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ABSTRACT

Turbulence is ubiquitous in space and astrophysical plasmas and is believed to play an
important role in particle heating and nonthermal acceleration. These plasmas are commonly
threaded by an external magnetic field imposed by the object they surround (e.g., planet,
star), making magnetized plasma turbulence a problem of significant interest. In this thesis,
we use numerical simulations to study two relatively unexplored regimes of magnetized
plasma turbulence, viz., the sub-electron inertial scale in nonrelativistic low electron beta
plasmas and both the magnetohydrodynamic and kinetic scales in relativistically hot plasmas.
Phenomenology is used to model the energy distribution of turbulent fluctuations and
particles.

In the nonrelativistic regime studied, energy dissipation is seen to be strongly intermittent,
concentrating on electron-scale current sheets. A few of these current sheets exhibit signatures
of electron-only reconnection.

The particle energy probability density function in the relativistic regime displays a
nonthermal tail of ultrarelativistic particles that goes from power-law-like to log-normal as the
guide field is increased. We propose that this can be understood in terms of the acceleration
mechanism that dominates in each case. Also noteworthy is the observed intermittency in

the spatial distribution of ultrarelativistic particles.



1 INTRODUCTION

1.1 The basic problem of turbulence

The cover of the book “Turbulence” by Uriel Frisch shows a page of Leonardo da Vinci’s
notes from his lifelong studies on hydrodynamics. In it, drawings of different flows can be
seen, including a couple displaying the formation of very complicated — turbulent — structures.
Da Vinci’s experimental research on turbulent water flows was surely remarkable for the time
and even presaged some modern ideas (e.g., eddies spanning multiple scales) but, having lived
in the pre-Newtonian era, he lacked both the physical and mathematical tools to provide a
proper quantitative description of his observations and his conclusions were not always in
line with modern fluid theory (Marusic and Broombhall, 2021).

It is an understatement to say that in the five centuries since da Vinci’s passing physics and
mathematics have advanced a great deal. Among the remarkable developments of theoretical
physics is the discovery in the 19th century of the Navier-Stokes equation (Navier, 1823;
Stokes, 1843), which is the dynamical equation governing incompressible flows. Today it is
even possible to solve this equation on a computer and reproduce the turbulent flows da
Vinci observed in the 15th and 16th centuries (Colagrossi et al., 2021).

It is noteworthy that turbulence emerges in numerical simulations that solve the Navier-
Stokes equation, as it suggests that this phenomenon is contained in it (in the case of
incompressible hydrodynamics). However, to say that we truly understand turbulence we
would like to have a mental picture of the phenomenon that can be turned into a precise
mathematical model to be corroborated or falsified against experiments and simulations.
The complexity of the turbulent flow suggests that one should try to model the statistical
properties of turbulence!, ideally using quantities that are easy to measure in experiments or

simulations. A first-principles understanding of turbulence based on the dynamical equation

LFor a more rigorous justification for a probabilistic description of turbulence, see Frisch (1995), Chapter
3.



would be highly desirable, but this is an extremely challenging mathematical problem that
remains evasive to this day (although advances in this direction are taking place; see, for
example, Eyink (2018b,a)).

An alternative to the first-principles approach is the use of phenomenology, where the
dynamical equation is complemented by unproven but plausible assumptions inferred from
empirical observations. This was the approach successfully followed by Andrey Kolmogorov
to derive the second and third order structure functions (Kolmogorov, 1941a,b), obtaining
the celebrated K41 theory, to be reviewed in the next section.?

The main topic of this dissertation is magnetized plasma turbulence, ubiquitous in space
and astrophysical systems (e.g., heliosphere, magnetosphere, accretion disks; see Biskamp
(2003); Bruno and Carbone (2013)). By magnetized we mean that the plasma is subjected
to an externally imposed magnetic field, which we will refer to as guide field. In plasma
turbulence, we have the additional complication of the formation of turbulent structures in
the electromagnetic field. Moreover, the low collisionality typical of space and astrophysical
plasmas and the different possible values of the plasma parameters (e.g., magnetic guide
field, plasma beta) will offer us a wide variety of turbulent regimes that should keep plasma
physicists entertained and employed for the foreseeable future.

Numerical simulations are even more important in plasma turbulence than in hydrody-
namics, as in situ measurements of the space and astrophysical plasmas of interest require
at best sending expensive probes into the magnetosphere or heliosphere, and at worst into
astrophysical systems so distant that the project would violate the implicit rule of science
that the researchers should still be alive by the start of the data collection.

In this dissertation, we use numerical simulations to study relatively unexplored regimes
of magnetized plasma turbulence, viz., plasmas with low electron beta (and ion beta of order
one) and relativistically hot plasmas. Phenomenology will be used to interpret the results

and, in some cases, to derive mathematical models that can be contrasted against numerical

2We also note that the second order structure function was independently arrived at by Alexander
Obukhov (Obukhov, 1941).



observations (for example, the energy spectrum).

Throughout the rest of this introduction, we will go over the background material necessary
to understand the motivation and methodology of the work that will be presented in Chapters 2
and 3.

1.2 Hydrodynamic turbulence phenomenology

In this section, we illustrate the idea of turbulence phenomenology by briefly reviewing the
well-understood hydrodynamic case. Thus, we will work out Kolmogorov 1941 theory, or
just K41. The reader interested in more extensive treatises should check Frisch (1995) and
Biskamp (2003).

To use phenomenology we need to have a good mental picture of the phenomenon we
intend to describe, so let us begin this section by presenting the Navier-Stokes equation for

an incompressible fluid:

U+ (U -V)U = -V (i) +vV?U + f, (1.1a)

V.U =0, (1.1b)

where U (x,t) is the fluid velocity field, P(x,t) is the pressure, assumed isotropic, f is any
external force per unit mass (it could be gravity or it could be the force with which you stir
your tea), p is the mass density (which we are assuming uniform for simplicity), and v is
the kinematic viscosity (also assumed uniform). The first line is simply Newton’s second
law applied to a fluid element. The second line is the condition of incompressibility. These
equations are to be complemented by initial and boundary conditions.

Let us now define the longitudinal structure function of order p, S;! (r,£,7T), a quantity that

is easy to measure in experiments (for low p) and that will be useful in our phenomenological



study of turbulence:

Sl(r, &, T) = (U (r, £,1)), SU(r,£,t) = [U(r+£,t) —=U(r,1)] -

s

(1.2)

where p > 0 is an integer and ¢ = |£|. The averaging (...) should formally be defined as an
ensemble average but, in practice, it is replaced by a time average by invoking the ergodic
theorem, as it is easy to measure velocity at a fixed position. Structures of infrequent
occurrence become increasingly important as p grows, making it difficult to measure the
structure function for high p, as it requires to keep collecting data for a long time. Note that,
for now, we keep the dependence on the position vector r, the separation vector £, and the
time 7 which represents the moment when we start collecting data (to be distinguished from
the time ¢ of the instantaneous velocity, as we are averaging over it). Later, we will postulate
that the longitudinal structure function only depends on /.

It is convenient to rewrite the Navier-Stokes equation in dimensionless form, so let us
introduce a velocity scale Uy and a length scale Ly. There is more than one way to choose
these scales. For example, for water flowing past an obstacle, Uy could be the speed of the
flow far from the obstacle and Ly could be some length characterizing the obstacle (which is
probably close to the energy injection scale we will discuss below). Alternatively, if turbulent
structures are formed, Uy could be the root-mean-square of the velocity variation over scale
Lyg.

Dividing the Navier-Stokes equation by UZ/Lg, we get

P LUy |(U-V)U|
) . — _vpP 1y/2 — 00
00 + (U -V)U] = —VP+ Re™'V*U + f,  Re =" B

(1.3)

where we have defined the dimensionless quantities U = U /Uy, P = P/(pU2), f = fLo/UZ,
V= LoV, and t = tU, /Lo. We have also introduced the Reynolds number Re, which is an
estimate of the strength of the nonlinear term relative to the viscous term. When Re < 1,

viscous effects are strong and small perturbations in the fluid tend to be smoothed out,



leading to a very ordered flow that respects the symmetries of the Navier-Stokes equation
and the boundary conditions (e.g., reflection symmetries, space- and time- translational
symmetries). This is called laminar flow.

When Re > 1, viscous effects are weak and the nonlinear term dominates, leading to
instabilities where small perturbations in the fluid can grow exponentially. This results in
the formation of chaotic structures with a much faster dynamics than the large-scale flow. A
great illustration of this transition from laminar to chaotic and, eventually, to fully turbulent
flow as the Reynolds number increases can be found in the figures of the first chapter of
Frisch (1995), where it can be seen how the symmetries displayed by laminar flow are broken
one by one as Re grows.

Figure 1.10 in Frisch (1995) shows the turbulent wake behind two cylinders with Re = 1800.
Careful visual inspection of turbulent flows like this one reveals the presence of coherent
structures, or eddies, across a wide range of scales. Other features of the flow are the
appearance of statistical homogeneity and, in the frame of reference that eliminates the mean
(i.e., the large scale) flow, isotropy. By this we mean the following: it feels that, far from
boundaries, the longitudinal structure function defined by Equation (1.2) should be the same
on every point and for every direction £/¢, so it should not depend on = or on the direction
of £ (but it may depend on ¢). Moreover, experimental measurements of the velocity in
turbulent flows at a fixed point, over periods that start at different times, reveal that the
histogram of the velocity is always the same (e.g., see Chapter 3 of Frisch (1995)), so we may
drop the dependence of S]U on 7. These are symmetries of the Navier-Stokes equation, which,
after being broken by the formation of complex structures in the flow, are recovered (far from
the boundaries) in this statistical sense when Re > 10. This restoration of the symmetries
at high Re (formally, at Re — o0) is the defining characteristic of fully developed turbulence.
From now on we will only focus on fully developed turbulence, so we will postulate that

Sy(r €, T) = S(0).

Another symmetry of the Navier-Stokes equation that emerges when v — 0 is that of scale



invariance. Thus, in the case of fully developed turbulence, we may postulate a hierarchy of
self-similar eddies until reaching the scale where viscous dissipation becomes important (this
will be better understood in later paragraphs). Mathematically, SIL'(AE) = AbSZU (0).3

Let us now describe qualitatively the dynamics of turbulence. Our picture will be based
on the work of Richardson and Kolmogorov (Richardson, 1922; Kolmogorov, 1941a,b). The
viscosity v of the fluid sets a dissipation scale £4. Let us say that a force represented by f in
the Navier-Stokes equation injects energy into the fluid at some scale ¢y > ¢;. This can be, for
example, a spoon stirring the fluid or an incoming flow hitting an obstacle, like the cylinders
in Figure 1.10 of Frisch (1995)%. The energy should dissipate due to the presence of the viscous
term in the Navier-Stokes equation, but the wide separation between the energy injection
and dissipation scales results in the energy cascading through the formation of self-similar
eddies spanning the full range of scales from injection to dissipation®, where energy flows
from one scale into the next by the nonlinear interaction between eddies of similar size, given
by the nonlinear term in the Navier-Stokes equation. This nonlinear interaction is said to be
scale-local: only eddies of similar size can exchange energy efficiently. We can understand
this with the following phenomenological argument. Let us try to visualize the interaction
between two eddies whose respective sizes differ by more than an order of magnitude. The
smaller eddy will perceive the larger one as a large-scale flow and is only passively advected
by it, suffering no distortion (we can even eliminate this large-scale flow altogether with a
simple Galilean boost). On the other hand, the small eddy cannot significantly affect the
much larger one by itself, rather, multiple small eddies would have to act in coordination to
distort the larger one.

If the rate of energy injection is constant, we can propose the existence of a steady state

where the mean energy dissipation rate per unit mass, €, equals the mean energy injection

3The property of self-similarity is not actually true, as we will briefly discuss later.

4Note that in the frame of reference where the mean flow is zero it looks like the obstacle is stirring the
fluid.

5This cascade continues even into the dissipation range, although the eddies can no longer be postulated
to be self-similar. In fact, the self-similarity breaks even before reaching the dissipation scale.



rate per unit mass. At scales ¢ satisfying ¢, < ¢ < {y (the so-called inertial range), there
is neither energy injection nor dissipation, just a constant energy flux between scales as
described above.

Let us now derive a formula for the longitudinal structure function of order p. We can
follow Kolmogorov and postulate that the statistical properties of fully developed turbulence

in the inertial range depend only on ¢ and . Then, dimensional analysis gives
Sl(e) = CePPerl?, (1.4)

where the dimensionless constants C,, were postulated to be universal (i.e., independent of the
large scale mechanism that generates the turbulence) by Kolmogorov. This is the so-called

K41 theory.

For p =2 and p = 3 we get, respectively
Shey = 03?3, Sy = Cyer. (1.5)

The first formula above is the famous two-thirds law. The second formula above can be
derived rigorously (see Frisch (1995), Chapter 6) for homogeneous isotropic turbulence (under
the additional assumption that the rate of energy dissipation satisfies ¢ > 0 when v — 0),

leading to the very important four-fifths law
4
shy = —zel. (1.6)

which is exact so long as the premises involved in its derivation hold true.
The universality of the coefficients C), for p # 3 has been criticized by Lev Landau, but
a better systematic derivation of (1.4) based on the four-fifths law and the self-similarity

hypothesis leads to the same result without assuming universality (see Frisch, 1995, Chapter

6).



We will now re-derive the two-thirds law using a more hand-wavy argument reminiscent
of those we will use in Chapters 2 and 3. Let us break up the range of scales between energy
injection and dissipation into a discrete sequence of eddies of scales ¢; through ¢y, satisfying
by > 01 > ... > Uy > Ly, where {,, = a™{ly, with 0 < a < 1 (a is often chosen to be 0.5,
but the exact number does not matter). The locality of the interaction implies that energy
can only be transferred between two neighboring scales, say ¢, and ¢,,,. For an eddy of

scale £,,, the relative motion of two points on opposite sides can be characterized by velocity

3U,, ~ \/((5U £,/0,)?)). During time 7, ~ £,/6U,, (called turnover time) the eddy suffers
a distortion comparable to its size, so this must be the energy transfer time.
In the steady state, the rate of energy dissipation per unit mass, £, must equal the energy

flux across scales, implying € ~ 6U7 /7y, ~ 6U} /0, so we recover the two-thirds law
SUL ~ (et,)*2. (1.7)

For completeness, we mention that by equating the viscous diffusion time 74 ~ ¢2/v to
the cascade time 7, ~ £/5U, ~ (£?/€)'/? we can obtain an estimate of the dissipation scale,
(g ~ (V3/e)Y*. Experimental evidence shows that viscosity becomes important at scales
about 30 times larger than this estimate.

Both the two-thirds and four-fifths laws match empirical observations rather well over
a wide range of scales. However, deviations from observations become increasingly evident
with growing p, showing that the hypothesis of self-similarity in the inertial range is, in fact,
false, as eddies become more sparse towards smaller scales. This takes us to the concept of
intermittency, but in this thesis, we will not present the existing plethora of different models
of intermittency. Instead, we will introduce the relevant ideas as we need them.

We close this section with another very important result. A simple way to visualize the
distribution of energy throughout scales is to look at the one-dimensional energy spectrum,

E(k), where k is the magnitude of the wave vector. For an isotropic 3-dimensional fluid we



would define

1 2 pm
E(/f):§/0 /0|Uk|2k:251n9d0d¢, (1.8)

where Uy, is the 3D Fourier transform of the velocity field U(x) at a given time.®

It can be proven that the energy spectrum and the second-order structure function are

related in the following way (see chapter 4 of Frisch (1995))
Sy(l) o X = E(k) < k-0 0 <y <2 (1.9)

For the two-thirds law, this gives the famous Kolmogorov spectrum, E(k) oc k=573,

1.3 Plasma turbulence

The main topic of this dissertation is turbulence in weakly collisional plasmas with an
externally imposed magnetic field that we will call guide field. This type of plasma environment
is typical in space physics and astrophysics, where the guide field is imposed by a planet or a
star. Another reason for the importance of magnetized plasma turbulence stems from the
fact that, while there is always a frame of reference that eliminates the mean flow, there is no
frame of reference that eliminates the magnetic field.” This means that for a given magnetic
eddy, a much larger one will look like a guide field. The presence of a guide field suggests
that turbulent structures may be anisotropic, with length scale ¢ along the local magnetic
field and a different length scale X in the field-perpendicular direction.

Despite this important difference, the general mental picture of plasma turbulence is

similar to the hydrodynamic case: energy is injected at some scale Ay and cascades to a

In experiments and observations one generally has a measurement of the velocity as a function of time,
rather than a velocity field for fixed time. However, the Fourier spectrum of this time signal given in terms of
frequency w can be reinterpreted as a spectrum in terms of the wavenumber k by use of the Taylor hypothesis,
as we will discuss briefly in section 2.1.

"This is only true if the electric field is weaker than the magnetic field, as is the case in all the plasmas of
interest.
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much smaller dissipation scale Az, with the flux through scales mediated by the nonlinear
interaction between coherent structures. However, this problem is notoriously more difficult.
This is not only due to the formation of turbulent structures in the electric and magnetic
fields, but because of the wide variety of turbulent regimes that are possible in a weakly
collisional plasma. The weak collisionality pushes the dissipation scale below the plasma
microscales (e.g., ion inertial d;, ion gyro-scale p;, ion-acoustic scale py), opening up a new
range of scales for turbulent fluctuations. Thus, we can distinguish between the inertial
range, \g > A > d;, p;, ps, where the plasma can be approximately described as a single,
magnetized charged fluid (magnetohydrodynamics, or MHD), and the sub-ion or kinetic
range, A\ < d;, p;, ps, where kinetic physics that can be neglected at the MHD scale becomes
important and the plasma can no longer be treated as a single fluid.

Let us review some important phenomenology of collisionless, strongly magnetized, non-
relativistic plasma turbulence. Our discussion will be brief but there is no shortage of reviews
discussing plasma turbulence in great detail (e.g., Biskamp, 2003; Bruno and Carbone, 2013;
Tobias et al., 2013; Schekochihin, 2022). Let us say that energy is injected at some scale
Ao > A > d;, pi, ps and cascades through the inertial range, eventually reaching the sub-ion
scale. Our dynamical equations for the inertial range will be those of reduced MHD, which

in terms of the Elsésser fields Z7 are (e.g., Oughton et al., 2017)

OZF FvaV|ZT+ 2TV, 2T =
1 1
—V.iP+ 5+ v)VIZI+ 5 —v)VIZT + 7, (1.10)

Zt=U, +B,, va=DBy/Varp, V- -Z*=0,

where U, and B, are the bulk velocity and magnetic fluctuations, respectively, v, is the
Alfvén speed, p the plasma density, By is the guide field, and P is the total pressure (plasma
plus magnetic). In the inertial range, the terms with the viscosity v and the resistivity 7, as

well as the stirring force f*, can be neglected. In the absence of injection and dissipation,
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these equations conserve the Elsisser energies, (| Z*|?).

The solutions to these equations are nondispersive Alfvén wave packets propagating either
along the direction of the guide field (Z ) or opposite to it (Z™). From the nonlinear term,
we infer that only counter-propagating wave packets can interact. This interaction between
counter-propagating Alfvén wave packets will give rise to the energy cascade in the inertial
range.

The dynamics in the field-parallel direction, given by the linear term in Equation (1.10),

has characteristic time 74 ~ ¢/v4. The field-perpendicular dynamics, given by the nonlinear

term, has characteristic time 75 ~ \/6Z5, with 625 = \/<|Zi(az + A t) — Z*(x,t)|?). Three
possibilities may be contemplated: 7, > 74, Ty < Ta, and 1y ~ T4. The first of these
corresponds to the regime known as weak turbulence, where the linear term dominates and
significantly deforming a wave packet takes multiple collisions. All we will say here about this
case is that the turbulent cascade is only in the field-perpendicular direction and eventually
reaches the regime of strong turbulence, where 7,1 ~ 74. The reader who would like to know
more about this regime may check the reviews cited above.

Regarding the case 1, < 74, multiplying by v, we obtain va7,; < £. This means that in
the time of the energy cascade information cannot travel across the whole length ¢ of the
turbulent structure, so it cannot stay coherent for long. This only leaves us with the so-called
critical balance condition, T, ~ T4, where the linear and nonlinear terms in Equation (1.10)
(in the range where energy injection and dissipation are negligible) are of the same order.
This defines the regime known as strong turbulence.

From now on we will assume balanced turbulence, 6Z7 ~ §Z~ ~ U ~ 0B, so we will
drop the =+ signs from the fields.

Let us derive the scaling of the field-parallel cascade. If the mean injection and, assuming

a steady state, dissipation rate per unit mass of the Elsdsser energies is €, we must have

8This rules out important turbulent systems that are imbalanced, like the solar wind. However, the point
of this short review is just to expose the readers to the basics of plasma turbulence phenomenology and to
aid them in understanding the meaning and importance of the turbulent regimes to be discussed in Chapters
2 and 3.
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€ ~ 0Z}/7a, where 0Z; represents a field variation along the local magnetic field.? Using
Ta ~ [/v4, we easily get the scaling 67, oc /2 or E(kj) o kﬁ. This is a very robust scaling,
as it makes no assumptions about the field-perpendicular cascade.

Let us repeat the exercise for the field-perpendicular cascade. Now we have ¢ ~ §7% /7, and
Tl ~ A/0Zy. This gives 67 oc A3 or E(k,) o kf’/?’. Using the critical balance condition,
we also find the anisotropy of the turbulent fluctuations, ¢ oc A2/3. The results we just derived
are the famous Goldreich-Sridhar 1995 (GS95) turbulence phenomenology (Goldreich and
Sridhar, 1995). Interestingly, multiple numerical simulations have shown a field-perpendicular
spectrum closer to k:f)’/ ? rather than k:f/ 3 (e.g., Maron and Goldreich, 2001; Miiller et al.,
2003; Miiller and Grappin, 2005; Mason et al., 2006, 2008; Perez and Boldyrev, 2008).

The flattening of the energy spectrum compared to GS95 suggests a weakening of the
nonlinear interaction towards increasingly small X\. A possible explanation is the theory of
dynamic alignment proposed in Boldyrev (2005, 2006); Perez et al. (2012), which states that
magnetic and bulk velocity fluctuations tend to align the direction of their polarization in
the field-perpendicular plane, resulting in a field-perpendicular anisotropy of the turbulent
fluctuations defined by the alignment angle, 6, ~ A\/¢ < 1. This reduces the nonlinear
interaction by a factor #, and increases the nonlinear time, 7, ~ £/0Zy ~ A/(0)\0Z)).

3/2

Numerical observations show #, oc A'/4. This gives scalings 67 oc A4, E(ky) oc k[ *'*, and

0o A2

A lot has been written regarding why the scaling of the alignment angle should be A%
but we will just refer the reader to Boldyrev (2005, 2006); Perez et al. (2012), as well as the
reviews cited above and the references therein.

So much for the inertial range. As the energy keeps flowing to smaller scales, it eventually
reaches the ion scales and a steepening of the spectrum is observed, with the scaling approach-
ing k=28 down to electron scales (e.g., Alexandrova et al., 2009; Kiyani et al., 2009; Chen

et al., 2010, 2012; Sahraoui et al., 2013a; Chen and Boldyrev, 2017). It seems reasonable

9For a good discussion of why it has to be the local magnetic field see, for example, Schekochihin (2022).
See also Equation (2.6).
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to suggest that this is due to the transition from nondispersive Alfvén wave packets in the
inertial range to dispersive ones in the sub-ion scale, the so-called kinetic Alfvén turbulence or
simply KAW turbulence (after kinetic Alfvén waves). Kinetic Alfvén waves can be obtained as
the linear solutions of dynamical equations derived from a two-fluid model; we will not discuss
the derivation here, but a similar procedure can be found in Section 3.3. This leads to an
energy spectrum that scales as k:lw 3 (e.g., Cho and Lazarian, 2004; Schekochihin et al., 2009),
which is too flat. In Boldyrev and Perez (2012), the authors derive a klg/ ? scaling, quite close
to observations, by introducing intermittency to the KAW model (concretely, they propose
that magnetic and density fluctuations tend to organize into intermittent two-dimensional
structures). Interestingly, the KAW model does not predict the correct location of the
spectral break observed in regions of the solar wind with low ion beta (the model predicts
the transition to KAW turbulence at the ion acoustic scale but observations show the ion
inertial scale). For a discussion of this problem and possible explanations of the spectral
steepening alternative to KAW turbulence (e.g., Landau damping), see, for example, Chen
et al. (2014); Boldyrev et al. (2015).

What comes next? In plasmas with low electron beta, 5. = (p./d.)* < 1, the electron
gyro-scale p. and inertial scale d, are well separated and the turbulent cascade can continue
into the sub-d, range down to p.. This turbulent regime will be the topic of Chapter 2. In
particular, Section 2.1 will be dedicated to reviewing the phenomenological derivation and
some of the observational and numerical evidence of inertial Kinetic Alfvén turbulence (Chen
and Boldyrev, 2017; Roytershteyn et al., 2019).

And what about turbulence in relativistic plasmas? This is the topic of Chapter 3. In
particular, Section 3.3 is dedicated to the numerical characterization and phenomenological
modeling of the energy spectrum in both the inertial and kinetic ranges (Vega et al., 2022a,
2024b).

We hope the discussion in this section has helped the reader understand where our work

fits into the vast space of plasma turbulence.
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Let us now summarize the steps we followed to derive the scaling laws of hydrodynamic
turbulence in the previous section and of MHD turbulence in this section. This is the approach

we will follow in Chapters 2 and 3 as well. The general method is:

« Find approximate dynamical equations for the turbulent fluctuations (e.g., reduced

MHD).

