1), 480t25o and 480t30o, respectively. The initial
conditions for the test particles are the same as in the lower resolution test shown in
Figure 3.13 (top panel) and Figure 3.15 for the same time step (bottom panel). The color
bar indicates the number of particles. The small plot on upper left shows the evolution
of the particles gyro-radius.
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3.2.4 Particle acceleration rates

Magnetic reconnection acceleration, as in the Fermi process, predicts a dependence of
the acceleration rate with the reconnection velocity and the particles energy (de Gouveia
Dal Pino and Kowal, 2015; del Valle et al., 2016; Matthews et al., 2020). Similarly as
in del Valle et al. (2016), in order to quantify the effectiveness of the acceleration of the
particles for each test particle model (Table 3.2), we have calculated the average time per
energy interval that particles take to reach a certain energy, which gives the acceleration
time as a function of the energy shown in Figure 3.18 (top panel) for all the models.
Using the same simulated data set, we depict in Figure 3.18 (middle panel), the power
law index, α = ∆ log(tacc)/∆ logEp, of the the acceleration time dependence with particle
energy, tacc ∝ Ep

α (see also Section 2.3).

In both, top and middle diagrams of Figure 3.18, the particles in the different models
enter the exponential growth regime of acceleration approximately around the energy
∼ 10−1mpc

2 (in agreement with the diagrams of particle kinetic energy evolution of Figures
3.11 to 3.16), and end the exponential growth near ∼ 107mpc

2 (except for model 9t50p

that we discuss below in section 3.2.7). Before starting the exponential acceleration,
the particles experience a slower growth in their energies which reflects in the larger α
index, especially for t = 25L/c. The test corresponding to the snapshot t = 30L/c has
the smallest α during this initial phase (dark blue line in Figure 3.18), characterizing
a smoother transition to the exponential acceleration regime. This is compatible with
the previous analysis where we have seen that in this early snapshot, the particles are
experiencing both, magnetic curvature drift and reconnection acceleration. During the
exponential growth regime, α decreases to similar values around α ∼ 0.09 ± 0.05 for all
models and energies in this regime.1

Beyond the exponential regime, the acceleration time and the α index grow a little
further due to the slower drift acceleration that particles experience after leaving the
reconnection (or curvature drift in the case of t = 25 L/c) acceleration regions, as discussed
in Figures 3.11 to 3.16 (sections 3.2.1 and 3.2.2).

The kinetic energy growth rate as a function of the particle energy depicted in the
bottom diagram reflects the results of the upper panels. It increases with the energy, at
the same rate in the exponential regime for all models. Interestingly, the only model that
shows a slightly smaller rate (and slightly larger α index) is the one corresponding to
snapshot t = 25 L/c, possibly due to the different acceleration process.

A closer look into the acceleration time presented in the top diagram of Figure 3.18,
shows some slight differences between the models. Though these differences are approx-

1We note that the error bars in this determination were derived taking into account only the models
having the jet j240 as background, but the same value of α is derived for the particle models having the
higher resolution jet as background.
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Figure 3.18: Acceleration time (top panel), power law index of the acceleration time,
α index (middle), and kinetic energy growth rate (bottom) as functions of the particle
kinetic energy normalized by the proton rest mass energy for the different test particle
models of Table 3.2. The error bars are obtained calculating the standard deviation.
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imately encompassed by the uncertainties of the numerical calculations (as we see from
the error bars, which were calculated by the standard deviation method), the higher res-
olution jet model (480t50o) produces a slightly smaller acceleration time than its lower
resolution test counterpart (t50o). This is compatible with the results found in Figures
3.16 and 3.11 (bottom right), discussed in section 3.2.3.).

Another interesting result is that for snapshot t = 30 L/c (t30o in Figure 3.15) which
also shows (for both jet model resolutions) a smaller acceleration time, comparable to that
of more evolved snapshots, like t = 44L/c ( t44o) and t = 46L/c (t46o), for which we have
detected a large number of fast reconnection sites with rates larger than the average value
(see Table 3.1). Furthermore, these tests have acceleration times comparable to the high
resolution model (480t50o). Regarding the models t44o and t46o, the larger efficiency can
be attributed to the larger number of fast reconnection regions, while in t30o, this seems
to be due to the combination of the two acceleration processes (as discussed in section
3.2.2).

In Figure 3.19, we compare the acceleration time and the alpha index of model t =

30L/c in the lower (j240) and higher (j480) resolutions. This because in the scale of
Figure 3.18 they cannot be distinguished, which is very good (and consistent with the
other resolution tests presented in section 3.2.3). Nevertheless, it is curious that a single
reconnection site has been identified in the high resolution model j480 (see Table 3.3).
This may be due to the limitations of the reconnection search algorithm (Kadowaki et al.,
2018b; ?), whose criteria may eventually fail in the identification of some reconnection
sites. Also, analyzing the evolution of the accelerated velocity components of the particles
in this higher resolution model, we have found a dominance of the parallel component
to the local magnetic field in the exponential regime, as in the lower resolution model of
Figure 3.15, characteristic of reconnection acceleration.