« Find the linear modes (e.g., Alfvén waves) and quantities conserved by the dynamical

equations in the absence of injection and dissipation (e.g., energy).

o Assume that the conserved quantity cascades with constant flux € to smaller scales due
to the scale-local nonlinear interaction between wave packets of the modes found in the

previous step.

« Find an estimate of €. This will consist of a formula of the form & ~ w, /7y, where w,
is the amount of the conserved quantity in structures of scale A that flows to smaller
scales over cascade time 7. wy and 7, are to be estimated in terms of the turbulent

fluctuations and the scale \.

o The formula for € may depend on the turbulent fluctuations of more than one field. The
linear solutions to the dynamical equations can tell us how the amplitudes of different
fields are related to each other. Alternatively, one may guess how they are related from
simple dimensional analysis. This allows us to write the formula for € in terms of the

fluctuations of a single field.

o From the formula for € found in the previous step, find the scaling of the turbulent
fluctuation, X, oc AX, where X is the turbulent field (e.g., magnetic, bulk kinetic,

electric). From this scaling, we can obtain the energy spectrum of X: E(k,) kl(zxﬂ).

o With the critical balance condition we can obtain the anisotropy of the fluctuations

0o A\,
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One last comment before moving on to the next section. In our discussion of dynamic
alignment, we hinted at the formation of increasingly thin magnetic structures towards
smaller scales in the guide-field-perpendicular plane. By Ampere law, this would result in
the formation of increasingly thin, field-parallel current sheets. At some aspect-ratio these
structures may become unstable and break, leading to magnetic reconnection (e.g., Zhdankin
et al., 2013; Loureiro and Boldyrev, 2017; Mallet et al., 2017). If the energy cascade can
continue into the sub-ion range, the thin, often electron-scale structures that form may also
break and lead to the so-called electron-only magnetic reconnection (e.g., Phan et al., 2018;
Boldyrev and Loureiro, 2019; Vega et al., 2020, 2023b). Magnetic reconnection is believed
to play a pivotal role in collisionless dissipation and nonthermal particle acceleration. We
will discuss collisionless dissipation and magnetic reconnection in the next two sections,

respectively.

1.4 Energy dissipation in collisionless plasmas

In the last section, we described how, in a weakly collisional turbulent plasma, energy cascades
down from an injection scale and into the sub-ion range. Even in such weakly collisional
environments as the solar wind and corona, significant plasma heating is observed (e.g.,
Matthaeus and Velli, 2011; Bruno and Carbone, 2013; Howes, 2015), so there is great interest
in understanding how the cascade of electromagnetic and bulk kinetic energy eventually
makes its way into the microscopic degrees of freedom of the plasma, even in the case of
vanishingly small viscosity and resistivity. The electric work, E - J, is often used as a proxy
for collisionless dissipation in weakly collisional plasmas (e.g., Wan et al., 2012, 2015, 2016),
but this gives the total energy exchange between the electromagnetic energy density and
the plasma energy (including bulk kinetic). The energy exchange with the bulk motion can
be partially removed from the electric work by computing it in the comoving frame of one

particle species (e.g., the electrons), but it cannot be fully eliminated.



16

An alternative measure of collisionless energy dissipation is obtained in Yang et al. (2017);
below we follow their derivation. Starting from the nonrelativistic Vlasov equation for the

one-particle distribution function of species s (ions or electrons), fs(x,v,1),

Ofs ofs

ds v
. P I E+ZxB)- = 1.11
5 TV st+ms< +C>< ) B0 0, (1.11)
and taking the zeroth, first, and second moments we get:
Oy(mgsns) + V - (mgnsUy) = 0, (1.12a)
Oy (msnsUs) + V - (nUUy) = =V - Py + ngqs (E + Y X B) , (1.12b)
c
0E+V - (EU,)=—-V - (P,-U;) =V -hg +nyq, E - U, (1.12¢)

where m, is the particle mass, ng is the particle density, Uy is the bulk velocity, P; is
the pressure tensor, ¢s is the electric charge, E and B are the electric and magnetic field,
respectively, & is the total (bulk plus thermal) kinetic energy density, and h, is the heat flux
vector.

The pressure tensor, kinetic energy density, and heat flux are defined in terms of the

one-particle distribution function f:

P, =m, /(v U (v — U, fo(z,v,t)d, (1.13a)
& = m? V2 f,(z, v, )d%, (1.13b)
h, = m? /(v U (v — U (0, D). (1.13¢)

The kinetic energy density can be separated into the bulk or fluid kinetic energy £ and

the thermal or internal energy E®, which is the kinetic energy of the particles measured in
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the comoving frame:

1
(Si = §m5n5U527 g;;h = % /(’U - Us)2fs(m7 ’U7t)d31), (114&)
E =&+ gt (1.14D)

If we take the dot product of equation (1.12b) with U, and use V - (P, - U;) = Uy - (V -
P,)+ (P, V) Us, we get

We note that the pressure-strain interaction, —(Py - V) - Uy, has just appeared. Subtracting

the equation above from (1.13c), we get
OEN +V - (EMU) = —(P,- V) - U, = V - hy. (1.16)

Taking the time derivative of the electromagnetic energy density £™ = (B? + E?)/(8)

and using Faraday’s law and Maxwell-Ampere’s law, we obtain the well-known equation
DE™ + fv (ExB)=—-E-J, (1.17)
T

where J = >, nyqsU, is the current density.
If we now average equations (1.15), (1.16), and (1.17) over the entire domain of a numerical
simulation with periodic boundary conditions (as is often the case with simulations of plasma

turbulence), the terms of the form V - (...) vanish, so we obtain

at<g£> = <(PS ’ V) ' Us> + <nsqL9E ' Us>7 (118&)
OEM = —((P.- V) - U.), (1.18b)

D,(E™) = —(E - J). (1.18¢)
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A picture of the energy exchange between particles and fields emerges from the three
equations we just derived. The average electric work, (nsq;Us - E), mediates the energy
exchange between the electromagnetic field and the bulk fluid motion, while it is the average
pressure-strain interaction, —((Ps - V) - Us), that is responsible for the rate of change of the
internal energy by mediating its exchange with the fluid energy. Furthermore, the numerical
analysis presented in Yang et al. (2017) suggests that the energy exchange between the
electromagnetic field and the bulk flows takes place at large scales, with the bulk energy
then cascading towards smaller scales and eventually some of it transforming into internal
energy through the pressure-strain interaction. This transfer of energy toward the microscopic
degrees of freedom of the plasma would result in entropy production if collisions were present,
possibly even if collisionality was weak (e.g., Eyink, 2018a). Thus, this should be our measure
of energy dissipation. To make the case even stronger, in Yang et al. (2022) the authors show
that the pressure-strain interaction is the most appropriate estimate of dissipation by explicit
comparison against other proxies commonly used, including the electric work.

Several numerical studies of different regimes of plasma turbulence have used the electric
work as a proxy of energy dissipation and found it to be strongly intermittent and concentrated
on intense current sheets (e.g., Wan et al., 2012, 2015, 2016; Zhdankin et al., 2013). In
Section 2.3, we use the pressure-strain interaction to address the question of the intermittency
of energy dissipation in a turbulent low electron beta environment (Vega et al., 2023b).

In this section, we discussed collisionless energy dissipation in general terms without looking
into specific physical mechanisms that result in plasma heating and particle acceleration. In
the next section, we will discuss a very important mechanism of magnetic to plasma energy

conversion known as magnetic reconnection.
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1.5 Magnetic reconnection

In this section, we present a short, qualitative description of magnetic reconnection, focusing
on those aspects of the phenomenon that are relevant for later chapters. For detailed reviews
see, for example, Zweibel and Yamada (2009); Zweibel and Yamada (2016); Guo et al. (2023b).

Magnetic reconnection is a fundamental plasma physics process in which magnetic field
lines break and reconnect, releasing magnetic energy into the plasma. It is widely believed to
play a role in the heating of the solar corona (e.g., Parker, 1990; Klimchuk, 2006; Parnell
and De Moortel, 2012) and nonthermal acceleration to ultrarelativistic energies seen in
astrophysical sources like black hole accretion disks, pulsar magnetospheres, and pulsar
winds (e.g., Guo et al., 2023b). It has also been observed to be spontaneously generated in
MHD turbulence (e.g., Zhdankin et al., 2013) and sub-ion scale turbulence (e.g., Phan et al.,
2018; Vega et al., 2020, 2023b), and was seen to play an important role in energy dissipation
in these plasma environments.

For clarity, we show in Figure 1.1 a concrete example of magnetic reconnection that we
found in one of the 2.5D particle-in-cell simulations of sub-ion plasma turbulence that we will
present in Chapter 2. As we will explain below, the figure shows electron-only reconnection.
However, we will first explain the classical, double-layer reconnection with ion coupling, so
Figure 1.1 is just meant to be illustrative.

The magnetic topology of a typical 2D reconnection event can be clearly appreciated in
this example, where the in-plane magnetic field lines are shown in black and the out-of-plane
current density is shown in the colormap. In a general reconnection event, magnetic field lines
pointing in opposite directions approach each other; in Figure 1.1 this is happening along
the red arrows labeled “Inflow”. At the MHD scale, magnetic field lines are frozen to the
plasma, so they drag plasma particles into the reconnection site as they get closer, generating
a plasma inflow. Once magnetic field lines are closer than the ion inertial scale, ion inertia
becomes important, i.e., the field lines decouple from the ions. However, electrons remain

frozen to the magnetic field lines until they are closer than the electron inertial scale. It is
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within this thin, electron-scale layer, that magnetic field lines break and reconnect. When
this happens, the accumulated magnetic tension is released in the form of plasma energy, as
the outgoing field lines drag particles along the outflow, first recoupling to the electrons and,
given enough space along the outflow (about 40 times the ion inertial scale, Sharma Pyakurel

et al. (2019)), to the ions.

185 190 195 200 205 210 215
xide

Figure 1.1: Example of electron-only magnetic reconnection site found in one of the 2.5D
particle-in-cell simulations to be analyzed in Chapter 2. The color map shows the out-of-plane
(and guide-field-parallel) current density, J,, normalized to the root-mean-square out-of-plane
current density computed over the whole simulation domain. The thin black lines represent
the magnetic field lines. The large, red arrows exhibit the direction of the particle (electrons)
inflow and outflow. On the axes, d, refers to the electron inertial scale.

What we just described qualitatively in the previous paragraph is the classical two-fluid
model of reconnection where an electron-scale diffusion layer is embedded into a thicker,
ion-scale diffusion layer, and both electrons and ions move together at the exhaust at speeds
close to the ion Alfvén speed computed with the in-plane magnetic field along the inflow,
measured just outside the outer diffusion layer. However, as we mentioned before, this does
not correspond to the example shown in Figure 1.1. The figure shows magnetic reconnection
happening spontaneously in sub-ion scale turbulence, where the thin current layer is too short

along the outflow for effective ion coupling. This is an example of electron-only magnetic
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reconnection, similar to those observed in the magnetosheath by the Magnetospheric Multiscale
(MMS) mission (Phan et al., 2018), where only Alfvénic electron jets are seen along the
outflow (with the Alfvén velocity calculated with the in-plane magnetic field along the inflow,
just outside the electron diffusion layer). We also note the small but intense out-of-plane
(and guide-field-parallel) current sheet at the center, seen in dark blue, with a peak current
of more than three times the root-mean-square value. This current sheet is less than 5d, long
and about 0.5d, thick, with d. the electron inertial scale. Alfvénic electron jets and a large
out-of-plane current sheet are electron-only reconnection signatures that can be used to find
these sites.

The topology of the magnetic field lines suggests another method to find reconnection
candidates in 2.5D simulations of plasma turbulence: look for saddle points of the out-of-plane
magnetic potential or X-points. This method is developed in detail in Section 2.2 and is
complemented by the other reconnection signatures discussed here to identify electron-only
reconnection sites spontaneously generated in a simulated 2.5D turbulent environment (Vega
et al., 2020). We also look for reconnection in a 3D spectral simulation relying on signatures
like Alfvénic electron jets and intense current sheets, and we analyze its role in energy
dissipation (Vega et al., 2023b).

Magnetic reconnection spontaneously generated in relativistic plasma turbulence is known
to play a fundamental role in turbulent particle acceleration (Comisso and Sironi, 2019). This

will be discussed in more detail in the next section.

1.6 Relativistic plasma turbulence as a particle
accelerator

In weakly collisional plasma turbulence, the interaction with turbulent fluctuations may remove
some particles from the thermal population, creating a nonthermal tail in the particle energy

probability density function (pdf). Indeed, nonthermal particle acceleration to ultrarelativistic
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energies has been observed in multiple simulations of relativistic plasma turbulence, with the
particle energy pdf developing power-law tails (e.g., Zhdankin et al., 2017, 2019; Zhdankin,
2021; Comisso and Sironi, 2018, 2019; Wong et al., 2020; Nattila and Beloborodov, 2021,
2022; Vega et al., 2022b, 2023a), or log-normal tails if the guide field is strong (e.g., Vega
et al., 2024b,a). This makes relativistic plasma turbulence a promising acceleration candidate
that may help explain the radiative signatures of nonthermal ultrarelativistic particles in
astrophysical systems such as pulsar magnetospheres and winds (e.g., Biihler and Blandford,
2014), jets from active galactic nuclei (e.g., Begelman et al., 1984), and black hole accretion
disks (e.g., Yuan and Narayan, 2014), complementing other known energization mechanisms
like collisionless shocks (e.g., Blandford and Eichler, 1987; Marcowith et al., 2016) and
magnetic reconnection (e.g., Uzdensky et al., 2011; Drake et al., 2013; Sironi and Spitkovsky,
2014; Sironi, 2022; French et al., 2023; Guo et al., 2020, 2023b), and also acting as a source
that spontaneously generates intermittent structures like shocks and reconnection (e.g., Stone
et al., 1998; Servidio et al., 2009; Eyink et al., 2013; Zhdankin et al., 2013; Comisso and
Sironi, 2019; Vega et al., 2020, 2023b).

Numerical studies of particle acceleration in driven, moderately magnetized relativistic
plasma turbulence (Zhdankin et al., 2017, 2018b) and decaying magnetically dominated!®
plasma turbulence (Comisso and Sironi, 2018, 2019) have shown that the power-law tail
developed in the particle energy pdf steepens with increasing system size, asymptotically
reaching a system-size-independent value where the outer-scale of turbulence determines
the high-energy cut-off of the distribution. Our numerical studies of relativistic plasma
turbulence (Vega et al., 2022b,a, 2023a, 2024b,a, reproduced in Chapter 3 of this thesis) were
done in this asymptotic limit, except for one small-box, strong-guide-field simulation used to
study kinetic scale relativistic turbulence.

In simulations of decaying relativistic plasma turbulence, the slope is also seen to flatten

0By “magnetically dominated” we mean that the simulation was initialized with far more energy in the
magnetic fluctuations than in the particles. It is observed that in such an initialization the plasma is quickly
heated to a relativistic temperature (e.g., Comisso and Sironi, 2019; Vega et al., 2022b, 2023a), so we will
often refer to magnetically dominated plasma turbulence as relativistic turbulence.
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as the magnetization 6o = 0 B3 /(47eg) increases while keeping By/d By constant, where By is
the guide field, § By is the initial root-mean-square magnetic fluctuation, and ¢; is the initial
enthalpy density, asymptotically converging to a fixed value for o > 1 (Comisso and Sironi,
2018, 2019). When &y is kept constant and By/d By is increased, the slope is seen to steepen
until giving way to a log-normal distribution (Vega et al., 2022b, 2024b,a, and Chapter 3
here).

In Comisso and Sironi (2019), the authors identify two stages of turbulent particle
energization where different mechanisms act on the particles: an initial injection phase in
which a particle is quickly kicked out of the bulk population and into the relativistic tail of
the distribution, and a second phase of stochastic acceleration where the particle continues
to be energized as it interacts with turbulent fluctuations in the inertial range.

In the injection phase, particles are accelerated in reconnecting current sheets. Studies of
relativistic plasma turbulence and relativistic reconnection show that, in simulations with
guide field By ~ § By, the main contribution to the energy injection comes from the nonideal
electric field (Comisso and Sironi, 2019; Sironi, 2022; Guo et al., 2023a; French et al., 2023),
while the ideal electric field dominates the energy injection when the guide field is weak (Guo
et al., 2023a; French et al., 2023).

In the second stage, the energization resembles a diffusion process in energy space, with
diffusion coefficient scaling as 2, where ~ is the particle Lorentz factor (Comisso and Sironi,
2019; Wong et al., 2020). Numerical suppression of the injection phase shows that the
power-law tail in the particle energy pdf still develops but with a much smaller population
of particles, showing that it is this second stage that is responsible for the development of
the power-law. In contrast, the first stage supplies a population of particles with gyroradius
large enough to interact efficiently with turbulent fluctuations in the inertial range (Comisso
and Sironi, 2019; Vega et al., 2024a).

Although the acceleration process in relativistic plasma turbulence is not fully understood,

recent analytical and numerical studies indicate that spontaneously generated turbulent
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structures may indeed play an essential role in particle energization (e.g., Trotta et al.,
2020; Ergun et al., 2020; Lemoine, 2021; Pezzi et al., 2022; Bresci et al., 2022; Vega et al.,
2022b; Xu and Lazarian, 2023; Lemoine et al., 2023). In Section 3.4 we present our work
showing how power-law tails may develop in the particle energy pdf if particles are accelerated
stochastically in spontaneously generated magnetic traps until they escape by pitch angle
scattering (Vega et al., 2022b), also noting that the high-energy tail of the particle energy
pdf evolves into a log-normal when the guide field is strong compared to the initial magnetic
fluctuations (Vega et al., 2024b,a). To understand this, we present our more recent work on
acceleration, where we take a closer look at the actual acceleration mechanisms, viz., the
electric field parallel to the magnetic field, curvature acceleration, and mirror acceleration,
and we discuss how they depend on the properties of Alfvénic turbulence (Vega et al., 2024a).

We close Chapter 3 with our work on the observed intermittency in the spatial distri-
bution of ultrarelativistic particles accelerated in decaying magnetically dominated plasma

turbulence (Vega et al., 2023a).
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2 PLASMA TURBULENCE IN ENVIRONMENTS WITH LOW

ELECTRON BETA

2.1 Inertial kinetic Alfvén turbulence

Let T; and T, be the ion and electron temperature, respectively. In plasma environments where
the ions are much hotter than the electrons, T; > T., and 5; ~ 1 (e.g., the magnetosheath
(Wang et al., 2012; Chen and Boldyrev, 2017), the solar wind close to the solar corona (Shi
et al., 2023)), the electron beta satisfies 8. = (pe/d.)* < B; = (pi/d;)*> ~ 1. This means
that the electron gyroradius p. and inertial scale d. are well differentiated, so sub-ion scale
turbulent fluctuations can cascade through the range of scales p;,d; > A > d. and then
continue into d. > A > p..

Measurements of the solar wind density and magnetic energy spectra between the ion and
electron scales reveal anisotropic fluctuations elongated along the guide-field, A < k1 (Chen
et al., 2010), and a k28 power-law behavior (e.g., Alexandrova et al., 2009; Kiyani et al.,
2009; Chen et al., 2010, 2012; Sahraoui et al., 2013a), remarkably close to the 1{8/3 spectrum
of kinetic Alfvén turbulence with intermittency corrections, which also predicts anisotropy
k) o< k:i/ ’ (Boldyrev and Perez, 2012). The frequency and polarization of the fluctuations are
also seen to be consistent with a kinetic Alfvén cascade (Boldyrev et al., 2013; Chen et al.,
2013b). All this strongly suggests a kinetic Alfvén turbulent cascade between the ion and
electron scales.

Data collected by the Magnetospheric Multiscale (MMS) mission in regions of the magne-
tosheath with £, < ; ~ 1 revealed that the behavior of turbulence changes as it transitions
into the range of scales d. > A > p. (e.g., increased magnetic compressibility, steeper
magnetic energy spectrum), hinting at the existence of a new regime of plasma turbulence
(Chen and Boldyrev, 2017). Observations are consistent with theoretical models based on

new low-frequency plasma modes known as inertial kinetic Alfvén waves, or iKAW (Chen and
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Boldyrev, 2017; Passot et al., 2017, 2018). The existence of this regime was later confirmed
in numerical simulations (e.g., Roytershteyn et al., 2019). In the remainder of this section,
we will review the phenomenology and the observational and numerical evidence of iIKAW
turbulence.

A universal property of magnetized plasma turbulence is the emergence of intermittent
magnetic structures, which manifests itself in the formation of current sheets (e.g., Karimabadi
et al., 2013; Zhdankin et al., 2014; Papini et al., 2019). These coherent structures are known
to play a pivotal role in the dissipation of energy in weakly collisional plasma turbulence (e.g.,
Wan et al., 2012, 2015, 2016; Karimabadi et al., 2013; Zhdankin et al., 2014; Camporeale
et al., 2018). The availability of the sub-d. range of scales to turbulent fluctuations should
make plasmas with low electron beta a particularly fertile ground for the generation of
electron-scale current sheets, and quantifying their contribution to energy dissipation is a
question of considerable interest. The formation of electron-scale current sheets and their
role in energy dissipation was the main topic of Vega et al. (2023b), and will be discussed in
Sections 2.2 and 2.3.

Some electron-scale current sheets may be tearing unstable and undergo electron-only mag-
netic reconnection (Boldyrev and Loureiro, 2019), recently discovered in the magnetosphere
(Phan et al., 2018). In electron-only reconnection, only Alfvénic electron jets are observed
along the outflow, with ions not coupling to the electrons’ motion due to the reconnecting
current sheet being too short along the outflow (much shorter than the ~ 40d; necessary
for effective ion coupling; see, for example, Sharma Pyakurel et al. (2019)). Electron-only
reconnection was observed in a turbulent environment with properties consistent with kinetic
scale turbulence (Stawarz et al., 2019), so one may ask whether it is a characteristic property
of this turbulent regime, and what role it plays in energy dissipation. The first question was
addressed in Vega et al. (2020) and the second in Vega et al. (2023b), and they will both be

discussed in Section 2.2.
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The dynamics of Alfvén modes

Here we derive a phenomenological model for the turbulence cascade in the range d;! <
k; < p;!in a plasma environment with 3, < 3; ~ 1. First, we will justify the need for this
calculation by showing that the dispersion relation of kinetic Alfvén waves breaks down when
k,d. < 1. This dispersion relation is derived assuming an isotropic and Maxwellian plasma
(i.e., the one-particle probability density function is a locally isotropic Maxwellian for ions
and electrons), and frequency w satisfying w < kjvine, Where vy, is the electron thermal

velocity (Schekochihin et al., 2009). One obtains

2,2 1.2 2
9 kHUAkJ_pi

YT B2/t BB

(2.1)

Using Equation 2.1 and the assumption 7. /T; < 1 it can be shown that w?/(kjvgc)* ~ 1 at

scale

KidZ ~ 2+ 8,)(Be/5) < 1, (2.2)

which means that the assumption w < kv, no longer holds for de_1 <Lk < pg ! which is
the range of scales we are interested in. Thus, we need to derive the dynamical equations of
the modes with frequency w > kjv ., implying that the electron inertia will be important.

We will assume strongly anisotropic fluctuations (i.e., ki > k), ordering ky/k.,6B/By ~
on/ng,w/Qe < 1, and kjvpne € w < kv (this excludes whistler modes, which have higher
frequency). We will adopt an isotropic fluid model for electrons, so their dynamics will be

dictated by the continuity equation

on.
ot

+ V- (nU.) =0, (2.3)
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and the momentum conservation equation

ouU, 1 U.
(U - VU, = — VP6—6<E+><B>. (2.4)
ot MeTe me c

In the two equations above, n, is the electron density, m, is the electron mass, U, is the
electron fluid velocity, P, is the electron pressure, and E and B are the electric and magnetic
field, respectively.
There are too many variables for only two equations, but we can simplify this to a system
of two equations for the density fluctuations and the field-perpendicular magnetic fluctuations.
Let us start by rewriting the continuity equation in terms of the field-parallel electron

velocity, U, and the field-perpendicular electron velocity, U | ,

on.
ot

+V,- (neUe,l) + VH(neUe,”) =0, (2.5)

where we have introduced the magnetic-field-perpendicular and -parallel differential operators
V. and V||, respectively. While 0B/By < 1 implies that the parallel component of the fields
can be approximated by their z component, this is not the case for the V|| operator. To

understand this, let us write this operator in terms of 0.:

0B,
By

B
VH=§~V=32+ -V. (2.6)

Since k| < k1, the second term on the right-hand side above cannot be neglected.

Going back to the continuity equation (2.5), we can write the parallel electron velocity
in terms of the field-parallel current density, U, | = —J)/(n.e) (where we are assuming that
electrons dominate in the current due to their much smaller inertia compared to the ions),
and the current itself can be written in terms of the field-parallel component of the magnetic

potential, A, through Ampere’s law (where we can neglect the displacement current for
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being in the nonrelativistic regime):

C

J_47T

VxB="Vx(VxA) =—CVA4, (2.7)
47 4

where we used the Coulomb gauge, V - A = 0. It is conventional to define the scalar function
=—-A.~ —Aj, 50 6B, = 2 x V1. In terms of 1, the parallel component of equation (2.7)

is
Jy=—V3y (2.8)
4 L7

where we are neglecting Vi1, as k1 > ki. The parallel electron velocity is then

c 2

Ue) = — Vi, (2.9)

4mn.e

The perpendicular velocity can be obtained from the perpendicular component of the
momentum conservation equation. Let vg = ¢(E x B)/B? be the nonrelativistic E x B drift.
If we expand the perpendicular velocity as U, | = vg + 06U, substitute in the momentum

equation, and take the cross product with B, to the next to leading order we get

MeC dg
B x — 2.10
B2 v (2.10)

Ue,J_ = Vg —

where dg/dt = 0/0t + vy - V. An order of magnitude estimate for the second term gives
(w/Qe)vE, which is smaller than the first one by a factor w/€2., but we will keep it as the
leading term will cancel out in the continuity equation.