More peculiar behavior in Figure 3.18 is found in the acceleration time for the snapshot
t = 40L/c (t40o in the top diagram), which shows the lowest values since the beginning.
We remind that this snapshot corresponds to the achievement of the plateau of the CDKI
and the transition of the jet from the laminar to the fully developed turbulence regime.
Besides, it has already several sites of fast reconnection, but all with velocities near the
average value (Figure 3.1 and Table 3.1). Moreover, Figure 3.11 (top left) has indicated
that in this snapshot most of the particles enter the exponential regime of acceleration,
but do not achieve the saturation energy. All these facts combined seem to have favored
this slightly smaller acceleration time at the beginning of the acceleration for this snapshot
in the transition regime of the CDKI turbulence.
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Figure 3.19: Acceleration time (left) and power law index of the acceleration time (right)
of the test particles in t = 30 L/c for the jet models of lower (2403) and higher resolution
(4803), t30o and 480t30o, respectively.

3.2.5 Particles Spectrum

Figure 3.20 shows the evolution of the energy spectrum of all particles (not only the
accelerated ones) during the acceleration in the jet snapshots at t = 25L/c (particle model
ut25o), 30 (t30o), 46 (t46o) and 50L/c (t50o), from top left to bottom right panels, re-
spectively. Several time intervals are depicted in each panel, in units of hour. Initially,
the particles have a Maxwellian distribution (red line), except in the top left panel for the
jet snapshot t = 25L/c, where the injection spectrum is monoenergetic (with ∼ 10mpc

2).
As particles accelerate, they start to populate the higher energy tail of the distribution,
which becomes flatter at these energies (see the two bottom panels, in particular). We
should remember that in our numerical setup, particles are continuously re-injected into
the system and therefore, they never stop being accelerated. For this reason, the distri-
bution shifts to larger and larger energies. Furthermore, even after the particles attain
the maximum (saturated) energy at the end of the exponential acceleration regime due to
reconnection (or magnetic curvature in the case of the snapshot t = 25L/c, top panel),
they continue to accelerate at a smaller rate due to normal drift (as remarked in Section
3.2.1).

We should also remember that the maximum energy achievable by the stochastic
mechanism (at the saturation of the fast acceleration growth) occurs around t ∼ 103 hr
for all the models depicted (see Figures 3.11, and 3.13 ), except in the top one, for which
this occurs around t ∼ 103.5 hr (see Figure 3.13). Interestingly, we see that for this model
(ut25o), and also model t30o (second panel from top), around these times, there is a double
hump in the distribution (green dot-dashed curve), with an accumulation of particles at
energies above 107mpc

2 for both, thus highlighting the transition from the exponential to
the linear drift acceleration regimes. In the other models depicted, this transition is more
smooth. Also notable, is the double peak in the distribution that appears in model t30o
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in the earlier times at t ∼ 102 to 102.3 hr. This is possibly connected to the superposition
of the two acceleration processes in this model, namely the magnetic curvature drift and
the reconnection acceleration, as we discussed in section 3.2.2.

Perhaps, the most striking feature in all the diagrams of Figure 3.20 is that as particles
reach very high energies, the distribution may even attain an almost zero power-law index
tail in very evolved times, as we clearly see in the bottom diagram of the Figure. In real
systems, however, this acceleration process should be interrupted by the escape of the
particles from the finite volume of the acceleration zone and also due to radiative losses.
As stressed above, since in our simulations the particles are continuously accelerated and
there is no physical mechanism to allow them to escape, it is not possible to obtain the
actual distribution of the accelerated particles. However, we can at least estimate the
power-law index of the distribution soon after the particles start to populate the high-
energy tail (see e.g., del Valle et al., 2016).

In Figure 3.21 we show the total number of particles as a function of energy for two
different early timesteps of the acceleration, for the jet snapshot t = 50 L/c. The initial
Maxwellian (normal) distribution is shown in a gray dotted line. The earliest time step
plotted corresponds to the approximate time when a high-energy power-law tail starts
to form (i.e., when particles reach kinetic energies larger than ∼ 10−1mpc

2, according
to Figure 3.11, bottom right panel); the second time corresponds to a little later time
step. We see that the power-law index at the earlier time can be fitted by p = −1.19. The
second power-law at later time is flatter due to the effects discussed above and therefore, it
must be taken only as illustrative of the limitations of the method. Of course, in realistic
systems, the presence of physical particle escape from the acceleration zone, radiative
losses and dynamical feedback of the accelerated particles into the plasma will result in
steeper spectrum in the late times too (|p| > 1).

3.2.6 Boundary effects

As described in section 2.3, in most of the particle runs, we have allowed the particles
to re-enter the system only through the jet periodic boundaries, along the z direction.
Nevertheless, we have also performed a few tests where we allowed the particles to be re-
injected into the system through all the boundaries, i.e., also when crossing the jet outflow
boundaries in the x and y directions, aiming at increasing the number of accelerated
particles. In Table 3.2, these few tests are labeled with “p”. Figure 3.22 shows one of
these tests performed for the jet model j240 in the snapshot t = 50 L/c (model t50p),
for which 1,000 particles were initially injected. It can be compared with its counterpart
model shown in the bottom right panel of Figure 3.11, in which 10,000 particles (rather
than 1,000) were injected and allowed to re-enter the system only in the z direction (test
particle model t50o, Table 3.2). We note that both models have very similar behavior,
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Figure 3.20: Particles energy spectrum evolution as a function of the normalized kinetic
energy (mpc

2) in the jet snapshots, from top left to bottom right: t = 25 (particle model
ut25o); 30 (particle model t30o), 46 (t46o), and 50L/c (test particle model t50o). The
red line in all panels but the top left, corresponds to the initial Maxwellian distribution of
the particles. In the top left panel particles are injected with a monoenergetic spectrum.
The timesteps (in hours) of the acceleration are depicted in the detail of each panel.
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Figure 3.21: Particle energy spectrum as a function of the normalized kinetic energy at
two different early time steps of the acceleration (in hours) for the jet snapshot t = 50L/c.
The dotted gray line is the initial Maxwellian distribution. The high energy tail of each
distribution is fitted by a power-law.

except for the number of particles that are being accelerated along the system evolution.
While in model t50o (bottom right panel of Figure 3.11), there are more particles at the
beginning of the evolution, due to the much larger number of injected particles, in model
t50p (Figure 3.22), we see a larger number of particles that are accelerated up to the
maximum energy at the exponential regime and beyond, due to the larger number of re-
injected particles in the periodic boundaries in all directions. We also see in Figure 3.18
that both models have similar acceleration properties, i.e., acceleration rate, power-law
index α, and kinetic energy growth rate.

3.2.7 Magnetic field effects

As in Figure 3.11 (bottom right diagram, test particle model t50o), Figure 3.23 also
shows the kinetic energy evolution for particles injected at snapshot t = 50 L/c of the jet
model j240, except that now the initial background magnetic field at the jet axis is 100
times larger (B0 = 9.4G), corresponding to the test particle model 9t50o of Table 3.2.

This change in the physical unit value of the magnetic field of the background jet was
made in such a way that we have kept the scale invariance in the jet system. In other
words, as stressed in section 2.1, the magnetic field code unit in the RMHD jet simulation
is given by

√
4πρ0c2. Thus, when increasing the physical unit of the magnetic field by a

factor of 100, we had also to increase the background density physical unit by a factor
104, in order to keep unaltered the magnetic field in code unit and thus, the corresponding
Alfvén speed. This means that in this test particle model with larger physical magnetic
fields and densities (9t50), the background reconnection velocities have also maintained
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Figure 3.22: Particle kinetic energy evolution, normalized by the rest mass energy, for
particles injected in t = 50L/c snapshot of the jet model (j240, see Table 3.2). This test
is similar to that of the bottom right diagram of Figure 3.11, except that here particles
were periodically re-injected through all the boundaries of the jet system (see model t50p
in Table 3.2). The color bar indicates the number of particles. The small plot on the
upper left shows the evolution of the particles gyro-radius.
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Figure 3.23: Kinetic energy evolution for particles injected at snapshot t = 50L/c (9t50o)
of the jet model j240 with an initial background magnetic field at jet axis B0 = 9.4 G
and a background density ρ0 = 104 cm−3 (see Table 3.2). The initial conditions are the
same as in the test particle model (t50o) shown in the bottom right panel of Figure 3.11,
except that there B0 = 0.094 G and ρ0 = 1 cm−3, leaving unaltered the Alfvén velocity in
both tests (see text for details). The color bar indicates the number of particles and the
small plot in the detail shows the evolution of the particles gyro-radius.
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the same as in model t50o. Therefore, particles in this new model (9t50) should feel
essentially the same acceleration rates of the counterpart test model with the smaller jet
magnetic field and density (model t50o). This is what we see comparing these models in
the diagrams of Figure 3.18.

On the other hand, a closer view of Figure 3.23 shows that the increase of the back-
ground magnetic field by a factor of one hundred causes an increase of the maximum
energy achieved by the particles also by two orders of magnitude with respect to the
counterpart model t50o (see Figure 3.11, bottom right panel). In other words, while
the maximum energy that particles attain in the exponential regime in model t50o is
∼ 107mpc

2, in model 9t50, it is ∼ 109mpc
2 (see also Figure 3.18). The plot in the detail

of Figure 3.23 shows that the corresponding maximum Larmor radius (∝ Ep/B) is the
same as in model t50o, this because in both test particle models, the ratio of the maxi-
mum energy to the background magnetic field is the same, or in other words, the physical
size of the acceleration region is the same in both cases. The slower drift acceleration
that follows the exponential growth, accelerates the particles even further to an energy
∼ 1010mpc

2.

Finally, we note that this test particle model with B0 = 9.4 G was also run considering
periodic boundaries in all directions (see model 950p in Table 3.2), and the results are
very similar to those of the model 9t50o, with periodic boundaries only in the z-direction,
of Figure 3.23, in agreement with the results of Section 3.2.6. Also, both models present
similar acceleration times, α index, and energy growth rates, as indicated in Figure 3.18.