The electric field can be separated into a potential part and a solenoidal part:

E=-V¢+ E., (2.11)



30

where ¢ is the electric potential and
cV X By = —0,0B. (2.12)

Thus, the E x B drift becomes

vp _2X V9 Egxz

C BO BQ

(2.13)

Substituting (2.9), (2.10), and (2.13) into the continuity equation and using (2.12) we

get, to leading order

Un BO BB(Q]

B
o, <5ne 0B, N mecv2¢>

(5ne (SBZ mec 2 c 2 _
+ \Y gb) — 47Tn06v“vL¢ = 0. (2.14)

un BO eBg

c .
+Bo(z><v¢)~v<

Next, we will work with the field-parallel component of the momentum conservation

equation:

aUe’” 1
T e Ve =m0

(&
Pe - 7E , 21
ViFe = - Ei (2.15)

where we used k; > kj and U, ~ U, (this can be seen by writing the electron velocity in
terms of the current density, the current density in terms of the magnetic field, and using
0B, ~ 6B.; see below) to approximate (U, - V)U, | ~ (vg - V)U,. The parallel electric field

can be written in terms of the electric and magnetic potentials:
1
By ==Vo+ 0. (2.16)

The electron pressure fluctuations are negligible compared to the electric potential fluctuations,

as can be seen using Equation (2.22) below and the condition T, < T;, so the pressure term
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in (2.15) can be dropped. Then, substituting Equations (2.9) and (2.16) into (2.15) we get
O (¢ — E2V30) — d(vp - V)ViY = V). (2.17)

We still have too many variables and too few equations. Let us find a way to relate the
electric potential fluctuations ¢ with the magnetic fluctuations 0 B,. To do this, we will
return to the perpendicular momentum conservation equation, but this time we may neglect

the dU, | /dt term (i.e., we only keep the lowest order of U, | ):

U.
E, + == x B~0. (2.18)
C

Writing the perpendicular velocity in terms of the current, and the current in terms of the

magnetic field we get

B
v, =2 _(VxB) (2.19)

Ne€ 4mn.e

Substituting in (2.18) and using (V x B)x B = (B-V)B—(1/2)V(B?), B* ~ B2 +2ByB.,

and ky > k||, we get

c

EJ_ ~
4mnee

(B-V)§B, — ByV.6B.]. (2.20)

Since dB, ~ dB, (see Equation (2.28) below), the first term in the right-hand side in the

equation above can be dropped. Then, using £, = —V | ¢, we get

¢_ CBO

= 0B,. 2.21
4mn.e ( )

Next, we will relate ¢ with dn.. Since for inertial kinetic Alfvén waves w < kv 4, the ions
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have time to adapt to the potential, so the Boltzmann formula for the density gives

¢ = _ Lo (2.22)

where we also invoked quasineutrality to substitute on; = dn, = on.

Combining equations (2.21) and (2.22), we get

B e (2.23)

Substituting (2.22) and (2.23) in Equations (2.14) and (2.17) we finally arrive at a system of
two equations for the magnetic potential fluctuations i) and the electron density fluctuations

on. We write the equations in terms of the dimensionless fluctuations ¢ = 1/(d.By),

on = (6:/2)(0n/no):

of [(1 - VL)?/J} + (2 x Vén,) - V]V = —V, 07, (2.24)
af Kl i 52 - W) 6&] +[(2x Von) - VIVidn = V| Vi, (2.25)

where £ = tQ, and V = d, V.
Linearizing these equations one obtains a mode we will call inertial kinetic Alfvén wave,
with dispersion relation
Kuikd g

= Bi(1+ k1 d2)(1+2/p; + k3 d2)’ (2.26)

and dimensionless amplitudes related as

1+ k3

R = ——
S

k242, (2.27)



33

Combining equations (2.27) and (2.23) we obtain the magnetic compressibility:

0B 1+ kid? (2.28)
6B 1+42/B+kia2 '
Equations (2.24) and (2.25) conserve the following quantity:
2 ~ ~ o~ o~
£ = / [5& (1 + 5 vi) 6n — Vil - V3i)y| d*z. (2.29)

In the regime of interest in this chapter, we have k2 = (k.d.)? > 1 + 2/, so equa-
tion (2.27) implies 67y ~ 1x/A, where 67 and v, denote the typical fluctuations of the
dimensionless fields at scales A\ = \/d, across the guide field.

In this same limit, the nonlinear dimensionless time 7, can be estimated from Equations
(2.24) and (2.25) as 7 ~ A%/671 by keeping only the leading order in &k d, ~ A\~". Let us say
that £ cascades with constant flux e, then & = wy /7 ~ (6713 /N)%/(N2/67) ~ 673 /A, where
wy, was estimated from Equation (2.29). This leads to the following scaling for the density
and magnetic fluctuations 67y ~ 1)/ X ~ '/3A\*3  which implies density and magnetic energy
spectra scaling as S, g o< k’lll/g.l

We can derive the anisotropy implied by the critical balance condition by balancing the
linear and nonlinear terms in Equations (2.24) and (2.25), obtaining ¢, /\* ~ 671y /L.
Substituting the scaling laws derived for dn, and 5@2},\/5\, we get £ ~ \3/3, where ( = l/d, is
the field-parallel scale.

For a discussion on the inertial whistler modes and the possibility that they are excited,

we refer the reader to Chen and Boldyrev (2017).

Observations in the Earth’s magnetosheath

Figure 2.1 is from Chen and Boldyrev (2017) and is made with data collected in the

Earth’s magnetosheath by the four MMS spacecraft during the period (2015 October 16,

We also note that if we take the limit & d. < 1 we recover the Snp,B X kl” 3 scaling of KAW turbulence.
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09:24:11-09:25:24), when they were located 11.9 Rg from the Earth, with Rp the planet’s
radius. The average plasma parameters were: B ~ 39 nT, n; ~ n, ~ 14 cm =3, U; ~ U, ~
180 km s, T; =~ 210 eV, T, ~ 23 ¢V, with temperature anisotropies (7' /T}); ~ 1.6 and
(T'./T})e = 1.0. This results in average betas ; ~ 0.79 and . ~ 0.087. For details on the
data collection and more extensive data analysis, we refer the reader to Chen and Boldyrev

(2017). Here we just discuss some of their results.
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Figure 2.1: Top: Energy spectra of magnetic fluctuations. Bottom: Magnetic compressibility
0B /dB7. The red solid line is Equation (2.28) and the black dotted lines show its asymptotic
limits 1/(1 4 2/5;) and 1. The green dashed line marks the scale given by Equation (2.2),
where the frequency of Alfvén waves no longer satisfies w < kv e. Figure 5 in Chen and
Boldyrev (2017), copied here with the authors’ permission.

Figure 2.1 shows the spectra of B, and B, and their ratio (i.e., the magnetic compress-
ibility). 0|B| was used as a proxy for B and §B} = [0B[*> — §Bj. The frequency on the
horizontal axis of the plots can be converted into a wavenumber k& with the mean speed of

the flow (i.e., the speed on a scale much larger than the turbulent fluctuations) by invoking
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the Taylor hypothesis. Simply put, the Taylor hypothesis proposes that when the large-scale
velocity is much larger than the turbulent fluctuations, the time measurement of the fields on
a given point can be reinterpreted as a fixed-time cut across the turbulent environment as
seen in the frame of reference that eliminates the large-scale flow. For a detailed analysis on
the validity of the Taylor hypothesis for the spectra presented in this subsection, see Chen
and Boldyrev (2017).

Understanding that the frequency is proportional to the wavenumber, the top panel
of the figure shows good agreement with the predicted kzln/ 3 scaling in the sub-d, region.
In the bottom panel, the magnetic compressibility is seen to increase from approximately
1/(1+2/pB;) to approximately 1, while following Equation (2.28) closely. We note that the
increase in compressibility could not be due to noise, as random fluctuations would have
the same average energy in all three components, resulting in 5Bﬁ /6B% = 0.5, which is only
seen for fy. > 200 Hz. No hints of parallel propagating whistler waves are seen (they would
appear as a bump in the magnetic energy spectrum; see, for example, Matteini et al. (2017)),
so the observations are consistent with a transition to inertial kinetic Alfvén turbulence in

the sub-d, region.

Confirmation in numerical simulations

The existence of inertial kinetic Alfvén turbulence was confirmed in 2.5D (2D domain with
3-component vector fields) and 3D simulations (Roytershteyn et al., 2019). Here we will
discuss some of the results in Roytershteyn et al. (2019); for more extensive data analysis we
refer the reader to that paper.

The 2.5D simulation discussed in Roytershteyn et al. (2019) was run with particle-
in-cell code VPIC (Bowers et al., 2008). The simulation was initialized with a uniform
two-species plasma with Maxwellian velocity distributions, and the same uniform density
ngy for each species. The plasma parameters were: S, = 0.04, 5; = 0.4, wpe/Qee = 2, and

m;/me = 100. The simulation plane was perpendicular to the mean magnetic field By,
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oriented in the z direction. The simulation domain was a double periodic L X L square with
L = 8nd; = 807d. ~ 251 d., resolution n, = n, = 3456 cells, and 4000 particles per cell per
species. The time step was w0t ~ 0.05.

Decaying turbulence was initialized by imposing randomly phased perturbations:
0B =) 6Bjcos(k-x+x), 0U=> 6Ujcos(k-xz+ ¢y), (2.30)
k k

with the wave numbers k = {27m/L,2mn/L}, with m = —2,...,2 and n = 0,...,2. The
injection scale of turbulence is, thus, k,d; ~ 0.7. The amplitudes of the initial modes satisfy

conditions k - 0By, =0, By - 0By, =0, k- U, = 0, and |0By|/By = |0Ug|/va, where 0U is

1/2 is the Alfvén speed.

the ion and electron bulk velocity fluctuation? and vy = By/(4mngm;)
The initial root-mean-square magnetic fluctuation was (§B%(x,t = 0))'/2/By = (§U?(x,t =
0))'/2 /v, = 0.1, so the initial average energy density of the magnetic and kinetic fluctuations

together was U ~ 0.01B2.
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Figure 2.2: Left: Magnetic (blue) and electric (red) energy spectra. Right: Magnetic
compressibility. The dashed line shows the analytic prediction of Equation 2.28. In both
panels, the vertical lines mark scales corresponding to (in order of increasing k) k;d. = 1
and £k p. = 1.

The left panel of Figure 2.2 shows the magnetic and electric energy spectra at a time

2The electron velocity was slightly higher than the ion velocity to provide the current density corresponding
to V x B.
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when turbulence was fully developed. Three distinct ranges of scales can be identified in
the spectra. At k;d. < 1 the magnetic energy spectrum exhibits a spectral index close to
the theoretical prediction of -8/3 of intermittent kinetic Alfvén turbulence (e.g., Boldyrev
and Perez, 2012) and to observations of -2.8 in space plasmas (e.g., Alexandrova et al., 2009;
Kiyani et al., 2009; Chen et al., 2010, 2012; Chen and Boldyrev, 2017) and other simulations
(e.g., Howes et al., 2011; Boldyrev and Perez, 2012; Sahraoui et al., 2013b; Groselj et al.,
2018). Furthermore, the electric energy spectrum scales close to k% Sp, with Sp the magnetic
energy spectrum. In the range of scales d;' < k; < p_!, the magnetic energy spectrum
has steepened to a slope close to the -11/3 predicted by inertial kinetic Alfvén turbulence,
also observed in the magnetosheath (Chen and Boldyrev, 2017) and the 3D simulation in
Roytershteyn et al. (2019). One last transition happens across k p. ~ 1, where the spectrum
steepens even further due to increased electron Landau damping.

The right panel of Figure 2.2 shows the magnetic compressibility dBj}/0B? ~ 0B /(6B +
535) together with the theoretical model given by Equation 2.28. The model is seen to
reproduce the general trendline up to k; < po !, but 8. = 0.04 gives a very small separation
of scales and finite gyroradius effects would need to be considered for a better fit.

Analysis of the frequency spectrum of the magnetic fluctuations done in Roytershteyn

et al. (2019) further corroborates the presence of kinetic inertial Alfvén modes.

2.2 Electron-only magnetic reconnection

Finding reconnection sites in 2.5D simulations

In this subsection, we implement a numerical method to look for electron-only magnetic
reconnection in data from the 2.5D VPIC simulation discussed in the previous section and
an additional 2.5D VPIC simulation with . = 8; = 0.5, resolution n, = n, = 1024, 10000
particles per cell per species, time step wy.0t ~ 0.17, and same parameters as the low electron

beta simulation otherwise. The turbulence was also initialized in the same way. In the
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presentation below we closely follow Vega et al. (2020) (for other similar numerical studies
of magnetic reconnection in turbulent plasmas, see Haggerty et al. (2017) and references
therein).

In a 2D domain, the in-plane magnetic field can be computed from a single-component

potential function:

_ Wy v,

B, =V x (¢z)= ayw— 927"

(2.31)

Since B, - Vi = 0, the in-plane magnetic field is tangent to the contour lines of ). Moreover,
since B, = 0 at the X-point, from Equation (2.31) we get V1) = 0. This and the magnetic field
topology around the X-point imply that ¢ has a saddle point wherever there is reconnection,
so to find the reconnection candidates we start by looking for these saddle points.

To find v from the simulation data, we start from Ampere’s law (just like in the previous

section, we assume that the displacement current can be neglected):

VxB, =g (2.32)
C

Using 2.31 and writing J, = J.2 we get the following Poisson equation:

4
V2 = —%Jz, (2.33)
or, in Fourier space
47 Jzk
= k , 2.34
Un c k2’ 70 (2.34)

The scalar field ¢/ can then be obtained by anti-transforming ;. This method to solve the
Poisson equation was implemented in Matlab using this program’s fast Fourier transform.

The saddle points of ) were found by numerically computing its first and second derivatives.
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The numerical gradient of the potential is never exactly zero, so we looked for points where
the determinant of the Hessian matrix was negative and the first derivatives were less than

1% of the standard deviation of the derivatives over the whole domain.

Saddle points [Tave, t!‘!ci = 130, ﬁe =0.04) Saddle points [Taw, “]ci = 85, ,(}e =0.5)

Figure 2.3: Contour lines of the magnetic potential ¢ (black) and saddle points of ¢ (blue).
Left: . = 0.04. Right: . = 0.5. Visual inspection reveals electron-only reconnection
candidates in both cases; the green-red X signs mark the specific regions analyzed in detail
below. The red and green lines were traced following the direction of the (orthogonal) Hessian
eigenvectors at the corresponding saddle points.

Figure 2.3 shows the contour lines of ¥ and the saddle points found after several eddy
turnover times (the eddy turnover time being approximately 30Q2.'), in both the 3. = 0.04
and (. = 0.5 simulations. Direct inspection of the contour lines reveals a good reconnection
candidate, marked in each case with an X, with the red line corresponding to the direction
of the outflow and the green line to the inflow, directions given by the eigenvectors of the
Hessian matrix of ¥. To confirm that this is a reconnection event, we plot in Figure 2.4 cuts
of the fields along the inflow and the outflow. This figure shows the reconnecting component
of the magnetic field (By), the electron inflow and outflow velocities (U and Uy, ), the ion
inflow and outflow velocities (U;z and Uy;), the electron density (n.), and the out-of-plane
current density (.J,) along the inflow and outflow directions. The velocities were normalized
to the electron Alfvén velocity computed with the reconnecting magnetic field, estimated as

half the jump of the magnetic field across the electron inflow layer. The magnetic field was
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normalized to the guide field By. The velocity plots show that in these reconnection sites the
ions do not couple to the electron inflow and outflow, similar to the observational results by

Phan et al. (2018).
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Figure 2.4: Profiles around the X-points marked on Figure 2.3. Direction & corresponds to
the Hessian eigenvector directed along the outflow, while &, is directed along the inflow. The
X-point found by the Matlab algorithm is at & = & = 0. In the . = 0.5 example, the J,
peak and the zero of the outflow velocity deviate from the position of the X-point, which
is expected since the reconnection layer is not perfectly symmetric (e.g., Cassak and Shay,
2007; Doss et al., 2015). In both cases, a large-scale plasma flow at the X-point results in
nonzero mean electron and ion flows in the reconnection layer.
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As explained in Section 1.5, we can understand why the ions do not couple to the electron
motion by noting that in the sub-d; scale, ion inertia becomes important, so they no longer
move with the magnetic field lines the way electrons do. Indeed, studies have shown that
for electron scale reconnecting current sheets only electrons participate in the reconnection
event, with ions gradually coupling to the inflow and outflow as the length of the current
sheet is increased up to tens of d;, where we recover the traditional, double layer magnetic
reconnection (e.g., Mandt et al., 1994; Phan et al., 2018; Sharma Pyakurel et al., 2019).

Analyzing the sizes of the out-of-plane current sheets characterized by the current density
J., we find that in the run with 5, = 0.04 (top panel in Figure 2.4) the thickness of the current
sheet is about T' ~ 0.5d,, while its length is about L ~ 4d.. In the run with g, = 0.5 (bottom
panel in Figure 2.4), the current sheet dimensions are slightly larger. In both cases, however,
the lengths of the current sheets and electron outflow regions are significantly smaller than
the scale ~ 40d; necessary for ion coupling.

To find more reconnection candidates, we looked for saddle points within intense current
sheets. The first step in constructing the current sheets is to locate all the points of the
simulation grid where the current density is above a given threshold (chosen to be 3 times
the rms current density). Next, the local maxima are found among those points by looking
at the current density on a square window of side 2n + 1 centered on the point of interest
(we used n = 3). Points where the current density is the maximum within the window are
classified as local maxima. Going through the local maxima from highest to lowest, the
following procedure is performed. Starting on the point with the highest current density, its
four closest neighbors are checked, and those with current density above a certain threshold
(chosen to be 75% of the local maximum) are taken to be part of the current sheet. The
neighbors of the new points are then checked and so on until the boundary points of the
current sheet are surrounded by points with current density below the threshold (while for
all the points in the current sheet it is above). When this process is completed for one local

maximum, the program moves on to the next one. If this one belongs to any of the current
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sheets already found, it is skipped. This algorithm, which was implemented in Matlab, is
based on the algorithm previously discussed in Zhdankin et al. (2013).

Current sheets (t€2 . = 130, ,Ge =0.04) Current sheets (t12 | 85, 3

Figure 2.5: Current sheets found (in green). The red Xs are the current peaks of those sheets
containing saddle points (blue circles).

For each current sheet, our program measures its length L, defined as the largest distance
between any two points belonging to it, and the thickness T', defined as its size in the direction
of most rapid descent from the peak. The current sheets found in both the low and high
electron beta simulations at a particular time are shown in Figure 2.5. The red Xs mark
the peaks of current sheets that overlap with saddle points (potential reconnection sites).
Interestingly, only one current sheet containing a saddle was found in the high electron beta
run, corresponding to the reconnection site discussed above.® The reconnecting current sheet
length determined by our algorithm was 14.6 d. and the thickness was 1.2 d.. In the low
electron beta case, five reconnection candidates were found by our algorithm, including the
example discussed previously and displayed in Figure 2.4. The lengths measured for the
current sheets ranged from 3.2 d, to 18.1 d., with an average of 7.9 d.. The thicknesses

ranged from 0.4 d. to 1.0 d., with an average of 0.6 d..

3To understand how generic such a situation is, the algorithm was applied to a few other randomly
selected snapshots in both the low and high electron beta simulations, finding from 5 to 8 reconnection sites
per snapshot in the former case and from 1 to 3 in the latter. This suggests that electron-only reconnection
events are easier to generate in the low electron beta environment.
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We checked that, out of the five reconnection candidates found by the algorithm in
the low electron beta case, the profiles corresponding to the X-points with coordinates
(x/de,y/d.) = (104.4,37.4) and (x/d.,y/d.) = (143.9,221.7) have a structure qualitatively
similar to the example shown in Figure 2.4. For the remaining two points, with coordinates
(x/de,y/d.) = (94.7,34.2) and (z/d.,y/d.) = (168.4,23.7), it is harder to clearly identify an
electron inflow and outflow due to the strongly asymmetric structures of the current sheets,
as can be seen in Figure 2.5.

Finally, we estimated the reconnection rate of the electron-only reconnection sites in both
the low and high electron beta simulations. Several traditional methods were considered.
First, one can define a local reconnection rate by using the magnetic and electric fields on
the scale of the electron layer (e.g., Cassak et al., 2017). However, we found that in the low
electron beta case, the electron inflow velocity U, o does not agree with the E x B velocity,
E. /B, (the subscript ‘2’ refers to the inflow direction as labeled in Figure 2.4). The latter,
measured at distance £7' from the midplane of the reconnection layer, produces a value
several times larger than the electron inflow velocity measured directly. This may be related
to the presence of strong gradients of the electric field, gradients of pressure, and electron
inertial effects inside the structure. Another way of measuring the reconnection rate is by
finding the ratio of the electron inflow velocity to the electron outflow velocity. This method
was also found to be unreliable, giving in some cases reconnection rates above unity. This
may be due to the difficulties in identifying the right points to measure the inflow and outflow
velocities in the case of asymmetric current sheets.

On the other hand, if we assume that there is no accumulation of electric charge on the
reconnection sites (i.e., a steady state), for each of them we must have Ue infiow L ~ Ue outfiow ]’
(all the electrons flowing in must also flow out), implying Ue infiow/Ue outfiow ~ T/L. Thus,
the current sheet aspect ratio, T'//L, which can be reliably measured by our algorithm, can
be used as a proxy for the reconnection rate. In this way, the average reconnection rate

obtained in the low electron beta case was 0.093, while in the high electron beta case, it was
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0.084. The aspect ratio T'/L was also calculated for other values of the threshold used to
define the current sheets, producing similar results. Rather interestingly, the results are close
to 0.1, which may suggest that the previously established result on collisionless magnetic
reconnection (e.g., Birn et al., 2001; Comisso and Bhattacharjee, 2016; Cassak et al., 2017)

also applies to the novel electron-only reconnection regime.

Finding reconnection sites in 3D simulations

Finding reconnection candidates in 3D is significantly harder than in 2.5D, as one cannot rely
on looking for X-points. In previous studies, reconnection was found in 3D simulations by
identifying sites where numerous reconnection signatures were present simultaneously (e.g.,
large current density, particle heating, fast ions and electrons; see, for example, Agudelo
Rueda et al. (2021)). Closely following Vega et al. (2023b), we take a similar approach and find
candidates for electron-only reconnection by searching for large values of the pressure-strain
interaction (a signature of particle heating (Yang et al., 2017, 2022, and Section 1.4)) and
large variations in the electron fluid velocity (a signature of fast electron outflows) in the
vicinity of strong current peaks.

Our 3D simulation, analyzed in Vega et al. (2023b), was run with spectral code Spec-
tralPlasmaSolver (SPS), developed at Los Alamos National Laboratory. SPS solves the kinetic
equations for all plasma species by expanding the particle distribution function in Hermite
functions (akin to a moment expansion). It results in a truncated set of three-dimensional
partial differential equations (PDEs) for the expansion coefficients whose expressions can be
explicitly found in Delzanno (2015); Roytershteyn et al. (2018).

The simulation was initialized with a uniform two-species plasma with Maxwellian velocity
distributions corresponding to . = 0.1, 5; = 1, and the same uniform density ng for each
species, embedded into a uniform magnetic field of strength By oriented in the z direction. The
ratio of the plasma electron frequency to the electron cyclotron frequency was wpe /€. = 100,

and the ion-to-electron mass ratio was m;/m. = 100. The dimensions of the simulation
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domain were L, = L, = 10d; = 100d. and L, = 60d; = 600d,, and periodic boundary
conditions were used. The spatial domain was decomposed into 511 x 511 x 63 Fourier modes
and the velocity domain in 4 x 4 x 4 Hermite modes. The reduced spatial resolution in the
z-direction reflects the fact that in the presence of a strong guide field, turbulent fluctuations
are anisotropic, approximately satisfying the critical balance condition, k,/k; ~ 0B/By (e.g.,
Boldyrev and Perez, 2012; TenBarge and Howes, 2012; Boldyrev et al., 2021). The use of
reduced resolution in the parallel direction excludes the possibility of describing fluctuations
with very short parallel wavelengths. At present, there is little evidence to suggest that
coupling to such fluctuations is an important process in the turbulent regime considered.
Consequently, the resolution was chosen to reduce the numerical cost of the simulation. The
model utilized here can be thought of as an advanced two-fluid model retaining 128 fluid
moments (64 per species) and utilizing a closure at the level of heat flux tensor (see, e.g.,
discussion in Delzanno, 2015; Roytershteyn et al., 2018). The artificial collisional operator
had collisionality v = 0.01lw,. (Delzanno, 2015). The time step was (2.0t = 1. We emphasize
that the implicit time discretization used in SPS allows us to study a regime with rather large
Wype/€Lee, which is extremely challenging for algorithms based on explicit time discretization,
such as those used in many production PIC codes.

Decaying turbulence was seeded by imposing randomly phased initial perturbations of

the magnetic and velocity fields of the type
6B => 6Bycos(k- -+ xi), 06U =Y 6Ugcos(k-x+ ¢y), (2.35)
k k

with the wave numbers k = {27l/L,, 2rm/L,, 2rn/L,}, where im = —2,...,2 and n =
0,...,2. Since we initialize k, = 0 modes, certain modes are included in the sum twice (e.g.,
(ky, ky,0) and (—k,, —ky,0)), so the sum is further restricted to make sure that each k is
sampled only once. The injection scale of turbulence is thus k, d; ~ 2. In (2.35) 6U refers to

the ion and electron velocities (just like in the 2.5D case, electrons are a bit faster than ions
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to generate the current required by the initial magnetic field). The amplitudes of the initial
modes satisfy conditions k- 0By =0, By - 0By, =0, k- Uy, = 0, and [0 By|/By = |0Uyg|/ V4,
where V4 = By/(4mngm;)'/? is the Alfvén speed. The initial root-mean-square fluctuation
was (0B%(x,t = 0))/2/By = (6U?(x,t = 0))'/2/V4 ~ 0.071, implying that the initial average
energy density of the magnetic and kinetic fluctuations together was U =~ 0.005B3.

We applied the algorithm described in the previous subsection to generate 2D current
sheets on each guide-field-perpendicular 2D layer of the 3D simulations (we note that different
2D current sheets found this way are actually part of the same 3D current ribbon). We
looked for current peaks that were at least twice the rms current in the whole domain and
defined the current sheets around each peak as those points where the current density was
at least 50% of the peak. In the next section, we will analyze the statistics of the current
sheets and their role in energy dissipation. Here we will look at one particular current sheet
that stands out for displaying the highest energy dissipation rate R of any site in the whole
domain in any of the time slices analyzed, where we used the pressure-strain interaction
R =—[(P.-V)-U.+(P;-V)-Uj| as a measure of dissipation (see Yang et al. (2017, 2022) and
Section 1.4). Py, and U, are the pressure tensor and fluid velocity of species s, respectively.

Closer inspection of this site reveals multiple signatures of electron-only magnetic recon-
nection. The top-left panel in Figure 2.6 shows the electron fluid velocity U, normalized to
the electron Alfvén speed, with the in-plane electron streamlines in black. Inflow and outflow
patterns are clearly present. The corresponding profiles of the in-plane electron and ion fluid
velocities, the in-plane magnetic field, and the out-of-plane current density along the inflow
and outflow directions are shown in the bottom-left panel of Figure 2.6. The direction of the
outflow cut (marked by the green line) was chosen so that it connects the maxima of the
y-component of the electron fluid velocity. The inflow direction (red line) was chosen along
the x-direction. All the fluid velocities are normalized to the electron Alfvén speed computed
with the rms in-plane magnetic field. We note that, unlike the case of 2D reconnection, nearly

Alfvénic velocities are seen not only along the outflow but also along the inflow. Similar
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Figure 2.6: Example of reconnection candidate. Top-left: The color map shows the y
component of the electron flux and the arrows show the electron fluid velocity. Bottom-left:
Profiles of different fields along the inflow (direction Xi; red line in top panel) and the outflow
(direction Xy; green line in top panel). Top-right: Color map of pressure-strain interaction.
Bottom-right: Ton (blue) and electron (red) velocities along outflow. The horizontal scale
spans about 5d;, or half the domain length in the field-perpendicular plane. There is no ion
coupling to the electron motion.
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enhanced inflows were also observed in 3D reconnection simulations in Pyakurel et al. (2021),
where it was attributed to a significant mass outflow along the guide field.

The top-right panel of Figure 2.6 shows the large peak in R that was found around
the reconnection site. The bottom right panel displays the ion and electron outflows in
an enlarged region spanning half the field-perpendicular domain. As can be seen in the
figure, ion flows are significant (relative to the ion Alfvén speed, which for the given mass
ratio is ten times smaller than the electron Alfvén speed) and do exhibit a reversal around
the reconnection site. At the same time, ion and electron motions remain decoupled until
outflows begin to interact with other turbulent structures on the scales comparable to the ion
gyroradius (recall that here 3; ~ 1 and hence p; =~ d; ~ 10d,). In this sense, it is appropriate
to interpret the presented reconnection event as electron-scale reconnection.

The reconnection site shown in Figure 2.6 is part of a 3D current structure elongated
along the background field, with a field-parallel length of approximately 300d,. Its average
half-thickness and half-length are 0.77d, and 7.5d., respectively. The in-plane length was
defined the same way as in the 2.5D case, but due to the complex topology displayed by many
current sheets, for the thickness we used the medial axis transform, originally introduced
in Blum (1967).

Before we continue characterizing this reconnection site, let us briefly discuss the medial
axis transform. The medial axis transform defines the so-called skeleton (or medial axis) of
an object (e.g., a current sheet) as the locus of points that have more than one closest point
on the boundary of the object. In 2D, the skeleton consists of the centers of circles that are
tangent to the contour at two points at least. The skeleton preserves the topology of the
original shape so the method is well-suited for defining the thickness of current sheets with
complex shapes. The left panel of Figure 2.7 shows an example of the “skeletonization” of
a 2D current sheet. The boundary of the current sheet is shown in red and the skeleton is

shown in a color map representing the distance of each point of the skeleton to the boundary
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Figure 2.7: Left panel: Example of skeletonization of a current sheet. The red curve traces the
boundary of the current sheet as defined in the text. The curve within is the skeleton obtained
with the medial axis transform, with the color code representing the shortest distance to the
red boundary. Right panel: Color map of the same current sheet.

(that is, the radius of the corresponding inscribed circle).* For comparison, the right panel of
Figure 2.7 shows a color map of the current sheet.

The skeleton (or medial axis) and the distance of each point on it to the boundary of the
current sheet (the radius function) were obtained using the Matlab Image Processing Toolbox
functions “bwskel” and “bwdist”, respectively. The half-thickness, T', was then estimated by
averaging the radius function over the points of the skeleton.

Going back to the 3D reconnecting structure, to estimate its value of R we consider the
2D areas made of 2.5d, x 2.5d, windows centered on each point of the skeleton of each 2D
current sheet that spans the 3D structure over 30 field-perpendicular planes, and we compute
R within these areas. The size of the windows was chosen to enclose peaks in R as observed
in the top-left panel of Figure 2.6. R computed this way, for this particular 3D structure,
turns out to contribute 25% of the total pressure-strain interaction in the whole domain, in
only 0.26% of the total volume.

We have also examined other metrics typically associated with reconnection for the

structure discussed above. It was found that this structure corresponds to one of the largest

4The skeleton together with the corresponding radius function constitute the medial axis transform.
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values of magnetic shear in the simulation, which was analyzed by studying the mapping of
the field lines between two xy planes of the simulation located at different z (e.g., Daughton
et al., 2014, and references therein). It also corresponds to large electron agyrotropy (Scudder
and Daughton, 2008), which signals departures of the electron velocity distribution function

from cylindrical symmetry about the local magnetic field.

2.3 Role of current sheets in energy dissipation

Statistics of current sheets

In the previous section, we explained how we identified and measured 2D current sheets on
each field-perpendicular cut of the 3D SPS simulation. Figure 2.8 shows the distributions of
the measured thicknesses and lengths, as well as the aspect ratios of the current sheets (Vega
et al., 2023b). These distributions show that these are electron-scale current sheets, as
expected given the low electron beta.?

Figure 2.8 also contains a similar analysis performed for two specific subsets of the
2D current sheets. The first subset is characterized by large values of the pressure-strain
interaction, which may indicate strong energy dissipation. The second subset is characterized
by large changes in the velocity of the electron flow, which may indicate the presence of
outflows expected in electron-only reconnection. The distributions of both subsets and their
intersection, shown in purple, follow a similar trend. However, since only 16 current sheets
satisfy both the pressure-strain interaction and electron bulk velocity criteria, this subset of
current sheets has limited statistical significance.

We placed a 2D current sheet into the large pressure-strain interaction subset if there
existed a point within a window of 2.5d,. x 2.5d. centered on its skeleton where R was at least

ten times its root-mean-square (rms) value over the whole domain. The window size was

5Tt should be noted that the lack of ion scale current sheets is due to the choice of energy injection scale
and box size. However, the relevant observation is that kinetic scale turbulence indeed creates electron scale
current sheets.
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Figure 2.8: Histograms of half-thicknesses T' (top), half-lengths L (middle), and aspect ratios
T/L (bottom) of the 2D current sheets, with different sets shown in different colors. The
number of 2D current sheets in each case is shown in parentheses. The blue dots mark the
centers of the bins. The data denoted by different colors belong to the same bins but are

shifted for clarity.
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chosen to pick up peaks in R, similar to the ones seen in the top-right panel of Figure 2.6.
Such peaks are typically found around a current sheet skeleton but they do not overlap with
it.

Similarly, we placed a 2D current sheet into the large-electron-outflow subset if it contained
a large variation of the electron velocity U, in the vicinity of its skeleton. Specifically, we
looked for variations in the in-plane electron fluid velocity larger than 95% of the electron
Alfvén velocity V. within 5d, x 5d. windows centered on the skeletons. (Here V4, is defined
with the rms value of the in-plane magnetic field.) Such structures are of interest because
the presence of electron outflows is one of the signatures (but not a guarantee) of magnetic
reconnection, and also because velocity gradients explicitly enter the expression for R. The
distributions of current sheet sizes corresponding to different subsets look similar and have
comparable averages. However, more intense energy dissipation and/or electron outflows

seem to favor more anisotropic current sheets.

Intermittency of energy dissipation

To illustrate the intermittency of energy dissipation (i.e., a significant contribution to the
dissipation coming from a small fraction of the domain; see, for example, Wan et al. (2012);
Zhdankin et al. (2016); Camporeale et al. (2018); here we follow Vega et al. (2023b)), we
consider the relation between current density and energy dissipation in the 2D current sheets.
The left panel of Figure 2.9 shows the average R computed within 2.5d, x 2.5d, windows
centered on those points of current sheet skeletons where the current density is above a given
threshold. This figure demonstrates that, indeed, the average R is higher in the vicinity of
intense current sheets, reaching values that are over a hundred times the average where the
current densities are four times the rms.

The right panel of Figure 2.9 shows, in blue, R integrated over the corresponding vicinities
of the skeletons, normalized to R integrated over the whole domain. In red, we show the

corresponding areas (2D volumes) over which R was integrated, normalized to the volume
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Figure 2.9: Left: Average pressure-strain interaction around points of the current sheet
skeletons where the current density is above the threshold shown on the horizontal axis.
The pressure-strain interaction is normalized to its average over the whole domain and the
current density is normalized to its rms value. Right: Fraction of the overall pressure-strain
interaction contributed by the vicinity of points of current sheet skeletons (in blue). The
fractional volume occupied by the region around skeletons where pressure-strain interaction
was computed (in red).

of the whole domain. This plot illustrates the intermittency of intense energy dissipation.
Notably, R computed in regions where the current density exceeds twice its rms value, adds
up to more than the total R over the whole domain while occupying about 20% of the volume
of the whole domain (this is possible due to partial cancellation with sites where R < 0).
Thus, energy dissipation in this low electron beta turbulent environment is seen to be strongly
intermittent, similar to what has been observed in simulations of other collisionless plasma

environments (e.g., Wan et al., 2012, 2015; Camporeale et al., 2018).

2.4 Discussion

Observations of the Earth’s magnetosheath (Chen and Boldyrev, 2017) and numerical
simulations (Roytershteyn et al., 2019) reveal the existence of a new regime of plasma
turbulence in the range of scales d;! < k; < p_! in environments with 8, < 3; ~ 1. This

sub-d, turbulence is well differentiated from the typical sub-d; turbulence by its statistical
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properties (e.g., magnetic energy spectrum, compressibility). Observations of the magnetic
energy spectrum are fit well by theoretical models that describe the turbulence in terms of
nonlinear interactions of inertial kinetic Alfvén modes (Chen and Boldyrev, 2017; Passot
et al., 2018). However, there was not much separation between d. and p. in the simulations
analyzed and finite gyroradius effects may need to be accounted for to get a better fit with
the mangetic compressibility, although the model did reproduce the general trendline. To
better study iKAW turbulence, new simulations with lower £, would be highly desirable.

Our numerical study of this regime of plasma turbulence shows that electron-scale current
sheets are naturally generated in this low electron beta environment and a few of them
undergo electron-only magnetic reconnection (Vega et al., 2020, 2023b). A comparison
between 2.5D simulations with 5. < 1 and S, ~ 1 suggests that electron-only reconnection is
generated more efficiently in the former (Vega et al., 2020).

In the 3D simulation, the energy dissipation as measured by the pressure-strain interaction
was seen to be strongly intermittent, with current sheets representing about 20% of the
volume of the whole domain contributing more than 100% of it. One particular reconnection
site stood out for representing the most intense dissipation event found in the time slices
analyzed, having a peak in the pressure-strain interaction approximately equal to 22 times
the rms value at that particular time. This reconnection site was a current structure spanning
about 30 field-perpendicular layers and contributed 25% of the pressure-strain interaction in
0.26% of the volume (Vega et al., 2023b). This finding aligns with previous studies that have
also demonstrated strong intermittency in energy dissipation in various plasma regimes (e.g.,
Wan et al., 2012, 2015; Camporeale et al., 2018), highlighting the ubiquity of intermittent

structures and dissipation in turbulent plasmas.
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3 TURBULENCE IN RELATIVISTIC PLASMAS

3.1 What is a relativistic plasma and why is it
important?

It seems pertinent to open this chapter by discussing the meaning of “relativistic plasma”.
The term can refer to plasmas where the bulk motion is relativistic or where the microscopic
particle motion is relativistic (i.e., a relativistically hot plasma). In the simulations of
decaying magnetically dominated plasma turbulence without radiation cooling that we
analyze here, magnetic fluctuations with energy far exceeding the particle energy are seeded
at the initialization and the system is allowed to evolve. We observe that the resulting
bulk motion is only mildly relativistic, with root-mean-square velocity Uns S ¢/2, while
the microscopic particle motion is strongly relativistic, with average Lorentz factor (y) ~ 10
(Vega et al., 2022a,b, 2023a, 2024b).!

In the astrophysics community, there is significant interest in relativistic plasma turbulence
for its potential as an efficient particle accelerator, but a proper theoretical study of the
properties of this turbulent regime is often neglected. However, understanding the properties
of relativistic plasma turbulence is an interesting problem in its own right, and is the topic
of Vega et al. (2022a) and Vega et al. (2024b), where we use a two-fluid model to derive
dynamical equations for the turbulent fluctuations in a relativistic plasma with strong guide
field. The model is then compared to the energy spectrum measured in numerical simulations,
both in the inertial and kinetic range. We present this work in Section 3.3.

Recent numerical simulations have shown that relativistic plasma turbulence leads to
efficient particle energization, which results not only in thermal plasma heating but also in

nonthermal acceleration to ultrarelativistic energies, a process manifested in either power-law

1This situation may be different when radiation loses are present, as part of the kinetic energy of particles
is converted into radiation, reducing their relativistic mass and, as a consequence, the inertia of the fluid
elements, making it easier to accelerate the latter to highly relativistic speeds.
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or log-normal tails of the particle energy distribution function, depending on the strength
of the guide field (Zhdankin et al., 2017, 2018b,a, 2019, 2021; Comisso and Sironi, 2018,
2019, 2021; Wong et al., 2020; Nattild and Beloborodov, 2021; Demidem et al., 2020; Vega
et al., 2022b, 2023a, 2024b,a; Chernoglazov et al., 2021; Nattila and Beloborodov, 2021). In
this respect, relativistic plasma turbulence can be considered as a mechanism of particle
acceleration complementary to previously studied particle acceleration by collisionless shocks
or magnetic reconnection events (e.g., Marcowith et al., 2016; Guo et al., 2020). This regime
of plasma turbulence may be present in astrophysical objects, such as jets from active galactic
nuclei (e.g., Begelman et al., 1984), pulsar-wind nebulae (e.g., Biihler and Blandford, 2014),
and accretion discs (e.g., Yuan and Narayan, 2014), so it may help explain the ubiquitous
radiative signatures of nonthermal ultrarelativistic particles in these systems.

In Vega et al. (2022b), we propose a model of stochastic particle energization where
particles are accelerated inside spontaneously generated magnetic traps until they escape by
pitch angle scattering. The model produces power-law solutions for the tail of the particle
energy probability density function (pdf) and the formula derived for the spectral index is
a good fit for our numerical simulations with guide field of the same order as the magnetic
fluctuations, in the asymptotic limit of strong magnetization (see Comisso and Sironi (2019)
and Section 1.6). In Vega et al. (2024b) and Vega et al. (2024a), we show with numerical
simulations that in relativistic plasma turbulence with a guide field much stronger than the
magnetic fluctuations, particle acceleration leads to a log-normal distribution rather than
a power-law in the particle energy pdf. In Vega et al. (2024a), we discuss curvature drift
and mirror acceleration as possible energization mechanisms and suggest that which one
dominates is what determines what type of distribution the particle energy pdf will evolve
into. In view of our analysis of acceleration mechanisms, we offer a reinterpretation of the
formula for the power-law spectral index derived in Vega et al. (2022b). We present our work
on particle acceleration in Sections 3.4 and 3.5.

In Vega et al. (2023a), we study the spatial distribution of particles in simulations of rela-
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tivistic plasma turbulence and observe that ultrarelativistic particles are highly intermittent
in space. This could potentially explain the radiation flares observed in astrophysical sources
(e.g., Abdo et al., 2011; Tavani et al., 2011) and simulations (e.g., Nattila and Beloborodov,

2021; Groselj et al., 2024). This will be the topic of Section 3.6.

3.2 Numerical simulations

We performed simulations of decaying turbulence in an electron-positron plasma with uniform
guide field By = Byz with the fully relativistic particle-in-cell code VPIC (Bowers et al.,
2008), both in 2.5D (two-dimensional domain and three-component vector fields) and in 3D.
Let us now define the two magnetization parameters related to the guide field By and the
root-mean-square (rms) magnetic fluctuations 0 B:

B? dB?

c=—F 0= ——". 3.1
Arngwmec?’ ATnowm.c? (3.1)

where ng denotes the unperturbed number density of electron or positron species, and ngwm,c?
is the corresponding enthalpy density. Assuming that the plasma particle distribution is an
isotropic Maxwell-Jiittner function with temperature 7', the enthalpy per particle is calculated
as w = K3(1/6)/K5(1/0), where K, is the modified Bessel function of the second kind. In
this formula, 6 = kT /m.c? is the normalized temperature.

Denoting the rms value of the initial magnetic perturbations as 6By = (§ B?(x,t = 0))'/2
and the initial enthalpy per particle as wg, we define the magnetization paramenters at t = 0
in our simulations as:

B2 ) 5 B2
oo="—"" 5, 00= >
4Tnowom,c 4Tnowemec

(3.2)

The particle distribution function is initialized with an isotropic Maxwell-Jiittner distri-

bution, with the temperature parameter 6, = 0.3. For such an initialization, wy, =
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K3(1/6y)/K5(1/6,) ~ 1.88.

Table 3.1 summarizes the parameters of the simulations. The 2.5D simulation domains
were double periodic L x L squares with 100 particles per cell per species. The simulation plane
was normal to the mean magnetic field. The 3D domains were triple periodic L x L x L cubes
with 16 particles per cell per species. However, for the data analysis of the 3D simulations,
reduced resolution data was used, with each of the lower resolution cells being eight of the
full-resolution cells, leaving the average number of particles per cell at 8 x 16 = 128, which is
approximately the same as in the 2.5D cases.

Turbulence was seeded by randomly phased magnetic fluctuations of the Alfvénic type
0B(x) =) _ S Bi€r cos(k - + x1), (3.3)
k

where x, are the random phases and the wave numbers are chosen in the interval k =
{2mn,/L,2mn,/L}, with n,,n, =1, ..., payx for the 2.5D runs, and k = {27n,/L,27n, /L,
2mn,/L}, with ng,n, = 1,...,Nmax, N, = 1,2 for the 3D runs. The field polarizations
correspond to the shear-Alfvén modes (e.g., Lemoine et al., 2016; Demidem et al., 2020),
& = k x By/|k x Byl, and all the amplitudes 6By, are chosen to be the same.

The simplified 2.5D setup allows us to afford a relatively high numerical resolution of
kinetic-range turbulence. Since all the vector components of the electromagnetic field and
particle momenta are preserved, it is expected to capture some essential nonlinear interactions
existing in the 3D case. Numerical studies involving 2.5D and 3D runs seem to produce
similar energy spectra of fields and particles (e.g., Zhdankin et al., 2017, 2018a; Comisso and
Sironi, 2018, 2019; Vega et al., 2023a).

Throughout this chapter, time is normalized to the large-scale crossing time [/c, where ¢ is
the speed of light and the outer scale of turbulence is evaluated as [ = 27/k (nmax) = L/Nmax,
with npa.e = 8 in the 2.5D runs I through VII and with n,,,x = 4 in small-box 2.5D run VIII
and 3D runs IX and X.



Run Dimension L/d, (iei(;’hcl;ﬁ)s n) max 00 5o (Bo/6Bo)? Wpe Ot
I 2.5D 2010 166402 8 0.63 10 1/16 0.04
II 2.5D 2010 166402 8 2.5 40 1/16 0.04
111 2.5D 2010 166402 8 10 10 1 0.04
v 2.5D 2010 166402 8 40 40 1 0.02
A% 2.5D 2010 166402 8 90 10 9 0.02
VI 2.5D 2010 166402 8 360 40 9 0.02
VII 2.5D 1600 235522 8 4000 40 100 0.012
VIII 2.5D 200 166402 4 4000 40 100 3.5 x 1074
IX 3D 1005 20483 4 40 40 1 0.03
X 3D 1005 20483 4 80 80 1 0.03

Table 3.1: Summary of the runs.
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Figure 3.1: Top left: Time evolution of energy in electromagnetic fluctuations normalized to
its initial value for runs II, IV, IX, and X, with guide field satisfying By < 6 By. The horizontal
line is at half the initial energy. Top right: Time evolution of energy in electromagnetic
fluctuations normalized to its initial value for run VII, with guide field satisfying By > 0 Bj.
Bottom left: Time evolution of root-mean-square velocity of bulk plasma fluctuations for
runs II, IV, IX, and X. Bottom right: Time evolution of root-mean-square velocity of bulk

plasma fluctuations for run VII.
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Figure 3.1 shows the time evolution of the energy of electromagnetic fluctuations (top
row) and of the plasma bulk velocity fluctuations (bottom row) in runs II, IV, VII, IX, and X,
spanning cases with strong and weak guide field, as well as 2.5D and 3D. As turbulence evolves,
the initial energy of magnetic fluctuations is transferred to the plasma particles. Since in our
numerical setup the initial magnetic energy significantly exceeds the kinetic energy of the
particles, by the time the field energy declines by half, the particles become significantly heated
and their kinetic energy becomes comparable to the energy of electromagnetic fluctuations.
At approximately the same time, the bulk plasma fluctuations relax to the subsonic velocities
Ums < ¢/4/3, in agreement with the phenomenological discussion in Section 3.6, and the
turbulence reaches a quasi-steady state described by universal statistical characteristics such
as fluctuations spectra and particle energy distribution functions. We perform our statistical

analysis after this initial relaxation is completed.

3.3 Turbulence in strongly magnetized relativistic
plasmas

The discussion in this section will be largely based on Vega et al. (2022a, 2024b). We will
consider a strongly magnetized, magnetically dominated electron-positron plasma, 1 < ¢ <
o. As turbulence evolves, electromagnetic fluctuations efficiently heat the plasma, so the
temperature becomes ultrarelativistic while, simultaneously, & decreases. This reflects the
fact that relativistic turbulent motion is inherently compressible, which allows colliding fluid
elements to convert their kinetic energy into heat rapidly (Zhdankin et al., 2018a; Nattila
and Beloborodov, 2021; Vega et al., 2022b, 2023a). We will therefore analyze the case when

plasma bulk fluctuations are nonrelativistic, while plasma temperature is ultrarelativistic.?

2While the idealized assumption of the ultrarelativistic equation of state simplifies the formulae, it is not
crucial for our analytic discussion. For mildly relativistic particle distributions, 8 ~ 1, such as, for instance,
those obtained as pair-creation-annihilation equilibria (Svensson, 1982), one needs to add the rest-mass term
to the normalized enthalpy, w — w + 1, in the expression for the relativistic inertial scale dq, and use the
general equation of state in the expression for the acoustic velocity, vg.
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Dynamical equations of Alfvén modes

Consider the nonrelativistic bulk motion of a relativistically hot collisionless plasma with
temperature T, > myc?, where s = {e,i} denotes the particle species. The momentum

equation takes the form (e.g., Mihalas and Mihalas, 1999):

oU;,
ot

-V. Ps NsQs

€s/c? €s/c?

+ (U - V)Us = lE—I—lfxB], (3.4)
where €, = nymsc? +u, +2P, | + P is the enthalpy density, n, is the particle number density,
u, is the internal energy density, and Py ~ diag(Ps 1, Ps, 1, Ps) is the pressure of the particles.
If we assume isotropic pressure, P; | = P, = P, the enthalpy is ¢, = u, + P; = (4/3)us,
where we used that for ultrarelativistic temperature the energy-momentum tensor is traceless,
so us = 3P;. In our simulations with ¢ < o (or By/0B > 1) we saw strong pressure
anisotropy, Py > Ps 1, so u, = P, and €, = 2u,. In addition, one can assume some
equation of state, for instance, the adiabatic law of relativistically hot plasma, P, oc n#/3 for
isotropic pressure and P | o ng if P> P, ..