3.3 Effects of the dynamical time variations of the back-

ground jet on particle acceleration

In this work we have neglected the betatron effect (see e.g., Kowal et al., 2012; de
Gouveia Dal Pino and Kowal, 2015), potential effects of the dynamical variations in the
background plasma on the acceleration of the particles. When performing the test particle
in an MHD background system, in order to follow the particles’ interactions with it, we
had to transform the background code units to physical units. As we have normalized the
particles time unit in hours, this means that, for instance, from the background snapshot
t = 40 L/c to t = 50 L/c, 10 hours have elapsed. Now, we have seen that particles
interact resonantly with the magnetic background fluctuations (according to eq. 2.26)
when their Larmor radii are comparable to the wavelength of these fluctuations. When
the turbulence in the jet attains a nearly steady-state regime (beyond t = 40 L/c in the
jet), the background dynamical variations become statistically negligible. In other words,
the particles will face a very similar background spectrum of fluctuations in the recon-
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nection regions spread over the distorted magnetic field spine and outside them, in every
snapshot of this nearly stationary regime. This is consistent with the results we obtain
for the particle acceleration properties for the evolved snapshots t = 46 and 50 L/c, which
are very similar (see Figures 3.11 and 3.18). Earlier studies of the betatron effect, per-
forming test particle simulations considering the background dynamical variations among
the snapshots have shown that, in the case of pure turbulent environments (i.e., where the
reconnection acceleration favors more a 2nd-order Fermi than a 1st-order, and thus this
effect is more important), it introduces only a factor 2 difference in the acceleration rate
(e.g. Kowal et al., 2012; de Gouveia Dal Pino and Kowal, 2015, and references therein).
Since particles attain energies that are more than 8 orders of magnitude larger than the
energy at injection, this effect is almost negligible. It may have some impact (of a factor
2) only at the beginning of the acceleration when particles are still growing their energy
linearly, essentially by drift acceleration.

We have plans to perform studies of the particle back-reaction in the CDK unstable
jet by incorporating particles directly into the relativistic MHD code. This will allow
both, to compute the particle losses in the fluid and perform a more accurate estimation
of the betatron effect. With regard to the earlier snapshots (t = 25, 30 and 40 L/c),
when the CDKI and the turbulence are still growing, and the system has not achieved
the stationary state yet, one may argue that the background dynamical effects might
have implications on the stochastic reconnection acceleration evolution in these cases.
However, at t = 25 L/c, the system has no fast reconnection current sheets yet, and the
particles experience only magnetic curvature drift acceleration, as discussed in Section
3.2.2. Of course, this ideal situation may not sustain for long in the real jet since the
CDKI grows fast, but it illustrates what may happen with particles in the early transient
stages of the growth of the instability and also serves to compare with other (PIC) works
(e.g. Alves et al., 2018, see Chapter 4). The snapshot 30 L/c, on the other hand, has
already a few fast reconnection sites and, as discussed in Section 3.2.2, it combines the two
processes of acceleration. The inclusion of dynamical effects of the background, in this
case, would not affect much the results since again we note that the results for particle
acceleration are very similar to the more evolved snapshots (see Figures 3.15 and 3.18).
Finally, with regard to t = 40 L/c, this snapshot which is just before the CDK turbulence
reaches the nearly steady-state regime, we see that though the exponential growth of the
particles kinetic energy is similar to the evolved nearly stationary snapshots, the number
of particles that achieve the maximum energy is much smaller (Figure 3.11, top right),
which may be reflecting the (minor) effects of neglecting the plasma background evolution
in this case.

Other interesting implications arise from the conversion of the simulations into physical
units. The results from Figures 3.11, 3.16, 3.18, 3.22 and 3.23 imply a total acceleration
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time (including the exponential acceleration regime by reconnection plus the slower final
drift acceleration) of a few ∼ 1000 hr. During this time, particles have re-entered the
system across the periodic boundaries in the longitudinal direction (z) several times,
traveling a total length of the order of ∼ 10−1 pc along the jet. More precise calculations
of the total acceleration time in the evolved snapshots directly from the simulations,
result at most 7000 hr and, since particles do not travel exactly at the light speed, the
resulting total length scales still correspond to sub-pc length scales (at most of ∼ 10−1

pc). If we consider only the time elapsed during the acceleration exponential regime, the
length scales are even smaller (∼ 10−2 pc). These physical length scales characterize the
size of the turbulent induced reconnection dissipation region in a real jet where particles
are accelerated. Within these (time and length) scales, the physical conditions in a real
system are not expected to change substantially, except for the dissipation of the magnetic
energy. It is interesting to note that these scales are also compatible with estimates of
the size of the reconnection dissipation layer considered in recent blazar jet studies (see
e.g. Christie et al., 2019; Giannios and Uzdensky, 2019). For instance, (Christie et al.,
2019) consider a reconnection dissipation slab with 1017 cm. (Giannios and Uzdensky,
2019) consider reconnection slabs of 103Rg, where Rg is the gravitational radius, which
for black holes of 108 - 109 M� give 1016 cm - to 1017 cm. These values are all compatible
with our results.
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Chapter 4