We are interested in Alfvénic plasma fluctuations that are relatively low frequency as
compared to cyclotron frequencies, w < /7, where 75 is the typical gamma factor of
particle thermal motion and {24 is the nonrelativistic gyrofrequency. We also impose a
self-consistent assumption that the Fourier spectra of the fields are anisotropic in the Fourier
space with respect to the background magnetic field By, kj < k1, and the fluctuations obey
the critical balance condition 0B/By ~ kj/k; < 1 (e.g., Goldreich and Sridhar, 1995).

The following derivation is analogous to the procedure developed for the nonrelativistic
case (e.g., Chen and Boldyrev, 2017; Loureiro and Boldyrev, 2018; Boldyrev et al., 2021;
Milanese et al., 2020). As follows from the field-perpendicular component of the momentum
equation, to the leading order in the small parameter w~, /€2 the particle motion is the E x B

drift, while to the next order it is the polarization drift (compare to the nonrelativistic case,
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formula (2.10)),

d
¢ 7E’UE, (35)

U, =vp+———Bx
- E nsq.B2%c dt

where vy = ¢(E x B)/B? and the time derivative is dg/dt = 0/0t + vy - V.3 The field-
parallel component of the velocity field is expressed through the parallel electric current,

Us = Js,/(nsqs). Moreover, vy can be written

UE:2XV¢+E501X2

) 3.6
C BO BQ ’ ( a)
¢V x By = —0,0B. (3.6b)
where E = —V¢ + Eg, and ¢ is the electric potential (see Section 2.1).
Substituting (3.5) and (3.6) into the continuity equation,
ong
BN +V,- (nsU&L) + V”(TLSU&H) =0, (3.7)
we obtain, to the leading order in magnetic, electric, and density fluctuations
0 (dng, 0B, s
a4 - - - L zvigb
ot o BQ noquO
1 N (5n5 5Bz €s0 2 > 1
+—(2xVop) -V — - —V + —V,J, =0. 3.8
By ( ¢) < ng By nogsB3 19 nogs 1! (3:8)

In this equation, ng is the unperturbed density of each species and dn, = ny — ng is the
corresponding density perturbation. The parallel gradient is taken along the direction of
the magnetic field, V| = 0/0z — Bio(,% x VA,) -V, where the field-perpendicular magnetic
perturbation is expressed as 0B, = —2 x VA,.

In order to find the electric current, we turn to the magnetic-field-parallel component of

3We did not include the diamagnetic drift proportional to 2 x V - Py in the perpendicular velocity (3.5),
since such a drift does not lead to particle transport and should not contribute to the continuity equation.
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the momentum equation:

aU&H

Vi | nsgs
at *

€s/C?  €5/c?

+ ('UE . VL) Us,” = — EH‘ (3.9)

We now multiply each of the Equations (3.8) and (3.9) by nggs and sum over particle

species. As a result, Equation (3.8) turns into the charge conservation law:

0
% (p 260 ¢> T (z xVg)- ( B VM) + V) =0, (3.10)

where p = g;on; + g.0n. is the electric charge density, Jj = J. || + J; is the parallel current,
and €y = (€0 + €.0) /2 is the mean unperturbed enthalpy. To simplify the formulae, we
have assumed without loss of generality that ¢; = |g.| = ¢. We may also assume that in the
ultrarelativistic case, the unperturbed enthalpy is the same for both species, €0 = €. = €.
In the ultrarelativistic limit with Pj/P, > 1, eg = 2P, where P o = (P 0 + Pej0)/2. We
will assume that the unperturbed pressure is the same for both species, so P o = Py 0 = P 0-
The parallel momentum equation (3.9) then leads to

0J noC> 2n2c?g?
atH (vp- V1) Jy = 0% 6P + 70

E|, (3.11)

where 0P| = 0P ; — 0P . denotes the pressure imbalance.

We note that the terms containing the electric charge density p and pressure imbalance ¢ P
in Equations (3.10) and (3.11) reflect deviation of plasma fluctuations from quasineutrality,
that is, from the condition én; = dn.. It is easy to see by using Gauss’s law, —V?2¢ = 4mp,
that these terms are relatively small in the case of weak magnetization, that is, when
o ~ B2/(8mey) < 1. In the opposite case of strong magnetization that we consider in this
work, the deviation from quasineutrality is essential and as a result, both the electric charge
and pressure imbalance become dynamically significant. In the case of a nonrelativistic

electron-proton plasma, we need to replace €y — ngm;c?/2, and the magnetization parameter
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turns into the so-called quasineutrality parameter, Q?/ wfn- = \?/p?. Here, )\; is the ion Debye
scale, p; is the gyroscale, and w,; is the ion plasma frequency. Therefore, (? /wf,i is the
nonrelativistic analog of relativistic magnetization o.

To close system (3.10)-(3.11), we replace the charge density by using Gauss’s law, p =
—(1/47)V3 ¢, express the parallel electric current as J; = —(c¢/4w)V3 A, and use the

adiabatic law for each particle species to evaluate the pressure gradients:

2\ P 2 1
V||6PI| - <1 + vS) ”7OVH (57% — 5ne) = Us €0

) ng

-2 —=—V,Vie. 3.12
c? ng dmq IVi¢ ( )
where we have introduced the speed of sound v§ = ¢?0 P /duly.* Finally, we introduce the
new variables for the scalar and vector potentials, ¢ = ¢c/By, A, = A.c/ (Bm/l + 2/0).
Substituting these expressions into Equations (3.10) and (3.11), we finally obtain the system of
equations describing Alfvén dynamics of a relativistic plasma in both magnetohydrodynamic

and inertial regimes:

oo~ . - . -
&viqb + (2 x V19) - V.iVi¢ = —uaV VIA,, (3.13)
o, . R i " _ 2 .
o (A. = dV3A.) = (¢ x V19) - VLA VIA, = =04V <¢ - ngfelv’jgb) . (3.14)
where

Vg = C ~e (3.15)

B V1+2/o -

is the relativistic Alfvén speed in a pair plasma,

) €0 €mec? (3.16)

1 = pu—
o 2w2, 8mnge?

“Note that if P, x ng, then a = 1 +vZ/c®. For an isotropic plasma, v%/c? = 1/3, so a = 4/3. If
Py > Ps 1, vi/c> =1and a =2.
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is the relativistic inertial scale, and the magnetic-field-parallel gradient is given by

V= 0/0z — 1)1(2 xV, A,) V.. (3.17)
A

Except for the very last term in Equation (3.14) describing the relativistic pressure
contribution, the system of equations (3.13) and (3.14) is analogous to the nonrelativistic
case. The nonrelativistic electron-ion case is recovered by replacing the Alfvén speed and the
inertial length by their nonrelativistic counterparts using the substitutions ey — ngm;c?/2 in
the Alfvén velocity and €y — 2ngm.c? in the inertial length. It may also be instructive to
compare the dispersion relation (3.18) with the dispersion relation of nonrelativistic inertial
kinetic Alfvén waves (e.g., Streltsov and Lotko, 1995; Lysak and Lotko, 1996; Boldyrev et al.,
2021, Equation 19), where, similarly, the kinetic correction coming from thermal particle
motion enters the numerator, while the inertial correction appears in the denominator. In
our relativistic case, these two corrections are necessarily of the same order. We also note
that, similarly to the previous study (TenBarge et al., 2021), at large scales k¥ d2%, < 1,
Equations (3.13) and (3.14) describe shear Alfvén waves in a relativistically hot plasma
and they are mathematically analogous to the equations of reduced magnetohydrodynamics.
Available fluid and first-principle particle-in-cell kinetic simulations of relativistic turbulence
at such scales (e.g., Zrake and MacFadyen (2012); Zhdankin et al. (2018a); Chernoglazov
et al. (2021); Vega et al. (2022b,a); see also next subsection) indeed produce the energy
spectra consistent with the spectrum of nonrelativistic Alfvén turbulence (e.g., Boldyrev,
2006; Boldyrev et al., 2009; Mason et al., 2006, 2012; Perez et al., 2012; Tobias et al., 2013;
Chandran et al., 2015; Chen, 2016; Kasper et al., 2021).

The dispersion relation of the linear waves described by Equations (3.13) and (3.14) is
1+ (v%/c?)k? d?

rel
3.18
1+, (3.18)

rel

2 _ 122
w® = kv,

which can be termed relativistic inertial Alfvén waves. Similarly to the kinetic-Alfvén waves,
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the numerator of this expression involves the contribution of the thermal effects. Similarly
to the inertial Alfvén waves, the denominator includes the contribution of the electron (and
positron) inertia. This is somewhat analogous to the inertial kinetic-Alfvén modes in a
nonrelativistic plasma (e.g., Streltsov and Lotko, 1995; Lysak and Lotko, 1996; Chen and
Boldyrev, 2017; Roytershteyn et al., 2019; Loureiro and Boldyrev, 2018; Boldyrev et al., 2021).
In contrast with the nonrelativistic case, however, in a relativistic plasma, we have vg ~ ¢, so
that the thermal contribution in the numerator is never negligible. Rather, the thermal and
inertial effects in Equation (3.18) are necessarily of the same order. Since v4 &~ ¢, the phase
velocity of relativistic inertial Alfvén waves is close to the speed of sound, itself comparable
to the thermal speed, so Landau damping of the linear modes is also generally strong at
k*d?, = 1. As discussed in Appendix A, the applicability of the linear dispersion relation in
Equation (3.18) depends on the particle distribution function, which is strongly nonthermal.

Finally, as can be checked directly, Equations (3.13) and (3.14) conserve two quadratic

integrals:

2

£ = g / l(v“L')Q Fd2y (VEA) + (V.6) + 2 (Viiﬁﬂ Pz, (3.19)

= 2
8mvy

rel

H= \/s_o/vi& (A - d2V2A) d. (3.19h)

Turbulence in the inertial range

2

rel

In the hydrodynamic range of scales, k% d%,; < 1, the energy integral becomes:

B§

_ (6B  E* o}
8mv?

s +87+GOC2

/ (VLA + (Vi9)] dPx = / [ &z, (3.20)

where in the second expression, we have restored the corresponding physical fields. The term

02

€0-%, which came from the 2/0 term hidden in the 1/v% factor, can be interpreted as the

kinetic energy. We see that the ratio of the electric to kinetic energy is given by the parameter

E2

2
o (607;’5) = BZ/(8meg) ~ o. In both relativistic and nonrelativistic cases, when o > 1,



67

the charge fluctuations are significant and the electric energy dominates the kinetic energy.
Therefore, the energy of fluctuations is mostly contained in magnetic and electric fields. This
had already been hinted at in the previous subsection, where significant deviations from
quasineutrality were noted. Figure 3.2 illustrates how the electric fluctuations gradually
approach the magnetic fluctuations as o increases until the two are in approximate energy
equipartition.

In this limit, the system of Equations (3.13) and (3.14) is mathematically analogous to
the equations of nonrelativistic reduced magnetohydrodynamics, with the only difference
that in the magnetically dominated case, the field ¢ in these equations should be associated
with the intensity of electric rather than kinetic fluctuations. Based on this analogy, we
may conjecture that the spectrum of the total energy of relativistic magnetically dominated
plasma turbulence, the spectrum of its residual energy, and the alignment angle of turbulent
fluctuations, should be similar to their reduced MHD counterparts when reinterpreted in
terms of magnetic and electric fields. Here, we compare these predictions against runs V and
VI in Table 3.1.

In Figure 3.3, we present the spectra of magnetic and electric fluctuations as well as the
total energy spectrum, Wy, = |By, |*> + |Ex, |*. The phase-volume compensated scaling of
the energy spectrum in the magnetohydrodynamic interval of scales k3 d%, < 1 is close to
Wi 27k, o k‘lg/ ®. Such a spectrum is expected in nonrelativistic magnetohydrodynamic
turbulence (e.g., Boldyrev, 2006; Boldyrev et al., 2009; Mason et al., 2006, 2012; Perez et al.,
2012; Tobias et al., 2013; Chandran et al., 2015; Chen, 2016; Kasper et al., 2021), where the
energy is contained in magnetic and kinetic fluid fluctuations. We see that it also holds in
relativistic collisionless plasma turbulence dominated by magnetic and electric fields. Our
result is also consistent with the recent relativistic MHD studies (TenBarge et al., 2021;
Chernoglazov et al., 2021). The kinetic scale cascade will be discussed in the next subsection.

In nonrelativistic magnetohydrodynamic turbulence, the magnetic energy is known to

exceed the energy of kinetic fluctuations. Phenomenological and numerical considerations
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Figure 3.2: Electric and magnetic energy spectra of runs II (top), IV (middle), and VI
(bottom). The sequence from the top to the bottom illustrates the growing deviation from

quasineutrality as o( increases.

demonstrated that the difference between the magnetic and kinetic energies, the so-called

residual energy, is positive and has a spectral index close to —2 (e.g., Boldyrev et al., 2011,



69

o, = 90, BoiﬁBo =3, ct/l=16 0= 360, BOMBO =3, ct/l =16
(12)g, 1%, —121B, %
(:J: t2)E, 1%, N': —— ), %
5 R ‘ 5 . |
E: 10 ~_k 32 tnz}uEik_|2+|Ek 1%k, E: 10 (12)8, [+, [Pk
k=) h)
3 3 o |-35
s | i3] k
g =3
BTN BTN
1072 107" 10° 10’ 1072 107" 10° 10!
k d k d
1l e - )

Figure 3.3: The magnetic and electric spectra, and the total electromagnetic energy spectrum,
for two different magnetizations. The total energy spectrum approaches a k~3/2 power-law at
kid. < 1, and a k=3 power-law at &, d. > 1.
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Figure 3.4: The spectra of the normalized residual energy for two different magnetizations,
averaged over nine data cubes covering the indicated intervals of turn-over times. The solid
lines are shown for the reader’s reference.

2012; Chen et al., 2013a). In the relativistic magnetically dominated case, we may introduce
the analog of residual energy as the difference between the magnetic and electric energies,
Ry, = |Bi,|* — |Ex, |*>. This quantity is measured in Figure 3.4. To compensate for the
overall energy decline in decaying turbulence we have normalized the residual energy by the
total energy of fluctuations and then averaged over several data cubes. A power-law spectrum
is indeed observed,but the scaling is slightly steeper than in its nonrelativistic counterpart,
more consistent with Ry, 2wk, oc k**.

Finally, a characteristic feature of nonrelativistic plasma turbulence in the presence of a

strong guide field, is the dynamic alignment between the shear-Alfvén magnetic and velocity
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Figure 3.5: The cosine of the alignment angle ¢, between the magnetic and electric fluctuations
in numerical simulations. The results are averaged over nine data cubes covering the indicated
time intervals. The straight lines are shown for reference.

fluctuations. As mentioned in Section 1.3, such fluctuations become spontaneously aligned
in a turbulent cascade, with the alignment angle scaling as sinf, o A4, where X is the
field-perpendicular scale, (e.g., Boldyrev, 2006; Podesta et al., 2009; Chen et al., 2011; Perez
et al., 2012). Such an alignment progressively reduces the strength of nonlinear interaction at
small scales, which arguably explains the shallower-than-Kolmogorov spectrum of turbulent
energy, kf’/ ?. In the case of magnetically-dominated turbulence, one may similarly expect a
scale-dependent dynamic alignment between the electric and magnetic field fluctuations,

(|0E - 6BY)

— 21
SN = BB (3.21)

where A is the scale of the fluctuations in the field-perpendicular plane, e.g., dB = B(x +
A) — B(x) where A L By. To see whether a similar alignment exists in our numerical
simulations of collisionless relativistic turbulence, we plot the cosine of the angle ¢, vs scale
A in Figure 3.5. We observe a scaling close to that of the nonrelativistic case, and also to the
relativistic MHD case (Chernoglazov et al., 2021). We however notice that the scaling varies
slightly with the plasma magnetization parameter oy; it is slightly shallower in the case of
stronger magnetization, possibly reflecting a shorter inertial range due to a larger relativistic

inertial scale.
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Kinetic scale turbulence

At kinetic scales, 1/d%; < k3 < 1/p?, the inertial Alfvén waves are transformed into

w? = Z—%kgvi, while the integral (3.19a) takes the form:

g — D / l(viflzf + Z% (Viéﬂ . (3.22)

= 2
8Ty

This quantity is expected to cascade in a Fourier space toward large wavenumbers, some-
what analogously to the enstrophy cascade in 2D incompressible hydrodynamic turbulence
(Kraichnan, 1967). Such a cascade is however only marginally local, so it depends on the
conditions at the low-k boundary of the inertial interval. For a given field-perpendicular
length ), the amplitude of the linear modes of equations (3.13) and (3.14) satisfy A, \ ~ ¢,
and the nonlinear interaction time can be estimated from these equations as 7y ~ A%/ O
The condition of constant flux of € then reads ¢3 /(A*7y) = const, which gives for the scaling
of fluctuations ¢, o< A? and for the electromagnetic energy spectrum of relativistic inertial

Alfvén waves
Wy, 2wk o< k72, (3.23)

The nonlinear interaction time for such modes turns out to be independent of scale, which
implies that for the critically balanced cascade, w o 1/7y, we have k, o const, that is, the
cascade proceeds in the field-perpendicular direction.

Similarly to the hydrodynamic case, the energy cascade is expected to have intermittency

corrections that lead to a steeper energy spectrum,
Wi, dk, oc kT In™Y3(k /ko) dc, . (3.24)

Here, kj is the large-scale boundary of the spectrum, which approximately corresponds to

the inverse electron inertial scale. The intermittency correction reflects the non-locality of
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turbulence. The electromagnetic energy spectrum close to k7* implies that vorticity and
current structures at scales k; > kg are strained most efficiently by turbulent eddies at scales
ko (e.g., Boffetta and Ecke, 2012).

As we mentioned before, significant Landau damping may affect relativistic Alfvén
turbulence at kinetic scales. We, however, conjecture that as a consequence of the non-locality
of turbulence, the spectrum should exhibit a near power-law behavior, close to that given by
Equations (3.23) and (3.23). Indeed, the Kraichnan spectrum is established due to gradient-
stretching of small-scale structures by turbulent eddies of the scale ky ~ 1/d.. As a result,
all small-scale modes have the same evolution time and the same parallel phase velocity. A
particle resonating with structures of scales k; > 1/d, then essentially resonates with an
entire eddy of scale kg ~ 1/d,e. Landau damping may therefore regulate the overall intensity
of kinetic-scale fluctuations, while not significantly affecting their spectrum. Our numerical
results analyzed below seem to be consistent with this prediction.

Since the kinetic range of scales is not well resolved in runs V and VI (only 8 cells per
nonrelativistic d.), to better study the kinetic cascade we performed simulations VII and
VIII. Run VII is a large-box, high-resolution simulation that spans both hydrodynamic and
kinetic scales, with about 15 cells per nonrelativistic d.. Run VIII is a small-box simulation
where the number of cells per nonrelativistic d. was increased to 80, drastically improving
the resolution of the sub-d, fluctuations while decreasing the hydrodynamic range.

In the large-box run VII, an initial plasma current is also added to the system to
compensate for the curl of the initial magnetic perturbations, J, = (¢/47)V x 6 By. This
helps to avoid the generation of high-frequency ordinary modes with non-zero E, in addition
to the low-frequency Alfvén modes. To add the current, the initial plasma density ng is kept
uniform, and velocity US = J./(2¢sno) is added to each particle of species s with charge
¢s = te (positrons and electrons) sampled from the Maxwell-Jiittner distribution, provided
|vs + U?| < c¢. The distribution is unchanged in the region where |v$ + U?| > ¢. The addition

of such a current does not change the core of the particle distribution function but modifies
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Figure 3.6: Spectra of electric and magnetic fluctuations in the large-box run VII. The total
energy spectrum is slightly steeper than k=3, but is consistent with the spectrum including a
logarithmic intermittency correction, cf. Equations (3.23) and (3.24).

its high-energy tail, as will be seen in the next section.

In the small-box run VIII, the addition of a compensating current is less practical, since it
would formally require the electron velocities to exceed the speed of light in more cells. We do
observe the generation of a weak ordinary mode in this case. The presence or absence of the
initial compensating current, however, does not qualitatively affect the particle distribution
function and the spectra of Alfvénic fluctuations eventually generated by the developed
turbulence.

The energies of electric and magnetic fluctuations in the large-box run are shown in
Figure 3.6. The total energy spectrum is slightly steeper than k7%, however, it is consistent
with the Kraichnan spectrum of turbulence including a logarithmic intermittency correction,
in agreement with Equation (3.24). We find that k;' = 1.2d, provides a good match. Also,
as we mentioned before, Landau damping may play a role in the steepening of the spectrum.

The electric and magnetic energy spectra for the small-box run VIII are shown in Figure
3.7. The visible bump in the energy spectrum at the nonrelativistic inertial scale (left panel)
warrants a discussion. As the initial field-perpendicular magnetic perturbations relax, they
drive turbulence at large scales. In a magnetically dominated plasma, the excited large-scale

fluctuations can be a combination of the two modes whose magnetic polarizations are normal
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Figure 3.7: The electric and magnetic spectra for the small-box run VIII. The left panel shows
the spectra of the perpendicular components of electric and magnetic fields, as well as the
spectrum of E,. The E.-spectrum is concentrated at the nonrelativistic inertial scale defined
in Equation (3.26) and corresponds to the ordinary mode produced by the initial magnetic
perturbations. The right panel shows the kinetic-Alfvén spectra where the fluctuations
associated with the ordinary mode have been removed. The spectra indicated by the solid
lines are given for the reader’s orientation.

to the background field: the shear-Alfvén mode and the ordinary mode. The frequency of

the ordinary mode is given by
w? = W) + k>, (3.25)

where w? = 2w?2,(1/7%), see Equations (A.12) and (A.15) in Appendix A. This mode is excited
in our setup with a relatively low amplitude, contributing only a small fraction of the total
turbulent energy. Such a mode is not important at the hydrodynamic scales.

In the small-box run, the imposed magnetic fluctuations at ¢t = 0 are relatively strong
at small scales; their decay leads to the production of a weak ordinary mode. Such a mode
is most strongly generated at the smallest scale available for Aflvénic fluctuations since the

current is largest there. This is the inertial scale of a nonrelativistic pair plasma, expressed as

dnonrel - de/\/§- (326)
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Figure 3.8: Frequencies of the ordinary fluctuations and the potential fluctuations measured
in Run VIII according to Equations (A.15) and (3.28). Here, we denote d, = ¢/w,, where the
relativistic plasma frequency w, is defined in Equation (3.25), and Qe el = Qce/ (), where
Qe is the nonrelativistic electron cyclotron frequency and (7y) is given in Table 3.2.

The left panel of Figure 3.7 shows that the energy of the ordinary modes is indeed concentrated
at these kinetic scales that are the focus of our study. Since the phase velocity of the ordinary
mode exceeds the speed of light (see Equation (3.25)), such fluctuations are not significantly
damped. Therefore, we need to make sure that in our statistical analysis, the fluctuations
associated with such a mode are separated from the Alfvénic fluctuations.

The ordinary mode can be detected in simulations if we observe that its electric field
is polarized in the z direction, while the electric polarization of the shear-Alfvén mode
is normal to the z direction. The frequency of the E, fluctuations can be numerically

found by taking the Fourier transform of the z-component of the Maxwell-Ampere law

V x B = (4n/c)d + (1/c)0E/0t, obtaining

2
V x B),,— 4],
w? = ‘< Jui — o (3.27)

czk
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Figure 3.8 shows this frequency calculated for the small-box run. The frequency indeed agrees
with the analytic dispersion relation given by Equation (3.25). Since k; > k., the frequency
of the ordinary mode is much larger than the frequency of shear-Alfvén fluctuations. The
oblique shear-Alfvén fluctuations are characterized by a mostly potential electric field. The
frequency of the potential electric fluctuations can be measured by substituting Gauss’s law
V - E = 47p into the charge conservation equation dp/0t + V - J = 0 and taking the Fourier
transform, obtaining

2
A
Le = =21 (3.28)
Lk By

w? =

This formula can also be obtained by taking the divergence of the Maxwell-Ampere law.
Figure 3.8 illustrates that it is indeed much smaller than the frequency of the ordinary mode.
We also note that the frequency calculated in Equation (3.28) coincides with the frequency

of electric charge fluctuations.

Run U,: rms Uj,rms UZ,YYHS UJ_,rms <5/6> <7>
VII  0.47¢ 0.070c 0.32¢ 0.053¢ 1.25 11.3
VIIT 0.61c 0.079¢ 0.39¢ 0.056¢ 1.73 9.5

Table 3.2: Parameters of the velocity fluctuations for the electron fluid, and for the bulk
plasma motion, U = (n,U" + n ,U¢)/(n; + n.). Here, ¢ is the Lorenz factor associated with
the electron fluid velocity and v to the particle velocity. The measurements are made at
ct/l =76 for run VII and ct/l = 33 for run VIIL.

The nearly linear scaling of the measured frequency of potential fluctuations with the
wavenumber can result from two independent effects. First, it may reflect the almost linear
dispersion relation of the Alfvén mode given by Equation (3.18). Indeed, in our 2.5D runs, the
magnetic-field direction deviates from the z-axis by a small angle, sinf ~ 6B, /B ~ 0.05. By
the critical balance condition, Alfvén fluctuations with the wavenumber &, then correspond
to the field-parallel wavenumber kj ~ k; sinf. According to Equation (3.18), this gives
the frequency of linear Alfvén mode, w ~ k, ¢ sin@ ~ 0.05k, ¢, which is not far away from

the measurements in Figure 3.8. Second, it may correspond to the linear “Doppler shift”
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of the frequency provided by the passive advection of the small-scale plasma structures by
large-scale Alfvén fluctuations, U, yms. Since U yms ~ 0.05 ¢ in our runs (see Table 3.2), the
corresponding angle-averaged frequency shift, w ~ k; U} yms/ V2, is also consistent with the
measurements in Figure 3.8.

The magnetic-field spectrum associated with the ordinary mode is found from Faraday’s
law:

2 2
ke

|BL,kL|2 = w2 |Ez,k¢|27 (329>

where the frequency should be substituted from Equation (3.27). Since the frequency of
the ordinary fluctuations is much larger than that of the Alfvén mode, we may average
high-frequency ordinary fluctuations independently of the low-frequency Alfvén fluctuations.
We may then obtain the electromagnetic spectrum associated with the Alfvén modes by
subtracting the spectrum of the ordinary mode (3.29) from the total spectrum of magnetic
fluctuations. The right panel of Figure 3.7 shows the spectra of the electric and magnetic
fields where the fluctuations associated with the ordinary mode have been removed. The
observed spectrum is close to k73, which is consistent with the scaling expected for the

kinetic-Alfvén modes.

3.4 Particle energization in relativistic plasma

turbulenece

Stochastic particle energization in magnetic traps

To explain the origin of the power-laws observed in the particle energy pdfs, we follow Vega
et al. (2022b) and propose a model where a fraction of particles may be trapped locally
by spontaneously generated magnetic structures where the particles get accelerated until

they escape the trap due to pitch angle scattering. The pitch angle width of the trapped
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population depends on the so-called magnetic compressibility of turbulence, and it defines the
power-law exponent of the resulting particle energy distribution function. Below, we present
our phenomenological model for particle acceleration and then compare our predictions with
runs [ through VI, and IX and X.

We will base our discussion on the two key numerical observations related to the stochastic
acceleration process. First, the particle energization resembles a diffusion process in the
energy space, with the diffusion coefficient scaling with the particle energy as 72 at v > 1.
This may indicate that the particles experience a second-order Fermi acceleration (e.g.,
Fermi, 1949; Teller, 1954; Kulsrud and Ferrari, 1971), where scattering events are provided by
moving magnetic mirrors (e.g., turbulent eddies or magnetic structures advected by turbulence
(Achterberg, 1984; Selkowitz and Blackman, 2004; Yan et al., 2008; Pongkitiwanichakul and
Chandran, 2014; Demidem et al., 2020)). An individual scattering event then randomly
changes the particle energy as Avy o< +7, see, e.g., the discussion in Blandford and Eichler
(1987); Zhdankin et al. (2018a). It is also consistent with particle interactions with wave
turbulence since, as was elucidated in Demidem et al. (2020), the quasilinear diffusion
coefficient of ultrarelativistic particles in strong Alfvénic turbulence is also proportional to
72. Second, numerical simulations indicate the presence of an exponentially strong regular
dissipation process at large energies (e.g., Figure 4 in Wong et al., 2020), which is crucial for
establishing a power-law distribution of ultrarelativistic particles.

We propose that a power-law particle energy distribution may be understood based on the
following phenomenological dynamical model that incorporates both observed diffusion and
dissipation. Consider an ultrarelativistic particle with momentum p = |p| & po, and describe
particle interactions with nonrelativistic randomly moving fluid elements by a stochastic

dynamical equation (Langevin equation):

dp/dt = pm(t), (3.30)
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with an isotropic Gaussian white random noise

(o (0 (1)) = 2D56(t — 1), (3.31)

('(1)) =0, (3.32)

where D is a constant normalization coefficient. Such an equation satisfies the required
diffusion scaling ((Ap)?) o p?, while the random vector i mimics the velocity of the scatterers.
The corresponding Fokker-Planck equation for the probability density function F(p), can
then be easily derived (e.g., @Oksendal, 2003):

OF 9 0
ot oplop

(pF), (3.33)

where we sum over repeated indices. As there is a local mean magnetic field in a region
where particles get accelerated, we may rewrite Equation (3.33) in the spherical coordinates
with respect to the direction of the field. Introducing the phase-space-volume compensated

function g(p, 1) = F(p, p)dmp?, we get

O9pp) _ 0 50 (9, p 0 1 20
o —Dapp o +D8u (1 ,u)aug. (3.34)

Here, p# = cos 8 is the cosine of the angle between the particle momentum and the magnetic
field.

We now assume that a particle gets accelerated locally when it can be trapped by a
turbulent structure. We can estimate the trapping angles using the conservation of the
magnetic moment, M = p? /B. If a typical trap has minimum and maximum magnetic
fields Buin and By, respectively, for marginally trapped particles with energy pc we have

p? = pﬁ + M Byin = M By, 50 1% < pi2 = cos?6y = pﬁ/p2 = AB/Bpax.’ The particles “leak”

5Note that this derivation assumes energy conservation, so it should only be valid in the rest frame of the
magnetic mirror. Since we are assuming nonrelativistic bulk motion, we will neglect the transformation of
the magnetic field and the angle and take the result as valid in the laboratory frame.
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from the acceleration region due to pitch angle scattering when their pitch angle cosines
exceed iy (note that pitch angle scattering breaks the conservation of the magnetic moment).

To find the steady-state solution of Equation (3.34), we use separation of variables to

write g(p, 1) = f(p)h(n), obtaining

0 .0 (f 0 0
0=h—p°— () + f— (1 —p?) =h. 3.35

dp~ Op \p o ( ) op (3.85)
Next, we calculate the lowest eigenvalue of the pitch angle diffusion operator (the second

term in the equation above)S,
0
Y (1 _ ,ﬁ) ~h = \h. (3.36)

In general, it should be supplemented by a boundary condition of the form (h + a 0h/0p),, .,
= 0, ensuring that the distribution function matches at the boundary the distribution function
of non-accelerated particles.” As the contrast between the accelerated and non-accelerated
particles is expected to increase at larger v, the parameter a may in principle vary (slowly
decline) with . For our simplified treatment, we choose hj,—,, = 0, which we expect to be

valid asymptotically at large . The eigenvalue can then be found perturbatively in the small

parameter p2, which gives, up to the first order:

A= — — - — —. 3.37
42 2 12 (3:37)
The momentum diffusion equation now takes the form
af g ,0 (f
— =D—p*— | = | — D)\/. 3.38
ot 5’pp dp <p> / ( )

SMore generally, one may propose a linear combination of eigenfunctions with different eigenvalues, but
the one with smallest eigenvalue dominates at high energies. We also note that the eigenfunction with the
lowest eigenvalue is the only one that is positive definite.

"For a — 0 this transforms into the Dirichlet boundary condition, while for a — oo into the Neumann
boundary condition.
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The last term on the right-hand side describes the loss of particles from the acceleration region
of the phase space, while the first term describes the particles supply into this region and their
acceleration (we remind that Equations (3.33) and (3.38) are valid only for ultrarelativistic
energies, p &~ ymc and v > 1). The steady-state solution of Equation (3.38) can then be

found as f(p)dp < p~*dp, where

2

7 Bpax 1w
S5 T R - :
« A+ \/4 AR +2 D (3.39)

The particle distribution function is, therefore, non-universal in our model, in that it

depends on the ratio % for a given magnetic trap.

Numerical results

Run I, ctl = 8.2, « = 0.582
Run I, ctl = 9.9, « = 0.561
Run [l e/l = 8.2, & = 0.286
Run IV, ctfl = 8.2, « = 0.295
Run V, ctl = 16, x = 0.092
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Figure 3.9: The magnetic-field strength distribution functions and the corresponding magnetic
compressibilities k. The distribution is independent of the magnetization parameter but
depends on the relative strength of the applied magnetic field.

In the previous subsection, we derived a power-law formula for the particle energy pdf

f(p) within a magnetic trap where, in our model, particles are accelerated. We will now
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compare our model with our numerical results. Let fgoba the ultrarelativistic tail of the
particle energy pdf for the entire simulation domain and let fya,; o< 7~ be the particle
energy pdf of ultrarelativistic particles accelerated by magnetic trap j, where we are using the
particle Lorentz factor v = p/(mc) instead of p as it is more convenient to use a dimensionless

parameter in the calculation that follows. We may write

J

fglobal = Z ftrap,j = Zajfyiaj? (340)
J

where the coefficients a; are normalization constants for each magnetic trap, renormalized
by some constant factor to define the global distribution. Let o, be the smallest o (i.e.,

Qj — Qmin > 0 for every j). Then
fglobal — Z ftrap,j — ,y_amin Z aj,y_(aj_amin) ~ ,)/_OLmin7 fOI‘ ,Y >> 1 (341)
J J

From Equation (3.39) and writing % = 1/(1 — Buin/ Bmax) We see that ay,, corresponds
to the trap with the smallest B,/ Bmax ratio (or, to be more correct, the traps with the
smallest Biin/Bmax Will tend to dominate in the summation (3.40)). To compute a proxy
for the smallest Byin/Bmax that is easy to calculate with the simulation data we will define
Buin = (B) — (0B)ms and Byax = (B) + (0B)ms, where B is the magnitude of the magnetic
field, (0 B)ms is the root-mean-square magnetic fluctuation, and the average (...) is over the
whole domain. In this way, we imagine a hypothetical magnetic trap with a very strong
Bunax (one standard deviation above the mean) and a very weak By, (one standard deviation
below the mean). Now we can estimate cgona by defining the global magnetic compressibility
Kk = AB/Bpax, with AB = 2(0B)s. The magnetic field strength distribution functions
and corresponding turbulent magnetic compressibilities for runs I to VI are presented in
Figure 3.9. Note that the magnetic compressibilities are very similar in different runs with

the same dBy/ By, but they depend on §By/By.

Finally, we can estimate the power-law spectral index « of the global particle energy pdf
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Figure 3.10 shows the corresponding particle energy distribution functions for 2.5D runs
I to VI and 3D runs IX and X. The energetic tails of the distribution functions exhibit
approximate power-law behavior. As seen in Table 3.3, the power-law exponents are in very
good agreement with the prediction given by Equation (3.42), especially in the cases of strong
magnetization 6o 2 40 and guide field By < §By. These exponents also agree well with the
exponents reported by Comisso and Sironi (2018, 2019) for even stronger magnetization,
corresponding to 6y = 80 in our notation.® This means that our simulations have reached
the universal asymptotic regime of strong magnetization mentioned in Section 1.6. In the
regime of weak magnetization,” 5y = 10, our model underestimates the power-law exponents
in the limit of weak guide field, (By/dBy)* < 1. This may indicate that the assumptions of
the model, such as the isotropy of the random noise in Equation (3.31), the relation of the
global magnetic compressibility x to the local trapping angles 1o, and simplified boundary
conditions in Equation (3.36), need to be modified for the low magnetization, weak guide
field cases.

We note that in the case of the 3D runs, the measurements were made at an earlier
time compared to the 2.5D runs with similar oy and 6y, due to the faster decay of the
electromagnetic energy with time (see top-left panel of Figure 3.1).

Strong-guide-field runs V and VI (By/d0By = 3) are still evolving at t = 81/¢; they start
approaching quasisteady states only at about ¢ = 161/c. Although run VI does seem to

display a power-law behavior, we note that, as can be seen in the middle-right panel, its

8Note that our definition of fluctuation magnetization &y is a factor of two different from the corresponding
definition in (Comisso and Sironi, 2018, 2019). For instance, our 6o = 40 corresponds to o9 = 20 in Comisso
& Sironi simulations.

9This case belongs to the asymptotic regime of weak magnetization, as it agrees with the cases of even
smaller magnetization studied in Zhdankin et al. (2018a).
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high-energy tail may be better described by a log-normal distribution!©:

A l_ (lnv—u)Q] . (3.43)

foy)dy = S &P 207

where A is a normalization constant.

Run Dim. ct/l « (pred.) « (meas.)

I 25D 8.2 2.0 2.7
IT 25D 99 2.0 2.1
I 25D 8.2 2.9 3.0
IV. 25D 8.1 2.8 2.7
V. 25D 25 5.1 -
VI 25D 26 0.2 4.8
IX 3D 4 3.0 2.7
X 3D 4 3.0 2.6

Table 3.3: Parameters of the runs and the corresponding predicted and measured exponents
of the particle distribution function, f(v)dy o v~ *dy. The middle column states the time
when both the magnetic compressibility and observed slope were measured.

Going to even higher guide field, Figure 3.11 shows the particle energy pdf of runs VII
and VIII (By/dBy = 10), which takes even longer to stabilize than runs V and VI. Unlike
the other simulations with 6, = 40, no power-law tail is observed. However, a log-normal
distribution is a very good fit for both cases. Moreover, the particle distribution in momentum
space (p|,p.), shown in Figure 3.12, is seen to be strongly anisotropic with respect to the
background magnetic field. The electrons are energized mostly in the field-parallel direction,
leading to a nearly one-dimensional particle distribution function. The anisotropy is also
reflected in the energy-momentum tensor, with 7', /7., = 0.02 for both run VII and VIII.

The absence of well-defined power-law tails in runs V and VI or their absence altogether
in runs VII and VIII, where a log-normal particle energy distributions in seen instead, may

indicate that different particle acceleration mechanisms operate in the weak and strong guide

10We note that both the plasma magnetization and the statistical standard deviation are conventionally
denoted by the same letter 0. We therefore denote the standard deviation by o; it should not be confused
with the plasma magnetization parameter.



85

oy = 0.63, B /B = 1/4, ct/l = 8.2 7y =10, By/dB, = 1, clil = 8.2

_ ;o _ -10 -
o0 0, =25, B,/dB, = 1/4, ct/l = 9.9 10 0, =40, B)JdB, =1, ctll = 8.1
10" 102 108 10" 102 10%
-1 -1
0 a,= 360, BDMBD =3, ct/l =259
10 0
10
log-normal, rri =0.86, p=2.03
102
438
- N (1) 1074
T 10 ) =
= (-1) - 5
107
0, =90, By/$B, =3, ctI= 16
7, =90, B,/dB, = 3, ol = 25 16
o, = 360, B/dB, = 3, ct/l = 18
o1 7, = 360, B/dB, = 3, ct/l = 26 |
10—10
10" 102 10° 10" 102 10°

7-1 v

102

107

fiy-1)

10° 3D, o, =40, B /6B, =1, ct/l= 4
7 Tp T Bl T L BUEE
——3D, 7, =80, B /B, =1, =4

10" 102 10°
-1

Figure 3.10: The particle energy distribution functions in runs I, II (top-left), III, TV
(top-right), V, VI (middle row), IX, and X (bottom). The lines indicating power-law
slopes are given for reference. The middle-right panel shows a log-normal fit on run VI,

f(7) o<y texp[—(Iny — p)?/(207)].

field regimes. In the next section, we delve deeper into the possible acceleration mechanisms;

our analysis will lead us to a reinterpretation of our model of magnetic traps.
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Figure 3.11: Electron energy distribution functions. The black dashed lines show log-normal
fits, f(v) oc v~ exp[—(Iny — p)?/(207)].
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Figure 3.12: The electron distribution functions. Here, p| and p, are particle momenta in
the directions parallel and perpendicular to the background magnetic field By. The functions
are strongly anisotropic. The anisotropy at very large energies is slightly less pronounced in
run VIII, which is likely a consequence of the smaller box size.

3.5 A closer look at acceleration by Alfvénic
turbulence

In this section, we will follow Vega et al. (2024a). A relativistic particle whose gyroradius is
much smaller than the typical scale of magnetic field variations preserves its first adiabatic
invariant, the magnetic moment. Such a particle can be accelerated by turbulent fluctuations
in several different ways. These can be divided into three categories. First is the acceleration
by a parallel electric field, that is, the electric field component parallel to the magnetic field.
Second is the acceleration due to magnetic curvature drifts. And third is the acceleration by

magnetic mirror forces. In all the cases, a particle is, of course, accelerated by an electric
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field. The proposed division into the three categories helps to associate the acceleration
mechanisms with turbulent structures. Below, we analyze these cases concentrating on an

ultrarelativistic pair plasma.

Acceleration by parallel electric field

The parallel electric field fluctuations are relatively weak in Alfvénic turbulence with a strong
guide field. For instance, in a magnetically dominated ultrarelativistic plasma, the linear
wave analysis in Appendix A yields for the parallel and perpendicular electric fluctuations at

scales A 2 d.q:

EH 1 2
— =~ —kk.d 3.44
E wg [[Fv L el ( )

see Equation (A.25) in Appendix A. Here, k; ~ 1/ is the field-perpendicular wave number of
the electric field, k| the field-parallel wavenumber, wy is the enthalpy per particle associated
with the (relativistic) distribution function of the bulk electrons, and d, is the corresponding
relativistic inertial scale. In the ultrarelativistic case, wy > 1, the parallel electric field
remains relatively weak even for the strongest current sheets of thickness A ~ d,, and field
variations E| ~ 0B,. As a relativistic electron propagates through such a structure, its

energy gain is
Mmec?Ay = qE ~ qdye §B. Jwy, (3.45)
which is equivalent to
Ay ~ VG Jwy. (3.46)

When & is initially large, as is the case in the numerical setups of decaying turbulence

analyzed in Chapter 3 of this thesis and elsewhere (e.g., Comisso and Sironi, 2018, 2019),
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the parallel particle heating and acceleration are initially strong. However, as the magnetic
perturbations relax and release energy to plasma particles, plasma magnetization & decreases
while (in the absence of significant radiative cooling) the particle enthalpy wy increases. As
a result, parallel electric heating by Alfvén modes becomes progressively less significant.
Moreover, the parallel electric acceleration is linear (or algebraic) in time, as opposed to the
exponential acceleration due to curvature and mirror effects discussed below. Finally, we
note that parallel heating and acceleration increase the field-parallel momentum of a particle,
but not its field-perpendicular momentum. Therefore, the particle’s pitch angle decreases as

a result of such a process.

Curvature acceleration

When the parallel electric field effects are negligible and the particle magnetic moment is
conserved, the dominant acceleration is provided by the curvature and polarization drifts.
Indeed, these drifts do not vanish in the limit of small pitch angles and, therefore, they remain
efficient when the particle’s parallel momentum increases. In a turbulent state, curvature
fluctuations are related to fluctuations of the electromagnetic field strength. One can show
that in Alfvénic turbulence, curvature and polarization drifts provide similar contributions to
particle energization. In our phenomenological treatment, we, therefore, broadly place both
mechanisms in the same category, and as an illustration, consider curvature acceleration in
detail.

To discuss the curvature acceleration, assume that a uniform component of the magnetic
field is in the z-direction. The Alfvénic magnetic perturbation 0B is then in the x — y
plane. A sketch of the projection of a curved magnetic-field line onto the z — y plane is
given in Figure 3.13. We assume that such a magnetic structure is moving with the velocity
B = vg/c, as shown in the figure. Here, the E x B velocity, vg = cE x B/B?, describes
the bulk velocity fluctuations of the plasma. As we discussed before, such fluid fluctuations

are typically only mildly relativistic (also seen in other studies; see, for example, Zhdankin
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Figure 3.13: Sketch of a curved magnetic field line. The projection of the line on the plane
normal to the background magnetic field By is shown. For simplicity, it is assumed that the
magnetic structure moves with velocity 8 in the direction parallel to the field-line curvature.
An electron propagating along the curved line, experiences curvature acceleration.

et al., 2018a), so for simplicity, we can neglect relativistic factors associated with the fluid
motion. A relativistic electron propagating along the magnetic field line experiences curvature
acceleration. When the pitch angle is small, the electron moves along the line at nearly the
speed of light. As the electron passes the curved part of the line, its energy changes according

to (e.g., Northrop, 1963):

Aln(vy) ~ Bs, (3.47)

(o

where R, is the curvature radius of the total magnetic field line (which is not its projection
in Figure 3.13) and S is the corresponding length of the curved path. Here, 5 = 8- R./R, is
the projection of the velocity 8 onto the direction of the curvature vector, that is, the vector

connecting the point on the trajectory with the curvature center. For the collision shown



90

in Figure 3.13, the particle gains energy, S > 0. Such collisions are more probable, so the
particle gains energy on average.

A standard geometric calculation gives for the curvature radius

By \?
Ro=x|1+ (5&> , (3.48)
and for the path length
B 271/2
S = 20\ [1 + (53‘1) ] , (3.49)

where fore an estimate, one can assume 2¢ < m. Substituting these expressions into
Equation (3.47), we obtain

By 1/2

Aln(y) ~ 268 [1 + (mﬂ . (3.50)

We note that this result does not depend on the magnitude of the curvature given by the
structure’s scale, A. Indeed, a smaller curvature radius would provide a stronger acceleration,
however, the propagation path would be shorter, resulting in the same energy gain.

The calculation can be advanced further if the magnetic fluctuations are relatively weak,

9B, /By < 1. In this case, we approximate:

sB
Aln(y) ~ 2¢5?:. (3.51)

As we saw in Section 3.3, in strong magnetically dominated Alfvénic turbulence the electric
and magnetic fluctuations are nearly in equipartition, £, ~ 6B,. Therefore, at small

field-parallel scales, ¢ < £y, the plasma velocity fluctuations can be evaluated as

p(e)

1/2
L OBLl) 0B1o (€> , (3.52)

By By \ Uy
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where B ( represents the magnetic fluctuations on the outer scale of turbulence, ¢y, and we
used the field-parallel scaling of magnetic fluctuations characteristic of Alfvénic turbulence,
6By ~ 8B, o(l/l)"?; see our discussion on RMHD turbulence in Section 1.3. We then
estimate the contribution of a structure of scale ¢ to the energy gain as

2 2
Aln(y) ~ 2¢ <5B§0(€)> ~ 20 <52’°> ;0 (3.53)

We see that the acceleration rate is sensitive to the relative strength of the turbulent
fluctuations; it rapidly decreases as dB, o/By decreases. We also notice that larger-scale
fluctuations provide stronger acceleration, suggesting that the process may be dominated by
the particle interactions with the largest, outer-scale turbulent eddies. However, interactions
with small-scale fluctuations may be more frequent. Indeed, in one parallel crossing time,
the particle would experience N, ~ {y/¢ interactions with structures of scale ¢. Therefore,
structures of all scales may provide comparable contributions to the particle acceleration.

We may assume that the motion of small-scale structures is not correlated with the motion
of the large ones, so their contributions to particle acceleration can be counted independently.
A more detailed estimate (see Equation (B.6) in Appendix B) then suggests that the particle

energy gain in one parallel crossing time would include a logarithmic correction,

‘o 53“))2 (3.54)

Agln(y) ~ 2¢A) In <€*> ( B

where £, is the parallel scale of the smallest eddy contributing to the curvature drift. Here,
A is a numerical coefficient of order unity. In Alfvénic turbulence, the field-parallel and field-
perpendicular scales of nonlinear fluctuations are related by the critical balance condition,
C/ly ~ (A Xo)", where, for simplicity, one can assume the Goldreich and Sridhar (1995)

scaling, k &~ 2/3. The precise value of k is not crucial for our discussion. We can then
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alternatively express Equation (3.54) through the field-perpendicular scale:

B 2
AgIn(y) ~ 2¢A, In 2o (9Bio : (3.55)
A\ By

with A} = xkAj. Obviously, eddies that are smaller than the particle gyroradius, cannot
contribute to the particle drift. Therefore, A\, should be the larger of the two parameters: the

inner scale of the turbulence and the particle gyroradius,
A = max(dyel, p1)- (3.56)

One can demonstrate that the choice of A, depends on the energy of the particle. As
shown in Appendix C, one can introduce an important parameter, the critical energy, that
characterizes the process of particle acceleration in Alfvénic turbulence. The critical energy

depends on the parameters of turbulence and of the plasma as follows:

/3
By dre (Ao )1
c= , 3.57
7 5BJ_,0 Po \ drel ( )

where pg = ¢/Qc. = mec?/(qBy). For the energies below the critical value, v < 7., the
particle’s gyroradius is smaller than the plasma inertial scale, and one should use A\, = d,q.
However, for energies exceeding the critical value, v > ., the gyroradius becomes larger than

the inertial scale, d.e. In this case, one needs to use A\, = p,, where the gyroradius is given

by

/2
5B\’ (,00 V2 3
= ! — . 3.58
PL Po( By ) )\0) i ( )

In the latter case, the logarithmic factor in Equation (3.55) can be rewritten as

Ao 3 Yo
In <>\*> =35 In <7> : (3.59)
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where vy is the Lorenz factor corresponding to the largest, outer-scale eddies, p; = Ag. Due
to the dependence of the logarithmic factor on v, the particle acceleration deviates from the
exponential law and vanishes when the particle’s gyroradius approaches the outer scale of
turbulence, v ~ 7p; see a more detailed calculation in Appendix C.

Formulae (3.53) and (3.54) or (3.55) are our main result for the curvature acceleration
in magnetically dominated Alfvénic turbulence. They have several important consequences.
First, in contrast with the linear acceleration provided by a parallel electric field, the curvature
acceleration is exponentially fast. Given long enough acceleration time (say, running time
of numerical simulations), it would dominate over the energization provided by the parallel
electric field. If we allow 3 to attain both positive and negative values with certain probabilities,
Equation (3.50) would lead to a logarithmic random walk. It would result in log-normal
energy distributions of accelerated particles.