Conclusions and Prospects for Future
Work

In this thesis we have investigated the acceleration of particles injected in several
snapshots of a 3D Poynting flux dominated jet with moderate magnetization (σ ∼ 1),
subject to current driven kink instability (CDKI) which drives turbulence and fast mag-
netic reconnection. Motivated by Singh et al. (2016), we have examined the magnetic
reconnection rates in such a system employing the algorithm developed in Kadowaki
et al. (2018b), which was modified to take into account relativistic effects. Our results
can be summarized as follows:

• Once turbulence driven by the CDKI is fully developed in the jet, achieving a
nearly steady-state, the amplitude of the excited wiggles along the jet spine also
attains a maximum growth and gets disruptive with the formation fast magnetic
reconnection in several sites. This occurs after the jet snapshot t ∼ 40L/c, when
the CDKI achieves a plateau. Injecting hundreds to thousands of protons in jet
snapshots more evolved than this one, we find that, after about 100 hr, the particles
undergo an exponential acceleration up to a maximum energy. For a background
magnetic field around B ∼ 0.1 G, this saturated kinetic energy is ∼ 107mpc

2, or
∼ 1010 MeV (Figure 3.11), while for a magnetic strength one hundred times larger,
B ∼ 1 G, the maximum accelerated energy increases also by a factor one hundred,
to ∼ 109mpc

2, or ∼ 1012 MeV (Figure 3.23). Beyond these values, the particles
suffer further acceleration (to energies up to 100 times larger), but at a much slower
rate due to drift in the varying magnetic field.

• Particles achieving the saturation energy in the exponential regime of acceleration
attain a Larmor radius comparable to the size of the acceleration region of ∼ 4L,
which is of the order of the diameter of the perturbed wiggled jet. This regime
of particle acceleration is very similar in all these evolved snapshots and lasts for

69



several hundred hours until the saturation energy.

• We have quantitatively identified the sites of reconnection over the entire jet (?)
and we could correlate them with the accelerated particles (Figures 3.9 and 3.10).
The results show a clear association with the regions of maximum current density
and fast reconnection sites, indicating that particles are being accelerated by mag-
netic reconnection, as detected in previous studies (e.g., Kowal et al., 2011, 2012;
del Valle et al., 2016). The exponential acceleration in these sites is suggestive of
a Fermi stochastic process (e.g., de Gouveia Dal Pino and Lazarian, 2005; de Gou-
veia Dal Pino and Kowal, 2015; Matthews et al., 2020). Furthermore, during the
exponential regime, we have found a predominance of acceleration of the parallel
component of the particles velocity to the local magnetic field, which is characteristic
of acceleration in reconnection domains.

• In the early stages of the development of the non-linear growth of the CDKI, before
this achieves the plateau and the magnetic field lines start disruption, the jet spine
oscillates with growing amplitude. We find that during this early stage (jet snap-
shot t = 25L/c), there are no sites of fast reconnection, but the test particles are
efficiently accelerated by magnetic curvature drift, with a dominance of acceleration
of the perpendicular component of the particles velocity to the local magnetic field,
similarly as detected in the PIC simulations of Alves et al. (2018). However, in order
to the particles to get accelerated by this process, they had to be injected with an
initial energy much larger than that required for the particles to accelerate in the
reconnection sites of the jet, in later snapshots. While in the more evolved snapshots
particles can be injected with energies 10−3 mpc

2 or less, in this early snapshot they
have to be injected at least with 10 mpc

2 to be accelerated (four orders of magni-
tude larger). This suggests that this mechanism requires pre-accelerated particles
in order to work efficiently. This was confirmed by another test where we injected
test particles in a later jet snapshot, t = 30L/c, where the wiggling amplitude of
the magnetic field in the jet spine was still coherent, but a few sites of fast recon-
nection had already developed and, in such background conditions we find that the
particles undergo an efficient acceleration starting with an injection energy of only
10−3mpc

2. This occurs because in this case, particles are being accelerated from
the beginning in the reconnection sites, and then further accelerated in the wiggling
spine by curvature drift (Figures 3.13 and 3.15).

• The acceleration time due to magnetic reconnection indicates a weak power law
dependence with the particle energy given by tA ∝ Eα, with α ∼ 0.1, obtained from
all test particle models.

• The energy spectrum of the accelerated particles develops a high energy tail that
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can be fitted by a power law index p ∼ -1.2 in the beginning of the reconnection
acceleration, which does not depend on the initial energy of the injected particles,
at least in the cases of the acceleration by magnetic reconnection.

• Particles injected in the background jet, assuming periodic conditions in all bound-
aries, or periodic boundaries only in the z direction (along the jet axis) and outflow
boundaries in the transverse direction, produce similar results. The only remark-
able difference is that the adoption of periodic boundaries in all directions allows
for particles to re-enter the system more frequently thus increasing the number of
accelerated particles.

Our results are comparable to those obtained from test particles injected in single
non-relativistic current sheets in which forced turbulence was introduced to make recon-
nection fast (e.g., Kowal et al., 2011, 2012; del Valle et al., 2016). del Valle et al. (2016),
for instance, have obtained an acceleration time with a similar weak energy dependence,
with a power law index α ∼ 0.2 − 0.6 for a vast range of reconnection velocities. The
slightly smaller values of α we obtained in this work are consistent with the fact that
the jet has relativistic Alfvén velocities and thus intrinsically higher reconnection speeds
Vrec ' 0.05VA that naturally make the process slightly more efficient. In del Valle et al.
(2016), the particle spectrum power-law indices derived in the beginning of the acceler-
ation process, are also compatible with our results. Moreover, our power-law indices are
remarkably similar to those obtained from PIC simulations of single current sheets, in the
kinetic scales of the plasma (e.g., Zenitani and Hoshino, 2001; Drake et al., 2013; Sironi
and Spitkovsky, 2014; Guo et al., 2014, 2015; Li et al., 2015; Werner et al., 2018).

These results are also consistent with the theoretical models of the Fermi acceleration
process in reconnection sites (e.g., de Gouveia Dal Pino and Lazarian, 2005; Drury, 2012;
de Gouveia Dal Pino and Kowal, 2015), which predict an acceleration time similar to
that of stochastic shock acceleration and approximately independent of the reconnection
velocity. Similarly as in these earlier studies, particles achieve the maximum energy when
their Larmor radius becomes comparable to the size of the acceleration zone.

Other recent studies have also explored numerically acceleration by reconnection in
relativistic jets, but considering PIC simulations (e.g., Christie et al., 2019; Nishikawa
et al., 2020; Davelaar et al., 2020). Christie et al. (2019) scaled the results of 2D PIC
simulations of current sheets with the formation of plasmoids (or magnetic islands) of
different sizes to the scales of relativistic jets. Coupling these plasmoid simulations with
a radiative transfer code, they reproduced light curves of blazar sources, showing the
efficiency of reconnection acceleration to explain multi-scale variability in blazars across
the entire electromagnetic spectrum. Nishikawa et al. (2020), on the other hand, per-
formed 3D PIC simulations of a magnetically dominated relativistic jet of electron-proton
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pairs, accounting for several mechanisms driving turbulence inside the jet and also found
that magnetic reconnection should be the dominant acceleration process. Davelaar et al.
(2020) achieved the same conclusion. However, none of these studies involving global
jet simulations have derived the properties of the reconnection sites and their correlation
with the accelerated particles, as in this work. Moreover, neither of them obtained the
general properties of particle acceleration, like the acceleration rate, the size of the accel-
eration region and the saturation energy achieved by the particles. With regard to the
spectrum, Davelaar et al. (2020) obtained a much steeper power-law index than in this
work, probably due to the higher magnetization of their jet model, and Nishikawa et al.
(2020) study did not obtain any power-law index due to the limited resolution.

It is remarkable that in our work, though we have considered a mild magnetization
parameter (∼ 1 in the evolved jet), the results are very consistent even with PIC studies
with much higher magnetization (e.g. Comisso and Sironi, 2018, 2019). For instance,
the hardness of the power spectrum of the particles in our simulations, in spite of the
intrinsic limitations of the test particle method, is similar to these studies. In contrast,
as remarked above, Davelaar et al. (2020) obtained much steeper power spectrum (the
larger the magnetization parameter the steeper the slope), which they interpreted as due
to an inhibition of the acceleration by the strong guide field of the plasma. Comisso and
Sironi (2018, 2019), on the other hand, have interpreted their very hard spectrum (which
improves with increasing magnetization) as due to the high amplitude of the turbulent
fluctuations that are accelerating the particles (though turbulence is decaying in their
simulations) and in this way the underlying magnetic field is not sufficient to kill the
stochastic process. Therefore, it is possible that one may obtain similar results when
considering MHD relativistic jets with higher magnetization, as long as the amplitude
of the magnetic fluctuations of the driving turbulence is maintained large enough (i.e.
δB/B ∼ 1, as e.g. in Comisso and Sironi, 2018, 2019). This obviously requires further
investigation since a critical difference of our study and that of Comisso and Sironi (2018,
2019) is the absence in their case of an underlying strong large scale magnetic field, as we
have in the jet.

As mentioned before, another recent study also explored particle acceleration in rel-
ativistic jets subject to the CDKI by means of 3D PIC simulations of electron-positron
pairs (Alves et al., 2018). These authors examined the early non-linear development of
this instability and identified an acceleration of the particles due to curvature drift in the
wiggling magnetic field structure of growing amplitude along the jet spine. According to
their results, a maximum energy growth rate for the electrons (∆E/∆t)/(mec

2) ∼ 12 c/R
is achieved at the maximum energy to which the particles are accelerated, ∼ 125 mec

2,
where R is the jet radius and the energy is normalized by the electron rest mass energy (see
Figure 3(d) in (Alves et al., 2018)). This implies an acceleration time for the electrons,
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tacc,e ' 10.4R/c. Considering our test particle model in the earlier jet snapshot where we
also identified curvature drift acceleration, i.e., t = 25L/c (model ut25), the (Figure 3.18
(bottom diagram) gives for this model a maximum energy growth rate for the protons
(∆E/∆t)/(mpc

2) ∼ 105 hr−1, which is achieved at the saturation energy ∼ 5× 106mpc
2.