Second, in the limit of a strong guide field, 0 By < By, the electron magnetic moment is
conserved even when the electron interacts with intense intermittent structures. Therefore,
as the electron accelerates, its field-perpendicular momentum does not significantly change,
while the field-parallel momentum increases. We, therefore, propose that in magnetically
dominated strong-guide-field Alfvénic turbulence, the acceleration is provided by curvature
drifts, particles are accelerated along the magnetic field lines, and they attain log-normal
energy distributions. Due to the quadratic dependence of the acceleration rate on the intensity
of turbulent fluctuations, the acceleration time increases significantly when § By /By decreases.
These results are consistent with the observations of the time evolution of the electromagnetic

energy in Section 3.2 and particle energy distributions in Section 3.4.

Mirror acceleration

Curvature acceleration does not significantly depend on the pitch angle in that it remains
efficient even when the pitch angle is small. In contrast, the mirror acceleration depends

crucially on the value of the pitch angle. Figure 3.14 shows a head-on interaction of an
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Figure 3.14: Sketch of an electron-mirror interaction for small pitch angles. For simplicity,
velocity B is directed along the magnetic mirror axis.

electron with a magnetic mirror when the electron pitch angle is small, sin? 6 < 1 — (AB/Bj).
Here, AB = By — By > 0 is the variation of the magnetic field strength, as shown in the
figure. In this case, the electron is not reflected by the mirror but rather propagates through
the mirror throat. For simplicity, assume that the electron is ultrarelativistic and the mirror
is moving at a relatively lower speed. When the electron passes through the mirror, its energy
increases approximately as

1 [ AB/By \ .,

where we assumed sin®f < 1. We see that for small pitch angles, the mirror acceleration
given by Equation (3.60) is much less efficient than the acceleration by curvature. Due to the
conservation of magnetic moment in Alfvénic turbulence with a strong guide field, 6 By < By,
particle acceleration decreases the pitch angle even further, sin? @ ~ 1/42. Therefore, the
mirror acceleration becomes even less relevant.

The situation changes drastically in the case of a moderate guide field, By ~ 0 By. In this
case, collisions with intermittent structures with thickness d.,; and magnetic-field variations
0By provide significant pitch angle scattering to particles whose gyroradius exceeds d,. As
discussed in the previous section and in Appendix C, these are the particles with energies

exceeding the critical energy, v > .. Therefore, energetic particles can have large pitch
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Figure 3.15: Sketch of an electron-mirror interaction for large pitch angles. For simplicity,
velocity B is directed along the magnetic mirror axis.

angles, sin?@ > 1 — AB/B,, in which case they may be efficiently accelerated by mirrors.
Such a situation is shown in Figure 3.15. In such an interaction, a particle gets reflected from

the mirror, and its energy increases according to

Aln(y) ~ 25 cosb. (3.61)

This energy gain is larger than that associated with a small pitch angle, Equation (3.60). It
is also larger or comparable to the curvature acceleration at a similar guide-field strength.
Therefore, in the case of a moderate guide field, the population of particles with large pitch
angles satisfying sin? > 1 — (AB/B,), is accelerated by both curvature and mirror effects.
As a result, such particles gain energy at a higher exponential rate than the population with
small pitch angles, sin? < 1 — (AB/Bsy).

This consideration offers us a new way to interpret the model of particle acceleration
discussed in Section 3.4: particles are accelerated fast when they are trapped in the phase-
space region defined by the pitch angle condition, sin? > 1 — (AB/B,). Due to pitch angle
scattering, particles leak from this region when their pitch angles become smaller. At smaller
pitch angles, the acceleration is exponentially weaker and it is neglected. Such a “phase-space
leaky box” leads to power-law energy distributions of accelerated particles. The power-law

exponent depends on the rate of particle leakage, which in turn, is a function of the turbulence
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Figure 3.16: Electric and magnetic energy spectra for simulations with By/0By = 1 (left
panel) and By/dBy = 10 (right panel). Note rather weak parallel electric field fluctuations.
The slopes indicated by the solid black lines are given for the reader’s orientation.

intensity, AB/Bs.

It is also worth noting that in Alfvénic turbulence, mirror structures are generally
spatially separated from the regions of large curvature, and, therefore, may be considered
as complementary effects. Indeed, phenomenological arguments and numerical simulations
suggest that magnetic strength and magnetic curvature are anti-correlated in Alfvénic
turbulence (e.g., Schekochihin et al., 2004; Kempski et al., 2023). Moreover, magnetic
mirrors are also separated from the intermittent structures that provide pitch angle scattering.
Indeed, strong magnetic shears in Afvénic turbulence are typically associated with rotations of

magnetic field direction rather than with variations of magnetic field strength (e.g., Zhdankin

et al., 2012a,b).

Interpretation of numerical results

It is quite illustrative to compare run IV, with By/dBy = 1, and run VII, with By/é By = 10.
Both runs are very similar in the way the Alfvénic turbulence is initialized. The only
significant difference is the strength of the applied guide field, By. In both cases, the most

efficient phase of particle heating continued until the growing energy of particles approaches
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Figure 3.17: Particle energy probability density function for simulations with By/dBy = 1
(left panel) and By/dBy = 10 (right panel). In the case of a moderate guide field, the energy
distribution function has a power-law tail. In the case of a strong guide field, the high-energy
tail is well approximated by a log-normal function f(v) o< v~'exp[—(In~y — u)?/20?], with
p = 2.6 and 0% ~ 0.61. This function is shown by the dashed line. Note the significantly
longer time required to accelerate the particles in the case of a strong guide field.

an approximate equipartition with the decaying energy of electromagnetic fluctuations. This
happened when about half of the initial magnetic energy was transferred to particles, so their
energies reached () ~ 10 for each species. The electromagnetic spectra of turbulence and
the energy distribution functions of the electrons are shown at these moments in Figures 3.16
and 3.17. Figure 3.16 shows that the spectra of electromagnetic fluctuations in the Alfvénic
interval, k| d.q < 1, are similar in both runs.

Note, however, that it took a significantly longer time to energize the particles in the case
of a strong guide field than in the case of a moderate guide field, in qualitative agreement with
our discussion. Moreover, the resulting nonthermal tails (7 > 10) of the energy distribution
functions are drastically different in the two cases. In the case of a strong guide field, the
distribution is well approximated by a log-normal function. In the case of a moderate guide
field, the distribution is close to a power law. This also qualitatively agrees with our modeling.

Figure 3.18 shows the distributions of pitch angles of accelerated particles. In the case
of a strong guide field, the pitch angles are extremely small. This is consistent with our

formula for the critical energy, Equation (3.57), that gives for this case 7. ~ 8000. This
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Figure 3.18: pitch angle distribution of ultrarelativistic particles (v > 100) for simulations
with a moderate guide field, By/dBy = 1 (left panel) and a strong guide field, By/dBy = 10
(right panel). In the case of a strong guide field, the pitch angles are extremely small. In
the case of a moderate guide field, the pitch angles of accelerated particles crucially depend
on the particle’s energy. For energies smaller than the critical energy, v < 7. (in this run,
Y. &= 70), the particles are accelerated mostly along the background magnetic field. Above
the critical energy, v 2 7., particles with larger pitch angles are accelerated more efficiently.

means that even the most energetic particles generated in our run, with the energies v ~ 1000,
will have gyroradii much smaller than d,. The smallest Alfvénic eddy contributing to the
acceleration is, therefore, A, = d,.. The process of curvature acceleration is then described
by Equation (3.55), leading to a log-normal particle energy distribution.

The situation is fundamentally different in the case of a moderate guide field. Here, the
critical energy estimate provided by Equation (3.57), gives 7. &~ 70. Figure 3.18, left panel,
indeed shows that particles with the smaller energies, v < 70, are accelerated mostly along
the magnetic field lines. However, particles with higher energies v 2 70 are more efficiently
accelerated when they have large pitch angles. This is consistent with our picture of particle
acceleration suggesting that in the case of a moderate guide field, By ~ § By, particles with

v 2 . experience strong pitch angle scattering and efficient acceleration by magnetic mirrors.
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3.6 Spatial intermittency of fast particles

We have discussed how relativistic turbulence may energize particles and how the different
acceleration mechanisms affect the ultrarelativistic tail of the particle energy pdf. One may
also wonder how fast particles are distributed in space. In this section, we follow Vega et al.
(2023a) and demonstrate that particle heating and acceleration in relativistic turbulence are
associated with strong spatial intermittency of the resulting particle distribution function.
We argue that the acceleration process creates two populations of particles with different
intermittency characteristics. The bulk of the particles, corresponding to the thermal energies
v < Y, develops the log-normal distribution of the particle density. The population of the
accelerated nonthermal particles (7 > ), on the other hand, has a strongly inhomogeneous
“clumpy” spatial distribution, corresponding to a power-law density distribution function.
Strong spatial intermittency of accelerated relativistic particles may be relevant for the
radiation flares in such astrophysical objects as pulsar wind nebulae, magnetospheres of
black-hole accretion disks, magnetospheres of neutron stars, and blazar jets (e.g., Abdo et al.,
2011; Tavani et al., 2011; Wong et al., 2020; Nattila and Beloborodov, 2021; Groselj et al.,
2024).

In what follows, we first present general physical arguments suggesting that the distribution
of plasma particles energized by relativistic turbulence should be spatially intermittent. We

then compare the results with simulations II and IV (2.5D), and IX and X (3D).

Phenomenological model

Consider a setting where decaying turbulence is initialized with 1 < o9 < 6. As the magnetic
perturbations relax, their energy is converted into relativistic large-scale hydrodynamic plasma
flows, whose Lorentz factors 4 may locally significantly exceed unity. Such ultrarelativistic
plasma flows are however highly compressible and, as was pointed out in Section 3.2, their

velocities rapidly (on a few large-scale crossing times) become only mildly relativistic. Indeed,
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the speed of sound in a relativistic plasma does not exceed ¢/+/3 (assuming isotropic pressure
and adiabatic large-scale motion), so initial ultrarelativistic and, therefore, supersonic flows
rapidly relax to subsonic velocities < ¢/+/3, while simultaneously, the plasma is heated to
ultrarelativistic temperatures. This phenomenological picture is consistent with our numerical
results, as well as other numerical studies (e.g., Zhdankin et al., 2018a), and with the numerical
results presented below.

The resulting relativistic turbulence is therefore inherently compressible. Compressible
turbulence is associated with spatially intermittent density fluctuations. In a hydrodynamic
picture, the probability distribution function of density fluctuations acquires the log-normal
statistics. This may be illustrated in a simple hydrodynamic model of Gaussian random
advection. Assume, somewhat idealistically, that the velocity field is nonrelativistic, random,
Gaussian, and independent of the density fluctuations. For simplicity, we also assume that
this field is short-time correlated, and has a zero mean, (U (x,t)) = 0. Its statistics are

therefore fully described by the covariance

(U, U (2, 1)) = 267 ( — &)S(t — 1), (3.62)

where the tensor % (x — «’) describes spatial correlation of the velocity fluctuations, and
d(t —t') is the Dirac delta function. Starting from the continuity equation for the density
field,

0
Ty, (nU) = 0, (3.63)
ot
which can be viewed as a stochastic Langevin equation with the random noise U (z, t), one
can derive the corresponding Fokker-Planck equation for the probability density function of
the density field,
OP(n,t) o 0
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Here, we introduced the diffusion coefficient defined as
D =V, Vi (x — 2')|p=a, (3.65)

and we sum over repeated indexes. The derivation of the Fokker-Planck equation is standard
and can be found in e.g., (Zinn-Justin, 2021, Ch. 34), and the Stratonovich convention is used.
As can be directly verified, the solution to the diffusion equation (3.64) is the log-normal
distribution. Numerical simulations of nonrelativistic compressible turbulence indeed produce
log-normal density distributions (e.g., Kritsuk et al., 2017). Below we will demonstrate that
such distributions are also observed in our numerical simulations of relativistic turbulence.

However, as we saw in previous sections, a small population of plasma particles gets
accelerated by turbulent electric fields in a run-away fashion, developing power-law tails
in the particle energy pdf'!. We argue that this population of accelerated, ultrarelativistic
particles does not, in general, move with the bulk velocity of the plasma but rather tends to
cluster in space. We observe that the statistics of such particles are strongly intermittent,
i.e., described by power-law probability density functions, not only in the momentum but
also in configuration space.

As discussed in Comisso and Sironi (2019); Wong et al. (2020) and reviewed in Section 1.6,
particle acceleration involves two stages. In the first stage, particles are accelerated by
reconnection events, which are intermittent in space. In the second stage, particles are
accelerated by interaction with random turbulent fluctuations. One can argue that acceleration
by turbulence may also lead to spatially intermittent particle distributions.

Given our discussion of acceleration in the previous section and our assumption that

By <

~Y

0By, it seems appropriate to illustrate how fast particles may cluster in space by
considering acceleration by magnetic mirrors. For simplicity, we will consider a quasi-one-

dimensional model where particles are scattered by a strong magnetic mirror as shown in

'We remind the reader we are assuming By < By. If By > § By, the ultrarelativistic tail of the particle
energy distribution is a log-normal instead, as seen in Sections 3.4 and 3.5.
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Figure 3.19. Such a mirror may correspond to large-scale magnetic fluctuations in turbulence.

Assume that the mirror is moving in the normal direction with the beta factor 8 = U /c,
the particles propagate along the axis of the mirror at the pitch angle 8, and their beta
factor is B, = v/c. Assume that the particles have similar Lorenz factors v and occupy a

small spatial volume dV. In the mirror rest frame, the magnetic field is stationary and the

Figure 3.19: Sketh of particle interaction with a strong magnetic mirror moving with a plasma
element.

energy of the particles does not change during a reflection. It can be demonstrated by direct

calculation that, in the laboratory frame, the energy of the particles after a reflection is given

by
v = Ay, (3.66)
with the scaling factor
A_Hﬁf__;f'ﬂp. (3.67)

Obviously, particles get energized when A > 1. Simultaneously, one can show that a small
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volume element filled by the particles gets compressed along the axis of the mirror according

to

dV' = dV/A, (3.68)

implying that the process of acceleration leads to stronger spatial clusterization of particles.
Relation (3.68) holds when particles propagating with the same pitch angle 6, also have the
same parallel velocities 8, cos . This is possible for the ultrarelativistic case, 3, — 1. The
ultrarelativistic case also ensures that the factor A depends on the first order of 3, which
makes the acceleration most efficient.

Similarly, one can address the “geometric” dispersion, that is, dispersion due to different
pitch angles of particle velocities. One can show that these pitch angles become progressively
closer to each other (and to the axis of the mirror) after each reflection with A > 1. If a
beam of ultrarelativistic particles is moving within a small collimation angle dff around the

angle 6, then after the reflection, the new collimation angle satisfies:

o' = df/A. (3.69)

Reflections where particles get accelerated lead to stronger angular collimation of the particle
beam.

As discussed in Section 3.4, ultrarelativistic particles in runs with By < 0 By have power-law
energy distribution functions, f(vy)dy o< v~*dy. Based on the consideration presented above,
we may analyze the probability density functions of the density, P(n), for such particles. For
that consider a small volume of a given number of nearly monoenergetic particles. According
to Equation (3.68), as these particles get energized by a factor A, the density grows as
n’ = An. This together with Equation (3.66) implies their density increases proportionally to
their energy, n o< v. The volume occupied by such an element, however, decreases inversely

proportionally to n, reducing in this war the fractional volume it represents. The probability
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Figure 3.20: Probability density function of particle density n (number of particles per cell)
for 2.5D run IV (left) and 3D run IX (right) simulations, both with oy = 40. Both curves are
well approximated by a log-normal distribution around the peak and a normal distribution
at low particle density (n < 100).

to observe density n at a given point in space (or the fractional volume with the densities in

the interval [n,n + dn)) is therefore:

P(n)dn oc n™* 'dn, (3.70)

which suggests that the spatial distribution of the accelerated particles is also strongly

intermittent and described by power-law probability density functions.

Numerical results

Here we compare our phenomenological predictions to 2.5D simulations (runs II and IV) and
3D simulations (runs IX and X). With the parameters chosen, the inertial scale is resolved in
both 2.5D and 3D simulations. The initial gyroradius is resolved in 2.5D but unresolved in
3D runs.

Figure 3.20 shows the distribution of the plasma density obtained in our numerical
simulations. The bulk of the distribution function has intermittent (non-Gaussian) statistics

and seems to be well approximated by the log-normal distribution, which is consistent with
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the prediction of the previous section. At low densities, the numerical curve is, however,
better approximated by the normal distribution. This may reflect the fact that the density
measurements in particle-in-cell simulations are affected by statistical noise that becomes
progressively stronger when particle occupation numbers per cell become progressively
smaller.!?

The left column of Figure 3.21 shows the time evolution of the particle-energy pdf in
each simulation. A quasi-steady state with a high-energy power-law tail is reached at (or
within a dynamical time /U,y of) the relaxation time ¢, /2, defined as the time when the
total energy in electromagnetic fluctuations has decreased to half the energy in the initial
magnetic fluctuations, suggesting that the energization of ultrarelativistic particles forming
the power-law tail happens mostly at ¢t < 1,2, while the bulk of the plasma continues to
be heated afterward. Also, a comparison with similar runs by Comisso and Sironi (2019,
Figures 9 and 11) suggests that at the beginning of the initial-magnetic-field relaxation, the
particle acceleration is mostly provided by magnetic reconnection events, while by ¢ ~ £y,
the energization process is taken over by interactions with random turbulent fluctuations
developed in the system. (This statement should be understood in a statistical sense, meaning
that the particle energy distribution function evolves differently in these two regimes. As
for individual particles, their acceleration to high energies involves two stages, even in a
quasi-steady state developed at t;/5. As shown by Comisso and Sironi (2019), in the initial
particle injection stage, rapid particle acceleration is provided by reconnection events, while in
the second stage, a gradual stochastic Fermi-type acceleration is provided by interactions with
turbulent fluctuations; see also Wong et al. (2020) and our discussion of stochastic acceleration
in Sections 3.4 and 3.5.) Since in decaying turbulence the velocity of bulk plasma fluctuations
keeps declining at later times, the turbulent acceleration becomes progressively less efficient
beyond ,/, as well. We may therefore conclude that the most efficient nonthermal particle

acceleration by turbulent fluctuations is achieved on a time scale of t; 5.

12We note that VPIC uses first-order particle interpolation.
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Figure 3.21: Left column: Particle energy pdfs. Quasi-steady states with well-established
power-law tails are reached within one or two light-crossing times /¢ of the electromagnetic
fluctuation energy falling off to half of its initial value. Right column: Particle density pdfs
for ultrarelativistic particles. Evidence of strong intermittency (non-Gaussianity) can be seen
in the large-density power-law tails. The power slopes o and o + 1 are given for the reader’s
orientation
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The right column of Figure 3.21 shows the time evolution of the density pdf calculated only
for the energetic particles in each simulation.!®> We see clear evidence of strong intermittency
of density fluctuations associated with the accelerated particles, indicated by power-law tails
of the corresponding density distributions. As with Figure 3.20, our 2.5D and 3D simulations
(runs IV and IX) produce qualitatively similar results. Comparison of 3D cases IX and X
suggests that the power-law tails become better defined at larger magnetizations &y. Around
the turbulence relaxation times ¢, /5, the observed power laws are broadly consistent with
Equation (3.70). At ¢ > t;/, that is, after the phase of active particle acceleration, the density
pdfs steepen and may be expected to eventually evolve toward the distribution functions of
the bulk plasma particles.

The log-normal or power-law distributions of the density fluctuations are related to the
spatially intermittent, non-space-filing structures formed by turbulence. Such structures
are known to affect energy dissipation and plasma heating. As an illustrative example, we
consider the intermittency of synchrotron radiation that may be generated in relativistic
turbulence. We assume that the medium is optically thin and that the synchrotron cooling
time significantly exceeds the particle acceleration time. The average power P of synchrotron

radiation emitted by an ultrarelativistic electron propagating at a pitch angle 6 is given by
2B oy
P = 2cory 8—5 sin“ 6, (3.71)
T

where

S ( ¢ ) (3.72)

3 \m.c?

is the Thomson cross-section of the electron. Our numerical code does not include radiation,

13In these measurements, the density is not produced by the code as in Figure 3.20, but rather directly
calculated by counting the number of energetic particles in each cell. As the particle population numbers are
large, the statistical noise does not noticeably affect the measurements. We verified this by constructing the
same density pdfs by using larger cells, where the noise is smaller. We did not observe a significant difference
with the presented results.
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Figure 3.22: Top left: The color map shows the distribution of magnetic-field strength in
the simulation domain. Top right: The color map shows the synchrotron radiation proxy
R = Y, 72B%sin?0;B?/ B3, where the sum is over the electrons in each cell in Run IT and
only the energetic particles with v > 100 are taken into account. This is a proxy of the
synchrotron radiation that would be emitted by electrons if this effect was included in the
simulation. Note the logarithmic scale used in the color code, which implies very strong
variations of the intensity of radiation in the simulation domain (the bottom of the color bar
identifies all cells where R < 10%). Bottom left: An enlarged subdomain indicated by the
square in the top left panel. The color map shows the total magnetic field |B| and the black
dots identify cells where there are more than 10 energetic (y > 100) particles. Bottom right:
The color map shows the magnetic fluctuations in the z direction 0 B,. The field lines of the
in-plane magnetic field 0 B, are shown in red. The clusters of particles seem to concentrate
in the vicinity of magnetic structures and align with the magnetic field lines. For the reader’s
orientation, we note that the gyroradius of ultrarelativistic particles scales in the presented
simulation as p, &~ (7/10)d..
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but we note that the radiation power is proportional to v2B23?sin? §, so we may study the
proxy to the density of radiative losses by analyzing the distribution of the local dimensionless
quantity R = Y v2(B/By)?? sin? 6;, where we sum over all the electrons contained in a
given small volume V. The top panels of Figure 3.22 illustrate the spatial distribution of the
magnetic field and the radiation proxy R in run IV. This Figure suggests that relativistic
turbulence generates very strong, spatially intermittent variations of the radiation power
density in the simulation domain. For instance, 50% of the energetic radiation coming from
the particles with v > 100 (the top right panel of Figure 3.22), is generated in just 3.3% of
the volume of the domain, while 80% of the radiation comes from about 10% of the volume.

The bottom panels of Figure 3.22 show a zoomed-in region of the simulation domain,
which illustrates the clusterization of energetic particles with v > 100. Fast particles seem
to be concentrated in the vicinity of a strong magnetic structure, and the shapes of their
clusters follow the morphology of the magnetic field lines. This may also be consistent with
the expectation that the interaction of particles with magnetic structures plays an important

role in their acceleration, as discussed in Sections 3.4 and 3.5.

3.7 Discussion

Using a two-fluid model, we derived dynamical equations for the turbulent fluctuations of
a strongly magnetized, relativistically hot plasma assuming nonrelativistic bulk motion. In
the inertial range, k,d,q < 1, the equations become identical to those of nonrelativistic
reduced MHD, with the electric fluctuations in place of the bulk kinetic fluctuations. Indeed,
we saw in fully relativistic particle-in-cell simulations with By/0By = 3 (runs V and VI)
that the energy spectrum is dominated by magnetic and electric fluctuations in approximate
equipartion. In these simulations, the total energy (magnetic plus electric) in the inertial
range exhibits a spectrum close to that of Alfvénic turbulence, Wy, 27k, o kf’/ 2,

The similarity to nonrelativistic reduced MHD was also seen to manifest in the scale-
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dependent dynamic alignment between magnetic and electric fluctuations, and this observation
can help us understand the energy spectrum. We found that magnetic and electric fluctuations
become progressively more orthogonal to each other towards smaller scales, with the cosine

of the angle between them scaling close to cos g, oc £9-25

. Based on the analogy with the
nonrelativistic case, we proposed that such an alignment reduces the strength of nonlinear
interactions in the relativistic dynamics, thus explaining the observed -3/2 scaling of the
energy spectrum. We also note that run VI, with stronger initial magnetic fluctuations than
run V, displayed a slightly shallower scaling of the alignment angle. This may be related to
a shorter inertial interval of turbulence due to a larger relativistic inertial scale of thermal
particles.

Furthermore, the electric and magnetic energy spectra show an excess of magnetic energy
over electric, which becomes progressively smaller at smaller scales, analogous to the generation
of the so-called residual energy, that is, the excess of magnetic over kinetic energy known in
the nonrelativistic quasi-neutral case. The measured spectrum of the residual energy is close
to Ry, 2mk, oc k%%, which is slightly steeper than its nonrelativistic counterpart, indicating
an interesting difference with the nonrelativistic case.

To better study relativistic kinetic-scale turbulence we used strong-guide-field runs VII
(with box size similar to other 2.5D runs) and VIII (small box run), which resolve better the
sub-d, range at the expense of a reduced inertial range. Such kinetic-scale turbulence may
be relevant for energy dissipation and particle energization in a turbulent plasma, and it is
somewhat analogous to the kinetic-Alfvén or inertial-Alfvén turbulence previously studied in
nonrelativistic cases. However, we demonstrated that the kinetic-scale energy cascade in the
ultrarelativistic case is qualitatively different from the nonrelativistic counterparts.