This implies an acceleration time for the protons tacc,p ' 50 hr. In order to compare both
rates, we need to estimate what would be the acceleration time for the electrons in our
simulation. In the relativistic regime, the acceleration time for electrons is approximately
given by tacc,e ' tacc,p(me/mp) (e.g., Khiali et al., 2015). Thus, from our results we might
expect an electron acceleration time up to the saturation energy due to curvature drift
of the order of tacc,e ' 100 s, which is comparable to the one obtained in Alves et al.
(2018) if one considers a jet radius R ∼ 10−7 pc in their PIC simulation. However, this is
only a rough estimate, since the scales implied in the two simulations are rather distinct.
Moreover, in order to improve our estimate for electrons we should perform also numerical
simulations for them. However, the numerical integration of the electron trajectories is
much longer than for protons in MHD domains and computationally expensive.

The results found in this work have important implications for particle acceleration
and the associated non-thermal emission in relativistic jets, specially in their magnetically
dominated regions. Though we have not taken into account particle losses, such as non-
thermal radiation, electron-positron pair production, particle back reaction into the jet
plasma, or particle diffusion, the energies achieved by the particles, ∼ 1016 eV or ∼ 1018

eV (and even larger if we take into account the further acceleration by drift up to energy
values 100 times larger), depending on the strength of the background magnetic fields
∼ 0.1 G or ∼ 10 G, are more than sufficient to explain energetic particles and even ultra-
high-energy-cosmic-rays (UHECRs) in these sources. Protons with these energies could
explain observed very high energy (VHE) emission, as well as the production of neutrinos,
out of interactions with the ambient photon and density fields in relativistic jets. This
could be the case, for instance, of blazars like TXS 0506+056 (Aartsen et al., 2018), for
which for the first time it has been observed simultaneous TeV gamma-rays and neutrino
emission. Although there might be other possibilities (see e.g., Cerruti, 2020), this process
should be explored in detail elsewhere.

In (?), to probe the robustness of the methods employed here in the investigation of
magnetic reconnection in the relativistic jet, we have applied our results to the blazar Mrk
421 (Kushwaha et al., 2017). Building a synthetic light curve from the integrated power of
the magnetic reconnection events in the jet, we evaluated the time-variability from a power
spectral density analysis, obtaining a good agreement with the observations in the GeV
band. This suggests that turbulent fast magnetic reconnection driven by kink instability
can be a possible process behind the high energy emission variability phenomena observed
in blazars (see details in ?).
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4.1 Future Prospects

Finally, we should emphasize that in situ particle acceleration examined directly in
real systems, like the 3D relativistic jets we considered here, is a very promising approach
because it allows for testing the process under more realistic environmental conditions,
with turbulence and reconnection driven by natural physical processes, and allowing for
direct applications to observed systems, and even including time dependence effects. The
comparisons with former studies in single current sheets have further validated the process,
confirming its ubiquitous nature. The similarity of our results with these earlier works
which are based on local (higher resolution) simulations of current sheets (both in PIC
and MHD+test particle simulations) have served not only to benchmark and validate our
results, but also to highlight the stochastic and universal nature of the process across
the scales. Furthermore, this method of injecting particles directly in the collisional MHD
simulation of the relativistic jet, have allowed the acceleration of the particles up to the real
physical scales where they are accelerated, up to the observed ultra-high-energy (UHE)
values, without the need to extrapolate the much smaller energies that are achieved in
the kinetic scales, to the large scales, as it is required in PIC simulations.

In forthcoming work we intend to include the radiative losses of the particles by incor-
porating radiative transfer effects to our jet model and then, apply to observed systems
like TXS 0506+056 blazar, for instance. Moreover, since our MHD collisional approach
has limitations as only injected particles with Larmor radius close to the MHD scales
can be effectively accelerated, and they allow only for modest values of the magnetiza-
tion parameter, future studies involving hybrid simulations combining PIC and MHD
approaches, like those performed for single current sheets (e.g., Bai et al., 2015), should
be applied also to real systems, probing both the kinetic and the macroscopic scales of
the process, and also accounting for the particles feedback in the system.
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Appendix A

Godunov Method

For the numerical integration of the SRMHD equations (2.2 to 2.8, Chapter 2), with
the RAISHIN code, we employ a Godunov type scheme to solve the Riemann problem at
each cell interface. The Riemann problem describes the discontinuity of the fluid between
every pair of adjacent cells. The solution of this problem in each cell pair allows to
compute numerically the flux (F) of the conserved variables U through the cell interface.

Highly accurate Riemann solver, shock-capturing schemes, can be applied to the
SRMHD equations. Conservative schemes evolve U with equation (2.1) at each time
step. These schemes must recover P by numerically solving the system of equations. The
vector of state U, carries the conserved quantities defined in the center of the cells in the
domain. For simplicity, we will consider the one-dimensional case, the generalization to
three dimensions is straightforward. Therefore equation (2.2) reduces to

∂U

∂t
+
∂F

∂x
= 0 . (A.1)

The primitive average variable in a cell "i" is denoted by Pi, and its values at the left
and right of the grid cell interface, e.g., "i + 1/2" are PL,i+1/2 and PR,i+1/2 respectively.
The left face, consider the interactions between Ui−1 and Ui, while, the right face, the
interactions between Ui and Ui+1. From them, we calculate the conserved variables
UR = U(PR) and UL = U(PL), and, the fluxes FR = F(UR) and FL = F(UL), for a
specific cell interface. Around each cell equation (A.1) is

∂Ui
∂t

=
Fi−1/2 − Fi+1/2

∆x
, (A.2)

∆x is the size of the cell. Integrating in time, with tn being the initial time and tn+1 the
next step of time,

Un+1
i = Un

i +
∆t

∆x
[F n
i−1/2 − F n

i+1/2] , (A.3)

where F n
i±1/2 are the averaged fluxes in each cell interface. Also we demand that the
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Figure A.1: Schematic representation of a 3D cell, where the volume-averaged conserved
variables Ũ is in the center of the box, and i, j and k represent the three directions of
the box. The magnetic field B is calculated at the edge of the cells.

solution (A.3), be unique. This implies that (e.g. Toro, 1997)

Smax∆t ≤
1

2
∆x , (A.4)

where Smax is the maximum velocity of the waves propagating into the cell.

To calculate the fluxes at the interface of the cells we need to interpolate the central
flux which is known. We calculated the numerical flux across the cell using the HLLE
(Harten, Lax, and van Leer-Einfeldt) approximate Riemann solver Einfeldt (1988), a
scheme based on HLL (Harten, Lax, and van Leer Harten et al., 1983). To calculate the
HLLE fluxes, one only needs to know a left-going wave speed SL and a right-going wave
speed SR at both sides (right and left) of the grid cell interface, perturbing the initial
data states UL and UR, respectively. Defining S+

R ≡ max[0, SR] and S−L ≡ min[0, SL].
The HLL flux is given by

F hll
i+1/2 =

S+
RFL,i+1/2 − S−LFR,i+1/2 + S+

RS
−
L (UR,i+1/2 − UL,i+1/2)

S+
R + S−L

. (A.5)

To satisfy the entropy and the positivity conditions, Einfeldt (1988) suggested ade-
quate bounds by making use of the Roe-averaged eigenvalues, λp = (u,u + a,u − a,u),
where u is the fluid velocity and a is the speed of sound at the cell interface, and p varies
from 1 to 4. With these consideration

SR = max[λ2, uR + aR] , (A.6)

and
SL = min[λ3, uL − aL] , (A.7)

with these wavespeed estimatives (equations A.6 and A.7), the HLL flux (A.5) is also
called HLLE one (for more details, see Einfeldt, 1988; Park et al., 2006).
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Appendix B

Flux-interpolated Constrained
Transport Scheme

In a numerical solution the absence of magnetic monopoles is not satisfied because of
the numerical errors (due discretization errors and machine precision), and the divergence
of the magnetic field is not trivial. In order to maintain divergence-free magnetic fields in
the RAISHIN code, it is used flux-interpolated constrained transport (CT) scheme (Tóth,
2000).

The CT places the electric field (Ω = E = −v×B) at the cell corners and the magnetic
field components on cell interface. The induction equation in 2D is discretized by

Bx,n+1
i+1/2,j = Bx,n

i+1/2,j −∆t
Ωi+1/2,j+1/2 − Ωi+1/2,j−1/2

∆y
, (B.1)

By,n+1
i,j+1/2 = By,n

i,j+1/2 −∆t
Ωi+1/2,j+1/2 − Ωi−1/2,j+1/2

∆x
, (B.2)

where the indices x and y represent the component of the magnetic field. Then, ∇·Bn+1 =

0 if ∇ ·Bn = 0 where,

(∇ ·B)i,j =
Bx
i+1/2,j −Bx

i−1/2,j

∆x
+
By
i,j+1/2 −Bx

i,j−1/2

∆y
(B.3)

The flux-interpolated CT scheme interpolates the cell-interface centered fluxes into
the electric field at the cell corners (see Figure B.1),

Ωi+1/2,j+1/2 =
1

4
(−F x

i+1/2,j − F x
i+1/2,j+1 + F y

i,j+1/2 + F y
i+1,j+1/2) (B.4)

This electric field can be used to calculate B.3. This scheme conserves ∇ ·B = 0 at each
grid cell. For more details see Toro (1997), Tóth (2000) and Bodenheimer et al. (2006).
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Figure B.1: Sketch sample of a 2D grid centered at the cell position (i,j). The electric
field Ω is located at the cell corners with the purpose to calculate ∇ · B at the center of
the cell.
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