First, contrary to non-relativistic kinetic-Alfvén or inertial-Alfvén turbulence, the thermal
and inertial effects are necessarily of the same order in the ultrarelativistic kinetic-scale
turbulence. Second, the scaling of the energy spectrum is slightly steeper than &=3, which

is different from the kinetic-Alfvén case (the energy spectrum ~ k%3 (e.g., Alexandrova
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et al., 2009; Boldyrev and Perez, 2012; TenBarge and Howes, 2012; Boldyrev et al., 2015;
Zhou et al., 2023)) and the inertial-Alfvén case (the spectrum is ~ k~11/3 (e.g., Loureiro and
Boldyrev, 2018; Milanese et al., 2020)).

Based on the equations derived from the two-fluid model, we proposed that in the ultrarela-
tivistic case, the energy spectrum is consistent with the Kraichnan spectrum of incompressible
2D turbulence corresponding to the enstrophy cascade, k=3 or k=3 In~Y/ 3(k/ko) if the intermit-
tency corrections are taken into account. This intermittency-corrected Kraichnan spectrum
is seen to be a good match for run VII. The small-box run VIII had stronger initial magnetic
fluctuations at the kinetic scales. As a result, the “contamination” of the spectrum by the
O-mode was stronger and had to be removed by hand. The resulting spectrum was close to a
Kraichnan k7* scaling.

We noted that the kinetic-scale cascade may be affected by Landau damping which, in
general, is not weak in the relativistic case. The spectrum, however, exhibits a near power-law
behavior despite being affected by the damping. We conjectured that this might be the
consequence of the non-locality of kinetic-scale turbulence.

In the astrophysics community, the study of relativistic plasma turbulence is largely
motivated by its efficiency as a particle accelerator, observed in multiple numerical simulations
presented here and elsewhere (e.g., Zhdankin et al., 2017, 2018b,a, 2019, 2021; Comisso and
Sironi, 2018, 2019, 2021; Wong et al., 2020; Nattila and Beloborodov, 2021; Demidem
et al., 2020; Vega et al., 2022b, 2023a, 2024b.a; Chernoglazov et al., 2021; Nattild and
Beloborodov, 2021), potentially explaining the nonthermal ultrarelativistic particles ubiquitous
in astrophysical plasmas. In this chapter, we proposed a phenomenological description
of nonthermal relativistic particle acceleration in magnetically dominated strong Alfvénic
turbulence. We argue that in the limit of strong magnetization, & 2 1, particle acceleration is
universal in that it depends only on the relative strength of the guide field and the magnetic
turbulent fluctuations. The process of acceleration is governed by the conservation of magnetic

moment. In the case of a strong guide field, By > §B,, the particle’s magnetic moment
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is conserved and the acceleration is provided by magnetic curvature drifts. The curvature
acceleration energizes particles in the direction parallel to the magnetic field lines, resulting
in a log-normal tail of particle energy distribution function. The situation is qualitatively

< 0By. In this case, as the

~Y

different in the case of a moderate or small guide field, B
gyroradius of an energetic particle exceeds the inner scale of turbulence (in our case, d,),
interactions with intense turbulent structures like current sheets can break the particle’s
magnetic moment. Magnetic mirror effects become important at such energies, resulting
in power-law energy distributions of accelerated particles. The proposed phenomenological
picture is consistent with available numerical simulations, as shown in Sections 3.4 and 3.5.

Finally, we proposed, based on particle-in-cell numerical simulations and analytical mod-
eling, that magnetically dominated relativistic turbulence is essentially strongly compressible
and it naturally generates spatially intermittent distributions of plasma particles. The bulk
of the plasma particles, with energies comparable to the average energy (we call it the
“thermal energy” vy,), have an essentially non-Gaussian, log-normal density distribution. The
“run-away” fraction of particles that are accelerated to much higher energies v > 74y, exhibit
even more intermittent statistics, with the power-law distribution functions of their number
density P(n)dn oc n=?dn. Based on numerical observations and phenomenological modeling,
we argue that the scaling exponents are related approximately as = a + 1, where « is the
spectral index in the power-law tail of the particle energy pdf.

The strongly non-Gaussian statistics of particle distribution are related to the formation
of structures or density “clumps” in the simulation domain. Such strong spatial intermittency
may have important implications for energy dissipation in relativistic turbulence. As an
example, we have considered the distribution of energetic synchrotron radiation that can be
produced by particles with v > 4, in such turbulence. We observed that the contrast of
the radiation intensity spans many orders of magnitude over a simulation domain, with the

majority of the radiated energy originating in a small fraction of the plasma volume.
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4 CONCLUSIONS

In this dissertation, we explored magnetized plasma turbulence numerically and phenomeno-
logically, in both the nonrelativistic and relativistic regimes. Our study of the former,
presented in Chapter 2, focused on plasma environments with 5, < 5; ~ 1, which can be
found in the magnetosheath and in the solar wind close to the solar corona. This opens up
the range between the electron inertial and gyro-scales to turbulent fluctuations. We reviewed
iKAW phenomenology, which is based on an electron fluid model and produces the correct
scaling law for the magnetic energy spectrum observed in numerical simulations in the range
d;t < ki < pe.

We analyzed 2.5D and 3D simulations and found the low electron beta environment
to be fertile ground for electron scale current sheets, some of which exhibited signatures
of electron-only magnetic reconnection, like an outflow of Alfvénic electron jets. The 3D
simulation showed an enhanced electron inflow relative to the 2.5D case, which may be
attributed to a field-parallel outflow, as was reported in Pyakurel et al. (2021).

We used the pressure-strain interaction as a measure of energy dissipation in the 3D
simulation and found it to be strongly intermittent and concentrated on current sheets.
The most intense dissipation event found was seen to correspond to electron-only magnetic
reconnection.

The lowest electron beta achieved in our simulations was . = 0.04 in 2.5D and . = 0.1
in 3D, both providing a very small scale separation. To improve on our study of iIKAW
turbulence, a 3D simulation with a lower electron beta than either one analyzed here would
be highly desirable.

In astrophysics, there is interest in relativistic plasma turbulence as a particle accelerator.
In Chapter 3 we presented a numerical and phenomenological study of decaying magnetically
dominated plasma turbulence, where the magnetic fluctuations seeded at the initialization

were seen to quickly heat the plasma to strongly relativistic temperatures, while the bulk
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motion was only mildly relativistic. Approximating the bulk motion as nonrelativistic and
the microscopic motion as ultrarelativistic, we used a two-fluid model to derive a scaling law
for the electromagnetic energy spectrum both in the inertial and in the kinetic ranges. Our
phenomenological model for the inertial range was seen to be analogous to nonrelativistic
reduced MHD with electric fluctuations in place of bulk velocity fluctuations. In the kinetic
range, the turbulent cascade is reminiscent of the enstrophy cascade in 2D incompressible
hydrodynamic turbulence. Our numerical results were in good agreement with both models.

Nonthermal particle energization was observed in our simulations of relativistic plasma
turbulence, with the particle energy pdf developing a power-law tail for weak guide field,
By < 0By. As the guide field is increased, the slope steepens, eventually giving way to a
log-normal distribution when By 2 30 By. We argued that this can be understood in terms of
the acceleration mechanism that dominates. When the guide field is strong, the magnetic
moment of the particles is conserved and they are accelerated by the parallel electric field
(at early times) and by the curvature and polarization drifts. In this case, acceleration is in
the field-parallel direction, reducing the pitch angle and effectively neutralizing acceleration
by magnetic mirrors. This results in a log-normal particle energy distribution. When the
guide field is weak, particles can experience interactions with magnetic structures that break
magnetic moment conservation, resulting in pitch angle scattering. Thus, particles may
be trapped in regions of the phase space where their pitch angle is large and they are
efficiently accelerated by magnetic mirrors, resulting in power-law tails in the particle energy
distribution.

Finally, the space distribution of ultrarelativistic particles was seen to be strongly inter-
mittent in our simulations with By < § By, perhaps the result of acceleration by magnetic
mirrors. A study of the space intermittency of ultrarelativistic particles in the simulations
with strong guide field is pending.

Another natural continuation of our work on relativistic plasma turbulence would be a

statistical study of current sheets, magnetic reconnection, and energy dissipation. The latter
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would require finding a relativistic generalization of the pressure-strain interaction.
We hope that the work that went into this thesis leaves the field of plasma turbulence at

least a tiny step closer to completion.
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A LOW-FREQUENCY WAVES IN A RELATIVISTIC PLASMA

We consider a strongly magnetized, magnetically dominated pair plasma, where the cyclotron
frequency is much larger than the plasma frequency and the frequency of the considered wave
modes. Here, we imply the relativistic versions of the cyclotron and plasma frequencies that
depend on the details of the particle distribution function, see the discussion below. In what
follows, we denote by wpe = y/4mnge?/m. the nonrelativistic electron plasma frequency. We
also assume that the electron gyroscale is negligibly small, k% p? < 1.

It is convenient to choose the coordinate frame such that k = (k,,0,k,), where z is the
direction along the background magnetic field. Under these conditions, the plasma dielectric

tensor simplifies to:

1 0 0
em=10 1 0 |, (A.1)
0 0 P

where the function P(w, k) depends on the particle distribution function and will be discussed
later. In order to find the frequencies and polarizations of the plasma modes, we need to

solve the wave equation:
W2
<k26lm — klkm — 25lm> Em = 0, (AQ)
c

which in the matrix form reads

K — < 0 —k.k, E,
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To obtain nontrivial solutions, we equate the determinant of the matrix to zero, obtaining:

w? w? w?
<k2 - @) ([kﬂ - CQ] [kﬁ - ép] - k?ki) o (A4)

Setting the first multiplicative term to zero, one gets the dispersion relation of the electro-

magnetic extraordinary mode,
w? = k2, (A.5)

whose electric-field polarization is normal to both the background magnetic field and the

wave vector,
Ex = (0,E,,0). (A.6)
By equating the second term to zero, we obtain
2 2 w?
ki + kP — ?P =0. (A.7)

In order to specify the function P in this expression, we need to know the particle distribution
function. Following (Godfrey et al., 1975; Arons and Barnard, 1986; Gedalin et al., 1998), we
assume that the particle velocity distribution function is one-dimensional, f(u) = f(u.)d(u. ),

with the normalization
/f(u) d*u = / f(uy) du, = 1. (A.8)

In this expression, we denote u, = v,/1/1 — v2/c?, where v, is the particle velocity, so that
v? =1+ u?/c*. This simplifying assumption is motivated by two independent considerations.
First is the fact that in a very strong guide magnetic field such as that relevant, e.g., for

pulsar magnetospheres and winds, (e.g., Arons and Barnard, 1986; Gedalin et al., 1998), the
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field-perpendicular components of particle momenta are significantly reduced with respect to
their field-parallel ones due to strong synchrotron cooling. Second is the numerical observation
that magnetically dominated Alfvénic turbulence (& > 1) strongly heats plasma particles in
the field-parallel rather than field-perpendicular direction (N&ttila and Beloborodov, 2022).
We also note that in astrophysical applications, plasma can stream along the background
magnetic field with relativistic velocity. Our consideration will apply to the plasma rest
frame, where we assume that the particle momentum distribution is symmetric with respect
to the z-directions.

In the considered limit of a very strong large-scale magnetic field and a one-dimensional

particle velocity distribution function, one obtains for a pair plasma (Gedalin et al., 1998):

2

Plw,k)=1— pe W(w, k). (A.9)

w2
The function W in this expression is given by

w? | 1 df

- —— " du,
k,) w—kuv, +ivdv, ~
—C

W= (A.10)

where v — +0 is needed to describe collisionless Landau damping. Let us first discuss the
limit of large parallel phase velocity, w > k,uvy,, where vy, is the characteristic (e.g., thermal)
speed of the particle distribution. Obviously, this limit can also describe the case of cold
nonrelativistic plasma, when plasma temperature is negligibly small. In this limit, we can

neglect the imaginary part and integrate Equation (A.10) by parts:

, c f c~ [e'¢) 1}3 3/2~ 1
W =w /(W_dezx/cfdvzz / (1—CQ> fduzz<73>. (A.11)

—C —00

One can then define the plasma frequency for relativistic pair plasma as follows:

1
w2 = 2w?, <> , (A.12)
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which provides the relativistic generalization of the nonrelativistic expression. The function

P now has the form

P=1--2 (A.13)

Substituting this function into Equation (A.7), we obtain the dispersion relation:

o (k) / (wg; ) - dephic® (A.14)

Here, the positive sign in front of the square root corresponds to the ordinary mode, while
the negative sign to the Alfvén mode, which transforms into the inertial-Alfvén mode at
k > w,/c. In the case of cold plasma, both solutions are allowed. However, in our case of
relativistic plasma temperature, the latter solution is not applicable as it would correspond
to the parallel phase speed smaller than the thermal speed. We, therefore, analyze only the
expression corresponding to the “+” sign in Equation (A.14).

In the long-wave limit, k¢ < w,, this expression gives w = w,, and the corresponding
electric field is polarized along the background magnetic field, E = (0,0, F.). In the opposite
limit, kc > w,, we get w = kc. One can check that in this case, the electric field lies in the
r — z plane and it is normal to the wave vector k. In the limit of quasi-perpendicular wave

propagation, k; > k., the dispersion relation for the ordinary mode simplifies to
w? = Wl + k> (A.15)

for any value of the wavenumber, with the electric polarization being nearly aligned with the

background magnetic field,

Eo ~ (0,0, E.). (A.16)
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We now consider the limit of low phase velocities, w ~ k,vy,, which will give us the
dispersion relation for the Alfvén mode. In this limit, the dispersion relation depends on
the details of the particle distribution function. As was discussed previously, magnetically
dominated turbulence with 6y > 1 leads to ultrarelativistic particle heating, with vy, =~ c.
We will therefore assume relativistic distribution functions in our consideration. For instance,

one can consider the one-dimensional equilibrium Maxwell-Jiittner distribution,

~ 1

flu,) = m exp (—7/0), (A17)

where v = 1/4/1 —v2/c2, K; is the modified Bessel function of the second kind, and 0 =
kpT/mc*. For ultrarelativistic particle temperatures, § > 1, one can replace K;(1/6) =~ 6.
In what follows, we will also need to know the enthalpy density w corresponding to this
distribution. For ultrarelativistic one-dimensional gas, the internal energy density and pressure

are related as P| = u, and we derive the normalized enthalpy density:
w = (u+ P))/nomec® = 26. (A.18)

We now assume without loss of generality that k., > 0, and rewrite the expression for the

W function (A.10) as follows:

_w2/c L df
k2c) (1—wv./c)— (1 —w/k.c)+iv dv, =

—C

W= (A.19)

The distribution function declines fast when particle energy exceeds the thermal energy, that is
when v > 6, or equivalently 1—v, /¢ < 1/(26?), where we have approximated 1/v% &~ 2(1—v,/c).
The integral is thus dominated by the velocity values satisfying 1 — v, /c ~ 1/(26?). Therefore,
the behavior of the ultrarelativistic W-function depends on whether 1 — w/k,c is greater or
smaller than the small parameter 1/(26%). Tt is easy to see that this is just the condition that

compares the parallel phase velocity of the waves, w/k,, with the velocity associated with the
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thermal motion of the particles, vy, = ¢/1 — 1/62. These two asymptotic limits should be
considered separately; we refer the reader to Godfrey et al. (1975); Gedalin et al. (1998) for a
detailed analysis. For our consideration of the ultrarelativistic Alfvén mode with k, < &k,

the essential limit is

1
< 35 (A.20)

-

w
F1

k.c

In this limit, the imaginary part of the distribution function is negligible. Moreover, in this
case, one can neglect 1 —w/k,c with respect to 1 — v, /c in the denominator. The asymptotic
expression for the W-function in this limit can then be found from Equation (A.19) where

we integrate by parts,

2 2

w? | 1 ~ w? ] . W2 T w
~ s~ o [ A zz—/4 L= 9(y). (A21
W s | aogap T~ e [ 40 T = o [0 P = 200 (421

—C

The average value of v depends on the distribution function. For the considered ultrarelativistic
Maxwell-Jittner distribution, one gets (y) = #. Substituting this into Equation (A.9), one

obtains

40> 40>
_ pe o pe
P=1- ER M (A.22)

Equation (A.7) then leads to the dispersion relation of the ultrarelativistic Alfvén mode

2 .2 2 72
W = k22 (1 kic ) = k2 (1 - kidrel) , (A.23)

? 4w2 0 w?

where we have defined the relativistic inertial scale of a pair plasma as

(A.24)

R
2wy,

Recalling that our derivation is valid under the assumption that 1 — w?/k*c* < 1/62, we see
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that the Alfvén dispersion relation (A.23) holds up to the scales k5 d2,; ~ 1. At perpendicular
scales comparable to the relativistic inertial scale, the thermal effects become essential and
Landau damping becomes strong.

Using Equations (A.3) and (A.22) we get the polarization of the Alfvén mode:

E,  kkid
Ex=(E,.0.E), =~ # <1, (A.25)

so that this mode is nearly potential.

Finally, we discuss the Alfvén wave for the case of the so-called “waterbag” distribution,
which has cut-offs in the momentum space. Such functions were used to study relativistic
beams in a plasma (e.g., Roberts and Berk, 1967; Davidson and Startsev, 2004), to model
pair plasma distributions in pulsar magnetospheres (Arons and Barnard, 1986), and analyzed
in detail in Gedalin et al. (1998). We will however modify the “waterbag” distribution by
smoothing out its sharp edges. This can be done in many different ways by introducing
various regularizations whose particular forms are not relevant for our consideration. We

may, for example, adopt the following model function

Flu)=A—0 . (A.26)

In the limit 6/7,, — 0, such a distribution approaches (up to the normalization constant
A) the Heaviside step function H (v, — 7). We however assume that € is small but nonzero,
0 < 0/vn < 1, in which case the sharp boundary of the step function is smoothed over a
narrow region A~y ~ 6. In the ultrarelativistic case, 7, > 1, the normalization constant
is A =1/(2¢y,,) and the enthalpy density corresponding to such a distribution is given by
w = v,,. The derivative of the distribution function is then a #-broadened delta function,

cdf/du, = AS(y — vm), and we can integrate Equation (A.10) to obtain (Gedalin et al.,
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1998):

1 w? 1
W = o 202 (@ T2 — 0’ (A.27)

where 1/72 =1 —v2,/c*. The resulting dispersion relation for the Alfvén mode is then

2 _ 221+kLvm7m/2wpe_ 221+U kzdrel

= -« - A28
T T R (4.28)

where we use the relativistic inertial scale
2y =2 =2 Y (A.29)

rel 2 2
2wy, 2wy,

These expressions agree with our hydrodynamic result (3.18). For perpendicular scales larger

than the inertial scale, k?d%, < 1, we obtain the familiar ultrarelativistic Alfvén mode,

rel

cf. (A.23),

2 2
w? =~ k2c? (1 it drel) = k§c2< it drel), (A.30)

V2, w?

while in the opposite, “kinetic” range k2 d? > 1, the dispersion relation changes to

k2 drelw

1
w? ~ k202 (1 + ) (A.31)

The parallel phase velocity of this mode exceeds v,,. The Landau damping is weak if this
phase velocity is not too close to v,,, that is if their difference is larger than the boundary
broadening, 1/1/1 — w?/k2¢? — ~,,, > 0. Substituting here expression (A.31), we derive the
condition for such a mode to exist:

K, < 2’;. (A.32)
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We note the analogy of the “waterbag” distribution with the Fermi distribution in a degenerate
gas. The acoustic-type mode (A.31) appearing at kinetic scales in this case is then analogous
to the so-called “zero sound”, w ~ kvp, existing in a degenerate plasma where the particles
have a Fermi distribution with a cutoff at the Fermi speed vp. We also point out that
different kinetic particle distributions lead to similar results for the relativistic Alfvén mode

when expressed in terms of the fluid parameters d,o and w; this can be seen from comparing

Equations (A.23) and (A.30).
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B CURVATURE ACCELERATION: THE LOGARITHMIC FACTOR

Here, we derive the logarithmic factor in the formula (3.54) for the curvature acceleration.

For that, we introduce the field-parallel spectrum of the magnetic fluctuations defined as

2
W (ky) dky = <5BL’O> il

— dk B.1
By Il ( )

where ko = 1/{y. The normalization is chosen to satisfy

(5%’0>2 ZjW(kn) dky. (B.2)

We then divide the interval of the wavenumbers & into logarithmic sub-intervals [k, kn1],
where k,, = kga". Here n =0,1,2,... is an integer number, and a > 1 is some scaling factor.

The energy contained inside such an interval,

kn+1 2
0B a—1
W, = / W(k‘”)dk?H = ( BJ(;,[]) sy (B3)
kn

is then associated with the energy contained in the eddies of scale ¢,, = 1/k,. An electron
propagating along the magnetic field line will encounter N,, = {y/¢, = a" such eddies.
According to formula (3.53), the contribution of the eddies of size £, to the electron energy
gain is then proportional to N,W,,. To find the total acceleration, we need to sum the

contributions of all the eddies, from the largest scale, ¢y, to the smallest one, ¢, = 1/k,:

nyx—1 2

: 0B -1

S NW, = ( M) o (B.4)
Here, we have introduced the total number of the intervals, n,, which can be evaluated as:



126

Since n, should be an integer, only the integer part of this expression should be taken into

account. We then arrive at the final formula

Ns—1 2
S NW, = 4 (g()) (53“)) , (B.6)
0.)\ By

n=0

where

a—1

aln(a)

A= (B.7)

The numerical factor A is a rather slowly changing function of the scaling parameter a. For

instance, for a = 2 we get A ~ 0.72.
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C THE CRITICAL ENERGY

In a collisionless plasma where fluctuations of the electric and magnetic fields are relatively
small in comparison with By, a charged particle preserves the first adiabatic invariant, the
magnetic moment. If the magnetic moment is initially small, it will remain small as the
particle gets accelerated. The complete expression for the magnetic moment includes not only
field-perpendicular but also field-parallel particle momentum (e.g., Northrop, 1963; Littlejohn,
1983, 1984; Egedal et al., 2008). In a curved magnetic field, as the field-parallel momentum
increases during particle acceleration, so should the field-perpendicular momentum. For an
ultrarelativistic particle, one may then relate the typical values attained by the particle’s

parallel and perpendicular momenta as the particle propagates in a curved magnetic field:
2 2.2 2/p2
P~ po/ B (C.1)

Expressing the particle gyroradius as p3 = 7?p2sin? 6, we rewrite formula (C.1) for a small

pitch angle:
L~ po'/R2. (C.2)

If the particle gyroradus, p,, is smaller than the inner scale of turbulence, d,, the largest
curvature of the magnetic-field lines is provided by the smallest turbulent eddies, with scales

dye1. The curvature radius can then be evaluated as in formula (3.48) of the main text,

BO ? drel 1/3 BO ?
e~y | =—=————— ] ~X|— . .
i 1 <5BL(dre1)> " ( Ao > 0B (C3)

Here, for simplicity, we assumed the Goldreich and Sridhar (1995) scaling of turbulence,

a = 1/3. Substituting this expression into Equation (C.2), we derive the scaling of the typical
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particle gyroradius with the energy:

2 1/3
@ 5BJ_,0 )\0 2
- pO(A0)< By ) (drel) v (G-4)

This gyroradius becomes comparable to the inner scale of turbulence, d,o, when the particle

energy reaches the critical value:

By duy [ Ao\ 2
Ve 0 el( °> . (C.5)

"~ 6Big po \dra

For energies larger than the critical energy, the curvature of the magnetic field lines
guiding the particle motion, is provided by the eddies comparable to the particle gyroradius,

A ~ py. In this case, the field curvature radius needs to be estimated as

pL 13 (B, 2
R. )\0<)\0) <5BL,0 . (C.6)

Substituting Equation (C.6) into Equation (C.2), we derive the scaling of the particle

gyroradius with the Lorenz factor,

5B1o\*"? [ po\ /2
pL"‘ﬂO( Lp) <p0> v, (C.7)

BQ /\0

This scaling holds only when p, is larger than the smallest scale of Alfvénic turbulence, d.q.
Interestingly, in this limit one can give an alternative derivation of formula (C.1), which is
more suitable for our analysis of magnetic turbulence. In an Alfvénic turbulent eddy with
the field-perpendicular and field-parallel scales, \ and ¢, the directions of magnetic field lines
are known with the angular uncertainty of 6, ~ A/¢. Therefore, a particle with a gyroradius

p1 ~ A cannot maintain a pitch angle smaller than 6. Expressing the (small) particle pitch
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angle as p, /p, we write this condition as

pL
py

~

~| >

(C.8)

The magnetic-line curvature associated with such an eddy can be evaluated as R, ~ (?/),
and the scale of the eddy guiding the particle motion as A ~ p; = vpgsinf. One can then
express A and ¢ through p, and R, and verify that Equation (C.8) becomes equivalent to
Equation (C.1).

Once the energy of an accelerated particle exceeds 7., we may use Equation (3.59) to

rewrite the energy gain Equation (3.55) as:

‘53*0) | (C.9)

Agln(y) ~ 3¢0A; In <ZY;> < B

Since the right-hand side of this equation now depends on =, it is more appropriate to write

instead of Equation (C.9) the differential equation for the energy evolution:

dIn(y) _ Yo
where we have denoted
0B 2 ¢
A = 30A L0 = 11
=0, (50) (1)

Assuming that at ¢ = 0, the particle’s energy is 7., we can solve Equation (C.10) to get:

In <7> =In <%> e~ ot (C.12)
0 0

For t < 1/Aq, In(vy) grows linearly with time. At ¢t 2 1/Ag, the particle gyroradius quickly

approaches the outer scale of turbulence, v ~ 7y, and the curvature acceleration vanishes.
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